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INNOVATIVE APPROACH FOR RESTORING
COASTAL WETLANDS USING
TREATED DRILL CUTTINGS

John A. Veil and Elizabeth K. Hocking
Argonne National Laboratory

Washington, DC

ABSTRACT
The leading environmental problem facing coastal Louisiana regions is the loss

of wetlands. Oil and gas exploration and production activities have contributed to
wetland damage through erosion at numerous sites where canals have been cut through
the marsh to access drilling sites. An independent oil and gas producer, working with
Southeastern Louisiana University and two oil field service companies, developed a
process to stabilize drill cuttings so that they could be used as a substrate to grow
wetlands vegetation. The U.S. Department of Energy (DOE) funded a project under
which the process would be validated through laboratory studies and field
demonstrations. The laboratory studies demonstrated that treated drill cuttings support the
growth of wetlands vegetation. However, neither the Army Corps of Engineers (COE)
nor the U.S. Environmental Protection Agency (EPA) would grant regulatory approval
for a field trial of the process.

Argonne National Laboratory was asked to join the project team to try to find
alternative mechanisms for gaining regulatory approval. Argonne worked with EPA’s
Office of Reinvention and learned that EPA’s Project XL would be the only regulatory
program under which the proposed field trial could be done. One of the main criteria for
an acceptable Project XL proposal is to have a formal project sponsor assume the
responsibility and liability for the project. Because the proposed project involved access
to private land areas, the team felt that an oil and gas company with coastal Louisiana
land holdings would need to serve as sponsor. Despite extensive communication with oil
and gas companies and industry associations, the project team was unable to find any
organization willing to serve as sponsor. In September 1999, the Project XL proposal was
withdrawn and the project was canceled.



INTRODUCTION
Much of the southern portion of Louisiana is covered with marshes. Over

decades of offshore and coastal oil and gas exploration and production, numerous major
and minor channels have been carved into the marsh. In many instances, drilling sites are
located in blind drilling slips. As these passages are cut into the marsh, historical water
flow patterns change and the rate of erosion and loss of wetlands increases. An estimated
25 to 35 square miles of wetlands acreage is currently lost in South Louisiana each year.

The process of drilling oil and gas wells generates a large volume of ground-up
rock particles that are coated with drilling fluid. These particles are called drill cuttings
and are considered a waste product. For most coastal Louisiana wells, the cuttings are
collected and hauled to an onshore disposal facility. This process creates a cost for the
operator through disposal fees, transportation, and clean up of vessels and containers and
disposal of the resulting washwater. The total disposal cost is generally in the range of
$20 to $30 per barrel of drill cuttings.

In the mid-1990s, Greenhill Petroleum Corporation, an independent oil and gas
company, proposed a project to test the viability of using treated drill cuttings as a
substrate to restore damaged wetlands. If feasible, this process would provide an
excellent opportunity to practice pollution prevention while restoring valuable wetlands
acreage at no cost to the State of Louisiana. By comparison, over $226 million of
government money was spent on wetland creation and restoration in Louisiana between
1990 and 1997. The proposed process would also allow a waste product to be reused for
environmental benefit.

The proposed project consisted of laboratory tests to be conducted by researchers
at Southeastern Louisiana University (SELU) to determine how well wetland plants
would grow in two types of treated drill cuttings and under three different hydrological
regimes, followed by a field pilot study. The U.S. Department of Energy (DOE) provided
funding for the project in 1996. The laboratory studies were completed in 1998 (see
below for details on methods and results), but Greenhill was unable to obtain regulatory
approval for the project. Much of the rest of this paper describes the variety of regulatory
issues and complications that impeded conduct of the field studies.

LABORATORY STUDIES
Reference 1 describes the study design and the results of the SELU work.

Study Design

Researchers at SELU set up a mesocosm test facility on the SELU campus in
Hammond, Louisiana. The facility incorporated one hundred forty-four 200-liter growth
vessels that were linked to four 3,000-liter water supply reservoirs. This system allowed
an experimental design of:

- three hydrological regimes (moist but not flooded, permanently flooded, and
daily tidal cycle fluctuation);



- four substrates (cuttings treated by two different processes [referred to as
A and B],1 topsoil, and cuttings treated by process A capped by 40 cm of
dredged material);

- six types of wetland plants; and

- two replicates of each set of conditions.

Results

The cuttings treated by process A showed a low toxicity and were capable of
supporting several species of wetland plants at levels of biomass production comparable
to that of the dredged material commonly used in wetlands restoration projects. The
cuttings treated by process B did not support good plant growth. Much of the poor growth
was attributed to the high pH of the cuttings. The authors of reference 1 concluded that
“results from this mesocosm project indicate that a field demonstration project utilizing
restored drill cuttings is safe and will likely result in the creation of healthy and stable
wetlands.”

DOE provided funding in mid-1999 to conduct additional studies on the use of
treated drill cuttings for growing wetlands vegetation. These studies have not yet begun.

REGULATORY APPROVAL FOR
THE FIELD STUDY

Initial Efforts

Greenhill applied to the U.S. Army Corps of Engineers (COE) on November 27,
1995, for a Clean Water Act Section 404 permit (dredge and fill activities) to fill in a
former drilling slip in the marsh near Venice, Louisiana to create a new area of wetlands.
Dredged material was to be used to create berms to form an isolated cell that would then
be filled with a blend of dredged material and drill cuttings. As part of the Section 404
review process, various agencies are provided an opportunity to comment on the
application. On December 19, 1995, the Louisiana Department of Environmental Quality
(LADEQ) wrote to Greenhill and noted that the activity of discharging drill cuttings to
wetlands areas is not permitted without an exception from the EPA’s Region 6 office in
Dallas.

EPA also had the opportunity to comment on the application. In a January 29,
1996, letter to the COE - New Orleans District, the Marine and Wetlands Section of EPA
Region 6 stated: “Although the discharge may be permitted as the discharge of ‘fill
material’ for the purpose of creating marsh, the EPA is concerned that there is not
sufficient information to make a reasonable judgement as to whether or not the proposed
discharge will comply with EPA’s 404(b)(1) Guidelines.” Greenhill and SELU then

                                                          
1 Process A separates drilling fluids from drill cuttings. Process B separates fluids from cuttings
and also stabilizes metal and organic contaminants in a silica matrix.



proceeded with mesocosm studies as described above to demonstrate that treated drill
cuttings mixed with dredged materials could support plant growth.

The U.S. Department of the Interior, Fish and Wildlife Service (FWS) also
submitted comments on the application. In a January 22, 1996, letter, the FWS objected
to the placement of drill cuttings into marshland unless the permit required metals
analysis of site sediments before fill emplacement and of drill cuttings before and after
blending with sediments.

On March 5, 1996, the COE wrote to the EPA Region 6 National Pollution
Discharge Elimination System (NPDES) Permits Branch, asking EPA to “determine if
you concur with our assessment of the application being subject to Section 402
jurisdiction [NPDES program].” On March 13, 1996, the NPDES Permits Branch
responded to the COE, noting that EPA concurred with the COE’s position that
Greenhill’s proposed project “is subject to Section 402 jurisdiction.” EPA further noted
that “cuttings from wells adjacent to the site of the proposed project would be covered by
NPDES General Permit LAG330000 which prohibits the discharge of drill cuttings to
Waters of the U.S.” On April 4, 1996, the COE wrote to Greenhill advising the company
that “the portion of the project involving the discharge of drill cuttings will be under the
jurisdiction of the EPA.”

Having made that jurisdictional decision, the COE withdrew from the project.
EPA’s NPDES Permits Branch believes that the proposed activity must be covered under
an NPDES permit. If permitting must be done through the NPDES program, the project
will be impeded because both the current NPDES General Permit LAG330000 and the
national EPA effluent guidelines prohibit discharge of drill cuttings to coastal waters; the
marsh areas where the site is located are considered coastal waters.

The LADEQ received NPDES program delegation on August 27, 1996. Greenhill
hoped that LADEQ would be more receptive to the Section 404 permit idea than EPA
had been. LADEQ indicated that it supported the wetlands restoration project but that it
would follow EPA’s position. In a May 29, 1997, letter to LADEQ, the EPA reiterated its
position that NPDES Permit LAG330000 prohibited the discharge of drill cuttings and
that the proposed Greenhill project constituted a discharge of drill cuttings. On June 19,
1997, LADEQ notified Greenhill that the proposed discharge of drill cuttings could not
be authorized by its office.

During 1997, several other noteworthy events took place. Greenhill was taken
over by Pioneer Resources, and the Greenhill employee who headed the wetlands
restoration project left the company. Pioneer Resources showed little interest in
continuing the project.

Efforts to Revitalize the Project

In 1997, DOE asked Argonne National Laboratory to become involved to see if
there were any opportunities to get past the regulatory barriers that had stalled the project.
Argonne contacted EPA’s Office of Reinvention to see if any relief could be found and
was directed to speak with the reinvention coordinator for EPA Region 6. The
coordinator indicated that the only regulatory mechanism that could be used for this



project was a program known as Project XL. Projects that would be approved by EPA
under Project XL must meet the following criteria:

1. Environmental results - Projects that are chosen should be able to achieve
environmental performance that is superior to what would be achieved through
compliance with current and reasonably anticipated future regulation.

2. Cost savings and paperwork reduction - The project should produce cost savings or
economic opportunity, and/or result in a decrease in paperwork burden.

3. Stakeholder support - The extent to which project proponents have sought and
achieved the support of parties that have a stake in the environmental impacts of the
project is an important factor. Stakeholders may include communities near the project,
local or state governments, businesses, environmental and other public interest groups, or
other similar entities.

4. Innovation/Multi-Media Pollution Prevention - EPA is looking for projects that test
innovative strategies for achieving environmental results. These strategies may include
processes, technologies, or management practices.

5. Transferability - The pilots are intended to test new approaches that could conceivably
be incorporated into the Agency’s programs or in other industries, or other facilities in
the same industry. EPA is therefore most interested in pilot projects that test new
approaches that could one day be applied more broadly.

6. Feasibility - The project should be technically and administratively feasible and the
project proponents must have the financial capability to carry it out.

7. Monitoring, reporting and evaluation - The project proponents should identify how to
make information about the project, including performance data, available to stakeholders
in a form that is easily understandable. Projects should have clear objectives and
requirements that will be measurable in order to allow EPA and the public to evaluate the
success of the project and enforce its terms. Also, the project sponsor should be clear
about the time frame within which results will be achievable.

8. Shifting of risk burden - The project must be consistent with Executive Order 12898 on
Environmental Justice. It must protect worker safety and ensure that no one is subjected
to unjust or disproportionate environmental impacts.

Argonne met with the SELU researchers in November 1998 to determine if they
were still interested in resurrecting the project. The researchers stated that they believed
the project still had great potential and indicated that SWACO, an oil field waste
treatment services company, and Xplor Energy, an independent oil company, were also
interested in participating. The former Greenhill employee who had headed the wetlands
restoration efforts was now employed by Xplor Energy. These organizations, along with
DOE, formed a new project team. Argonne arranged for the project team to meet with
EPA in Dallas on January 20, 1999, to discuss how the project might fit under Project
XL.

EPA brought together representatives from several offices at Region 6 as well as
providing telephone links to several persons from EPA headquarters. In contrast to earlier



discussions which had not offered much flexibility or hope, the assembled group of EPA
officials seemed receptive to the proposal. EPA made suggestions at the meeting and
agreed to subsequently provide a detailed set of comments and information gaps in
writing. By March 1999, EPA was willing to verbally commit to approve the project
under a Section 404 permit assuming that the project team could adequately meet all of
the Project XL criteria.

One of EPA’s most important comments was that an approved Project XL project
must have an official project sponsor who would take responsibility and assume liability
for the project in the event things did not go as planned. Each member of the project team
was asked to consider assuming the sponsorship role. No team members believed they
were able to take on the responsibility. The team concluded that, for a project of this
nature, the sponsor should be an entity that held title or access to the land areas that
would be restored in case the project did not work out as planned and to ensure that
access to the site remained available throughout the project. The most likely candidate,
therefore, would be an oil and gas operator with large land holdings in coastal Louisiana.
During the spring and summer of 1999, Argonne contacted several operators to seek their
support and sponsorship for the project. All of the operators expressed interest in the
concept of the project, but none would accept the sponsorship role. On July 15, Argonne
met with an Environmental Subcommittee of the Louisiana Mid-Continent Oil and Gas
Association and made a presentation on the proposed project. The companies represented
there stated that they were not willing to expose themselves to the liability of the project
and noted that even if the project was successful, they did not have sufficient assurance
that EPA would provide suitable regulatory relief at the end of the project. Although they
thought the project was a good idea, they expressed doubt that any oil and gas operator
would take on the sponsorship role.

In September 1999, DOE, which had been providing the majority of the funding
for the project, decided that it was not fruitful to continue without any strong hope of
finding a project sponsor. At that time EPA was advised that the proposal would be
withdrawn and the project canceled.

CONCLUSIONS
The SELU mesocosm studies demonstrated that the concept of using treated drill

cuttings for restoring wetlands was sound and that properly treated cuttings did support
good vegetative growth. The second round of mesocosm studies that will begin in the
next few months will add to that body of knowledge.

This project pointed out that sometimes it is very difficult to introduce innovative
concepts and procedures into a rigid regulatory structure. Regulators in traditional
programs may have no incentives to be flexible. EPA’s Office of Reinvention has made
progress in offering alternative ways of doing business. In this case, they were receptive
and offered hope, although demonstrating compliance with their list of criteria was a
rather daunting task.

Finally, it was obvious that there is a substantial lack of trust between the
regulatory agencies and the regulated community. In the early years of this project, EPA
was unwilling to show flexibility to the industry to conduct a project that offered great



pollution prevention potential because it was perceived to be outside of the normal
regulatory bounds. In the later stages of the project, when EPA was preparing to allow
the project to proceed under Project XL, the industry assumed that the outcome of the
project would not be favorable to the industry because it did not trust EPA. The industry
declined to participate, and the project could not proceed.

We do not wish to assign blame or point fingers for the project’s failure. We do
note, however, that in another noteworthy regulatory effort involving EPA and the oil and
gas industry (i.e., the ongoing expedited effluent guidelines rulemaking on synthetic-
based drilling fluids for the offshore oil and gas industry), EPA and industry have worked
closely together for several years for mutual benefit (2). This rulemaking process has
moved forward much faster than a traditional effluent guidelines could have, and the
barriers of mistrust have begun to diminish.
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ABSTRACT
Many refineries utilize "once-through" cooling systems using river or lake water as

the fluid for cooling process streams. This is an efficient means of cooling but can be a water
contamination source if any of the heat exchangers leak. A "once-through" system at a
refinery was studied to explore the possibility of upgrading equipment to ensure the capture
of any oil in the refinery effluent in the event of a leak in a heat exchanger.

A refinery has many products that could leak into the cooling water and the magnitude
of potential leaks varies widely. The water temperature varies also with weather conditions.

A design utilizing more efficient internals (Facet International, Inc. multiple angle
coalescing plates) for the pits would be expected to reduce the impact of releases and further
improve effluent water quality. Wide variations in possible water oil content, temperature, and
oil specific gravity made design of an efficient system difficult. For this reason a statistical
approach was taken in the design.

The paper provides information on a current refinery situation, variations in the flow,
oil content, etc. as well as the methods used to estimate the probabilities of meeting effluent
requirements under spill conditions with various quantities of coalescing plate media.



INTRODUCTION
Some refineries utilize "once-through" cooling systems using river or lake water as the

fluid for cooling process streams. This is an effective means of cooling but can be a water
contamination source if any of the heat exchangers or other equipment items leak and existing
facilities are incapable of managing the release. In any refinery, it is always advisable to
consider the possibility of equipment failure, and in some cases it is wise to consider the
possibility of catastrophic failure.

A "once-through" system at a refinery was studied to determine the possibility of
upgrading equipment to ensure capture any oil in the refinery effluent in the event of a leak
in a heat exchanger.

EXISTING SYSTEM AND
COMPLICATING FACTORS AT THE SITE

The Once Through Cooling Water (OTCW) system analyzed had a gravity separator
with eight existing pits arranged in two trains of four pits in series. These pits contained
rudimentary baffle systems to prevent the escape of large quantities of oil if a breakthrough
occurred. Adjustable oil skimmers and outlet weirs were also installed. Because the pits were
designed before the advent of API separator design, they were not initially sized to meet the
API’s 150 mg/l effluent criteria in the event of a leak 1. The arrangement of the existing pits
is shown in Figure 1.

A refinery has many products that could leak into the separator feed sewer system and
the magnitude of potential leaks varies widely. The OTCW API's process only cooling water
as rainwater runoff water and various process waters are segregated into an Oily Water Sewer
(OWS) sewer system with multiple treatment steps. The water temperature varies with
weather conditions, but the waste heat keeps it from becoming extremely cold or freezing.

An analysis of five years of process and lab data including a rudimentary statistical
analysis yielded the following representative process conditions, as shown in Table 1.

HYDROCARBONS IN WATER
The hydrocarbons present in refinery wastewater can exist in one or more of several
conditions. These are shown below, arranged generally in order of difficulty of removal 2:

1) Free oil - large droplets or sheets that rise freely to the surface. This oil is easily removed
in simple gravity separators.

2) Mechanically dispersed oil - fine droplets ranging in size from a few microns up to a few
millimeters. The oil found in droplets is usually the result of some mechanical mixing of



oil and water such as is found in pumping or in turbulent flow through a pipe. The oil
droplets can be found in a "bell curve" of droplet sizes with some small, some large and
a predominance of average size droplets. The average size will vary dependent on the
amount of mixing the two liquids have undergone as well as the presence or absence of
emulsion causing surfactant chemicals. These dispersions may be removed by the use of
an enhanced gravity system.

3) Chemically stabilized emulsions - droplet dispersions similar to mechanically dispersed
oil, but with droplets stabilized by surface-active agents (surfactants). More surfactants
or more mixing will cause a smaller average droplet size. The average droplet size is
important because many separation devices are designed to capture droplets by gravity
or enhanced gravity separation and if the average droplet size is smaller, the separator will
have to be larger and consequently more expensive.

4) Oil adhering to solid particles. Can be removed by filtration or by enhanced gravity
separation if the combined specific gravity is different from the water.

5) Dissolved oil - either truly dissolved oil or finely dispersed droplets so small (less than
5 microns) that removal by normal physical means is impossible. Dissolved oil must be
removed by biological treatment, absorbents, distillation, or other non-gravity means.

In a refinery wastewater stream, the majority of the oil will be present as either free oil or
mechanical dispersions of oil 1. These may be treated readily by enhanced gravity systems for
removal of the hydrocarbons. Most hydrocarbon removal systems depend on gravity or
enhanced gravity separation, taking advantage of the buoyancy of the droplets.

The rising of hydrocarbon droplets in a separator is governed by Stokes's Law4. This function,
simply stated is shown in the following equation:

Where: Vp = droplet settling velocity, cm/sec
G = gravitational constant, 980 cm/sec2

µ = absolute viscosity of continuous fluid(water), poise
 dp = density of particle (droplet), gm/cm3

dc = density of continuous fluid, gm/cm3

D = diameter of particle, cm
 
From the above equation, it may be seen that the important variables are the viscosity of the
water, the difference in specific gravity of the water and hydrocarbons, and the hydrocarbon
droplet size. After these are known, the droplet rise velocity and therefore the size of separator
that is required may be calculated. Stokes's Law is only valid for spherical particles or droplets
and only in a laminar flow range.

                                           D)xd-dx(
)(18x

G=Vp 2
cpµ

                                       (1)



PROPOSED NEW DESIGN
The system pits are each 28 feet wide and with about eight and a half feet of water depth. A
design including the addition of more efficient internals (Facet International, Inc. multiple
angle coalescing plates) for the pits was proposed as a method of avoiding release in the event
of heat exchanger leaks or other major hydrocarbon releases to the sewer system. Figure 2
shows the proposed plate installation and Figure 3 shows a detail of one of the three modules
required per separation train. This type of design would be expected to forestall releases, but
the wide variation in possible water oil content, temperature, and oil specific gravity made
design of an efficient system difficult. For this reason a statistical approach was taken in the
design.

The goal of the design was to convert the existing pits to a separation system suitable for
removing oil down to less than 15 mg/L utilizing only minimum modifications. The 15 mg/L
goal was set to ensure that no sheen appears on the surface of the separator effluent water 3.

DESIGN CASES CONSIDERED
Calculations were done to investigate the effect of installing one, two, three, four and five
rows of separator plates, as shown in Table 2. Incoming wastewater parameters were chosen
to simulate three standard deviations in each direction from the average refinery conditions,
in order to capture the expected range of operation.

Notes:

1) The lower limit of the inlet oil concentration was selected as 100 mg/l because 0 mg/l
influent would yield meaningless numbers.

2) The mean micron sizes were chosen based on Facet International’s experience. In general,
the mean micron size is dependent on the hydrocarbon concentration and inlet conditions.

3) The assumption of three standard deviations in each direction indicates that the extreme
values shown will be about at 99% of the numerical distance to the true extreme. The one
standard deviation value was then calculated by dividing the difference in the values by
three. For example, the difference between the mean concentration of 550 mg/L and the
low concentration of 100 mg/L is 450 mg/L, so one standard deviation is 450/3 or 150
mg/L. The plus one standard deviation is therefore 700 mg/L and the minus one standard
deviation is 400 mg/L.

Increasing the number of rows of coalescing packs is expected to yield lower effluent oil
concentrations, but would increase the cost. An economic balance is therefore necessary to
make the best choice of equipment.



METHODS USED TO ESTIMATE
PROBABILITIES OF MEETING

ENVIRONMENTAL REQUIREMENTS
Based on the properties shown in Table 2, performance simulation calculations were
performed varying the number of coalescing packs using a Facet International proprietary
computer program, and the effluent oil concentration plotted on the attached Figures 4-7. The
program used determines the effluent oil concentration by dividing the droplet size
distribution into several segments, determining the average rise rate of the droplets in these
segments, and (based on Stokes's law rise rates and the residence time with the media)
determines the amount of droplets captured by the media. The effluent oil concentration is
therefore the inlet amount of oil less the oil captured by the media. The oil droplets captured
by the media are coalesced into larger drops on the surface of the media and subsequently
released to the surface of the separator for recovery by the skimmers.

A system of this type would often be designed using worst case process conditions to ensure
that the effluent requirements would be met under all conditions, but the high flow rate and
extreme variations other conditions in this situation made a "worst case" design very
expensive. A statistical approach was therefore adopted to avoid undue cost while still giving
reasonable assurance that the effluent goal will be met.

Figure 8 is a summary of the data from the previous four Figures and shows the statistical
probabilities of meeting the required effluent oil concentration of 15 mg/L. The initial four
figures may also be used to estimate the probabilities of meeting other effluent concentrations
and, if necessary, figures similar to Figure 8 could be constructed for other effluent
concentrations.

All of the calculations assume even distribution of flows between the pits.
In addition to the calculations noted above, "worst case" calculations were prepared at 15000
US gpm total flow and with 1-5 rows of media packs at the lowest temperature and other plus
3σ conditions. The results of these calculations are shown in Table 3.

CONCLUSIONS
The calculations indicate that the existing pits can be retrofitted with Facet International
MPak coalescing packs to meet the effluent requirement of 15 mg/L or less (as read from
Figure 8). It is possible to install two, three, four or five rows of coalescing packs as required
to meet effluent target of less than 15 mg/L as shown in Table 4.

It is recommended (based on a 90% probability of meeting the requirements) that three rows
of coalescing plates be installed if flow rates to 25,000 US gpm are envisioned in the near
future and two rows installed if flows less than 17,000 US gpm are expected. The study
indicates that if effluent oil concentration substantially less than 15 mg/L are required, more
coalescing plates may be required.



Installation of the packs could be made in either the third or fourth chamber of the four
chamber systems. Because the pits cannot be shut down for installation of the plates it will
be necessary to provide the plates pre-installed in three interlocking steel frame modules. The
choice of three modules instead of only one is suggested because the pits have an overhanging
lip on the sides which would preclude lowering a single module into the pit. The outside
modules can be lowered into the pit and moved to the sides of the pit beneath the lip, and the
center module lowered into the pit between the outside modules. Based on the solids loading
expected and the maintenance intervals desired, it will probably be necessary to provide solids
accumulation and removal troughs integral to the modules.

The accumulation of sludge is a possible problem with the system. Further information on the
type and amount of solids expected should be gathered so that more accurate estimates of
solids removal can be made and final recommended solids handling system can be designed.
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Table 1. Process Design Conditions

Property Range of Conditions
Flow, US gpm 10,000 – 25,000

Temperature, °F. 60 – 90
Influent oil concentration mg/L 0 – 1,000

Oil Specific Gravity 0.82-0.92

Table 2. Incoming Wastewater Parameters

Property -3σ -1σ Mean +1σ +3σ

Temp. °F 90 80 75 70 60

Influent oil concentration mg/L 100 400 550 700 1000

Oil S.G. 0.82 0.852 0.87 0.887 0.92

Oil droplet size Microns 125 160 175 180 190

Table 3. "Worst Case" Calculations

Number of Rows of Coalescing Packs Effluent oil concentration, mg/L

1 89

2 35

3 19

4 12

5 8

Table 4. Probability of meeting effluent requirements

Probability of effluent oil concentration less than 15 mg/LNumber of
Rows of
MPaks

10,000 US
gpm

15,000 US
gpm

20,000 US
gpm

25,000 US
gpm

1 80% 32% 10% 3%
2 99.9% 95.5% 76% 55%
3 99.9% 98.4% 92%
4 99%



Figure 1. Existing pit configuration

Figure 2. Existing pit configuration with plates added



Figure 3. Coalescing pack module

Figure 4. Probability of effluent being less than indicated at 10,000 US gpm total flow



Figure 5. Probability of effluent being less than indicated at 15,000 US gpm total flow



Figure 6. Probability of effluent being less than indicated at 20,000 US gpm total flow



Figure 7. Probability of effluent being less than indicated at 25,000 US gpm total flow

Figure 8. Probability of effluent meeting 15 mg/L or less oil content at differing flows and
numbers of rows of plates (cross plot of figures 4-7)
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ABSTRACT
Quaternary ammonium compounds (quats) are used as antiseptics or biocides for the
control of microbial growth in cooling towers. They are particularly effective to control
algae and bacteria that cause fouling and other detrimental effects to cooling systems.
Industrial grade quats are long chain (i.e., alkyl groups) quaternary ammonium cations.
The presence of quats in the effluent from the cooling tower, or blowdown, represents a
major wastewater treatment challenge. This leads to compromises between the
concentration required for biological growth control in a cooling tower and the maximum
allowable quaternary ammonium that a biological wastewater treatment plant can tolerate
after discharging cooling tower blowdown to waste.

Natural zeolites are rigid minerals with significant cation exchange capacity. These
minerals are capable of exchanging positively charged quaternary amines with the natural
exchangeable cation in the mineral matrix. The capacity of Tilden zeolite to remove
Alkyl Dimethyl Benzyl Ammonium Chloride (ADBAC or Zephiran Chloride) is
evaluated in this study. The Langmuir isotherm model describes well the equilibrium
adsorption of ADBAC onto Tilden zeolite. A column study was performed to evaluate
the breakthrough of ADBAC and it was compared to an empirical model to simulate it.
Adsorbent costs using this technology are $0.84/1,000 gallons. Zeolitic minerals can also
withstand elevated concentrations of ADBAC without suffering physical structural
damage. Their granular characteristics lend themselves to their use as filter media. Spent
zeolites are hydrophobic in nature and are therefore easy to drain and dispose off.



INTRODUCTION
Quaternary ammonium compounds (quats) are surface-active substances with

various uses in industry, such as medicinal products, soaps, detergents, textiles, hair care
products, and biocides for industry and for drugs. Quats have been in use since 1915
when Jacobs and Heidelberg1 described the preparation of different quaternary
ammonium salts of hexamethylenetetramine. The term quaternary ammonium represents
one of four possible classes of organic nitrogen compounds that may be derived from
ammonia. The first three are divided by replacing the three primary valences from on the
nitrogen atom while the other valence is bound by a covalent bond1. Quaternary amines
belong to a special group that can be synthesized to yield nitrogen compounds with the
later radical having a valence of +52.

Quats are organic salts composed of long alkyl groups (similar, substituted,
saturated or branched). Quats also have one or more ammonium groups, which act as the
cationic moieties, and an anion, typically chloride or bromide, which is associated with
this moiety. Occasionally, aromatics can be used instead or as supplements to the alkyl
group3. Hexadecyltrimethy ammonium, ethylhexadecyldimethyl ammonium,
Cetylpyridinium and alkyldimethylbenzyl ammonium (ADBAC) are examples of
commercial quats. Zephiran is the commercial name for ADBAC. These cationic
surfactants have their hydrophilic head bearing a positive charge and the hydrophobic tail
consisting of flexible alkyl chains4. When these surfactants are added to water the
hydrophilic end is adsorbed to the waterside of the air water interface with the
hydrophobic tail turned away from the bulk of the solution5.

Sorption onto clays is the most common treatment technology for the removal of
quats from waste streams. Zhang, et al.6 describe the use of Na+ and K+ montmorillonite
clay to remove quats from solution. The sorption of quaternary amines onto clay involves
at least two types of reactions. The first type is ion exchange, where the naturally
exchangeable cation on the clay (sodium or potassium) is exchanged for the ammonium
group on the quats. A second type of reaction occurs once all accessible exchange sites
are exhausted. Van der Waals and hydrogen adsorption can the occurs between the alkyl
groups on the surface of the clay and the free alkyl groups in solution leading to
additional removal of quats above the cation exchange capacity, CEC, of the clay. The
length of the alkyl chain increases the degree of adsorption. The sorption reactions appear
to be irreversible as shown by Zhang, et al.6 who reported that quats are not easily
desorbed from these clays with excess NaCl or KCl.

There are two major drawbacks to the use of clay for quat removal. Inherently
clays have low permeability. This property limits their application to slurry-type reactors.
Thus fixed media reactors, which are much simpler to operate, are not feasible when clay
is the sorptive medium. Secondly, sorption of quats above the CEC of the clay tends to
re-stabilize the clay flocs due to charge reversal on the clay surface7. This re stabilization
complicates the removal of the clay flocs from the suspension.

Zeolites are rigid aluminosilicate crystals with a skeletal structure containing
voids occupied by exchangeable cations and molecules of water. The naturally occurring
cations have considerable freedom of movement allowing cation exchange and reversible
dehydration8. Zeolites are commercially mined in the United States and many other



nations as large rocks. Clinoptilolite is the most common zeolitic mineral mined in this
country. Zeolite rocks are crushed and sieved to meet commercial size requirements.

Zeolites exhibit cationic exchange properties similar to that found in clays,
without having the limitations of low hydraulic permeability characteristic of clay
minerals. However, only the external surface of the zeolite is available to quat exchange
due to the small size of the internal micropores. Therefore only the external cation
exchange capacity, ECEC, is available for quat exchange by natural zeolites. Our work7

has demonstrated that rigid zeolites are not subject to suspension restabilization at doses
much greater than the ECEC of these minerals.

Two pathways are known for the sorption of quats onto the cationic surface of
zeolites, depending upon ionic surfactant concentration in solution,. Under the critical
micelle concentration, CMC, the surfactant monomers are sorbed onto the solid surface
as a monolayer or a bilayer configuration, depending upon the amount of surfactant
available. At concentrations higher than the CMC, micelles sorb rapidly to the solid
surface by rearrangement to occupy available exchange sites forming a loosely packed
layer that becomes denser as the contact continues9. The overlapping of alkyl chains
suggests some form of admicelle or bilayer formation with increased coverage on the
zeolitic surface9.

MATERIALS AND METHODS
A 14x40 mesh natural zeolite (clinoptilolitic in nature) was obtained from a mine

located at Tilden, Texas belonging to Zeotech Corporation. Fines were removed from the
zeolite material by washing with tap water until no remaining turbidity was observed.
The washed zeolite was then oven-dried for 24-hours at 110º +/- 5ºC. This was then
stored for later use in the research. The zeolite void ratio (volume water/solid volume
zeolite) was computed by filling a Pyrex beaker to the 50-mL mark with dry zeolite.
Water was added using a graduated cylinder to measure the water volume needed to fill
the void space to capacity.

The quaternary ammonium (i.e., quat) compound used for this test was n-alkyl-
dimethyl-benzyl-ammonium-chloride (ADBAC or Zephiran chloride) manufactured by
BetzDearborn. This quat is a biocide commonly used in industry for microbiological
control in cooling tower systems. The product is supplied in a 50 percent aqueous
solution. This solution was diluted with nanopure water to the desired concentrations for
the various tests. The quat concentration in water was measured using Chemical Oxygen
Demand (COD Closed Reflux Colorimetric Method 5220D Standard Methods).
Stoichiometricaly 53.7 moles of oxygen are required to completely oxidize the Zephiran
chloride molecule. Therefore, a 50 mg/L solution of this material has a theoretical oxygen
demand of 239 mg/L.

A batch study was performed on a mixture of various concentrations of quat and
fixed mass of zeolite in water solutions. The concentrations used were based on the
ECEC of the zeolite, as reported by Cadena and Cazares7. Fraction increments of the
ECEC of the zeolite were used to determine the mass of the quaternary amine to be used
for a known mass of zeolite. The range of concentrations used in these batch studies was
below the ECEC of the zeolite.



The zeolite-quat combinations were placed in 13 mL test tubes and agitated in an
end over end revolving stirrer for 24 hours to assure complete adsorption. The samples
were then collected and centrifuged in order to remove any fines from the suspension.
Samples were collected from the supernatant to perform COD tests. Each concentration
was evaluated in triplicate to assure quality control in the tests. Equilibrium
concentrations of quat, as measured with the COD procedure, were compared to the
amount of adsorbed substance per unit mass of adsorbent. The observed plot was then
used to determine isotherms models, which are empirical approximations. These
approximations were compared to the actual data and the most accurate adsorption model
was selected.

A cylindrical glass column was used to perform a breakthrough study. The
dimensions of the column were 171 mm high by 76.5 mm ID with a total zeolite mass of
556 g. A fixed bed adsorption column study was performed to generate a breakthrough
curve using a concentration of 250 mg/L of quat. A flow rate of 15 mL/min. was used to
maintain the flow within the recommended 0.2 and 3 bed volumes per hour, which is
typical for breakthrough column studies10. In this case the flow was 0.87 bed volumes per
hour. The quat solution was prepared using 10 mL of the quat product in a 5-gallon pail
to obtain the desired concentration of 250 mg/L. The prepared solution was then
transferred to a 22-gallon reservoir, which was used as a stock solution reservoir. The
concentration was verified periodically during the test procedure also to assure the quality
control in the testing. The flow was established in an upflow configuration using a
MasterFlex® peristaltic pump.

RESULTS
Batch sorption tests were performed to determine adsorption isotherms using

quat as the solute and zeolite as the sorbent. All tests were conducted using quat masses
below the ECEC of the Tilden zeolite7 (30 meq/100g). Triplicate tests were performed
using COD analyses to assess the equilibrium concentrations of quat in solution. These
concentrations were then used to calculate the concentration of quat on the solid phase,
x/m. Three isotherms were used to model equilibrium conditions (Freundlich, BET and
Langmuir). Statistical analyses showed that the Langmuir isotherm model described the
experimental data better than the two other models.

The Langmuir model assumes the formation of a single layer (i.e., monolayer)
over the sorbent. This model assumes that there are limited sites available for adsorption
and that the adsorbed solute is only one molecule in thickness10. This equation is valid
only over a limited range of solute concentrations. The Langmuir model is described by:
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Where K is the Langmuir experimental constant, a is represents the mass of
adsorbed solute required to completely saturate a unit mass of adsorbent, x is the mass of
the solute adsorbed to the solid phase mass, m. The linearized form of this equation is:
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Figure 1 shows the experimental results for a typical data set, as linearized
according to Equation 2. This figure also shows the best-fit line through the experimental
points. The high r2 value presented in Figure 1 indicates that Langmuir model closely
describes the experimental data. The values of K and a computed from the best-fit line
coefficients are 3.1x10-3 L/mg and 0.10 mg/mg respectively.

Breakthrough studies were performed for thirty-six consecutive days using a 250-
mg/L quat solution as the feed concentration. This concentration is higher than the
maximum recommended by the manufacturer11 (100 mg/L). This large dose was used to
demonstrate the ruggedness of the zeolitic material in conditions similar to those
experienced during a chemical spill or a harsh cleanup treatment scheme.

The ratio of effluent concentration, C, to inlet concentration, Co in a column
study is described by the following relationship10:
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Where k1 is the rate constant, qo is the maximum solid-phase concentration of the
adsorbed solute, M is the mass of the adsorbent, V is the throughput volume, and Q is the
flow rate. The linearized form of this equation is:
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Measured C/Co as function of throughput volume is presented in Figure 2. Figure
3 depicts a plot of ln(Co/C-1) versus volume. The slope and intercept of the best-fit line
are used to compute the values qo and k1. The calculated k1 was 24.3 L/Hr-Kg, and the
calculated qo was 0.20 mg/mg. The breakthrough line, as computed using these
coefficients is also presented in Figure 2. The qo value is approximately 2.0 times higher
than the a coefficient computed for the Langmuir isotherm. These large concentrations of
quat may be explained by the formation of more than a single quat layer on the zeolite
surface.

The effluent turbidity remained low throughout the duration of the column
experiment. The fact that turbidity remained low demonstrates that the rigid nature of the
zeolite crystals prevent them from becoming suspended, even at extremely high dosages
of organic cations. This adsorbent stability represents a significant advantage over the use
of clays, which are a conventional treatment technique for the removal of quats from
solution. Excessive amounts of quat, at doses greater than the CEC of the clay, tend to re-



suspend the platelets due to repulsive forces imparted by charge reversal, rendering them
difficult to remove from suspension.

ADSORBENT COST ESTIMATE
Using the computed kinetic values and assuming a maximum allowable

breakthrough concentration of 100 mg/L up to 100,000 gallons and a flow rate of 200
gallons per minute (typical flow rate for 500,000-gallon cooling tower) the calculated
adsorbent mass is 580 lb. Replacement cost of zeolite12 ($320/ton FOB San Juan, Puerto
Rico, S.) is $84 per treatment practice. The unit cost for zeolite replacement is $0.84 per
thousand gallons.

This cost estimate assumes that the feed of quat to the cooling system is 250
mg/L continuously. In practice, this concentration level occurs only on rare occasions,
such as during accidental releases. Therefore these events would be sporadic, although
having the flexibility of using dosages of quat this high may actually result in an
economical way of performing microbiological control in cooling towers eliminating the
risk of wastewater treatment plant upsets.

CONCLUSIONS
1. The Langmuir isotherm model describes well the adsorption of Zephiran chloride

onto Tilden zeolite at concentrations below the external cation exchange of the
adsorbent.

2. The kinetic design by the Thomas method showed that qo was higher than the
maximum x/m of the Langmuir isotherm. This phenomenon is probably caused by
the formation of adsorbate multilayers on the surface of the zeolite.

3. he use of zeolite as adsorbent of Zephiran chloride from solution is an economical
alternative to be considered as a pretreatment of the blowdown of cooling towers
prior to discharge to a receiving body of water or to a wastewater treatment plant.
The estimated adsorbent cost for a once-through 100,000-gallon blowdown volume
containing 250 mg/L of quat is approximately $84.00 ($0.84/1,000 gallon).

4. Quaternary amines are commonly used to kill zebra mussels in seawater
condensers11. Concentration of this quat is normally limited by the ability of the
biological process in wastewater treatment plants to assimilate this biocide. Zeolite
filters can withstand concentrations much higher than those used in conventional
practice, expanding therefore the effectiveness of the chemical treatment while
minimizing environmental damage to receiving bodies of water or wastewater
treatment plants.



5. The rigid crystalline structure of zeolites prevents them from undergoing charge
reversal, which is a common problem when using clays as quat adsorbents. Thus, the
zeolites can be used as a fixed filter medium instead of having to use more
conventional and expensive slurry-type reactors that require elaborate solids handling
equipment.

6. Spent zeolites are coated with a hydrophobic layer of quats. Therefore they drain
easily and require minimal or no drying prior to final disposal. This waste
management practice contrasts with the problems associated with the disposal of
spent clay slurries (spent clay slurries often require dewatering and drying prior to
final disposal).
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Figure 1. Langmuir Isotherm for ADBAC on Tilden Zeolite
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Figure 2. Throughput Concentration Ratio for Breakthrough Study



Figure 3. Kinetic Model for Breakthrough Study
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EVALUATING WASTE MINIMIZATION
PROJECTS UNDER UNCERTAINTY: A MULTIPLE
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ABSTRACT
A comprehensive methodology is proposed that considers the uncertainties present when

evaluating process alternatives to reduce the waste generated in a chemical process. After a
characterization and environmental impact study, the methodology identifies waste minimization options
through experimental design techniques and methods of structured thinking. The alternatives selected are
evaluated using two competing criteria: maximize profit and minimize environmental impact. The former
is measured using the annual equivalent profit that includes the “usual” and “environmental related”
costs. The second criterion is measured using an environmental impact index based on the release
potential of a process stream and its toxicological characteristics. Taking into account the uncertainties
present when evaluating process alternatives and the two objectives used in this evaluation, the
methodology incorporates a multiple objective stochastic optimization algorithm using the process
simulator ASPEN PLUS™. Lastly, the production of methyl chloride by the thermal chlorination of
methane is presented as a case study.



INTRODUCTION
The process industry is responsible for the generation of large amount of wastes including

hazardous and non-hazardous wastes. To manage these wastes, the most common approach has been to
employ end-of-the-pipe treatment technologies that try to reduce or eliminate the pollution produced in a
manufacturing process. Instead of this “successful” temporary solution, an alternative solution that has
been pursued is the implementation of waste minimization programs as part of an agenda towards a
sustainable development.

Attempts have been made to promote the implementation of source reduction programs by
identifying their potential benefits, including savings in waste management costs, reduction in the use of
raw materials and energy supplies, and minimization of potential environmental liability. However,
despite these and other benefits a report by the Environmental Protection Agency (EPA) (1) suggests that
the majority of the US manufacturers have been slow to move away from the traditional end-of-the-pipe
strategies. As this report suggests, the main reason has been the difficulty in establishing the various
environmental costs associated with a particular operation.

The environmental costs should not be the only factor considered in the evaluation of source
reduction alternatives. With the same degree of importance, the overall environmental impact of the
process —generally difficult to quantify in monetary terms— should be considered as a complementary
decision tool. Furthermore, as the investment question is analyzed under a broader perspective the analyst
becomes aware of additional factors that the analyst or decision maker has no control over. Moreover, in
most instances the decision to invest needs to be made with incomplete or uncertain information. Hence,
one can question the applicability of the traditional deterministic approach used in the design or retrofit of
industrial processes.

A comprehensive methodology is presented (see Figure 1) that takes into account the uncertainties
present when evaluating process alternatives that seek to reduce the waste generated in a chemical
process. The methodology identifies waste minimization options through experimental design techniques
and methods of structured thinking, after a characterization and environmental impact study have been
conducted. Despite the difficulty of estimating waste related costs, alternatives were to be evaluated
initially only from an economic perspective. However, assigning a monetary value to environmental
damage costs can be difficult or even unrealistic. Hence the process’ cost evaluation is combined with an
environmental efficiency factor.

Consequently, under a decision theory framework, the alternatives selected are evaluated using two
competing criteria: maximize profit and minimize the environmental impact. The former is measured
using the annual equivalent profit (AEP) method that includes the usual and environmental related costs.
The second criterion is measured using an environmental impact index based on the release potential of a
process stream and its toxicological characteristics. Taking into account the uncertainties present when
evaluating process alternatives (e.g., process model, process, regulatory, external, and economic model
uncertainty) and the two objectives used in this evaluation, the methodology incorporates a multiple
objective stochastic optimization algorithm (MOSO) using the process simulator ASPEN PLUS™. The
MOSO algorithm employed combines the compromise programming approach and the stochastic
annealing algorithm. Lastly, the production of methyl chloride by the thermal chlorination of methane
was used as a case study to evaluate the proposed methodology.



MEASURING THE ENVIRONMENTAL IMPACT
The analysis and final decision to implement a waste minimization project depends on its

potential benefits, generally expressed in monetary terms. However, the identification of such benefits
from a waste management and regulatory perspective is not so easily accomplished. Leading to an
underestimation of environmental costs.

The environmental costs should not be the only factor considered in the evaluation of source
reduction alternatives. With the same degree of importance, the overall environmental impact of the
process θ  (EIU / kg of product produced)
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 —generally difficult to quantify in monetary terms— should be consider as a complementary decision
tool.

Based on the work by Davis et al. (2), the environmental impact index Φ is given by:
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Φ = ×Human Health Effect + Environmental Effect
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Where the hazard values HVi for each endpoint i are calculated using toxicological information
specific to each chemical as described by Davis et al. (2). The last two terms in Equation 3 —the
carcinogenity and other specific effects— account for the chronic human health effects. Davis calculates
these using a semiquantitave approach, where based on the carcinogenity classification or the presence of
specific effects, a numerical value is assigned. However, the use of such semiquantitative evaluation
might not always lead to a valid toxicity comparison between chemicals. For this reason, and by keeping
the same scale assigned by Davis to both chronic effects, the hazard value for each toxicological endpoint
is calculated based on the classification presented in the Hazard Ranking System Final Rule (3) and in the
Bouwes and Hassur’s (4) methodology:

( )RfDRfCother HV,HVmaxHV = (6)

HV RfCRfC = −1569 125. . log (7)
If RfC > 18  ⇒ HV=0; If RfC < 0.0018  ⇒ HV=5

RfDlog167.1165.1HVRfD −= (8)
If RfD > 5  ⇒ HV=0; If RfD < 0.005  ⇒ HV=5



( )URSFitycarcinogen HV,HVmaxHV = (9)

SFlog301.4HV B/ASF +=− (10)
If SF < 0.0005  ⇒ HV=1; If SF > 5  ⇒ HV=5

SFlog301.3HV CSF +=− (11)
If SF < 0.005  ⇒ HV=1;If SF > 50  ⇒ HV=5

URlog854.4HV B/AUR +=− (12)
If UR < 0.00014 ⇒ HV=1; If UR > 1.4  ⇒ HV=5

URlog854.3HV CUR +=− (13)
If UR < 0.0014  ⇒ HV=1; If UR > 14  ⇒ HV=5

Since the “waste streams” might not be the only emission source in the process, Equation 1
includes a release factor r (0 < r <1) that accounts for the release potential of a given stream. Estimating r
is equivalent to calculating the probability of obtaining a release from a specific stream. This usually can
be done considering past data and experiences related to the process under study. Based on the categories
presented by Kolluru (5), a guideline for estimating r based on the expected frequency of the release is
given in Table 1.

MEASURING THE PROFIT
The second objective used to evaluate alternatives seeks to maximize the amount of profit that can be

obtained from a particular investment. Among the different profitability tools available in the literature
the annual equivalent profit (AEP) for a specific project lifetime Ny
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was selected as the second objective’s attribute.

The AEP includes all the process related costs that within the environmental accounting framework
can be divided in five groups: usual costs, direct costs, hidden costs, liability costs, and less tangible
benefits. A review of how these can be estimated is given by Dantus (6).



MULTIPLE OBJECTIVE STOCHASTIC
OPTIMIZATION FOR EVALUATING UNCERTAINTIES

A multiple objective stochastic optimization problem is given by

( ) ( )
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where the optimum answer corresponds to the values of the continuous and discrete variables x* and y*

respectively that maximize or minimize a set of objectives zi over all possible values taken by the
uncertain parameters ΩΩΩΩ, subject to a set of equality g() and inequality h() constraints.
An approach usually taken for solving Equation 2 is to replace the stochastic problem by a suitable
deterministic problem (7). In this case, the problem is solved by finding the solution vectors y*, x*  that
minimize the expected value of the objective function, subject to some a priori distribution of Ω.Ω.Ω.Ω.

Once the stochastic problem has been reformulated in a deterministic form, Equation 15 can be
solved using for example traditional mixed integer non linear programming (MINLP) techniques
combined with multiple objective optimization approaches. That, in spite of their success, the traditional
MINLP approach to may pose certain problems especially with sequential process simulators such as
ASPEN PLUS (8). Furthermore, MINLP methods can get trapped into some neighborhood within the
search region, leading to a local solution and failing to find the global optimum.

An alternative approach that circumvents the problems associated with MINLP algorithms is the
use of random search methods. These methods have the feature of exploring more globally the feasibility
region of a given problem, thus having a good possibility of finding the global optimum. Among the
different random approaches used the method that has probably received the most attention is the
simulated annealing that is based on the analogy between the simulation of the annealing of solids and the
solving of large combinatorial optimization problems (9).

In the present work, the stochastic annealing algorithm given by Painton and Diwekar (10) is
combined with multiple objective optimization approaches that evaluate competing objectives. For
example, there is generally no investment option that maximizes the process’ profit and minimizes its
environmental impact. Hence, a sacrifice of the first objective is required to obtain a better performance
of the second objective. As a consequence, the optimum solution obtained will be considered as the best
compromise solution according to the decision maker’s preference structure (11).

Among the various multiple objective optimization algorithms with prior articulation of
preferences, the methodology incorporates the compromise programming (CP) approach (12) that
identifies solutions that are closest to the ideal point z*
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The ideal solution is generally not feasible. However, it can be used to evaluate the set of
attainable nondominated solutions. In this case, the compromise solution is such that it minimizes the
closeness or distance Lj to the ideal point (13).
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The preference weight γ is used to represent the relative importance of each objective. The DM’s
preferences are also expressed in the compromise index j (1 ≤ j ≤ ∞), which represents the DM’s concern
with respect to the maximal deviation (13).
The two-objective optimization problem is combined with stochastic optimization concepts to solve
Equation 15
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Where, AEP** = min AEP(x,y), AEP* = max AEP(x,y), θ** = max θ(x,y), and θ* = min θ(x,y).
In summary, the evaluation of pollution prevention alternatives under uncertainty is applied combing the
compromise programming approach and the stochastic annealing algorithm to solve Equation 18. Once
the minimum and maximum points in Equation 18 have been determined using the stochastic annealing
algorithm, the objective function is minimized for a value of j =1, 2, and ∞, for the specific preference
weights γi assigned to each objective using the ASPEN PLUS process simulator.

CASE STUDY

The proposed methodology in Figure 1 was successfully applied to the production of methyl
chloride by the thermal chlorination of methane (6, 14). The methyl chloride process consists of a reactor
where four reactions take place:

HClClCHClCH 324 +→+ (19)
HClClCHClClCH 2223 +→+ (20)
HClCHClClClCH 3222 +→+ (21)

HClCClClCHCl 423 +→+ (22)

The reactor effluent is cooled to 25 °C and it is washed with water to remove the hydrogen chloride
generated. This water becomes a waste stream that contains both HCl and small amounts of
chloromethanes. Subsequently, the water is removed from the chloromethanes mixture through a series of
dehumidification towers containing NaOH and H2SO4, thus generating several waste streams. Finally, the
gas mixture is compressed and passed through a series of distillation columns to separate each of the
products.

The process given by AIChE (15) was taken as the base case model used to represent the
performance of the existing process. An initial screening of source reduction options using experimental
design techniques identifies the following variables and parameters to consider further in the evaluation of
pollution prevention alternatives: the temperature of the original reactor, the mole flow of chlorine, and
the use of an alternative reactor and its operating temperature. In addition, four uncertain parameters are
included in the optimization phase.

 In summary, the methyl chloride process was optimized for two competing objectives (maximize
profit and minimize environmental impact) considering three continuous variables (flowrate of chlorine,



original reactor’ operating temperature, and alternative reactor’s operating temperature), one binary
variable (type of reactor), and four uncertain parameters (release factor for non-waste streams, high
pressure steam price, kintetic model parameters, and environmental impact index for methyl chloride).
The multiple objective stochastic optimization approach (see Figure 2) identified the selection of an
alternative reactor operated at 488 ºC and a chlorine flowrate of 160 kgmol/h.

CONCLUSIONS

The main objective of this work was to develop a comprehensive methodology that takes into account
the uncertainties present when evaluating process alternatives that seek to reduce the waste generated in a
chemical process. The procedure proposed consisted of six steps: characterization of waste streams,
evaluation of environmental impacts, development of the process model, identification of pollution
prevention alternatives, evaluation of pollution prevention alternatives, and their implementation.

The methodology incorporated the use of multiple criteria decision making to evaluate possible
investment projects using two competing objectives: maximize profit and minimize the environmental
impact. The former is measured using the annual equivalent profit (AEP) tool and the latter using an
environmental impact index. On one hand, the AEP included the usual costs associated with the process,
as well as the various waste related costs, for which a detailed discussion was given including the
different ways available to estimate them. On the other hand, the environmental impact index included
toxicological characteristics of each chemical present in a process stream and its release potential.

Multiple objective optimization techniques and stochastic programming methods were successfully
incorporated in the methodology to evaluate the uncertainty in optimizing the two competing objectives.
This was accomplished using the process simulator ASPEN PLUS and combining the compromise
programming approach and the stochastic annealing algorithm.

The production of methyl chloride through the thermal chlorination of methane was selected to
evaluate the methodology. This process was used mainly as a case and did not intend to represent an
actual process in operation. Therefore, the options analyzed represent only a small subset of a large
number of possible source reduction alternatives.
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NOMENCLATURE
AEP Annual equivalent profit
E(x) Expected value of x
EIU Environmental impact units
f Flowrate (kg/hr)
F Cash flow
g( ) Set of equality constraints



h( ) Set of inequality constraints
HVx Hazard value of endpoint x
ir Interest rate
j Compromise index
Lj Distance from the ideal point
mj,i Mass fraction of component j in waste stream i
MOOP Multiple objective optimization problem
Ny Project’s lifetime
P Product flowrate (kg/hr)
r Release factor
RfC Chronic reference concentration (mg/m

3
)

RfD Chronic reference dose (mg/kg-day)
SC Sample size for continuous variable
SF Oral slope factor (risk per mg/kg-day)
SOOP Single objective optimization problem
UR Inhalation unit risk (risk per mg/m

3
)

x Vector of continuous variables
y Vector of discrete variables
z Objective function
Φ Environmental impact index of chemical j (EIU/kg)
γ Preference weight
θ Environmental impact (EIU/kg)
ΩΩΩΩ Vector of uncertain variables

Subscripts

A/B Chemical is known or is probable to be a human carcinogen
C Chemical is possible to be a human carcinogen
BCF Aquatic bioconcentration factor
BOD Biological oxygen demand
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Table 1. Guidelines for estimating the release factor r

Frequency r

Constant: Stream characterized as waste stream 1

Frequent: Release expected to occur several times a year 0.3 - 1.0

Ocassional: Release expected to occur several times during
the facility lifetime

0.1 - 0.3

Remote: Release expected to occur about once during the
facility lifetime

0.01 - 0.1

Not expected: Release highly unlikely to occur during the
facility lifetime

< 0.01



Figure 1. Proposed methodology simplified diagram
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ENVIRONMENTAL ASPECTS OF CRUDE OIL
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ABSTRACT
Crude oil releases to the subsurface environment can have significant health,

safety and economic consequences, though their effects are often less visually apparent
and publicized than surface releases.

Crude oil is a complex mixture of thousands of hydrocarbon and non-
hydrocarbon compounds, which form from naturally occurring biomass in subsurface
rock formations under high temperature and pressure conditions. Variations in crude oil
type, defined by physical properties such as density and viscosity, are determined by
compositional make-up.

Crude oil fate and transport in the subsurface determines the potential for impact
to biological receptors. Crude oil discharging to surface environments affects living
organisms through external and internal physical contact and habitat degradation. The
mono-aromatic and polynuclear aromatic hydrocarbons are the most toxic compounds in
crude oil.

Characterization, remediation and management of sites with subsurface crude oil
impact should be performed within the context of a comprehensive decision making
framework.



INTRODUCTION

Crude oil has been produced, transported and used throughout the world for over
a century. Documented releases to the environment have been numerous, and there have
certainly been many more undocumented releases. Surface spills of crude oil,
particularly those in the oceans off coastal areas, are visual and often highly publicized
events which generate much research regarding environmental impacts. Subsurface
releases, on the other hand, are not visually evident unless they discharge to the surface.
These releases often go undetected for many years, until uncovered during excavation
activities or subsurface investigations related to spills or property transfers.

When crude oil is detected in soil or groundwater, the question inevitably arises,
“What do we do about it?” The answer to this question depends on a variety of factors,
including: the type of crude oil present, the relevant regulations and regulatory agencies,
the current and future uses of the property, the fate and transport of the crude and the risk
to potential receptors. The objective of this paper is to provide basic information
regarding these factors, to help responsible parties formulate appropriate responses for
their specific sites.

RELEASE SOURCES
Crude oil releases to the subsurface can occur from a large variety of sources at

crude oil production, transportation, storage and processing facilities. The large number
of such facilities throughout the world suggests that the potential number of releases to
the subsurface is enormous. Subsurface releases most often occur from aging, poorly
maintained or abandoned crude oil facility components. Crude oil may be introduced into
the subsurface either from subsurface release points such as oil wellbores, buried
pipelines, or oil field sumps and pits (Figure 1), or from a large variety of surface release
points including separation and storage tanks (Figure 2), pumps, flowlines, pigging
stations, valves and fittings.

Transmission pipelines (Figure 3) represent the greatest potential for widespread
contamination because of the many miles they traverse. Pipelines are subject to external
corrosion due to oxidation-reduction reactions at the contact with the soil and internal
corrosion due to transmission of corrosive brines and sulfur compounds. Since they are
often buried and hidden from view, leakage may be difficult to detect. Also, pipeline
integrity testing is based on flow measurements of, at best, +/- 2% accuracy. In addition
to those pipelines currently in use, there are also multiple generations of pipelines dating
back to the turn of the century which have been abandoned in place. In many cases,
records of installation, use and abandonment of these pipelines no longer exist.

WHAT IS CRUDE OIL?
Crude oil is a complex mixture of thousands of hydrocarbon and non-

hydrocarbon compounds which form from naturally occurring biomass in subsurface



rock formations under high temperature and pressure conditions. Hydrocarbons,
consisting solely of hydrogen and carbon, generally comprise more than 75% of crude
oil. Heavy crude oils may contain over 50% non-hydrocarbon compounds, which are
comprised of hydrocarbon molecules with substituted oxygen (O), nitrogen (N) and
sulfur (S) atoms.

Most crude oil compounds occur within the following groups:

•  Saturated hydrocarbons, comprising normal (n) and branched alkanes (paraffins and
isoparaffins) and cycloalkanes (naphthenes);

•  Aromatic hydrocarbons, including pure aromatics, cycloalkanoaromatics
(naphthenoaromatics), and cyclic sulfur compounds (usually benzothiophene
derivatives);

•  Resins and asphaltenes, consisting of high molecular weight polycyclic compounds
with substituted N, S and O atoms. Metals, primarily vanadium and nickel, usually
occur in the asphaltene and resin fractions. These metals are also incorporated in
polycyclic compounds known as porphyrins.

Paraffins and isoparaffins are the dominant compounds in light crude oils.
Napthenes represent the most common molecular structure in crude oil. Aromatic
compounds are most abundant in medium to heavy crude oils. The mono-aromatic
compounds benzene, toluene, ethylbenzene and xylenes (BTEX), and the substituted
benzenes, are the most common aromatic compounds in crude oil. Alkenes (olefins)
occur within crude oil but are rare. Figure 4 illustrates the molecular structures of
representative crude oil compounds.

Crude oils can be classified either based on their physical properties (specific
gravity and viscosity) or on the relative percentages of compound groups. Crudes can be
classified as light, medium or heavy based on their viscosity and specific gravity, or
equivalent API (American Petroleum Institute) gravity. API gravity is related to specific
gravity (SG) by the following relation:

         141.5
API Gravity (°)  =                             - 131.5

      SG at 15° C

For example, a heavy oil is any crude oil with an API gravity ranging from 10° to
20° at standard conditions and a gas-free viscosity ranging from 100 to 10,000 centipoise
at original reservoir temperatures (1).

Classes of crude oil based on compound groups include the following (2):

•  Paraffinic, comprised of light crude oils characterized by high alkanes and
isoalkanes content, low specific gravity and viscosity;

•  Paraffinic-naphthenic, comprised of light to medium crude oils characterized by
moderate to high aromatic content (25 to 40%) and moderate specific gravity and
viscosity;



•  Aromatic-intermediate, comprised primarily of heavy crude oils characterized by
high to very high aromatic content (40 to 70%), high resin and asphaltene content
(10 to 30%), high sulfur content (above 1%) and high specific gravity; and

•  Aromatic-naphthenic and aromatic-asphaltic, comprised of degraded heavy crude
oils characterized by very high resin and asphaltene content (25 to 60%) and high
specific gravity and viscosity. The aromatic-asphaltic crudes form from degradation
of aromatic-intermediate (high sulfur) crude oils and may contain up to 9% sulfur.

FATE AND TRANSPORT
Fate and transport describes the migration and transformation processes which

affect a chemical in the subsurface. Crude oil fate and transport is highly variable,
dependent upon the properties of the crude oil and the impacted subsurface media (soil
and groundwater).

A crude oil release from a surface or near surface source will migrate downward
as a non-aqueous phase liquid (LNAPL) in response to capillary forces, gravity and its
own pressure head. As the crude oil migrates through the unsaturated soil or rock, much
of it will be retained in the porous spaces as residual LNAPL adsorbed on soil or fracture
surfaces, as a dissolved phase in pore water, or as a vapor phase in air filled pores.
Downward migration through unsaturated media will continue only as long as the
volume of the crude oil exceeds the capacity of the soil or rock to retain the
hydrocarbons. If the crude oil reaches groundwater, it will spread across the top of the
capillary fringe and slowly migrate in the direction of groundwater flow. If the source is
cut off, lateral spreading will continue until the crude oil attains residual saturation.

The migration rate and degree of attenuation of the LNAPL in the unsaturated
zone is dependent on the properties of the crude oil. Lighter crudes, characterized by
lower viscosity and specific gravity and smaller molecules, will overcome soil capillary
forces more easily, be adsorbed less readily, and thus, migrate more quickly. Heavier
crudes, characterized by higher viscosity and specific gravity and larger molecules, will
be retained by capillarity, adsorbed more readily and migrate more slowly.

Light crude residual hydrocarbons are more mobile and less recalcitrant in the
unsaturated zone due to their higher volatility and solubility in water and higher rates of
aerobic biodegradation. Light crudes have a higher percentage of low molecular weight
(<C10) normal, branched and cyclo-alkanes which are somewhat water soluble (<70
mg/L) and mono-aromatic hydrocarbons which are more water soluble (> 140 mg/L for
BTEX) (3). Heavier crudes, on the other hand, have a greater percentage of high
molecular weight (>C10) aliphatic and polycyclic hydrocarbons which are relatively
insoluble and adsorb more readily to soil organic material. Therefore, infiltrating surface
water will leach a higher fraction of hydrocarbons from light crudes than from heavy
crudes. Due to their higher percentage of low boiling point (more volatile) hydrocarbons,
light crudes volatilize more readily than heavier crudes.

Polynuclear Aromatic Hydrocarbons (PAHs) can be grouped according to their
different mobilities in the subsurface. The two-ring PAHs, including naphthalene, have
moderate water solubility and adsorptive capacity to organic material in soil, and are



relatively mobile. The PAHs with three or more aromatic rings have very low water
solubility and high adsorptive capacity to organic material in soil, and are relatively
immobile.

Compared to BTEX and PAH compounds, phenols (general reported as total
phenols) have higher solubilities and lower adsorptive capacities. Phenols are also highly
susceptible to aerobic biodegradation. Their high mobility makes them excellent
surrogates for the possible presence of hydrocarbons, and thus an important indicator
parameter. Phenols often occur at the leading edge of dissolved groundwater plumes.

The smaller hydrocarbon molecules in light crudes are more easily biodegraded
by naturally occurring microbes than the larger hydrocarbon molecules in heavy crudes.
In general, aerobic biodegradation of crude oil constituents occurs according to the
following sequence: n-alkanes > branched alkanes > cycloalkanes > aromatics >
polynuclear aromatics (3). The smaller PAHs (fewer aromatic rings) biodegrade more
readily than the larger PAHs (more aromatic rings). About 40 to 80% of a crude oil can
be degraded by microbial action (4). The net result of these properties is that heavy
crudes are retained more readily and persist longer in soil or rock than light crudes.

Migration of crude oil in the vadose zone is significantly affected by lithology
and stratigraphy. Finer grained soils such as clays and silts have higher capillary forces
and total organic carbon (TOC) contents than coarser grained sands and gravels. In order
for crude oil to infiltrate a fine grained soil, high head pressures are required to
overcome the high soil capillary forces. These same high capillary forces also retain a
large percentage of the crude oil in the pores of a fine grained soil (high residual
saturation). Rather than infiltrate and migrate through fine grained strata, crude oil will
tend to accumulate and flow laterally along the upper surface of the strata. Accumulation
and spreading along such “perched zones” will continue until the LNAPL head exceeds
the soil pore entry pressure, the residual saturation of the soil is reached, or until the
crude spills over the edge of the zone and continues its downward migration. Crude oil
migration through bedrock is controlled by the size, shape, connectiveness and
orientation of fractures.

Hydrogen sulfide (H2S) and methane (CH4) gases form within oil and gas
reservoirs from thermal degradation of organic material or crude oil (petrogenic), or in
the shallow subsurface due to anaerobic biodegradation of natural organic material or
crude oil (biogenic). Petrogenic methane and hydrogen sulfide can migrate to the near
surface environment along faults. These gases are very mobile in the unsaturated zone,
migrating in response to concentration or pressure gradients. They also readily dissolve
in groundwater. Methane is more stable in the shallow subsurface than hydrogen sulfide,
which may react with heavy metals (to form metal sulfides), or be oxidized to sulfur.

TOXICOLOGY
Crude oil can present a hazard to humans, livestock, wildlife and plants, both as

a hydrocarbon mixture (i.e. crude oil as a whole), and as specific constituent toxic
compounds. As described earlier, crude oil occurs in many different varieties, each
containing thousands of different compounds. Due to their different physical properties



and chemical make-up, each variety of crude oil presents a different level of threat to the
environment.

Crude oil as a whole represents an environmental threat primarily when surface
spills impact sensitive habitat areas. Crude oil can adversely affect organisms in a variety
of ways including causing hypothermia due to matted fur or feathers, smothering,
blocking pores, reducing light required for photosynthesis, decreasing food availability,
damaging habitat by reducing pH and dissolved oxygen, and injuring or killing
organisms through direct ingestion (4).

This type of impact most often results from direct crude oil releases to land or
water bodies. Crude oil released to the subsurface often does discharge to the surface,
producing similar adverse effects as a surface spill. However, crude oil undergoes a
variety of transformations in the subsurface (volatilization, leaching and biodegradation)
which significantly alters its physical and chemical make-up, and partitions chemicals of
concern into different phases.

A large number of hydrocarbon and non-hydrocarbon compounds in crude oil
may negatively impact organisms. However, due to the very large number of compounds
in crude oil, it is sometimes not practical to evaluate the effects of each one. Therefore,
risk management decisions are usually based on evaluating the impacts of a select group
of “indicator compounds”. Based on many years of toxicological and epidemiological
studies, the volatile aromatic hydrocarbons (BTEX) and semi-volatile aromatic
compounds (PAHs and substituted PAHs) have been identified as the constituent
compounds in crude oil which produce the most adverse effects in organisms (5).

Of the mono-aromatic BTEX compounds, benzene is widely recognized as being
the most toxic. Based on epidemiological studies, benzene has been classified by the
United States Environmental Protection Agency (USEPA) to be a Group A, or known
human carcinogen. For this reason it is often used as an indicator compound for
assessing the toxicity of a petroleum hydrocarbon mixture. Benzene occurs in relatively
low concentrations in most crude oils.

High incidences of skin cancer in chimney sweeps were noted as early as the late
1800s. In the early 1900s these cancers were linked to soot, and PAHs were identified as
the specific causal agents (4). PAHs have also been documented to have toxic and
carcinogenic effects on wildlife. Though the primary source of PAHs in the environment
is due to combustion of petroleum hydrocarbon fuels, PAHs are a natural and common
constituent in most crude oils.

Naphthalene (2-ring PAH) is toxic to humans (poisonous in high doses if
ingested), but its adverse effects to fish is the greatest environmental concern. Many of
the 3 to 6 ring PAH, including benz[a]anthracene, benzo[a]pyrene, dibenz[a,h]anthracene
and 7,12-dimethylbenz[a]anthracene, have been shown to cause cancers in laboratory
animals (5). Benz[a]anthracene has been classified by the USEPA to be a Class B2 or
probable human carcinogen.

Because they strongly adsorb to organic material, PAHs, in particular those with
three or more rings, bioaccumulate in the fatty tissues of humans, livestock and wildlife.



Thus, these toxic compounds can persist and gradually increase their concentrations in
organisms for years.

Phenol is considered to be toxic to humans through oral exposure, causing liver
and kidney damage and cardiac toxicity. USEPA has classified phenol as Group D, not
classifiable as to human carcinogenicity.

Hydrogen sulfide and methane gases can represent significant health hazards.
Hydrogen sulfide is acutely toxic to humans and can cause respiratory paralysis leading
to asphyxia and death following one or two breaths at concentrations in excess of 1,000
ppm. Methane is extremely combustible and represents an explosion hazard.

EXPOSURE PATHWAYS
The primary concern regarding crude oil in subsurface environments is possible

impact to biological receptors (humans, livestock, wildlife and plants). For impact to
occur, however, there must be an exposure pathway to potential receptors. The most
relevant exposure pathways for crude oil are identified below:

•  Excavation of crude oil impacted soil or groundwater;
•  Vapor migration of volatile crude oil components or breakdown products through

soil into subsurface or surface structures, or below ground wildlife habitats (i.e.
burrows);

•  Discharge of LNAPL, or dissolved crude oil compounds in groundwater, to the
ground surface, or into surface water bodies and wetlands; and

•  Pumping of crude oil impacted groundwater (LNAPL or dissolved phase).

Large areas of land formerly used for oil production, storage and transport are
now being converted to other uses. Therefore, excavation into crude oil impacted soil
and groundwater occurs regularly, and can present a health and safety hazard to workers
or future property occupants. Excavation can release dangerous vapors, including
purgeable aliphatic hydrocarbons (<C10), BTEX, methane, and hydrogen sulfide. These
vapors may represent explosion (methane and purgeable hydrocarbons) or toxic hazards
(BTEX and hydrogen sulfide). Potential exposure to PAHs (through ingestion) is of
concern because they are a common constituent in most crude oils and strongly sorb to
soil organic matter.

Vapors can migrate and collect within man made structures, where they may
present explosion or toxic hazards. Vapors may also represent a toxic hazard to
burrowing animals.

Crude oil in shallow unsaturated soils can form seeps at the ground surface.
Natural discharge of crude oil impacted groundwater can occur in any area where the
water table intersects the ground surface. Discharge into surface water bodies such as
oceans, streams, rivers and wetlands can pose a significant threat to humans, livestock,
plants and wildlife.



Since crude oil is a LNAPL (with the exception of some tarry and asphaltic
crudes having API Gravities <10), it floats on groundwater. LNAPLs will spread out
over the first groundwater bearing zone they encounter and will not migrate into deeper
groundwater bearing zones unless they are connected by permeable strata or by the well
bore or annulus of an improperly completed or abandoned oil or water production, or
groundwater monitoring well. Deeper high yield aquifers used for groundwater
production are commonly separated from upper water table aquifers by low permeability
aquicludes. Therefore, in the absence of a well bore or annulus providing a migration
pathway, LNAPL impact of a water production well is unlikely. Because of their greater
mobility in groundwater (compared to LNAPL), dissolved phase crude oil components
are more likely to intersect possible permeable pathways linking upper and lower
groundwater bearing zones. Dissolved benzene is of special concern due to its toxicity,
relatively high solubility and low adsorptive capacity. However, concentrations of
dissolved benzene associated with crude oil in groundwater are generally low and the
aerobic biodegradation rate of benzene is relatively high. A crude oil impacted water
production well would have to be shut-in or abandoned or have well head water
treatment (in the case of dissolved phase impact).

If required, the fate and transport of chemicals of concern can be simulated using
PC based modeling codes to predict future concentrations at specified points of
compliance or sensitive receptor locations.

SITE CHARACTERIZATION
The information provided by thorough site characterization is essential to

support decision making at crude oil impacted sites. A thorough site characterization
should include all or most of the following elements:

•  Site historical review including past owners and uses of property;
•  Past production, storage, transportation and disposal practices at site;
•  Anticipated future uses of property;
•  Existing and potential beneficial uses of land, surface water and groundwater;
•  Identification of all possible on-site sources of crude oil and any other contaminants;
•  Identification of possible off-site sources of crude oil and any other contaminants;
•  Identification of all known releases of crude oil and any other contaminants;
•  Identification of potential on-site and off-site sensitive receptors (e.g. habitats,

surface water bodies, water wells, etc.);
•  Characterization of site topography, hydrology and surface water;
•  Regional geologic and hydrogeologic framework;
•  Characterization of subsurface lithologies, stratigraphy and hydrogeology;
•  Characterization of subsurface migration pathways;
•  Characterization of non-impacted (baseline) water quality;
•  Characterization of concentrations, extent (lateral and vertical) and nature of crude

oil and any other contaminants;
•  Characterization of all sensitive habitats and ecological receptors; and
•  Characterization of all exposure pathways.



At a minimum, the information gathered must answer the following questions
regarding the contamination: (1) “What is it?”, (2) “Where is it?”, (3) “Where did it
come from?”, (4) “Where is it going?”, and (5) “What is its impact?”. These questions
must be answered before addressing the most important question, “What do we do with
it?”.

The answers to questions 2 through 5 are usually answered adequately using
standard and properly performed Phase I and Phase II site investigation techniques.
However, the standard analytical techniques used in phase II investigations are often
inadequate to answer question 1. The answer to question 1 is often the most important
consideration when formulating risk-based strategies to deal with crude oil impacted
sites. The analytical procedures used should provide the necessary information to predict
the fate, transport and toxicity of the substance.

Levels of crude oil in soil and groundwater are often reported as Total Petroleum
Hydrocarbons (TPH) in units of milligram of hydrocarbon per kilogram of soil (mg/kg)
or liter of water (mg/l).

The most common methods to derive TPH concentrations in crude oil
investigations are USEPA Method 418.1 and USEPA Method 8015 modified. Both of
these methods have limitations for characterizing crude oil in soil or groundwater. A
complete discussion of these limitations is provided in Zemo and Synowiec, 1995 (6).
USEPA Method 418.1 provides only a numerical measure of Total Recoverable
Petroleum Hydrocarbons (TRPH), does not speciate crude oil constituents, and is subject
to positive and negative interferences. USEPA Method 8015 modified provides a gas
chromatogram, and is, therefore, a useful hydrocarbon characterization tool. However, it
typically only works up to C32, which is insufficient for medium to heavy crudes, and is
subject to positive interference due to its lack of a silica gel clean-up step to remove non-
hydrocarbon polar compounds (6).

In addition to the standard USEPA analytical methods most often required by
agencies at crude oil sites (418.1 [TRPH], 8015M [TPH], 8020 [BTEX] and 8310
[PAHs]), the following analytical techniques are recommended to fully characterize the
nature of the crude oil:

•  Simulated Distillation “Fingerprint” analysis using high temperature gas
chromatography (GC) or GC with mass spectrometry (GC/MS) (LNAPL, soil and
groundwater samples);

•  USEPA Method 8070 for total phenols (GC/MS);
•  USEPA Method 6010/7000 for priority metals;
•  Specific gravity using method ASTM D5002 (LNAPL samples only);
•  Viscosity using method ASTM D445 (LNAPL samples only);
•  Aqueous solubility (LNAPL samples only); and
•  Vapor pressure using method ASTM D323 (LNAPL samples only).

Simulated distillation using a special high temperature gas chromatograph
column provides high quality chromatograms to as high as C44. As the name implies,
chromatographic retention times can be correlated to hydrocarbon boiling points. The



simulated distillation can provide petroleum hydrocarbon quantification in many narrow
carbon number ranges (C5-C8, C8-C11, etc.), and can be used to “fingerprint” or identify
the sample by pattern matching GC traces. The simulated distillation should be run
before and after silica gel clean-up to quantify the amount of non-hydrocarbon polar
compounds in the sample. GC/MS allows positive identification and quantification of
constituent compounds of interest, such as BTEX and PAHs.

Specific gravity, viscosity, aqueous solubility and vapor pressure are important
parameters affecting the fate and transport of the crude oil in subsurface media.

APPLICABLE REGULATIONS
Crude oil, or any fraction thereof, are not considered hazardous wastes under the

Federal Comprehensive Environmental Response, Compensation and Liability Act of
1980 (CERCLA), and under the Federal Resource Conservation and Recovery Act
(RCRA).

Disposal of crude oil impacted soil or groundwater are regulated under the
Resource Conservation and Recovery Act (RCRA). The discharge of crude oil
contaminants in water are regulated through issuance of National Pollutant Discharge
Elimination System (NPDES) permits for discharges to surface water and Waste
Discharge Requirements (WDRs) for discharges to land and groundwater.

Regulatory guidance regarding options for dealing with crude oil impacted
groundwater and/or soil are highly dependent upon which Federal or State agency has
jurisdiction over the site. Most agencies base clean-up action levels on TPH
concentrations in soil and groundwater. In some cases, action levels may also be based
on concentrations of specific compounds of concern such as BTEX compounds, or
PAHs.

One approach developed by the Los Angeles Regional Board (LARWQCB) in
Southern California involves use of a look-up table to determine site specific soil
screening (“action”) levels (7). TPH screening levels vary according to distance of the
impacted soil above groundwater and the carbon number range of the hydrocarbons.
BTEX screening levels vary according to distance of the impacted soil above
groundwater and the soil lithology. While this approach represents a considerable
improvement over using a single TPH action level for petroleum hydrocarbons, it still
involves considerable simplification of site conditions.

Although the LARWQCB methodology may be adequate for some sites, it does
not consider the stratigraphic and hydrogeologic heterogeneities and multiple migration
pathways present at most sites. In addition, this and similar approachs do not consider
other relevant factors such as the presence of methane, hydrogen sulfide or PAH
compounds, potential clean-up costs, time constraints, current and future site uses and
potential risk to sensitive receptors. A better approach is to evaluate action levels within
the context of a comprehensive decision making framework.



RISK-BASED CORRECTIVE ACTION
The information and data gathered during characterization of a crude oil

impacted site is only useful if it is utilized in a structured process to formulate an
appropriate response. This process must account not only for the subsurface lithologic,
hydrogeologic and contaminant site conditions, but also must consider costs, time
constraints, current and potential future uses of the site, and the risk to possible sensitive
receptors.

Risk-Based Corrective Action (RBCA) is a decision making process to manage
petroleum hydrocarbon impacted sites which integrates site assessment, risk assessment,
risk management and remedial action into a streamlined and technically defensible
framework (8). The America Society for Testing and Materials (ASTM) has developed
the Emergency Standard Guide for Risk-Based Corrective Action Applied at Petroleum
Hydrocarbon Release Sites (ASTM ES 38-94) (5). RBCA is consistent with USEPA
guidance for risk and exposure assessment. RBCA based solutions are designed to be
cost effective and to reduce risk to receptors to acceptable levels. The RBCA approach
provides a framework for data collection, analysis and interpretation, and for decision
making at crude oil impacted sites.

RBCA uses a three tiered approach to managing petroleum impacted sites. The
most simple approach is used (Tier 1) unless site conditions or cost considerations
warrant a more complex approach (Tiers 2 and 3). RBCA incorporates site
characterization as the first step in the process. If appropriate, an interim or emergency
remedial response is initiated. The site is then classified with respect to how immediate a
threat, if any, the petroleum hydrocarbon represents to potential receptors. Potential
exposure pathways are then identified and evaluated. Next, actual concentrations of
chemicals of concern in the soil and groundwater (e.g. benzene and Benzo[a]pyrene) are
compared to risk-based screening levels (RBSLs) provided in a look-up table which are
deemed protective of human health and the environment for various exposure pathways
and property uses. If any of the chemicals of concern exceed the RBSLs, remediation
may be initiated, or additional site specific data may be gathered for the more complex
evaluations required for Tier 2 or Tier 3 analyses.

The Tier 2 and Tier 3 approaches allow determination of site-specific target
values (SSTLs) for the chemicals of concern. Tier 2 evaluations may involve calculation
of the SSTLs using the same formulas used to calculate Tier 1 RBSLs, but with site
specific parameters. Tier 2 evaluation may also involve deriving SSTLs based on actual
or predicted attenuated concentrations of chemicals of concern at specific points of
compliance. Tier 3 involves the most complex analyses which may include probabilistic
evaluations and sophisticated fate and transport modeling.

The RBCA approach is probably adequate for the vast majority of crude oil
impacted sites. However, certain sites may require a more rigorous approach with respect
to risk evaluation. These sites may require preparation of a health based risk assessment
performed according to USEPA guidelines (9), and/or ecological risk assessment. In
cases where widespread damage to a natural resource is involved, site characterization
and remediation may have to be performed according to United States Department of
Interior Natural Resource Damage Assessment (NRDA) guidelines.



CONCLUSIONS
Crude oil releases to the subsurface are usually less visually evident than surface

releases but can present risks to humans and ecological resources. Releases occur most
often from aging crude oil production, storage, transportation and processing
infrastructure.

Crude oils are naturally occurring complex organic mixtures consisting mostly of
thousands of hydrocarbon compounds and lesser amounts of non-hydrocarbon
compounds. Crude oil types comprise a wide range of physical properties (specific
gravity and viscosity) and compound groups (saturated hydrocarbons, aromatics, resins
and asphaltenes). Crude oils can be classified as light, medium or heavy based on their
specific gravity (or equivalent API gravity) and viscosity. Crude oils classes based on the
relative occurrence of different compound groups include Paraffinic, Paraffinic-
naphthenic, Aromatic-intermediate, Aromatic-naphthenic and Aromatic-asphaltic.

Crude oil can migrate through the subsurface as an LNAPL, as dissolved
compounds in vadose zone soil pore water or groundwater, or as volatilized compounds
in air filled vadose zone soil pores. LNAPL migration will occur only when the residual
saturation is exceeded (saturation exceeds the soil capillary forces). LNAPL will spread
out across the top of the capillary fringe and slowly migrate in the direction of
groundwater flow. Lighter crude residual hydrocarbons are more mobile and less
recalcitrant in the unsaturated zone due to their higher volatility and solubility in water
and higher rates of aerobic biodegradation. Heavier crude residual hydrocarbons are less
mobile and more recalcitrant in the unsaturated zone due to their lower volatility and
solubility in water and slower rates of aerobic biodegradation.

Crude oil can present a hazard to humans and ecological resources, both as a
hydrocarbon mixture (i.e. crude oil as a whole), and as specific constituent toxic
compounds. Crude oil as a whole can adversely affect organisms in a variety ways
including causing hypothermia due to matted fur or feathers, smothering, blocking pores,
reducing light required for photosynthesis, decreasing food availability, damaging habitat
by reducing pH and dissolved oxygen and injuring organisms through direct ingestion.
The BTEX and PAH compounds are common constituents in crude oil and have been
determined to present the greatest hazard to humans and wildlife. Benzene is a Group A
or known human carcinogen. PAHs have toxic and carcinogenic effects and
bioaccumulate in humans and wildlife. Hydrogen sulfide gas has acute toxic effects in
humans. Methane gas is extremely combustible and represents an explosion hazard.

The most relevant exposure pathways for crude oil are excavation of crude oil
impacted soil or groundwater, vapor migration into subsurface structures or wildlife
habitats, natural discharge of crude oil impacted groundwater into surface water bodies
or wetlands, and pumping of crude oil impacted groundwater.

Decision making strategies at crude oil impacted sites must be based on thorough
Phase I and Phase II investigations. Of particular importance is characterization of the
crude oil to provide the necessary information (volatility, specific gravity, aqueous



solubility, viscosity, and BTEX and PAH concentrations) to predict its fate, transport and
toxicity.

Decision making strategies which focus on regulatory action levels for TPH or
specific compounds do not adequately address other relevant factors such as subsurface
complexities, multiple exposure pathways, potential clean-up costs, time constraints,
current and future site uses and potential risk to sensitive receptors. A better approach is
to use a comprehensive decision making process, such as RBCA, which integrates site
assessment, risk assessment, risk management and remedial action.
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Figure 1. Crude oil pit.

Figure 2. Crude oil storage tanks.

Figure 3. Crude oil pipeline.



Figure 4: Representative crude oil compounds (Hydrogen atoms
bonded to carbon atoms are omitted).
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Oil Field Waste Disposal In Salt Caverns: An
 Information Website

David Tomasko and John A. Veil
Argonne National Laboratory

ABSTRACT

Argonne National Laboratory has completed the construction of a Website for the Department
of Energy (DOE) that provides detailed information on salt caverns and their use for
disposing of Nonhazardous Oil Field Wastes (NOW) and Naturally Occurring Radioactive
Materials (NORM). Specific topics in the Website include the following: descriptions of salt
deposits and salt caverns within the United States, salt cavern construction methods, potential
types of wastes, waste emplacement, regulatory issues, costs, carcinogenic and
noncarcinogenic human health risks associated with postulated cavern release scenarios, new
information on cavern disposal (e.g., upcoming meetings, regulatory issues, etc.), other
studies supported by the National Petroleum Technology Office (NPTO) (e.g., considerations
of site location, cavern stability, development issues, and bedded salt characterization in the
Midland Basin), and links to other associated Web sites. In addition, the Website allows
downloadable access to reports prepared on the topic that were funded by DOE. Because of
the large quantities of NOW and NORM wastes generated annually by the oil industry,
information presented in this Website is particularly interesting and valuable to project
managers, regulators, and concerned citizens.



INTRODUCTION
In the early 1990s, the Railroad Commission of Texas issued permits to several salt

cavern operators to accept nonhazardous oil field waste (NOW) for disposal in the caverns.
Several Canadian cavern operators are permitted to do the same thing. Examples of NOW are
drilling wastes, tank bottoms, soil contaminated by crude oil spills, and produced sands. The
Railroad Commission asked the U.S. Department of Energy (DOE) for assistance in
examining the technical issues associated with cavern disposal of NOW. DOE funded
Argonne National Laboratory to conduct a series of studies that provide a strong baseline of
information on using salt caverns for disposal of NOW and other oil field wastes
contaminated with naturally occurring radioactive materials (NORM). Examples of oil field
NORM wastes include sludges from tanks, scale from the inside of pipes, and soil
contaminated by produced water spills or leaks. The studies describe the technical feasibility
of the process, its legality and its potential economic viability, and the degree of risk that
disposal caverns pose to humans drinking nearby well water (1-4). The authors have made
numerous presentations of the findings of those studies at technical conferences, with the
result that many industry and government officials have now become familiar with the
concept of cavern disposal.

Texas has been working on finalizing cavern regulations for about five years, while
Louisiana and New Mexico are now beginning to develop cavern disposal regulations. It
appears that use of caverns represents a viable and growing disposal method for NOW and
NORM in areas having both suitable salt deposits and a sufficient supply of NOW or NORM
to support a commercial disposal cavern. Although the oil and gas industry and state
regulators understand the cavern disposal process, most other potential stakeholders (e.g., the
public, politicians, environmental organizations) are not familiar or comfortable with the
concept of disposing of wastes in underground salt caverns.

DEVELOPMENT OF AN
INFORMATION WEBSITE

Several years ago, four research organizations interested in salt caverns (Argonne
National Laboratory, Sandia National Laboratories, the Solution Mining Research Institute,
and the Texas Bureau of Economic Geology) formed the Salt Cavern Research Partnership
to coordinate their research efforts. Subsequently, the Partnership established an Advisory
Committee with representatives from federal and state government and industry to provide
direction on the most important salt cavern research and information needs for the future. In
April 1998, the Advisory Committee discussed numerous project ideas and concluded that
one of the most pressing needs was a program for public outreach and education. Later that
year, Argonne received funding from DOE to develop a Website on the Internet to provide
information to all interested parties about salt caverns and their use for disposing of oil field
wastes. In addition, a brochure was written on salt cavern disposal and is now available.



The Salt Cavern Information Website contains basic information on using salt
caverns for NOW and NORM disposal. It has more than 50 screens of information,
photographs, and graphical images. Although the Website includes general information about
salt formations and salt caverns, the presentation of the information focuses on the use of
caverns for waste disposal.

Topics in the Website’s main and secondary menus include the following:

•  Overview
•  U.S. Subsurface Salt Deposits

- Salt domes
- Bedded salts
- Other geologic features

•  Description of Salt Caverns
- How caverns are formed
- Size and shape of caverns
- Siting and design criteria
- Cavern closure

•  Uses of Salt Caverns
- Solution mining of salt and brine
- Hydrocarbon storage
- Waste disposal

•  Cavern Studies Funded By NPTO (National Petroleum Technology Office)
•  New Information on Caverns

- Upcoming meetings
•  Links to Other Sites

- Federal
- State
- Research organizations
- Other organizations

Each of the above topics can be explored through a series of easily-navigated menus,
and copies of numerous DOE-funded reports on salt caverns can be downloaded. The Website
was created by Argonne but is housed on the DOE National Petroleum Technology Office
Internet site. The Website address is www.npto.doe.gov/saltcaverns. Argonne will update the
Website periodically to provide new technical findings, regulatory information, and schedules
for meetings and conferences.
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Downhole Oil/Water Separators Offer Lower Costs
and Greater Environmental Protection

John A. Veil
Argonne National Laboratory

Washington, DC

ABSTRACT
Produced water management can be a significant expense for oil and gas

operators. This paper summarizes of a study of the technical, economic, and regulatory
feasibility of a relatively new technology, downhole oil/water separators (DOWS), to
reduce the volume of water pumped to the surface. The study was funded by the U.S.
Department of Energy and conducted by Argonne National Laboratory, CH2M Hill, and
the Nebraska Oil and Gas Conservation Commission. DOWS are devices that separate oil
and gas from produced water at the bottom of the well and reinject some of the produced
water into another formation or another horizon within the same formation, while the oil
and gas are pumped to the surface. Since much of the produced water is not pumped to
the surface, treated, and pumped from the surface back into a deep formation, the cost of
handling produced water is greatly reduced. The oil production rate has increased for
more than half of the DOWS installations to date.



INTRODUCTION
The U.S. Department of Energy’s (DOE’s) National Petroleum Technology

Office is interested in new technologies that can bring oil to the surface at a lower cost or
with less environmental impacts. DOE is particularly interested in technologies that can
accomplish both of these goals. Downhole oil/water separators (DOWS) have the
potential to reduce operating costs while providing a greater degree of environmental
protection. DOE learned of the innovative DOWS technology and funded a team of
Argonne National Laboratory, CH2M Hill (a private-sector consulting firm), and the
Nebraska Oil and Gas Conservation Commission (a state agency) to conduct an
independent evaluation of the technical feasibility, economic viability, and regulatory
applicability of the technology. The results of that investigation were published in
January 1999 (1) and represent the most complete publicly available reference material
on DOWS technology. The full text of the report can be downloaded from Argonne’s
website at www.ead.anl.gov.

The authors of the DOWS evaluation have published other summaries of the
report in widely distributed venues (2, 3). Therefore, to avoid unnecessary duplication,
the discussion provided here is general in nature. More detailed text, tables of data, and
figures showing the design of various types of DOWS can be obtained from references
1-3.

WHAT IS DOWS TECHNOLOGY?
DOWS technology reduces the quantity of produced water that is handled at the

surface by separating it from the oil downhole and simultaneously injecting it
underground. A DOWS system includes many components, but the two primary ones are
an oil/water separation system and at least one pump to lift oil to the surface and inject
the water. Two basic types of DOWS have been developed – one type using
hydrocyclones to mechanically separate oil and water and one relying on gravity
separation that takes place in the well bore.

Hydrocyclones separate fluids of different specific gravity using centrifugal force
without any moving parts. A mixture of oil and water enters the hydrocyclone at a high
velocity from the side of a conical chamber. The subsequent swirling action causes the
heavier water to move to the outside of the chamber and exit through one end, while the
lighter oil remains in the interior of the chamber and exits through a second opening. The
water fraction is then injected while the oil fraction is pumped to the surface.
Hydrocyclone-type DOWS have been designed with electric submersible pumps,
progressing cavity pumps, and rod pumps. Most of the development work on this type of
DOWS was done through several joint industry projects by a Canadian organization,
CFER-Technologies. Some of the hydrocyclone-type DOWS installations have been
described in the literature (for example, references 4 and 5).

Gravity separator-type DOWS are designed to allow the oil droplets that enter a
well bore through the perforations to rise and form a discrete oil layer in the well. A
gravity separator tool has two intakes, one in the oil layer and the other in the water layer.
The gravity separator-type DOWS use rod pumps. As the sucker rods move up and down



the oil is lifted to the surface and the water is injected. The most common gravity
separator-type DOWS is the dual-action pumping system (DAPS) developed by Texaco
(6), but over the past year, an improved version that develops greater injection pressure,
the triple-action pumping system (TAPS) (7), has been tested.

Hydrocyclone-type DOWS can handle oil and water flow volumes up to 10,000
barrels per day (5) while gravity separator-type DOWS can handle up to 1,000 barrels per
day (6). Most DOWS installations have been set up with the producing zone above the
injection zone.

WHY SHOULD OPERATORS INSTALL DOWS?
Produced water lifting, treatment, and disposal costs are important components of

operating costs. DOWS can save operators money by reducing produced water
management costs. In all of the 29 DOWS installations examined in reference 1 that had
both pre- and post-installation data, DOWS reduced the volume of water brought to the
surface. The percent reduction ranged from 14% to 97%, with most of those installations
exceeding 75% reduction in water brought to the surface.

In over half of the North American wells in which DOWS have been installed,
the oil production rates increased following the installation. The percent increase in oil
production rates ranged from 11% to over 1,100%, although a few wells lost oil
production (1). In some cases where surface processing or disposal capacity is a limiting
factor for further production within a field, the use of DOWS to dispose of some of the
produced water can allow additional production in that field.

DOWS provide a positive but unquantifiable environmental benefit through
minimization of the opportunity for contamination of underground sources of drinking
water through leaks in tubing and casing during the injection process. Likewise, DOWS
minimize spillage of produced water onto the soil at the surface because less produced
water is handled at the surface.

HOW MUCH DOES IT COST TO
INSTALL A DOWS?

Nearly all of the DOWS installations to date have been made as retrofits to
existing wells with standard pumps. Conversion of a well from a regular pump to a
DOWS is a relatively expensive undertaking. Total costs include the cost of the DOWS
tool itself and well workover expenses. Reference 1 provides limited information on
costs, but many of the operators polled by the authors of that report did not provide any
detailed cost information.

Costs for the hydrocyclone-type DOWS are high. For example, the cost of an
electric submersible pump-type DOWS system is approximately double to triple the cost
of replacing a conventional electrical submersible pump and is often in the range of
$90,000 - $250,000, excluding the well workover costs, which can often exceed $100,000
(8). Costs are somewhat lower for the gravity separator-type DOWS, ranging from



$15,000 - $25,000 (9-12). The cost of one complete gravity separator-type DOWS
installation was $140,000 Canadian (13).

WHAT SHOULD AN OPERATOR LOOK FOR
WHEN SELECTING A CANDIDATE WELL

FOR DOWS INSTALLATION?
Not all wells or reservoirs are likely to work well with DOWS. Some DOWS

installations have been very successful and have paid back their investment cost in just a
few months. Some other installations have never worked or have reduced oil production.
Knowledge of the reservoir and historical production is important before selecting a
DOWS installation. Some of the characteristics of wells that are likely to work well with
DOWS are:

- a high water-to-oil ratio

- the presence of a suitable injection zone that is isolated from the production zone

- compatible water chemistry between the producing and injection zones

- a properly constructed well with good mechanical integrity.

ARE DOWS IN COMMON USE?
To date, fewer than 50 DOWS have been installed in North America. Reference

1 provides information on the geology and performance of 37 of these installations. Some
of the key findings from those installations are summarized below.

- More than half of the installations have been hydrocyclone-type DOWS (21
compared with 16 gravity separator-type DOWS).

- Twenty-seven installations have been in Canada and 10 installations have been in
the United States.

- Of the 37 DOWS trials described in the report (1), 27 have been in four
producing areas – southeast Saskatchewan, east-central Alberta, the central
Alberta reef trends, and East Texas.

- Seventeen installations were in 5.5-inch casing, 14 were in 7-inch casing, 1 was
in 8.625-inch casing, and 5 were unspecified.

- Twenty of the DOWS installations have been in wells located in carbonate
formations and 16 in wells located in sandstone formations. One trial did not
specify the lithology. DOWS appeared to work better in carbonate formations,
showing an average increase in oil production of 47% (compared with an average
of 17% for sandstone formations) and an average decrease in water brought to
the surface of 88% (compared with 78% for sandstone formations).



- The rate of oil production increased in 19 of the trials, decreased in 12, stayed the
same in 2, and was unspecified in 4. The top three performing hydrocyclone-type
wells showed oil production increases ranging from 457% to 1,162%, while one
well lost all oil production. The top performing well improved from 13 to 164
barrels per day. The top three gravity separator-type wells showed oil production
increases ranging from 106% to 233%, while one well lost all oil production. The
top performing well in this group improved from 3 to 10 barrels per day.

- All 29 trials for which both pre-installation and post-installation water production
data were provided showed a decrease in water brought to the surface. The
decrease ranged from 14% to 97%, with 22 of 29 trials exceeding 75% reduction.

The total number of installations in other parts of the world is small. All DOWS
installations to date are at onshore wells, although several joint industry projects are
attempting to adapt DOWS systems for offshore use.

Throughout the end of 1998 and the first half of 1999, oil prices declined to near
historical lows. Oil companies struggled to make ends meet and stopped investing in new
technologies. Few DOWS were installed during the first half of 1999. During the summer
of 1999, a few new installations were made, but the technology has not yet been widely
adopted.

WHY HAVE SOME DOWS UNITS
EXPERIENCED PROBLEMS?

Although most of the DOWS installed to date have worked well, some of the
installations have experienced problems that have impeded their ability to function
properly. The problems can be broken down into several major categories, as noted
below:

- Some installations were poorly chosen or designed. Some operators didn’t want
to risk damaging good performing wells with a new device and selected less than
optimal candidate wells. Particularly in the earliest installations, many of the
design flaws had not been worked out. Subsequent models avoided some of these
flaws.

- Some installations did not allow a suitable difference in depth between the
producing and the injection interval. If isolation between the intervals is not
sufficient, the injectate can migrate into the producing zone and then short-circuit
into the producing perforations. The result will be recycling of the produced
water, with oil production rates dropping to nearly zero.

- Two installations suffered from low injectivity of the receiving zone; in both
cases, incompatible fluids contacted sensitive reservoir sands, which plugged part
of the permeability.

- Several installations suffered from corrosion or scaling. This problem may be a
result of incompatible chemistry between the producing and injection formations.



- Several other installations had problems with excessive sand collection that either
clogged or eroded the DOWS.

REGULATORY ISSUES
Traditional produced water disposal wells are considered to be Class II injection

wells under the U.S. Environmental Protection Agency’s (EPA’s) Underground Injection
Control program. EPA’s definition of Class II wells is “wells which inject fluids: (1)
which are brought to the surface in connection with conventional oil or natural gas
production....; (2) for enhanced recovery of oil or natural gas; and ...”. In the case of
DOWS, the separated produced water is directly injected to a formation near the
producing zone without ever coming to the surface. Operators are concerned that the
Class II definition might not apply to wells with DOWS and that they might be subject to
regulatory requirements for another class of injection wells. This issue has been presented
to the EPA and is being studied by a workgroup of EPA regional experts. The workgroup
has not yet published final guidance on this matter.

Because the technology is still new, no regulatory requirements for DOWS exist
in many jurisdictions. Even though EPA has no specific requirements, five states
(Colorado, Oklahoma, Louisiana, Texas, and Kansas) have developed either regulations
or administrative guidelines for DOWS. Those states regulate DOWS with requirements
comparable to or less stringent than those for regular Class II injection wells.

CONCLUSIONS
DOWS have a great potential to save money and reduce the environmental

impacts of managing produced water at the surface. The technology is still in its infancy;
not all the bugs have been worked out yet. Some trials have been very successful and
have paid back costs in a few months. Other trials have failed. The cost of installing
DOWS equipment, including a necessary well workover, is substantial. Assuming that oil
prices remain higher than the low prices experienced in early 1999, it is likely that
DOWS will play a role in the nation’s future oil production. As vendors install more
DOWS units, they will continue to improve the technology.
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ABSTRACT
The present work introduces a new method for assessing the environmental risk of

industrial processes. The method defines a Global Environmental Risk Assessment
(GERA) index for a new or existing process. Such an index is based on newly defined
environmental risk indices for chemical components present in the inlet and outlet process
streams and the different unit operations constituting the given process. As an illustration,
the method has been applied to two different processes, the Hüls process for sodium
carbonate and hydrogen chloride synthesis (Kosswig, 1992), and the Phillips
Methyltertiarybutyl ether process (Hutson and MaCarthy, 1992). The method can be easily
implemented into a process simulator to calculate the GERA indices for competing
processes, thus accounting for the environmental impact of the process at the design stage.



INTRODUCTION
The goal of environmental risk assessment is to estimate the severity and likelihood

of harm to human health or the environment caused by exposure to hazardous materials
that could ultimately expose the generator to liability. Quantifying the liability exposure of
a hazardous waste generator is the most recent issue since the discipline of "risk analysis"
was developed into an organized framework within the past two decades (Hanson, 1986).
The potential for environmental damage and the ensuing threats to human life demand a
systematic and reliable risk assessment procedure. In addition, while some time and
resource investments are required to accomplish the risk assessment task, the associated
expenses are dwarfed by the huge investments in addressing the consequences of
environmental damage.

There are several definitions for risk. The Council on Environmental Quality
(Cohrssen and Covello, 1989) defines risk as a combination of the following factors:

The probability of occurrence of an event (i.e., the discharge or spill of toxic substances)

•  The probability that toxic substances or materials will be released by an event

•  The probable quantities, concentrations, transport, and fate of toxic substances or
materials released into the environment, as determined in part by the environmental
conditions at the time of the event

•  The probability of exposure of individuals, populations, or eco-systems to toxic
substances or materials released into the environment

•  The probability of adverse human health or environmental effects from exposure to
toxic substances or materials released into the environment

The National Research Council (NRC) defines risk assessment as "the characterization of
the potential adverse health effects of human exposures to environmental hazards". The
NCR’s definition is expanded to include effects of exposures of other organisms as well.
The NRC further defines four components for risk assessment:

a. Hazard identification is "the process of determining whether exposure to an agent
can cause an increase in the incidence of a health condition."

b. Dose-response assessment is "the process of characterizing the relation between
the dose of an agent ... and the incidence of adverse health effect..."

c. Exposure assessment is "the process of measuring or estimating the intensity,
frequency and duration of ... exposures to an agent currently present or of
estimating hypothetical exposures that might arise..."



d. Risk characterization is "performed by combining the exposure and dose-response
assessments" to estimate the likelihood of an effect.

The EPA has broadened the definitions of hazard identification and dose-response
assessment to include the nature and severity of the toxic effect in addition to the
incidence.

In general, risk assessment and management principles are used in public health to
control environmental agents in air, water, food and soil. According to Stern (Stern, 1988),
the ability of environmental health personnel to apply risk assessment to control hazardous
waste problems is critical and not well understood by the environmental personnel. Still, as
many observers have pointed out, objective information about the degrees of risk,
environmental and otherwise, often is in short supply or is swallowed up in the noise of
mistrust and confusion (Kunreuther and Patrick, 1991). Recently, scientists and policy
makers have begun to appreciate and praise a new role for risk assessment as a means for
comparing different environmental problems and deciding where society's resources
should be focused. Although the EPA for years has advocated the notion that risks can be
quantified and ranked, implementation of the concept is still not realized.

A review of a recent forum findings shows that only general and ambiguous
frameworks are set before the participants (EPA, 1991). Many disputed whether scientists
"know enough to take a risk-based approach". The works by Turner (Turner, 1989; Turner
et al., 1990) attempted to develop a quantifiable procedure of risk assessment. The authors
aimed to quantify the liability exposure of a hazardous waste generator. They attained to
assign a merit of importance to some factors that affect the liability exposure of the
hazardous waste generator. The factors are then used to provide a risk assessment form that
could be used to assign a risk rating to a generator. The factors are classified into three
groups as external, evidence of internal management commitment and quality of
management. The responses are then divided in the analysis stage into factors, which affect
on-site and off-site liabilities. The factors and their associated values are then ranked in
order. Those with high values were supposed to have remarkable impact on liability
exposure if not treated carefully. The values are finally plotted in a "Relative Liability
Classification Plot" which could be used to classify the liability position of the generator
being evaluated.

More recently, the work by Kennett and Perl (1995) examined whether the
Environmental Impact Assessment (EIA) should extend beyond research activities to the
application of research outcomes. The paper qualitatively concluded that a well-designed
EIA could enhance the environmental quality of development-oriented research and its
outcomes. On a quantitative level, an EIA evaluation model was introduced (Wen-Shyan et
al., 1996) and used to assess the completeness and effectiveness of EIA systems. (Such a
model was applied in the case of Taiwan.) Furthermore, Benoit et al. (1992) presented a
method to identify the potential impacts of a project on the environment and to assess the
evaluator in determining these impacts. Impact networks were used to store the
environmental impact assessments by linking trees of activities with environmental
elements describing the project and the environment. In a more quantifiable way of



environmental risk assessment, Nabholz (1991) introduced an environmental exposure
assessment method, which consists of measuring or predicting the environmental
concentrations of a chemical from releases due to its production, processing, uses and
disposal. The answer is reported as a quotient of the actual or predicted concentration and
the value of the effective concentration reflecting the type of the effect and the seriousness
of that effect at a known concentration of the chemical. This quotient is used as a decision
criterion for the potential risk introduced by the chemical.

From a process design viewpoint, the current quantitative requirement for process
and utility equipment design is only limited to solving the technical and economical
feasibility. Sometimes, these two components of the feasibility equation fail to properly
account for the environmental destruction, human fatalities or injuries, and the subsequent
paid liabilities (Achour and Gasem, 1991). In order to mitigate the effect of not
encountering the environmental factor in the process units' design, an intensive elaboration
on plant maintenance must be initiated. Programmed inspections, preventive maintenance
and periodic overhauls must be based on risk assessment of the plant failure and
malfunction. Based on risk dimensions and the potential liabilities, a model could be
developed to facilitate the establishment of maintenance programs and tailored emergency
plans for the plant, process units and equipment. Redesign of many traditional processes,
or the addition of new systems to production lines could be initiated as a result of the risk
assessment to reduce hazard, minimize waste production and generator exposure liabilities.
Based on the risk assessment, other means could have the same merit as process redesign,
i.e. training, and motivating workers to detect early symptoms of equipment failure.

According to current industrial practices, before a process is implemented and put
into operation, mass and heat balances are usually performed, optimized and validated in
order to ensure the quality and quantity requirements of a desired product. The
environmental aspect of the process is then dealt with by including the required treatment
equipment in order to meet local and global environmental regulations. Such a procedure
does not necessary yield to an environmentally optimum process design. The present work
proposes a new method, which defines a Global Environmental Risk Assessment (GERA)
index for a given process. This index will be used to assess the risk introduced by the
process to the environment and will serve as an environmental comparison criterion for
competing processes.

DESCRIPTION OF THE PROPOSED PROCEDURE
Given an industrial process, the overall risk of introducing hazardous materials to the

environment or creating a hazardous event depends on the process scale and its
complexity. In order to quantify such risk, the proposed method depicts the individual
contributions of the process streams and the unit operations to hazardous occurrences if
they interact with the outside environment.



First, an Environmental Risk Index is defined for each component present in the inlet
or outlet process streams:
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where
αi: the environmental risk assessment index for component i
n: the total number of indices characterizing the component’s environmental risk
Ij: the component risk index value corresponding to the list in Table 1

The indices, which are used to evaluate the hazardous nature of a given chemical
component to the environment, (human life and species) are presented in the following
table:

Table 1. List of risk indices for a given chemical component

Component risk index Description

It
If
Ii
Ir
Io
Ic

 Ie
Id
 Im
In
Ip
Ik
Is

 Ig
 Ix

Toxicity index
Flammability index
Ignitability index
Reactivity index
Radioactivity index
Corrosivity index
Treatability index
Detectability index
Migration index
Containment index
Plant preparedness index (to hazard situations)
Community knowledge index (of hazard situations)
Community preparedness index (to hazard events)
Green house effect index
Explosion index

The indices take values between 0 and 4. The higher the value, the higher is the risk
introduced by the component to the environment. The values are assigned according to
the following rating procedure and in conformity with National Fire Protection
Association (NFPA) and Hazardous Materials Identification System (HMIS) hazard
codes:



Table 2. Rating value of the component’s risk indices

No Hazard Slight Hazard Moderate Hazard Serious Hazard Severe Hazard
Attribute
points 0 1 2 3 4
An example of calculating the index αi for a given component is shown in a matrix (flow
sheet) form on the following table.

Table 3. Example calculation of an αi for a given component

The cumulative risk effect of a certain number of components existing in a process
inlet or outlet stream is given by the following expression for the stream environmental
risk index, βi:
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where
nc: the number of components in the process stream
xi: the mole/mass fraction of component i in the flow stream
αI: the environmental index for each component i from Equation (1)
wi: weighting factor for each component.

The weighting factor is assigned to the component reflecting the relative contribution to
the stream’s effect on the environment coupled with the merit as a chemical product to the
society. The following is a list of the criteria to be considered before weighting factors are
assigned values between 0 and 1:

! Availability of the component (warehouse, special order, exportation, etc.)
! Abundance of the component (natural resources, rare product, etc.)
! Recyclability of the component
! Acceptability of the component by society

An example calculating for βi for a given inlet or outlet stream is shown in a matrix (flow
sheet) form on the following table:

Index Value (Ij)
It 4
If 3
Ip 2
Ir 1
Ik 0

αι = 2.0



Table 4. Example calculation of βI for a given stream

Component α i (Eqn. 1) xi wi xi α i
wi

CH4 2.0 0.2 0.9 0.373
H2O 1.5 0.2 0.5 0.245
CO2 2.0 0.3 0.1 0.322
CO 3.4 0.1 0.5 0.184

CH3OH 4.0 0.2 0.05 0.214

βi = 1.3

At the unit operation level, we define an environmental risk index, θi, for a given unit
i. This index represents the risk that is inherent to the unit, including that of operating and
design complexity and the amount of material passing through and residing in the unit. The
later constitutes the size factor, zi, which is included in order to differentiate between the
same type of unit operation treating different quantities of the same chemicals. In other
words, given two identical units, if a higher amount of chemicals is flowing through or
residing in one unit, its index is multiplied by a higher size factor. To quantify such a
sizing scheme, zi is defined as the ratio of material present or treated by the unit operation
per total amount handled by the process. For example, for a sequential system at steady
state, i.e. in the absence of recycled and split streams, the sizing factors will have the same
values for all unit operations.

The size factor takes values between 0 and 1; the value one is assigned to the unit
handling the maximum flow rate at any given time. The higher the size factor, the larger
the unit operation. In addition, the overall hazard resulting from the unit is linked to the
danger attributed to the process streams going through the unit, even if they do not interact
with the outside environment. Considering that any inlet stream to a given unit operation is
also an outlet stream from another unit, we choose the outlet stream belonging to the unit
as a risk contributor. Given complete information about the material balance around the
unit, the stream contribution to the unit risk is evaluated using the outlet stream risk index
from Equation (2) and multiplying it by the ratio of its flow rate and the maximum flow
amount handled by the unit. In the absence of material balance information, the stream
contribution to the unit risk can be accounted for in the explosion, spill and dependency
indices of Table 2. As such, the environmental risk index for a given unit operation is
determined as follows:
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where
yi: fraction of the outlet stream from the given unit (i.e. relative flow rate as described
 above)



βi: the environmental risk index for the outlet stream from the given unit
zi: size factor for unit i, given values between 0 and 1
m: total number of indices characterizing the unit operation's environmental risk
Ij: risk value corresponding to the index j for the given unit operation (Table 5)

The following is a list of risk indices, which are assigned values from 0 to 4 according to
Table 2 and are used to assess the unit operation potential to affect the environment in case
of hazard situations:

Table 5. List of inherent risk indices for a given unit operation

U.O. risk index Description
Iop
Iin
Ima
Ihi
Iis
Ifa
Ico
Iex
Isp

Operator’s index
Inspection index
Maintenance index
Historic index (failure in similar industries…)
Isolation index (independent U.O.)
Failure detectability index
Controllability index (in case of failure)
Explosion index
Spill index (in case of failure)

An example calculation of θi value for a given unit operation is shown on the following
table:

Table 6. Example calculation of θi for a given unit operation

Index Index value Size factor
Iop 4 0.9
Iin 3
Ima 1
Ihi 0
Iis 4

θi = 2.16

Finally, a Global Environmental Risk Assessment, GERA, index is calculated, based
on an overall component environmental risk balance (using the inlet and outlet streams to
the process) and the individual risk indices of the unit operations constituting the given
process. As such, the GERA index represents the risk per unit mass of material:
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where
a, b: proportional factors (between 0 and 1) reflecting the relative contributions of the

overall component risk balance and the unit operations’ risk indices to the
GERA index

ns: total number of inlet and outlet streams to the process directly interacting with the
outside environment (summation terms take negative values for outlet streams
and positive values for inlet streams)

yI: the fraction of the flow rate of stream i compared to the total inlet flow rate. 
βi: stream risk index Equation (2)
nu:  total number of unit operations constituting the process.
θi: the unit operation risk index from Equation (3) for unit j
wj: weighting factor for unit operation i

The weighting factor, wi, is assigned to each unit operation reflecting the unit’s relative
importance to the process, its complexity and its effect on the environment in case of a
hazard event. The following is a list of the criteria to be considered before weighting
factors are assigned values between 0 and 1 to each unit operation:

! Design complexity of the unit operation (i.e. distillation column versus a pump)
! Contribution and importance of the unit operation to the process
! Societal merits of the equipment (i.e. nuclear reactor versus a heat exchanger)

The following table shows an example calculation of a GERA index.

Table 7. Example calculation of GERA index for a given process

Unit operation θi wi θwi (a,b)
Reactor 2.5 0.8 2.081 (0.4, 0.6)
Distillation column 1.3 0.5 1.140
Heat exchanger 2.1 0.1 1.077
Extraction column 1.9 0.5 1.378
Adder 0.1 0.01 0.977

GERA Index = 1.6

The GERA index, as defined, could be used to assess the comparative contribution of
various competitive processes to environmental hazardous risks. It is a new way to
quantify the environmental risk assessment for new or existing processes.



APPLICATION OF THE METHOD
To illustrate the uses of this method, two different processes have been chosen as

cases studies having distinct environmental impacts and presenting real operating and
existing industrial processes.

Case Study 1: Hüls process for sodium carbonate and hydrogen chloride (Kosswig,
1992)

The process flow diagram is shown in Figure 1 presents a relatively simple
method to produce hydrogen chloride (HCl) and sodium carbonate (Na2CO3) from water,
sodium chloride (NaCl) and carbon dioxide (CO2). The unit operations and the inlet and
outlet streams interacting with the environment are assigned numerical values, as in the
case of using a process simulator. Such practice facilitates a consistent accounting
procedure when calculating the indices. The present method calculates the environmental
risk indices for the various chemicals and unit operations involved in the process, based
on the user-input data for component, stream and unit indices and their corresponding
weighting factors. Finally, a GERA index for the entire process is generated and used to
quantify the environmental risk introduced following the implementation of such process.
A single spreadsheet is used to accept and process the input data and to generate the
computed results (see Appendix A for Case Study 1). The following table gives a
summary of the results for the above Hüls process.

Table 8. The computed results for Case Study 1

Component ααααi Unit operation Inherent θθθθi GERA index

H2O
NaCl
CO2
NaHCO3
HCl

0.9
1.2
1.6
0.8
1.9

CSTR 1
CSTR 2
CSTR 3
Separator
Filter
Extraction unit 1
Distillation unit
Splitting unit
Condenser
Absorption unit
Extraction unit 2

2.4
2.4
2.4
1.4
0.9
1.4
1.7
1.4
1.2
1.4
1.3

2.5

The estimated GERA index gives a quantifiable way of assessing the environmental risk
introduced by the process. It takes into account the technical danger of the chemicals and
equipment involved in the process through assignment of attribute points for the various
indices. It also incorporates the societal merits of the process by assigning weighting
factors to the components and equipment used. Such index constitutes a coherent,
comprehensive and consistent criterion, which could be used to compare the



environmental risks introduced by two similar yet competitive processes. The numerical
values of the intermediate risk indices were carried to the third decimal point for
calculation precision, whereas the GERA index is given to a single decimal point for
interpretation convenience and to reflect the relatively subjective nature of the analysis
due to the assignment of weighting factors. However, the calculation of the components
and the unit operations’ indices can be performed with a high degree of consistency and
precision using the information provided by the MSDS (Material Safety Data Sheets) of
the various chemicals and the design principles of the unit operations used in industry.

Case Study 2: Phillips methyltertiarybutyl ether process (Hutson and McCarthy, 1992)

The process, shown on Figure 2, describes a common method used by Phillips to
produce methyltertiarybutyl ether (MTBE), a high-octane blending stock added to
unleaded gasoline. Again, the unit operations and the inlet and outlet streams interacting
with the environment are assigned numerical values in order to facilitate the risk analysis.
Based on the input data, the method determines a GERA index for the whole process. By
varying the attribute points and weighting factors, the single spreadsheet (see Appendix
B) can be used to depict the individual contributions of the chemicals, unit operations,
operating practices and societal merits of the project to the overall environmental risk of
the process. Such analysis could aid to optimize process design operating parameters in
an effort to minimize the environmental risk. Table 9 gives a summary of the results for
the MTBE process.

Table 9. The computed results for Case Study 2

Component ααααi Unit operation Inherent θθθθu GERA index

Isobutene
Methanol
Unreacted C4+

MTBE

1.2
1.7
1.2
2.0

Reactor 1
Reactor 2
MTBE column
Methanol absorber
Methanol stripper

2.8
2.8
2.0
1.6
1.6

1.7

CONCLUSION
The proposed method has been shown to provide a comprehensive means

assessing the environmental risk of a given industrial process. Its application is user-
friendly and adopts the same format as the common process simulators. The estimated
GERA index could be used as a comparison criterion for the environmental risks
introduced by competing processes or various implementation options of a given process.
It could also allow to set reference values of the index for different industries or industrial
sectors, therefore constituting a comparison method for environmental risk assessment.
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Figure 1. Process flow diagram for Case Study 1 (Kosswig, 1992)

Figure 2. Process flow diagram for Case Study 2 (Hutson and McCarthy, 1992)



APPENDIX 1
Case Study 1: Production of HCl and NaHCO3

Table 1. Calculation of the risk index for each component
present in the process inlet & outlet streams

H2O NaCl CO2 NaHCO3 HCl
Itoxicity 0 1 3 1 4
Iflammability 0 0 0 0 0
Iignitabilty 0 0 1 0 0
Ireactivity 2 1 1 1 3
Iradioactivity 0 0 0 0 0
Icorrosivity 3 2 2 0 4
Itreatability 2 2 1 2 2
Idetectability 1 2 1 2 2
Imigration 3 2 2 1 2
Icontainment 1 2 2 1 2
Icommunity know. 0 1 2 2 2
Iplant prepareness 1 2 3 1 3
Icommunity prep. 1 2 3 1 3
Iexplosion 0 0 1 0 0
Igreen house 0 1 2 0 1
wi 0.15 0.2 0.5 0.2 0.8
αI 0.933 1.200 1.600 0.800 1.867
αI

wi 0.990 1.037 1.265 0.956 1.648

Table 2. Calculation of the risk index for each stream interacting
with the environment (Input mole fractions of components in streams)

H2O NaCl CO2 NaHCO3 HCl βi Flow fraction, yi yi βi

Stream 1 1 0 0 0 0 0.990 0.001 0.001
Stream 2 0 1 0 0 0 1.037 0.004 0.004
Stream 3 0 0 1 0 0 1.265 0.002 0.003
Stream 4 0 0 0 1 0 0.956 -0.593 -0.567
Stream 5 0 0 0 0 1 1.648 -0.4 -0.659



Table 3. Calculation of the inherent risk index for each unit operation present in the process

UO1 UO2 UO3 UO4 UO5 UO6 UO7 UO8 UO9 UO10 UO11
Ioperator 3 3 3 2 0 2 2 2 1 2 2
Iinspection 3 3 3 1 1 1 2 1 1 1 1
Imaintenance 3 3 3 1 1 1 1 1 1 1 1
Ihistoric 2 2 2 1 0 1 2 1 1 1 1
Iisolation 2 2 2 2 1 2 2 2 2 2 2
Ifailure 3 3 3 2 2 2 2 2 2 2 2
Icontrollability 2 2 2 2 1 2 2 2 1 2 1
Iexplosion 2 2 2 1 0 1 1 1 1 1 1
Ispill 2 2 2 1 2 1 1 1 1 1 1
Inherent Index 2.444 2.444 2.444 1.444 0.889 1.444 1.667 1.444 1.222 1.444 1.333
Size factor 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091
θi 0.222 0.222 0.222 0.131 0.081 0.131 0.152 0.131 0.111 0.131 0.121

Table 4. Calculation of the GERA Index for the given process

UO1 UO2 UO3 UO4 UO5 UO6 UO7 UO8 UO9 UO10 UO11
θi 0.222 0.222 0.222 0.131 0.081 0.131 0.152 0.131 0.111 0.131 0.121
wi 0.700 0.700 0.700 0.300 0.200 0.400 0.400 0.400 0.400 0.400 0.300

θi
wi 0.349 0.349 0.349 0.544 0.605 0.444 0.470 0.444 0.415 0.444 0.531

UO1 CSTR UO6 Extraction unit UO11 Extraction unit
UO2 CSTR UO7 Distillation unit
UO3 CSTR UO8 Splitting unit
UO4 Separator UO9 Condenser
UO5 Filter UO10 Adsorption unit

GERA Index 2.5



APPENDIX 2
Case Study 2: MTBE process (Phillips Inc.)

Table 1. Calculation of the risk index for each component
present in the process inlet & outlet streams

Isobutene Methanol Unreacted C4+ MTBE
Itoxicity 2 3 2 2
Iflammability 2 3 2 4
Iignitabilty 2 2 2 3
Ireactivity 1 3 1 3
Iradioactivity 0 0 0 0
Icorrosivity 1 1 1 1
Itreatability 1 2 1 2
Idetectability 2 2 2 2
Imigration 1 1 1 2
Icontainment 1 2 1 2
Icommunity know. 1 1 1 2
Iplant

prepareness

1 2 1 2

Icommunity prep. 1 2 1 2
Iexplosion 2 2 2 3
Igreen house 0 0 0 0
wi 0.5 0.2 0.1 0.5
α i 1.200 1.733 1.200 2.000
α i

wi 1.095 1.116 1.018 1.414

Table 2. Calculation of the risk index for each stream interacting with the environment
(Input mole fractions of components in streams)

Isobutene Methanol Unreacted C4+ MTBE HCl βi Flow fraction, yi yi βi

Stream 1 0 1 0 0 0 1.116 0.104 0.116
Stream 2 1 0 0 0 0 1.095 0.190 0.208
Stream 3 0 0 1 0 0 1.018 -0.707 -0.720
Stream 4 0 0 0 1 0 1.414 -0.287 -0.406



Table 3. Calculation of the inherent risk index for each
unit operation present in the process

UO1 UO2 UO3 UO4 UO5
Ioperator 3 3 2 2 2
Iinspection 3 3 2 1 1
Imaintenance 3 3 1 1 1
Ihistoric 2 2 1 1 1
Iisolation 3 3 2 2 2
Ifailure 3 3 3 2 2
Icontrollability 2 2 2 1 1
Iexplosion 3 3 2 2 2
Ispill 3 3 3 2 2
Inherent
Index

2.778 2.778 2.000 1.556 1.556

Size factor 0.200 0.200 0.200 0.200 0.200
θi 0.556 0.556 0.400 0.311 0.311

UO1 UO2 UO3 UO4 UO5
θ 0.556 0.556 0.400 0.311 0.311
w 0.700 0.700 0.600 0.300 0.300
θw 0.663 0.663 0.577 0.704 0.704

UO1 Reactor UO3 MTBE Column UO5 Stripper
UO2 Reactor UO4 Absorber

GERA Index 1.7
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ABSTRACT
Concerns about onshore disposal of drilling fluid waste have been researched and

investigated by a variety of organizations. While the conclusions to date have indicated
that these wastes are being handled in a safe and appropriate manner, the advancement of
new drilling technology and waste management techniques have resulted in opportunities
to further reduce the risks associated with these spent materials. This paper will review
the basic research on the potential environmental impacts associated with drilling fluids
and how both the traditional and advanced technologies are meeting the need to further
reduce the environmental and health risks associated with drilling fluids.



INTRODUCTION
Residual drilling fluids and cuttings are typically the largest volume of byproducts

generated from drilling operations. As the technology for drilling wells has advanced, the
technical requirements for drilling fluids have become more demanding. In the early 1970’s
several studies were conducted to determine the impact that drilling fluids may have when
they are mixed with soil and released into the environment.1 These studies helped to identify
the potential hazards associated with some of the additives used in drilling fluids from that
era. Since the early 1970’s additional studies have focused on investigating the fate and
effects of drilling fluids and cuttings when they are disposed into reserve pits at the drilling
location.2 Finally, the US EPA was driven to investigate and report to Congress on the
potential need to remove the exemption from consideration as hazardous waste for drilling
fluids and cuttings.

The results of the early investigations revealed that in general, most drilling fluid
additives have little or no impact on the environment. The early studies also revealed that
certain specific additives may have a negative impact on plant growth. These additives
typically fell into three categories: salts such as potassium chloride, moderately toxic
organics like diesel oil, and heavy metals such as sodium chromate. Reserve pit studies also
revealed the presence of similar constituents but they were typically sealed in the reserve pit
by the large amount of clay typically found in drilling fluids and drill cuttings.3 Additional
studies that have been conducted identified other sources of potential contaminants
generated by the drilling operation that were not intentionally added to the drilling mud.4
Sources of these naturally occurring contaminants include salt from the formation, heavy
metals from the formation and oil from producing formations. The presence of these
naturally occurring contaminants vary in concentration depending on the geological
formations that were being drilled through in a particular area.

Since these early investigations, several trends have evolved that have resulted in a
challenging mix of environmental science, environmental technology and regulatory control.
These trends are briefly summarized below and will provide the basis for the analysis of the
environmental technologies reviewed in this study.

#1 Advancement in drilling fluid technology

As the demands on drilling fluid performance have increased, twenty-five years of
research into new products has generated stepwise improvements that have allowed those
constituents in the drilling fluid that were identified in the early 1970’s as problems to be
replaced with products that provide the same function in the drilling fluid without the
undesirable environmental impacts. In addition, there have been several drilling-fluid
product innovations that have reduced overall pollution by increasing penetration rates and
reducing downtime associated with drilling-fluid performance limitations. While initially
research into environmental impacts focused on both the onshore and offshore
environments, the development of critical offshore basins such as the Gulf of Mexico and
the North Sea have shifted much of the product development toward products that have
minimum impacts on the marine environment. This trend has provided a large number of
new products that have low toxicity in the marine environment. In most cases these new
offshore products also have applications that minimize onshore environmental impacts.



#2 Advancement in waste management technology

Outside of the drilling industry, the period since the early 1970’s has seen an
evolution of remediation technologies used in other industries to treat hazardous and toxic
wastes. Over time, remediation technologies have been refined so they can be applied
logically and scientifically. Over the same time period, the practicality of these technologies
has increased while the cost of using the technologies has decreased. While none of these
waste management technologies were specifically developed for treating drilling mud or
cuttings, they are used by other industries to treat similar constituents of concern. As a result
of these developments, numerous waste management contractors have gone into the
business of treating drilling fluids and cuttings. Research in remediation technologies for
industry peaked in the mid-1990’s and has been in a business slump since that time. In
addition to specific remediation technologies, the manufacturing and chemical production
industry has learned to minimize or eliminate waste through process modifications and
pollution prevention techniques.

#3 Advancement in environmental awareness in the drilling
industry and increasing demands for improved environmental
performance from the public

As a third and critical trend, the demand for improved environmental performance
continues to accelerate. The oilfield is under pressure to improve environmental
performance tempered only by the need to continue to operate in a cost-effective manner.
Operators are actively seeking new ways to minimize environmental impact and service
companies are increasingly aware that drilling performance, environmental performance and
cost are all factors in selection of a vendor. While identification of cost and drilling
performance factors are reasonably well defined, identification of environmental
performance indicators has remained elusive. For the most part, constituents of concern in
drilling fluids are buried in a sea of inert solids and water. Accelerating the demand for
increased environmental performance is public demand for environmental protection.

The resulting pressure on government to do “something” about drilling wastes has
sometimes lead to “zero discharge” requirements at the location of the drilling operation.
Unfortunately, “zero discharge” at the rigsite usually kills any business opportunities for
innovative drilling-fluids products or onsite waste treatment options and results in hauling
the waste to a secure location for disposal in a pit or injected into a commercial injection
well. While this approach meets the immediate demand for something to be done, it also
eliminates potentially viable technology options available at the location and misses the
overall goal of environmental protection.

#4 Significant swings in oil prices resulting in severe swings in the
rig count and business cycle for drilling fluids and environmental
technology

From the mid-1970s through the early 1980’s, the industry experienced a large
upward trend in drilling activity peaking in early 1982. Since that time industry has been in a
downward trend with additional severe downward spikes in 1982, 1986 and 1999. These
downward spikes are generally characterized by consolidation and layoffs, severe pressure
on short-term economics, and general belt tightening that has resulted in little money being



left over for basic research into environmental impacts or large industry-funded research
programs. The other key factor in this trend is that the demand for improved technologies for
treating drilling fluid wastes also comes with a demand for no increase in operational costs.
One of the economic realities facing most operational level decision-makers is that short-
term economics overrides long-term potential liabilities. Another consequence of this trend
in business swings is the loss of experienced field hands that can effectively apply
remediation technologies.

Shaped by these four trends, service companies are engaged in aggressive programs
to identify promising new drilling fluid products and treatment technologies as well as
integrating existing technologies into waste management plans that improve environmental
performance. The general goal of this research is finding a process that will render drilling
mud and cuttings non-hazardous with no future liabilities. The reduction of volume of waste
and the reduction of the hazardous nature of the waste are the two primary methods of
management. In addition to identifying solutions for the domestic market, from a global
perspective, many countries looks to the USA to lead the way on waste management issues.
If the USA selects a “zero discharge” option because it is convenient and resolves political
pressure to do something, it provides an poor example for the rest of the world to follow. If
the USA selects innovative solutions based on sound science, it also provides a clear
example for the rest of the world to follow.

REVIEW OF HISTORICAL
ENVIRONMENTAL IMPACT RESEARCH

In 1975, Utah State University published the results of a study funded by API titled
“Effect of Drilling Fluid Components and Mixtures on Plants and Soils.”1 In the study, 31
drilling fluid components commonly used at the time were tested at high and low rates of
addition to see if they reduced plant growth. The typical functional minimum and maximum
concentrations in drilling fluids determined the low and high rates of addition. Results of the
study showed that the most severe reductions in plant growth were from high rate additions
of sodium hydroxide, diesel oil, and potassium chloride. After the initial laboratory plant-
growth study, the API funded additional studies that included a plot study on seven
standardized mud formulations. The list of drilling fluid additives and drilling mud
formulations is in Appendix A and Appendix B. From this study and similar studies,
regulators developed limitations based on the chemical testing of drilling fluids. For
example, potassium chloride was identified as a potential toxicant, the measurement of
electrical conductivity was identified as a chemical measurement of the potential to damage
croplands from potassium chloride and other salts. Once a safe level of electrical
conductivity was identified, regulators set a protective limit and required drilling fluids
mixed with soil or disposed in pits to meet electrical conductivity as a permit limit. Similar
limitations on heavy metals, pH, and oil content were also developed from the studies
conducted in the mid-1970’s. In some cases, local regulators have focused on commonly
used management techniques and set limitations for each treatment option such as disposal
in a pit, landfarming or stabilization as a building material.

After the major studies were completed in the late-1970s, major research projects
focused on onshore disposal of drilling fluids diminished. In Canada, research continued on



treatment and disposal of oil-based mud cuttings. In a similar fashion, chemical and
toxicological limitations were identified based on plant growth studies.

From all of these studies, the primary contaminants in drilling fluid typically fall into three
 categories that include the following groups and come from the following sources:

Type of
Contamination

Contaminant
Examples

Product Source
Examples Formation Source Examples

Heavy Metals Cr, Pb, Zn Chrome lignosulfonate,
pipe dope

Black shale with high
concentrations of heavy metals

Chlorides KCl, NaCl Commercial chemical
additives

Formations with high salt
content

Toxic Organics Diesel oil Diesel oil Crude oil

While the work done in the mid-1970s significantly enhanced the knowledge base
of onshore impact from drilling fluids, continued research on new drilling fluid products and
disposal technologies has focused on meeting the existing chemical performance guidelines
and not on plant-growth studies. While this is certainly a reasonable approach, it may not
take into account full environmental impacts or environmental advantages of newer drilling
fluid systems and treatment technologies. As the trend identified above continues,
determining a framework of environmental assessment will aid regulators, operators, and
service companies in their efforts to minimize environmental impacts.

PARAMETERS FOR EVALUATING
TRADITIONAL AND ADVANCED WASTE

MANAGEMENT TECHNOLOGIES
In order to facilitate side by side comparisons a framework of important parameters

by which all disposal technologies can be evaluated is shown below.

Economics Operational Environmental
♦♦♦♦  Immediate Costs

•  $/bbl for disposal
•  Operating cost
▪ Energy
▪ Maintenance
▪ Labor

•  Equipment Cost
•  Utilization required to

be economical
•  Disposal of End

Products
•  Remote mobilization

and demobilization
♦♦♦♦  Future Costs

•  Litigation
•  Cleanup

•  Safety
•  Processing rate
•  Mechanical reliability
•  Size and portability of

unit(s)
•  Energy requirements
•  Condition of end

products
•  Number of operators

required
•  Method of disposal

after processing
•  Utilization required to

optimize
performance

•  Removal of
hydrocarbons from
solids and water

•  Removal of heavy
metals from solids and
water

•  Removal of salts from
solids and water

•  Air pollution from
treatment unit

•  Reduction in volume of
waste

•  By products of process
•  Compliance with

federal state and local
regulations



DISPOSAL TECHNOLOGIES
As an example of evaluating a range of several different disposal methods, this

paper will follow the framework of evaluation identified above. Rather than focus on
specific results, the analysis will present a brief explanation of the waste management
technology along with advantages and disadvantages. In a more detailed review of the same
technologies, the trend identification would be replaced by a specific evaluation of the
performance of each technology. The technologies will be listed from the most traditional to
the most experimental.

Reserve Pit Closure

The oldest and most common method of mud and cuttings disposal is dewatering
and backfilling the reserve pit. Dewatering is accomplished by either allowing the water to
evaporate or by flocculating the solids with aluminum sulfate and polymers and then
pumping the clear water out. Once the water is removed, backfilling the pit consists of
covering the reserve pit with topsoil from the reserve pit dike. Significant advances in
drilling fluid products allow many of the increased technical demands on drilling fluids to be
met with new products that perform at higher levels of both technical and environmental
performance. Unfortunately, continued downward pressure on drilling costs prevents many
of these new technologies from being used onshore.

Economics Operational Environmental
+ Very inexpensive cost per

barrel treatment
− Potential future liability cost

of surface and groundwater
contamination

− Cost of analysis of pit
constituents

+ Very simple process with
little specialized equipment
needed

+ No transportation costs
involved

− Management requirements
of pit constituents

+ Development of non-toxic
mud additives reduces
liability of pit

− No removal or stabilization
of contaminants

− No control of leachate of
heavy metals or salts

− Prohibited or regulated in
many locations

The combination of low toxicity drilling fluids and reserve pit technology is still
a widely used technology in Western Hemisphere drilling areas such as Louisiana, Texas,
Oklahoma, Venezuela, Columbia, Ecuador and Western Canada. When operators select
this combination of technologies, it is usually on the basis that it is the lowest-cost
disposal option that meets the local regulatory requirements. If a specific product limits
or prevents this waste management technique from being used, the added cost for
substituting a more environmentally acceptable alternative is usually justifiable on the
basis that it would allow the continued use of reserve pits. When this technology is not
selected, it is usually on the basis of one or more of the following issues:

•  Local regulations have prohibited this waste management option
•  High rainfall rates in the local climate conditions prevent dehydration of the pit
•  Lack of room at the location; for example: concerns such as the destruction of

native vegetation in rainforest areas in order to make room for a reserve pit at a
drilling location.

•  Contaminants from the geological formation are being drilled that exceed safe
limits of this disposal technology.



•  Limitations of drilling fluid performance with additives that can be discharged
untreated into reserve pits.

•  Sensitivity to long-term liability of untreated constituents in the reserve pit
•  Sensitivity to public opinion of placing waste into onsite pits

The future of reserve pits as a waste management option is going to depend on regulatory
development. As long as the focus of this technology is continuous improvement of the level
of control placed on constituents placed in the reserve pit, the technology should have a
place in the range of available waste management options.

Landfarming

 Landfarming involves an even distribution of mud and cuttings onto surface soils
and mechanically incorporating it with the soil. Tilling the soil allows faster biodegradation
of hydrocarbons. The area required is dependent on the volume to be disposed and the
concentration of contaminants. The University of Utah study and subsequent studies in
Canada indicate that landfarming offers an excellent opportunity for effective management
of drilling wastes. However, landfarming is restricted in many areas.

Economics Operational Environmental
+ Inexpensive cost per barrel
− Potential future liability cost

of surface and groundwater
contamination

− Requires long-term lease of
land from landowner

+ Simple process with little
specialized equipment
needed

− Requires large area of land
− Takes a long time to break

down hydrocarbons
− Limited use due to lack of

availability of suitable land
− Waste must be transported to

suitable location in some
cases

− Limited by access to
available land

− Dependent on weather

+ Dilution of salts and heavy
metals

+ Biodegradation of
hydrocarbons

− Heavily regulated or
prohibited by state
regulations

− Runoff water in areas of high
rainfall can cause surface
water contamination

− Shallow water table in some
areas allows groundwater
contamination

− Increase in waste volume if
future clean up is required

This technology is widely used in the Western Hemisphere in areas such as West
Texas, Venezuela, Western Canada, and Louisiana. When this technology option is selected,
it is usually because it is a very low-cost waste management technique that meets local
discharge requirements. Properly managed, landfarming can be an excellent waste
management technique for drilling fluids and drill cuttings. When this option is not selected,
it is usually for one or more of the following reasons:

•  Local regulations prohibit the waste management option
•  Lack of available land
•  Inappropriate climate conditions or topography
•  Contaminants from the formation are generated by the drilling operation that

exceed safe limits of this disposal technology.
•  Sensitivity to long-term liability of untreated constituents that are landfarmed
•  Sensitivity to potential surface and groundwater contamination



•  Bad historical experience
•  Bad perception of land owners
•  Land owners want too much money for the use of the land

The future development of landfarming technology looks bright. As an alternative to
management techniques that have no benefit, developments in drilling fluid technology
may result in mud and cuttings byproducts that are treated as beneficial soil enhancers
and not waste.

Landfill Disposal

The process of landfill disposal involves transporting all mud and cuttings to a
secure landfill, treating the material to remove free liquids and then burying the material.
While the use of landfills offers resolution with existing requirements, lack of landfill space
and transportation costs are making it an increasingly less popular option.

Economics Operational Environmental
− Variable cost per barrel
− Transportation cost are high

if a suitable landfill is not
close to the drilling location

− Future liability can be
expensive if land fill has to
be cleaned up

+ Efficient collection and
transportation of waste are
the only actions necessary at
the drilling location

− Leachate detection and
collection systems, pit liners,
long term monitoring are
needed for the landfill.

− Limited number of suitable
landfills available

+ Waste can be totally
removed from drilling
location eliminating future
site liability . Beneficial in
environmentally sensitive
areas

+ Potential for leaching
contaminants into
groundwater is lower in a
secure landfill

− No removal or stabilization
of heavy metals, salts or
hydrocarbons

− Little or no control over
what other waste is placed in
the landfill

− EPA phasing out landfill
disposal for all types of
waste

The use of landfills for disposal of mud and cuttings in the Western Hemisphere is
found primarily in the USA and Canada. Landfills are typically selected when there is no
other viable option that meets local disposal requirements. Using this technology offers a
simple, fixed short-term cost that meets local discharge requirements. This option is almost
always available but the distances from the drilling location can be extreme resulting in high
transportation costs. In some regional drilling operations, the incremental liability of
continued use of a landfill is less than the liability of initiating use of a new disposal
technology. When this technology is not selected, it is typically for one of the following
reasons:

•  Realization of eventual liability
•  Transportation cost
•  Disposal cost at the landfill



•  Sensitivity to public perception
•  Sensitivity toward potential liability caused by landfill operators mixing highly toxic

or hazardous industrial waste with relatively low toxicity drilling waste.

The future of this technology will be driven primarily by regulatory developments;
as other options are prohibited, transportation to a landfill regardless of cost becomes a
viable option.

Mechanical/Chemical Separation Technologies

Separation technologies use oilfield solids control and, in some cases, dewatering
units. The dewatering units use technologies previously used by municipal and industrial
plants to dewater waste materials. The end products of the process are water that is suitable
for discharge into the environment and a dry mudcake that can be disposed of on or off the
drilling location.

Economics Operational Environmental
+ Volume reduction (reduced

offsite disposal)
+ Reduced dilution costs
+ Location size reduction
+ Reduced pit closure costs
− Potential future liability from

salts and heavy metals
− Cost subject to type of mud

system

+ Proven technology
+ Flexible units can add

additional processes as
needed to treat contaminants

− Subject to mechanical
failure

− Over-treatment of polymers
can lead to mud system
problems

+ Water contamination levels
reduced

+ Waste water volumes
reduced

− Does not remove salt from
water

− Concentrates heavy metals in
sludge stream

Use of separation technology experienced a surge of activity in the late 1980’s in
several drilling areas in the Western Hemisphere. While the wide scale use of advanced
separation techniques has not developed, specialty applications have continued to make this
a viable technology. When this technology is selected it is usually in response to a “zero
discharge” requirement. In locations that do not allow reserve pits for either space
limitations or regulator prohibitions, separation technology can provide an economic
alternative to hauling and disposal of whole mud. In areas that do not have approved pits
near the drilling location, use of separation technology can produce a dry cake and a solids-
free water discharge. In areas where water is scarce or expensive, separation technology can
effectively recycle water. When this technology is not used, it is primarily for economic
reasons.

In most cases the technology separates the solids from the water and does not treat
salt, heavy metals or organic contamination out of either solids or the water. Other problems
that have sometimes occurred have involved functional problems with drilling fluids that
used the recovered water. In the early days, chemical additions were made on a trial-and-
error basis. As the technology matured, greater understanding of chemical reactions and
advances in chemicals and polymers used in processing increased the efficiency and
reliability of this process. The future of this technology appears to be related to regulatory
development and may find additional applications in combination with other treatment
technologies in the future. One unfortunate trend is the elimination of this technology
because of the zero-discharge requirement that is placed on all discharges from some



locations. The zero-discharge requirement also includes treated water recovered via
separation technologies.

Solidification/Fixation

The process of solidification/fixation is similar to the traditional method of
dewatering and backfilling. The contents of the reserve pit are mixed with reagents and
allowed to dry. Bonding reagents include fly ash, kiln dust and Portland cement. The cured
solids can be transported off location or disposed onsite.

Economics Operational Environmental
+ No transportation cost
+ Low equipment and labor

cost
+ Reduced leaching of heavy

metals in comparison to
untreated solids

− Potential for future liability
from heavy metals, salts and
hydrocarbons that are
unremoved

+ Simple process easily
adaptable at most locations

+ No transportation of waste
required

+ Very high processing rates
− Several people required to

operate various phases of
system

− Large space requirements
including fixing material

+ Stabilization of heavy metals
+ Solidified fixed waste passes

current leachate tests
+ Reduces leaching rate that

environment can handle
safely

− Salts, hydrocarbons and
heavy metals are not
removed

− Volume of waste in
increased

− Salts and hydrocarbons
weaken the waste matrix and
allow for possible leaching

− Fixing materials may have
high concentrations of heavy
metals

− Some applications can dry
material rather than fix
material

The use of fixation technology has experienced an increased use in the early 1990’s.
Areas in the Western Hemisphere that have seen the highest use rates include Columbia,
Ecuador, Venezuela, Louisiana, Texas and the Rocky Mountains. This technology is
selected for use typically in conjunction with oil-based muds. Fixation technology offers a
cost-effective treatment to treat oil-based mud cuttings to protect groundwater and surface
water. It is also selected because it can be applied in remote locations and can eliminate
onsite reserve pit. The technology also offers an immediate well-defined treatment in a short
time frame with measurable endpoints. When this technology is not selected it is usually for
one of the following reasons:

•  A lower cost waste management option was available
•  Lack of available fixation reagent or hauling distances for fixation reagents
•  Water table too close to the surface
•  Increased volume of waste
•  High pH of treated material
•  Long-term liability of treated waste.
•  Historical problems with quality control of fixation agents or the fixation process.



While fixation in its current form has been declining, new possibilities for fixation have
begun to emerge. New combinations of low toxicity drilling fluids and new fixation
agents have opened the possibility of generating a byproduct material that could be used
to restore damaged wetlands. The regulatory approvals for using this type of new
stabilization technique have been slow to occur because of the numerous layers of
regulatory protection for damaged wetlands areas.

Biological Degradation

Biological degradation is used to remove hydrocarbons from drilling fluid waste
(commonly oil-based mud). The process uses bacteria to "eat" the hydrocarbons off of the
solids. While the same process occurs in landfarming operations, advances in bioreactors
can accelerate the process.

Economics Operational Environmental
+ No transportation cost of

waste
+ Low labor cost
+ No special chemicals

required, can use
agricultural-grade chemicals

+ Low equipment costs
compared to other
technologies

+ Low energy cost compared
to other destruction
technologies

+ Elimination of hydrocarbon
liability

− Slow processing rate can
lead to high cumulative
processing costs

− Heavy metals and chlorides
are not removed

+ Simple operation
+ Flexible design can adapt to

available equipment
− Time consuming process

(slow processing rate)
− Limited application to oil-

based muds
− Bacteria can not survive in

high saline solutions
− Drill cuttings may present

problems to aeration
equipment

− Bacterial action is
temperature sensitive

− Results vary depending upon
weather conditions

+ Safe removal of
hydrocarbons

− Possible air pollution from
aeration process

− No treatment of heavy
metals or salts

Biological degradation treatment technology is typically used in conjunction with
oil-based muds. Commercial landfarms are the primary users of this technology with some
experimental technologies using bioreactors. The operational uses of this technology have
been primarily in South Louisiana, Colombia and Venezuela. When this technology is
selected, it is because it offers a low-cost alternative to treat oily wastes. If onsite bioreactors
are used, the technology can keep the wastes onsite. When the technology is not selected, it
is typically because of the lack of appropriate climate or land availability. Because the
technology does not offer immediate results and suffers the uncertainty of clearly defined
performance indicators, the technology is sometimes passed over for short-term projects.
The future of this technology is promising if it can be combined with advanced drilling
fluids that favor this type of treatment. Competing technologies for treatment of oil-based
muds include injection, distillation and fixation.



Annular Disposal

Annular disposal is achieved by pumping mud into the annulus of the well. Both
freshwater aquifers and hydrocarbon-producing zones are protected by cement and pipe.

Economics Operational Environmental
+ No offsite transportation

needed
+ Limits possibility of surface

and groundwater
contamination

− Mistakes in application can
lead to expensive clean-up
costs

+ Cuttings can be injected if
pre-treated

+ Equipment and labor costs
are low

+ Simple technology
− Application limited by the

receiving formations
− Casing design limitations
− Overpressuring and

communication between
adjacent wells

− Heavily regulated by states

+ Drilling waste is injected
into zone that is of little use
to man

+ Lowered possibility of
drinking water
contamination in offshore
application

− No treatment of
hydrocarbons, salts or metals

This technology has been used throughout the Western Hemisphere for reinjection
of produced waters. In recent years, use of the same technology for drilling fluids and drill
cuttings has taken off in popularity. This technology is selected because it can offer onsite
disposal in areas that require zero discharge. The perceived fate of the waste material is its
reinjection into the area where the cuttings were generated. The results are immediate and
the technology of injection equipment is simple. The technology can treat all liquids
generated onsite including rainwater and the mechanics of the process are well understood
by the engineers that are typically responsible for drilling wells. When this option is not
selected, it is typically because of regulatory prohibitions, potential damage to the well, lack
of appropriate injection zone, or a history of failure from inappropriate application of the
technology. The future of offshore injection is very bright. Recent trends toward zero
discharge have increased the use of injection offshore. Onshore the use of injection has been
severely limited due to concerns about contamination of drinking water supplies.

Thermal Desorption

Distillation uses heat to vaporize the oil and water in a drier unit. The vaporized oil
and water are condensed back to a liquid state by cooling. The liquids are then separated by
gravity. Ideally, the end products will be dry solids with no residual oil, water with no
residual oil, salt or metals and reusable diesel fuel. The methods being developed for
achieving each of the three basic steps of this process (vaporization, condensation,
separation) determine how the unit performs economically, operationally and
environmentally. Although individual processes vary, the basic advantages and
disadvantages and requirement are the same.



Economics Operational Environmental
+ Much of the needed

equipment can be bought off
the shelf and needs no
special design or
construction

+ Operating costs are low
+ Process yields usable oil
+ With proper utilization,

lower costs can be achieved
− Cost of solving air pollution

and safety problems is high
− Initial cost of the equipment

is high

+ The process is simple and
distillation technology well
known

+ Operation is not complex
and does not require many
operators

+ Processing rate is high with
a relatively small machine

− High operating temperatures
(900°F) can lead to
explosion and fire

− Vaporized oil and water are
a flammable, explosive
mixture.

− Large volumes of vapors
generated are difficult to
condense.

− Long cool-down time before
maintenance can be
performed on drier

− High temperature and CaCl2
lead to high corrosion rates

− Processes have reliability
problems

− Some cracking of
hydrocarbons may occur

+ Effective removal and
recycling of oil and grease
from solids

− Heavy metals and salts are
concentrated in processed
solids

− Processed water retains some
trace amounts of oil

− Air emissions from less
advanced process systems
may contain hydrocarbons

This technology is used in conjunction with oil-based or synthetic-based muds that
contain a reversible quantity of oil or synthetic fluid. The technology has been used in
Venezuela, Ecuador, Canada and the USA. When it is selected it is usually because it allows
the immediate recovery of oil or synthetic for reuse in a mud system. The technology
typically meets residual oil requirements in the remaining solids and is well understood.
When the technology is not selected, it is typically because of cost issues. High utilization
rates are required to remain cost competitive with other OBM treatment technologies.
Sometimes thermal desorption is confused with incineration. Numerous experimental units
have experienced operational problems, which have caused the technology to suffer from an
undeserved reputation of being unreliable or unsafe. The future of thermal desorption units
will be driven by regulatory development and the availability of other treatment options.
Because this technology offers a recycling option it should perform well in a side-by-side
overall comparison with other management options.

Incineration

Incineration uses very high temperatures to destroy organics and remove all water
from drilling waste. One incinerator currently in use for drilling fluids uses a modified lime
processing kiln which allows a long retention time. The gases produced from the rotary kiln
pass through an oxidizer, wet scrubber and bag house before being vented to the atmosphere.



Economics Operational Environmental
+ Low potential for future

liability
− High cost per barrel
− Energy costs high
− Transportation costs
− High labor costs
− High initial cost of

equipment

+ Efficient collection and
transportation of waste are the
only actions required at the
drilling site

− Transportation of waste to the
incinerator may be required

− Several operators required to
run incineration equipment

− Process requires several pieces
of air pollution equipment

− Safety concerns dealing with
high temperatures on location

− Safety concerns limit input to
less than 5% oil

+ At high temperatures,
materials can be transformed
in glass-like slags that
prevent heavy metal leaching

+ Destruction of hydrocarbons
+ Reduction in volume of

waste
− At high temperatures, salts

can transform into acid
compounds

− Air pollution from sulfur and
CO2 is a problem

Incineration is a rarely used option in the Western Hemisphere for drilling fluids.
When it is selected, the reasons are usually because it is the only viable option. It is usually
not selected because of cost.

CONCLUSIONS
As the trends identified in this paper continue, opportunities for pollution prevention

technology will accelerate. One of the key challenges is benchmarking current
environmental performance so appropriate comparisons can be made. Some of the key
elements for advancing environmental technologies are:

•  Integrating drilling fluid and remediation technologies
•  Advancing the understanding of environmental impacts of low level

contaminants
•  Resistance to quick-fix regulatory options such as “zero” onsite discharge
•  Willingness to try new options and continue to move forward with technology

Additional findings from this review concerning the evolution of onshore drilling
fluid waste management are as follows:

•  Current regulations were developed using drilling fluid additives from the mid-
1970s and continued basic research using advanced drilling fluid products has
been very limited for onshore applications.

•  Basic environmental trends continue to drive the development of technology
but operational costs are considered critical.

•  A comprehensive framework of assessment is required to evaluate the benefits
and liabilities of each waste management option.

•  Absolute onsite zero-discharge requirements can kill many promising pollution
prevention technologies.

•  Contamination of drilling fluids and reserve pits can be caused by both product
additions and contaminants from the formations being drilled.
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APPENDIX A
31 Chemicals Studied in 1975 Plant and Soil Tests

1. Asbestos
2. Asphalt
3. Barite
4. Ben-Ex (Bentonite Extender – copolymer of vinyl acetate and maleic anhydride)
5. Bentonite
6. Calcium Lignosulfonate
7. Cypan (Sodium Polyacrylate)
8. Desco (Modified Tannin)
9. Dextrid (Starch)
10. Diesel Oil
11. Diesel Oil Replacement (Drillaid 405)
12. DME (Ethoxylated Nonyl Phenol)
13. Filming Amine – Inhibitor (Drillaid 412)
14. Gilsonite
15. Guar Gum
16. Kelzan-XC (Xanthan Gum)
17. Kwik-Seal (Blend of ground Walnut Shells, 2 Vegetable Fibers, 2 Synthetic

Fibers, and Cellophane)
18. Lignite
19. Paraformaldehyde
20. Pipe Dope (Partially refined Petroleum oil thickened with calcium soap of abietic

acid with 10% red lead oxide)
21. Potassium Chloride
22. Pregelatinized Starch
23. Q-Broxin (Iron Chromelignosulfonate)
24. Separan AP-273 (PHPA)
25. Sodium Carboxymethyl Cellulose
26. Sodium Dichromate
27. Sodium Acid Pyrophosphate (SAPP)
28. Sodium Hydroxide
29. Soltex (Sulfonated Asphalt)
30. Torq-Trim (Sulfated Triglyceride containing aliphatic and short-chain alcohols)
31. Witconnate (Sulfonated Tall Oil)



APPENDIX B
7 Mud Formulations for API Study

Mud #1
Potassium Chloride Muds (PCM)

Weight
(g)

Water 294
Bentonite 10
Potassium Chloride 17.5
Sodium Hydroxide 0.2
Pregelatinized Starch 6.0
Polyacrylamide (Separan AP-273) 0.5
Paraformaldehyde 0.3
Barite 194

Mud #2
Dichromate-Treated Mud (DTM)

Weight
(g)

Water 294
Bentonite 20
Lignite 10
Sodium Hydroxide 0.5*
Sodium Dichromate 0.5
Barite 194

* The quantity of Sodium Hydroxide was inadequate and the quantity was
increased 45%.

Mud #3
High-pH Lime Mud (PHLM)

Weight
(g)

Water 294*
Bentonite 20
Calcium Lignosulfonate 4
Sodium Hydroxide 2
Calcium Hydroxide 3
Pregelatinized Starch 6
Barite 194

*Water was increased by 4.8% and other component concentrations decreased by
4.5%

Mud #4
Lignite-Lignosulfonate Sodium Mud (LLSM)

Weight
(g)

Water 294
Bentonite 20
Lignite 4
Iron Chromelignosulfonate (Q-Broxin) 6
Sodium Hydroxide 1
Barite 194



Mud #5
Lignite-Lignosulfonate Potassium Mud (LLPM)
Identical to Mud #4 except for substitution of potassium in place of sodium
hydroxide. Since potassium hydroxide is heavier than sodium hydroxide,
1.4 g potassium hydroxide was used for the comparable molar amount.

Mud #6
Diesel Oil Emulsion Mud (DOEM)

Weight
(g)

Water 294
Bentonite 20
Lignite 4
Iron Chromelignosulfonate (Q-Broxin) 6
Sodium Hydroxide 1
Diesel Oil #2 5
Barite 194

Mud #7
Mud Base (MB)

Weight
(g)

Water 294
Bentonite 13
Barite 194
Sodium Hydroxide 1
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ABSTRACT
Automated fluids control equipment can reduce operating costs, conserve water and

soil resources, minimize waste streams, and increase drilling performance.

Cost savings are attributable to reduction of well pad size, reduced reclamation costs,
reduced waste stream, reduction of water use, reduced mud consumption, and increased
penetration rates. Where applicable, archeological costs are greatly reduced.

Automated fluids control equipment enables mud weight to be fine-tuned and
measured on a real time basis. Other valuable drilling fluids information, such as viscosity,
pH and gas chromatography, is also available real time.

The conservation of water and soil resources, significant reduction in truck traffic and
reduced waste streams significantly mitigate the real and perceived environmental impact of
drilling operations and, thereby, enhance the permitting process and public relations.



INTRODUCTION
Control of drilling fluids on a real time basis results in operating efficiencies, drilling

cost reductions, conservation of water, minimization of waste streams, reduction in oilfield
traffic, and smaller, less invasive drilling pads.

For industry to broadly adopt utilization of automated drilling fluids equipment, it
must first appreciate the operational benefits and the cost savings. The environmental benefits
will be of tangential interest, except in areas where surface disturbance or water conservation
are critical to approval of the drilling program.

There are essentially three ways to address drilling fluids control: conventionally with
only mechanical solid separation controls, manual chemically enhanced solid separation, and
automated chemically enhanced solid separation(1-4). These three approaches will be
described, the costs associated with each will be analyzed, and operational benefits will be
identified.

Several models of operations of automated total fluid control systems will be
presented along with a description of institutional barriers to product adoption. In order for
industry to appreciate the significant efficiency, cost reduction and environmental benefits
provided by automated fluid systems, operations must be viewed broadly in terms of the total
cost to the operator in drilling and reclaiming wells as opposed to being viewed only through
the eyes of the drilling contractor which may not enjoy all of the cost savings.

FLUID CONTROL METHODS

Conventional Drilling with Reserve Pits

On conventional rigs, mud weight increases as more natural cuttings are generated
in the drilling process and the percentage of fine solids increases as the drilling fluids are
recirculated. Mud weight and viscosity measurements are made periodically and, when the
weight is too high, the mud in the rig tanks is dumped into the reserve pit and water or fresh
mud is added to the tanks. Peaks and valleys in the mud weight are necessarily experienced
during the drilling process. To the extent that the mud is not at ideal weight, the rate of
penetration is affected. Hauling in the water and product to make up new mud following tank
dumping creates operational inefficiencies and increases costs. In addition, hauling off large
volumes of fluid waste and disposing of the same adds to the cost of the well.

Traditional Closed Loop Drilling Without Reserve Pits

In sensitive environmental areas where reserve pits may be prohibited by regulation
or economic considerations, rigs have been equipped with closed loop systems which consist
of mechanical solid separation equipment such as linear motion shakers, desanders or
desilters. The fines, which are contained in the fluids following the mechanical separation
step, are treated with polymer and/or coagulant. The treated stream is sent to the centrifuge
for further solid/liquid separation. The centrate (i.e., liquid from the centrifuge) is then
discharged into the rig tanks as dilution water, thereby reducing the mud weight in the tanks.



By recycling the fluid in the rig tanks and using it as dilution water after the solids
are removed, closed loop systems reduce water consumption and truck traffic. Traffic
reduction is attributable not only to the fewer water truck trips required for fresh water, but
also to the fewer number of truck loads required to remove waste product from the site. The
volume of solids removed from the drilling fluids by the centrifuge are a small fraction of the
liquid waste volume contained in pits upon completion of a conventionally drilled well.

Closed loop operations which are not automated use excessive amounts of chemicals.
Excessive polymer use results in considerable residual polymer in the solids from the
centrifuge and in the centrate which is returned to the rig tanks and eventually downhole.
Residual polymer downhole may reduce the life of downhole motors and require additional
trip time.

Automated Fluids Control Without Reserve Pits

Automated fluids control systems are relatively new and, like all new products in the
oil patch, they are undergoing a slow process of acceptance. They do provide operational and
environmental benefits not achievable by conventional closed loop equipment. The key to
their efficiency is in their chemical makeup and process control features.

Automated fluid control equipment measures the chemical and physical
characteristics of the drilling fluids in real time and adjusts the chemical treatment of the
fluids, also in real time, through the use of proprietary software programs. By using the
minimum effective amounts of chemicals, little residual polymer or coagulant is found in the
solids from the centrifuge or in the centrate which is returned to the rig tanks and eventually
downhole. Therefore, the solids can be more easily recycled and the centrate, which is free
of residual polymer, will not cause downhole flocculation which can interfere with downhole
motors.

Automated makeup systems coupled with proprietary polymer hydrating, aging and
blending devices permit automated equipment to make up dry polymer at sufficient rates to
keep up with high rates of penetration.

The process controls, which are principally responsible for minimizing chemical use,
also serve the purpose of providing real time information about mud characteristics such as
flow, weight, pH, conductivity and viscosity. This information which was traditionally
measured once or twice per day is now available continuously in real time on site and
remotely, and may be stored on digital disk for future reference. Newer designs even permit
mud weight to be programmed and automatically maintained within narrow tolerances for the
entire depth of the well. The program may be overridden when and if desirable.

Aside from the intrinsic benefits of elimination of reserve pits, reduction in water
consumption and waste stream generation, the operator realizes tangible savings by
eliminating construction, reclamation and waste disposal costs associated with reserve pits.
Operating costs such as water hauling, mud consumption and surface damage payments will
be significantly reduced but not totally eliminated.



COMPARISONS

Cost Comparison of Drilling With and Without Reserve Pits

There are certain costs associated with building and reclaiming reserve pits which are
totally eliminated by pitless drilling using either traditional closed loop operations or
automated fluids control equipment. Such construction and reclamation costs will vary
depending on the regulations applicable to a particular location and the logistics of the
construction and reclamation operations in the area. Table 1 is a comprehensive list of line
item construction and reclamation costs for reserve pits. The operator can determine which
of these apply to the particular location. The costs set forth in Table 1 are eliminated with the
elimination of reserve pits. In addition, studies have demonstrated that automated fluids
control equipment also reduces operating costs in the following categories(5):

Water hauling and consumption is reduced by as much as 80%.
Waste product removal and disposal is reduced by as much as 80%.
Mud consumption is reduced by 15 – 20%.
Surface damage payments are reduced by 30%.

Since the costs of construction and reclamation of reserve pits is somewhat fixed and
pitless drilling services are charged on a day rate basis, the cost savings by drilling pitless is
a function of the duration of the well. To make a comparison of the relevant costs, the
operator should calculate the pit construction and reclamation costs from the line items set
forth in Table 1 and compare the total to (i) the product of the pitless drilling service day rate
and the number of days or fractions of days from well spud to T.D., less (ii) savings in water
hauling, waste disposal, and surface damage payments.

Most conventional closed loop operations charge a day rate for equipment and labor,
plus chemicals. Chemical cost can vary widely and often exceeds the day rate costs.
Automated fluids control operations offer the operator the advantage of having pitless drilling
services available at a turnkey price including chemicals.

For example, assume that the service company or drilling contractor charges a turnkey
price of $2,500 per day from spud to T.D., inclusive of centrifuge, labor and chemicals, for
the use of an automated fluids control system. Further assume that the well takes seven days
to drill from spud to T.D. If the total water commodity and hauling cost for drilling with a pit
would be $6,000, subtract 80% of $6,000, or $4,800 in water related savings. Further subtract
$700 in mud product and service costs (i.e., field mud engineer) savings, and subtract $1,000
for surface damage savings. Assume no administration cost savings. The cost to drill pitless
using an automated fluids control system would be as set forth in Table 2. If the total of the
applicable line items in Table 1 exceeds the $11,000 total in Table 2, it is less expensive to
drill pitless.

Comparison of Traditional Closed Loop Equipment to Automated
Fluids Control Equipment

An automated fluids control system competes with traditional floc units for the closed
loop pitless drilling market. Table 3 shows the advantages which automated fluids control
equipment has over traditional closed loop equipment. In making comparisons, it is important



to include chemical costs. The cost to use an automated fluids control system, when chemical
costs are included, is less expensive than the cost of traditional closed loop floc units, given
reasonable equipment utilization.

Labor Options

While an operator is needed for several hours to rig up and rig down automated fluids
equipment, labor requirements during the drilling operations consist principally of removing
solids discharged from the centrifuge to a convenient location on site and “tweeking” the
equipment. Trained rig crews, particularly five-man crews, can run automated equipment
themselves without an equipment operator. However, maintaining trained rig crews can be
problematic. Therefore, operators are normally used with automated equipment but they are
underutilized during most phases of drilling.

To better utilize labor and reduce labor costs, operators may be cross-trained in
operation of downhole motors and may conduct routine tests on site normally conducted by
geotechnical personnel or mud engineers. The operator may also conduct chemical tests of
solids to provide quality data to facilitate recycling or disposal of the solids.

The Bottom Line

Generally, it is only the operator which realizes the cost savings. The drilling
contractor may not have pad construction, pad reclamation, water hauling, or waste disposal
under its contract and therefore may have no incentive to consider pitless drilling. Moreover,
post-drilling reclamation may not be undertaken by the operator’s drilling division but rather
by its production division. Nevertheless, the sometimes significant cost of remediating
subsidance and attending to revegitation are still paid by the operator, regardless of what
division is charged with the responsibility. Therefore, for the true savings to be considered,
the operator’s total operations must be reviewed when comparing the costs of drilling with
reserve pits to the costs of drilling without them.

Where Automated Fluids Control Equipment Works Best

To date, total fluids control equipment is available only for water based muds. It
should not be used in its pitless mode when a large volume lost circulation reservoir is
needed. However, the fine tuning of mud weight control and real time data may be desirable,
even when pits are needed for lost circulation fluids.

The automated equipment is most economic with wells of short duration, where water
is not available nearby or where regulations require disposal of the drilling fluids off site.

ENVIRONMENTAL BENEFITS
The environmental benefits of drilling without reserve pits using automated fluids

control equipment are numerous. In addition to minimizing soil disruption, a much smaller
drillsite footprint is needed. Water consumption can be only one-fifth of that required by
conventional drilling. Waste in the form of used mud dumped in the reserve pits is replaced
by a much smaller volume of chemically clean solids which may have such useful purposes



as lining ponds to minimize seepage, lining feedlots and other waste producing facilities to
avoid seepage, and for berm construction on the drillsite or on nearby property for erosion or
flood control purposes. The significant reduction in water use and waste disposal can result
in very significant reductions in truck traffic to and from the drillsite, thereby mitigating
noise, dust, air pollution, infrastructure wear, and safety concerns.

RESISTANCE TO NEW TECHNOLOGY
Despite the environmental benefits of drilling without reserve pits, using automated

equipment, the industry is unlikely to discontinue its traditional way of drilling using reserve
pits unless material cost savings and attractive operating benefits are recognized. Therefore,
this environmentally superior method of operations should first be perceived by industry as
advanced technology which increases drilling efficiency, decreases operating costs, and
provides valuable drilling fluids data. The automated equipment does all three.

However, even when total fluids control operating methods are perceived as drilling
rather than environmental technology, the oil and gas industry is slow to change. Consider,
for example, how long it has taken downhole motors and 3-D seismic to be accepted. When
compared to other industries, this reluctance to accept change has much to do with the boom
and bust nature of the industry. During the boom periods, no one has time to consider new
technology due to professional management, labor and equipment shortages. Everyone is
preoccupied with near term problems and concerns.

In times of bust, the industry is reluctant to invest in new equipment, and those
technical people still employed in the industry are unwilling to risk their job by proposing a
new method of operation. In addition, drilling programs are curtailed and, therefore, cost
savings from new technology are limited.

To reduce these inherent industry barriers to new technology, particularly
environmentally favorable technology, institutions and governmental agencies should take
increasingly active roles in sponsoring programs to evaluate new technology. Reducing the
inherent industry impediments to new technology will attract new technology providers to the
oil and gas industry due to the prospects of adoption of successful products in some median
term as opposed to the long term adoption periods currently existing in the industry. This
function of government and institutions to facilitate “win-win” opportunities for the oil and
gas industry, the public and the environment is government functioning at its best. Industry
and government jointly seeking technological advances which benefit the environment is
more efficient than the traditional relationship of regulating and resisting.



Table 1. Reserve Pit Costs (use only those which apply to the particular well)

•  Archeological
•  Check for underground utilities
•  Additional surface damages for reserve pits
•  Pit Construction

•  Excavate
•  Segregate soil
•  Label segregated soil
•  Erosion protection for soil
•  Line pit
•  Fence pit
•  Flag pit
•  Net pit

•  Pit Reclamation Cost
•  Remove and dispose of fluids
•  Remove and dispose of liner
•  Remove fencing and flags
•  Replace segregated soil
•  Compact soil
•  Reseed pit area
•  Later reclamation of subsidence

Table 2. Example of Cost to Drill Pitless Using an Automated Fluids Control System (this figure can
be compared to the total costs of the applicable line items in Table 1)

Gross cost - $2,500 x 7 days = $17,500
Water savings (80%) ($6,000) = <4,800>
Mud savings = <700>
Surface damage savings = <1,000>
Cost of automated fluids control system = $11,000



Table 3. In Addition to Being Less Expensive, an Automated Fluids Control System Offers the
Following Advantages Over Traditional Closed Loop Systems

Automated Fluids Control System Traditional Closed Loop Equipment

Chemicals: Automation reduces chemical
consumption to approximately one-
fifth. The water produced by the
centrifuge (the “centrate”), which is
returned to the rig tanks and
eventually downhole, contains very
little residual polymer.

Requires up to five times the amount of
polymer. This over-treatment with
polymer creates the following
problems:

1. Very high chemical costs.

2. The residual polymer in the centrate
eventually ends up downhole where it
flocculates, potentially damaging
downhole equipment and the hole
itself.

3. Over-treating with polymer causes
the solids from the centrifuge to be
sticky, which limits recycle or disposal
options.

4. Because so much polymer is used,
traditional floc units cannot make up
dry polymer fast enough to keep up
with high penetration rates.

Operations: Because drilling fluid analysis and
chemical dosing, as well as polymer
hydration, is done automatically,
operators can be quickly trained.

Operation of traditional floc units is an
art requiring manual testing of fluids
and subjective judgment of chemical
dosing requirements. Therefore,
operators must have considerable
experience.

An automated fluids control system
can be operated by one operator who
can perform other tasks onsite. A full
time operator is not needed if the rig
crew is adequately trained to operate
the equipment.

More than one operator is needed for
fast hole drilling.

Data: An automated fluids control system
continuously measures and records
mud weight, pH, viscosity and gas
chromatographic data.

Traditional floc units do not have the
capability to make accurate
measurements of fluid properties.
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ABSTRACT
Independent oil producing organizations can realize strategic advantages from

prudent environmental management. The strategic advantages include enhancing internal
operating efficiencies, perpetuating environmental stewardship, and optimizing
regulatory compliance.

Realizing the strategic advantages of prudent environmental management begins
by incorporating environmental management initiatives into the organization’s mission
statement. Such an incorporation directs all organizational goals and objectives toward
prudent environmental management.

The development of cost-mitigation strategies are very important objectives.
Empirically, proactive environmental management has produced more favorable long-
term cost structures than reactive management. Significant competitive advantages can be
gained from a favorable cost structure. A selected case study defined two major causes of
environmental damage from spills. Infrastructure failure accounted for 77% of the spills
and employee error accounted for 14% of spills. By designing infrastructures for strategic
needs and training employees in safe work practices, environmental risks can be reduced
and long-term profit position can be optimized.

Prudent environmental management reduces pollution and environmental
cleanup costs; prevents soil contamination from spills, leaks, or accidents; prevents
surface water and ground water contamination; optimizes regulatory compliance; and
promotes a positive public image



INTRODUCTION
Oil and gas producing companies have been faced with many economic problems

over the past several years. Managing environmental compliance aspects of oil producing
operations represents one such significant economic dilemma. Increasingly, oil and gas
companies are confronted with extensive regulatory control, dwindling compliance
resources, and intensified public scrutiny. The challenge facing many oil and gas
companies is to deliver a positive rate of return on investments while minimizing costs.
The economic impact of managing cost structures in an environmentally responsible
manner is felt more severely by the smaller independent oil producing companies as
compared to other producers (1). Small independent oil producing companies have a
much different risk-tolerance level than large independent oil producing companies and
major oil companies. As a result, small independent oil producing companies must
manage their cost structures to address the economics of environmental efficiency. Some
companies have cut environmental compliance budget allocations believing the
acceptance of the risks are in their best interest. Indeed, many companies feel certain
risks are worth taking given their fiduciary obligation to their investors.

However, many believe there is a duty incumbent upon companies to participate
in protecting our environment. Such a duty often contradicts normal business
expectations. These duties may be viewed as exorbitant marginal cost augmentations, or
perhaps be viewed as risks worth accepting.

Companies can realize strategic advantages from prudent environmental
management. The strategic advantages include enhancing internal operating efficiencies,
perpetuating environmental stewardship, and optimizing regulatory compliance. A
systematic management approach ensures a company’s environmental management
program is consistent with the overall mission of the company.

INTERNAL OPERATING EFFICIENCIES
Mission Statements and Business Plans

Realizing the strategic advantages of prudent environmental management begins
by incorporating environmental management initiatives into the mission statement of the
company. Since the mission statement guides a company’s tactical and operational goals
and objectives, incorporating environmental management initiatives into the mission
statement directs overall company decision-making toward prudent environmental
management. Decision-makers at all levels of an organization make multiple decisions
every day on whether or not to accept the level of risk involved. Without clear overall
company guidance, these daily risk decisions can have a profound impact on a company’s
bottom line. Increasingly, companies are faced with the challenge of optimizing a
project’s return on investment by mitigating the project’s cost structure. With dwindling
compliance resources, responsible decision-makers are faced with the dilemma of
whether allocating resources to mitigate risks are worth the investment or are the risks
worth accepting given the consequences of a risk-decision gone bad. Indeed, many
decision-makers may feel certain risks are worth accepting given their fiduciary
obligation to their investors. Operational management decisions may focus on short-term



profitability. Such suboptimization decisions may compromise compliance with
environmental issues. Suboptimization does not promote long-term growth. A well-
conceived mission statement guides managers to make prudent environmental
management decisions (2).

Environmental management goals should be an integral part of a company’s
business plan. Preparing a business plan leads to a sound business structure because it
requires the decision-makers to examine the various aspects critical to the success of a
company (2). Planning for environmental management should be a part of the
environmental, health, and safety portion of a business plan.

Planning for environmental management through mission statement initiatives
and business plans perpetuates a company’s environmental stewardship goals throughout
the organization. Environmental management becomes a normal business expectation for
strategic, tactical, and operational decisions. Top management commitment is imperative
for a company to realize the strategic advantages of environmental management policies.
Top management commitment to environmental, health, and safety compliance guides
decision-making throughout the company toward mitigating compliance risks. In essence,
a message is sent to all company decision-makers that top management expects
operations to be managed in context with the company’s ongoing commitment for
protecting the environment.

Cost Mitigation

Oil and gas producing companies face many economic challenges. Investment
projects must earn enough to justify the cost of capital used in their pursuit (3). A
project’s future cash flows must be greater than the company’s weighted average cost of
capital. The present value of projected future cash flows is measured in many ways.
However, the net present value model provides an efficient method for determining if a
project meets the minimum requirements for a company’s investment and also provides
invaluable data for capital budgeting. In order for companies to maximize a project’s net
present value, the project’s cost structure must be optimized.

The development of cost-mitigation strategies are very important tactical and
operational objectives. Optimizing internal cost structures may establish a strategic
competitive advantage. Cost-mitigation strategies should be developed in context with
the company’s mission statement and business plan. Managing risks is an integral part of
cost structure management. Compliance risks represent a significant cost-driver for a
project. However, strategic advantages are not gained by accepting compliance risks.

Case Study Using Economics of Environmental Efficiency

 A case study of a class II enhanced oil recovery project in Illinois illustrates the
strategic cost advantages to be gained from prudent environmental management (4). The
case study involved a company faced with a potential investment involving the
establishment of a class II enhanced oil recovery injection well system. The company
evaluated one of their oil producing properties and estimated 7,000 barrels per year crude
oil production uplift rate could be obtained from a secondary recovery project involving
the establishment of one class II injection well. The proposed project was evaluated using
economic models reflective of corporate capital budgeting objectives. The potential value



of the investment project was evaluated using a net present value (NPV) model (3).
Empirical and historical data provided the controlling economic model assumptions.
These model assumptions were as follows: 12.5% royalty interest, $14,000 annual
operating cost, $12 per barrel crude oil market value, 13% annual production decline rate,
an 8-year reserve life index, and a 15% weighted average cost of capital. The net present
value (NPV) of the 8-year projected future cash flow for the investment project under the
controlling economic assumptions was $180,389 (4).

Two cost estimates were procured for the construction of the requested class II
injection well system. The estimates provided for the installation of class II injection
system components including a fluid dispersal system, class II injection well tubing,
packer, wellhead assembly, valves, pressure gauges, and injection volume meters.

Scenario A provided for the installation of high-quality class II injection well
components. The injection system was believed to be competent and qualified to provide
at least eight years of service with minimal repair. The cost estimate submitted was
$160,000.

Scenario B provided for the installation of lower-quality class II injection well
components. Empirical and historical evidence suggested the lower-quality components
would require significant resource allocations to maintain over the eight year life of the
project. The cost estimate submitted was $90,000.

Given the NPV of the projected future cash flows associated with this investment
project (i.e., $180,389) and the initial outlay of $160,000, investment scenario A was
valued at $20,389 (5). Figure 1 illustrates the cumulative NPV of scenario A over the
eight year life of the project. The NPV steadily increases over the life of the project.
Scenario A not only covers the cost of capital used in it’s pursuit, but also delivers an
internal rate of return of 19.78% over the eight year life of the project.

Scenario B consisted of an initial system cost estimate of $90,000. However,
empirical and historical evidence suggested additional future capital outlays could be
anticipated. An additional $10,000 outlay was anticipated 3 years hence for system
repairs. Also, industry statistics suggested an additional $60,000 outlay could reasonably
be expected 4 years hence for litigation and/or compliance costs. Finally, the entire
system may need to be replaced 5 years hence with the same high-quality components
used in scenario A. However, given the Consumer Price Index from the Bureau of Labor
Statistics, a minimum inflation rate of 3% annually could be expected. The new injection
system would cost $185,500 five years hence. Therefore, given the NPV of the projected
future cash flows of this investment project (i.e., $180,389) and the summation of the
initial cost outlay and the present value of future outlays of $223,106, investment
scenario B was valued at a loss of $42,717. Figure 2 illustrates the cumulative NPV of
Scenario B over the eight year life of the project. The NPV of the future cash flows are
significantly diminished by additional future costs (5). Scenario B does not cover the cost
of capital used in it’s pursuit and results in a loss over the eight year life of the project.

Figure 3 summarizes the NPV cash flow positions for scenario A and scenario B
over the eight year life of the class II injection well project. Scenario B accepts risk
consequences in exchange for a minimal initial project cost outlay. Scenario B lacks a
good risk assessment and lacks proper employee training (6). Scenario B is a cost
structure to meet the minimal requirements for regulatory compliance at the outset of the



project, but does not consider the long-term consequences of future infrastructure
failures. Scenario B is a cost structure for a risk decision gone bad and is an example of a
short-term oriented decision. The decision to accept risks in order to minimize initial
project costs may appear very attractive in the short term. However, the decision to
accept risks suboptimizes a company’s resources. The short-term gains are quickly
exhausted in later project expenditures necessary to address the consequences of the poor
risk management decision. Scenario B, while seemingly a very efficient asset allocation
decision in the short term, contradicts the company’s mission and vision for strategic
growth and environmental stewardship and furthermore results in an unfavorable long-
term cost structure. Certainly scenario A presents a long-term value-added strategy.

While the investment decision may seem obvious, decisions are not always based
upon long-term value. The accrual-based payback model suggests scenario B to be the
best investment. Afterall, scenario B has a 1.63 year payback of the initial outlay while
scenario A requires 3.35 years to recover the initial outlay. Operational management
decisions are too often based on short-term results. Promotions, bonuses, and other
compensation incentives are often based on short-term results and not long-term added
value. Company mission statements, business plans, and commitment can change
decision-making priorities from focusing solely on short-term results to focusing on long-
term added value (2).

Fiduciary Responsibility

A company’s fiduciary responsibility to investors involve managing resources
prudently. Afterall, investors invest in management decisions. Managing for the long-
term builds long-term value. Companies can manage their operations to optimize long-
term cost structures. Such a long-term management strategy may involve unfavorable
short-term cost structures as illustrated in scenario A. Indeed, managing for long-term
added value may establish cost structures that provide a long-term competitive advantage.
A long-term strategy certainly meets a company’s fiduciary responsibility to long-term
investors. Mission statements and other company information attracts long-term
investors.

Figure 4 illustrates the cost structure associated with scenario A. Scenario A is a
profitable venture if the estimated initial cost outlay results in annual production uplift
rate of 6,000 to 8,000 barrels of oil. Cost structure advantages are realized by reducing
average total cost (ATC). Average total cost is found by dividing total cost by the output.
ATC can be minimized by reducing total cost, increasing output, or a combination of the
two over the life of the project. Average variable cost (AVC) is found by dividing
variable cost by the output. Marginal cost (MC) is found by dividing the change in total
cost by the change in output. Marginal cost is the cost of producing one additional unit of
output. While not presented in Figure 4, crude oil market price is marginal revenue (MR).
That is to say, marginal revenue is the revenue derived from selling one additional unit of
output. MR could be depicted in Figure 4 as a horizontal line across the graph at the point
representing crude oil market price. The point where marginal revenue equals marginal
cost represents the output level that will maximize profits or minimize losses.

Scenario A presents a long-term strategy for reducing average total cost. Scenario
A initial cost outlays, while significantly greater than scenario B, are strategic dollars that
serve to minimize average total cost over the eight year life of the project. Scenario B



experiences significant additional costs over the eight year life of the project which
serves to increase the average total cost. Given the project’s anticipated annual
production uplift rate of 7,000 barrels of crude oil, managing project costs to minimize
average total cost optimizes the project’s cost structure.

Managing resources for long-term operating efficiencies optimizes the economic
well-being of a company and mitigates environmental risks. Strategic planning is vital for
a company to optimize their long-term value. Scenario A not only presents an
economically profitable long-term investment, but also presents an environmentally
responsible manner in which to establish the class II enhanced oil recovery system. Risks
of pollution, soil contamination, surface water and ground water contamination, and
property devaluation are mitigated from the long-term economic cost structure
optimization presented in scenario A. The company’s mission, goals, and objectives of
optimizing oil production efficiencies in an environmentally responsible manner were
satisfied by the scenario A cost estimate.

ENVIRONMENTAL STEWARDSHIP
Proactive Planning

The preceding economic analysis illustrates the benefits of managing for long-
term value. Strategic management also involves proactive environmental stewardship
planning. Economical class II injection well management focuses on optimizing long-
term cost structures. Proactive environmental management is imperative for companies to
realize their long-term cost structure goals. The class II injection well management case
presented in scenario A reduces risks of spills, leaks, or accidents resulting in potentially
exorbitant pollution and environmental cleanup costs.

Proactive environmental management for class II injection wells begins with
infrastructure planning. Information from the Indiana Department of Environmental
Management on spill prevention in the state of Indiana indicated that of all spills reported
since 1986, infrastructure failure accounted for 77% of reported spills and employee error
accounted for 14% of reported spills (7). Optimizing a class II injection well project’s
long-term cost structure also mitigates infrastructure failure risks. Strategic planning
makes sense economically and environmentally.

Environmental risks can be reduced by effective human resource training. The
best risk-mitigation plans will not succeed if the implementation phase is inadequate.
Training employees on effective system operations, safe work practices, proper
regulatory protocols, and spill response contingencies mitigates the risk of employee
error leading to spills, leaks, or accidents (8). More effective training of employees in
regulatory protocols such as Hazardous Waste Operations and Emergency Response (29
CFR 1910.120), Hazard Communication (29 CFR 1910.1200), HazMat Transportation
(49 CFR 172.704), Process Safety Management (29 CFR 1910.119), Spill Prevention
Control and Countermeasure Plans (40 CFR 112.7), Integrated Contingency Plans, and
other safe work practices can better prepare a company to manage environmental events,
and reduces risks.



Intellectual Capital

A significant economic advantage can be gained by building and leveraging the
intellectual capital of a firm’s workforce. Intellectual capital is the explicit and tacit
knowledge of a firm’s workforce (1). Small independent oil producing companies may be
in a better position to foster a work environment that promotes continuous knowledge
exchange, breeds new ideas, and bridges existing organizational learning practices.
Building and leveraging intellectual capital involves crafting strategies for converting
explicit and tacit knowledge into usable corporate resources. The strategy is to discover
and implement the innate creativity of all employees. Small independent oil producing
companies can establish a work environment that encourages creativity to be expressed,
stimulate creative personal growth, and provide leadership that facilitates the creative
process. Building and leveraging intellectual capital allows a company to be highly
adaptable and creative and to utilize all of the abilities in their existing pool of employee
talent to be competitive.

Investing in employees through training and development brings many economic
benefits to a company including (5):

•  Decreased pollution and environmental cleanup costs,
•  Reduced employee exposure to health hazards,
•  Improved worker safety, and
•  Decreased medical claims.

Environmental benefits accrued to a company from training and developing employees
include:

•  Mitigation of soil contamination,
•  Mitigation of surface water and ground water contamination, and
•  Better regulatory compliance position.

REGULATORY COMPLIANCE
Optimizing internal operating efficiencies and perpetuating environmental

stewardship goals are effective ways for companies to meet or exceed regulatory
compliance programs. Strategic planning for optimizing internal operating efficiencies
requires contingency planning to address regulatory compliance issues.

Environmental compliance issues should be a part of a company’s business plan.
Regulatory compliance issues are normally focused on pollution prevention. By
incorporating pollution prevention plans in strategic initiatives, pollution prevention
practices can be expected through all planning stages. Planning requirements for the
EPA, OSHA, DOT, and other applicable agencies should be addressed in the business
plan.



CONCLUSION
Prudent environmental management can render economic, environmental, and

regulatory compliance benefits for a company. Top management commitment is
imperative for long-term strategies to be effective.

Environmental management goals should be a part of a company’s strategic
initiative. Mission statements and business plans should reflect a company’s commitment
to environmental stewardship and thereby guide tactical and operational decisions and
planning.

Strategic advantages can be gained from optimizing internal operating
efficiencies. In addition, optimizing long-term cost structures perpetuates environmental
stewardship and addresses the predominant cause of spills and leaks.

Regulatory compliance planning is imperative for strategic mitigation of
environmental incidents. Contingency planning is a natural part of strategic planning.

Prudent environmental management is beneficial to companies, the workplace,
and the environment. Companies have traditionally transformed resources into goods and
services to meet the needs of society. The free enterprise system has always found a way
to supply the needs of society and also meet social needs. Companies can find a way to
exercise their traditional responsibility and protect the environment.
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Figure 1
Scenario A

0

40000

80000

120000

160000

200000

1 2 3 4 5 6 7 8

N
P

V

Year

Figure 1.  Cumulative Net Present Value (NPV) of Scenario A over the eight year life of the
Illinois enhanced oil recovery project.

Figure 2
Scenario B
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Figure 2.   Cumulative Net Present Value (NPV) of Scenario B over the eight year life of the
Illinois enhanced oil recovery project.



Figure 3
Scenario A/Scenario B Comparison
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Figure 3.  Summary of the Net Present Value (NPV) cash flow positions for Scenario A and
Scenario B over the eight year life of the Illinois enhanced oil recovery project.

Figure 4
Scenario A Cost Structure
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Figure 4.  Long-term cost structure associated with Scenario A of the Illinois enhanced oil
recovery project.
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ENVIRONMENTAL DATA COLLECTED IN
GRAND BOIS COMMUNITY 1994–1998

W. W. Crawley, Solis Environmental
M. J. Lupo, Ph. D., ARCADIS Geraghty & Miller, Inc.

J. F. Artiola, Ph. D., Soil, Water & Environmental Sciences Dept., U. of Arizona

ABSTRACT
The Bourg Facility, located in Lafourche Parish, Louisiana, is a commercial

land treatment facility that is permitted by the LDNR to accept certain E&P wastes,
generated by the oil and gas exploration, development, and production industry.

In March 1994, several shipments of wastes from one source resulted in a large
number of citizen complaints. These complaints centered upon odors and alleged minor
discomforts (nausea, headaches, etc). Fears and concerns about their health led the
citizens to continue to complain to regulatory authorities. Between March 1994 and
December 1998, over 18,000 environmental samples were collected at the Bourg
Facility, and over 113,000 individual analyses of those samples were conducted to
address the citizens’ concerns.

The analytical data collected to address citizens concerns overwhelmingly
support the position that the Bourg Facility presents a very limited, if any, potential
impact on the environment and the quality of life in the community of Grand Bois.



INTRODUCTION
The Bourg Facility is a commercial land treatment facility that is permitted by

the Louisiana Department of Natural Resources (LDNR) to accept certain E&P wastes,
generated by the oil and gas exploration, development, and production industry. The
Bourg Facility is located on Highway 24, about 10 miles west of Larose, Louisiana
(Figure 1). The facility is connected to the Intracoastal Waterway (ICWW) via a barge
canal. The ICWW is located north of the facility and runs parallel with Highway 24.

The Bourg Facility received its original permit for land treatment of E&P wastes
in 1983 from the LDNR’s Office of Conservation. The facility is regulated by Statewide
Order 29-B and is permitted to accept only 16 designated nonhazardous wastes as
defined by the LDNR. The Bourg Facility, which uses natural processes to remove salts
and oil from the E&P wastes, has effectively treated over 10,000,000 barrels of a well-
defined group of wastes, without detrimental effects on the environment or people living
in the vicinity.

In March 1994, several shipments of wastes from one source resulted in a large
number of citizen complaints. These complaints centered upon odors and alleged minor
discomforts (nausea, headaches, etc). Fears and concerns about their health led the
citizens to continue to complain to regulatory authorities. Between March 1994 and
December 1998, over 18,000 environmental samples were collected at the Bourg
Facility, and over 113,000 individual analyses of those samples were conducted to
address the citizens’ concerns. These data include all media of concern—air,
groundwater, surface water, treatment solids, treated stockpile materials, drainage water,
particulates, sediments, surface water, and fish from the barge canals.

The data collected from 1994 to 1998 is over three times as large as the database
that the EPA created for their 1986/87 study which was used to make their decision on
how to regulate E&P industry wastes (1). The analytical data collected in this effort is
consistent with the data EPA collected and reported in 1987. The analytical data clearly
support the position that the Bourg Facility presents a very limited, if any, potential
impact on the environment and the quality of life in the Grand Bois community (2).

ENVIRONMENTAL SETTING
The Bourg Facility site is typical of the Alluvial Plain region of southern LA

with natural slopes commonly less than 1% and poor surface drainage. The average
ground elevation of the site ranges from 4.7 feet mean sea level (msl) along Highway 24
to 3.9 msl at the southern edge. The Facility lies within the vast Mississippi River delta
complex consisting of various deltaic and alluvial deposits. The major alluvial deposits
of the Mississippi River are typically low flatlands that are poorly drained. The surface
and near surface materials are typically fine-grained clayey and silty materials. Ground-
water monitoring wells are screened in the silty deposits below 18 feet.

The general land use in the vicinity of the Bourg Facility is rural. The Grand
Bois community is located west of the Bourg Facility. Prior to the development of this
site as a commercial oil and gas waste treatment facility, this piece of property was rural,



with some oil and gas development in the area. The apparent use was primarily grazing.
The facility has forested wetlands to the south and east.

Seven water wells were identified within 2 miles of the Bourg Facility. These
were all listed as oil rig supply wells, with a subbase depth of about 200–250 feet below
grade. No drinking water wells were found within a 2-mile radius of the Bourg Facility.
The facility obtains their drinking water from a municipal supply.

FACILITY OPERATIONS
Treatment Cell Operations

The LDNR regulations establish standards for treatment of E&P wastes. Order
29-B establishes both Treatment and Reuse Criteria for commercial facilities that treat
E&P wastes, as well as requires a quarterly monitoring program to provide routine data
on treatment cell operations. In order to meet the Treatment Criteria, the primary
treatment objective is to remove soluble salts from these wastes. Secondary objectives
include adjustment of the sodium balance, decreasing the oil concentration, immobiliza-
tion of metals, and dewatering.

The facility operates 16 treatment cells, 2 surface impoundments, 3 reuse
stockpiles, and 2 saltwater injection wells (Figure 2). Eight treatment cells and one reuse
stockpile are located on the south side of Highway 24. The reuse stockpiles contain
materials that have been treated to meet the Order 29-B Criteria and have been removed
from the treatment cells. This is necessary since the incoming materials are nearly all
inorganic solids and removal of the treated material allows for the next application and
treatment cycle.

E&P wastes are delivered to the Bourg Facility by barges via the ICWW and by
trucks via Highway 24. The Bourg Facility tracks all incoming material by the LDNR
manifest system and codes all the waste in accordance with the LDNR defined wastes.
Water (produced freshwater, ring levee rainwater, washwater, and pit water) accounts
for about 25 to 30% of the wastes placed in the treatment cells. The incoming “solid”
wastes also contain large volumes of water. These wastes represent about 70%–75% of
the wastes applied to the treatment cells. Of these remaining wastes, water-base mud and
cuttings, oil-base mud and cuttings, and produced sands account for 57%, 14%, and 3%
of the wastes, respectively, or a total of 74%. Pit sludges, tank sludges, and completion
fluids account for 24% of the non-water wastes (Table 1).

Treatment Cycle

The Bourg Facility treats E&P wastes to meet both Treatment and Reuse Criteria.
The Treatment Criteria define standards that allow a treatment cell to end the Treatment
Phase and re-enter the Application Phase. The Reuse Criteria define standards that allow
the material to be removed from the treatment cell and reused for alternative purposes.
The primary difference between these two criteria is that the Treatment Criteria use total
concentrations for metals and oil and grease, while the Reuse Criteria use a leachate
procedure for metals, oil and grease, and chlorides. The Bourg Facility uses both of these
criteria to define the end of their treatment process.



The Bourg Facility collects routine monitoring samples from the treatment cells.
The first set of samples collected from a treatment cycle represent the incoming E&P
wastes. In general, the soluble salt parameters are the highest with regard to the
Treatment Criteria (Table 2). The incoming materials are frequently 5 to 10 times above
the EC and 2 to 5 times higher for the sodium parameters (exchangeable sodium percent-
age [ESP] and sodium adsorption ratio [SAR]). The treatment process that the Bourg
Facility conducts to remove soluble salts and adjust the sodium ratio requires more effort
and time to meet the Order 29-B Criteria than the other treatment objectives. Indeed, the
oil and grease concentrations and the metals concentrations usually meet the Order 29-B
Treatment Criteria when the treatment process begins.

As stated in the previous section, oil degradation is not a primary objective for
the Bourg Facility. The initial oil concentration is generally within the Treatment Criteria,
and therefore little treatment is required for oil. The decrease in oil concentrations results
from: (1) skimming the oil off the treatment cells and selling it as salvage oil, and (2)
removing the oil with the surface water which is disposed through the injection wells. An
evaluation of the incoming and ending oil and grease concentrations was conducted,
which evaluated 38 treatment cycles (240 individual measurements). The incoming oil
and grease measurements averaged 4.11% during the first quarterly analysis, while the
ending concentration was 2.91%.

EVALUATION OF THE BOURG FACILITY
There are at least three good means of measuring a facility’s performance and

safety. First and foremost is the facility’s operating record, including its compliance
record, the record of formal complaints from neighbors, and lifelong data collected from
routine site monitoring. Second, specific detailed studies of the site, beyond routine
monitoring, can help ascertain any special concerns, such as the appearance of unwanted
and unexpected contaminants or the presence of excessive quantities of known chemicals.
Third, performance, especially with regard to offsite risks to human health and the
environment, can be predicted using scientifically accepted fate and transport computer
models and risk assessment procedures, focusing on the behavior of chemicals along with
various possible pathways from the facility to the nearby population. Each of these
methods are addressed below.

Operating Record and Monitoring Data

As the Bourg Facility meets its waste treatment objectives, it must do so without
harm to its neighbors or the environment. One way of measuring this achievement is the
lack of citizen complaints during its first 11 years of operation. Only after the singular
incident in 1994, which triggered the focused interest in the facility, did the nearby
residents complain about the facility. A second measure of performance is the compli-
ance record, which fundamentally demonstrates compliance throughout the Bourg
Facility’s operating life. Finally, the environment is routinely monitored for the purpose
of early detection of contaminant migration. These data provide the best routine
demonstration of the facility’s protectiveness.

On two occasions after the 1994 incident, the LDEQ conducted surprise
inspections by high-level LDEQ officials. In one case, the Director of the LDEQ, along



with several senior managers and staff, personally conducted the inspection. Both times,
in their reports, the LDEQ stated that they could not find any significant problems with
the Bourg Facility.

Detailed Studies

Several detailed studies of the Bourg Facility have looked for other chemicals,
which are not usually examined in the course of regular operations. In addition, under a
temporary order, the LDNR has required waste generators to perform more detailed
analyses of E&P wastes before they are shipped to facilities throughout the state.

The chemicals that were found were those expected for E&P wastes – benzene,
toluene, ethylbenzene, and xylene (BTEX); naphthalene; 2-methylnaphthalene; fluorene;
and phenanthrene – and these were present in amounts that were expected for ordinary
crude oil. In addition, four elements common to E&P wastes were found: barium,
chromium, lead, and zinc. Collectively, the studies also looked for an exhaustive list of
organic chemicals and toxic elements. The EPA also conducted an exhaustive study of
the entire community in November 1998, which included the Bourg Facility, a local
shipyard (located in the center of Grand Bois), and the community houses and yards.
These samples were analyzed for chlorinated hydrocarbons, pesticides, dioxins, and
PCBs.

Table 3 summarizes all of the specific studies done at the facility as a result of
the 1994 incident, as well as the routine quarterly monitoring data. The types of samples
collected cover the entire range of media from within and outside of the Bourg Facility:

! Waste Solids - in active cells and treated materials in reuse stockpiles
! Surface Water - in active cells and in adjacent water bodies
! Subsurface Water - drainage from cells and groundwater
! Soils and Sediments - in and around the facility and in the nearby community
! Dust - from roads and residential attics
! Air - volatile chemicals and particles near the facility and in the community
! Biological Samples - fish tissue from waterways and fruit grown in the

community

Excluding the 1998 EPA data (which has not been published to date), more than
18,000 individual samples have been collected and analyzed for numerous chemical
constituents, resulting in a database of over 113,000 measurements (data points) (Table
4). When the EPA conducted their study for their report to Congress in 1986/87, they
collected 101 samples, which yielded only about 31,000 data points. Thus, there have
been 3.5 times more data points generated at the Bourg Facility (in the last four years)
than were generated by the EPA to make their decision on how to regulate the entire
industry.

1995 Site Investigation

As a result of the lawsuit filed by residents of Grand Bois, the plaintiffs’ experts
were allowed to come onsite and collect samples. During October and November 1995,
the plaintiff’s consultants collected representative samples from treatment cell solids and
surface water, groundwater, lysimeter water, and reuse stockpile material.



Waste solids and surface water samples were collected from three treatment cells.
Cells 17 and 5 were chosen as they represented the newest cell (the one that had most
recently completed the Application Phase) and the oldest cell (the one that had been in
the Treatment Phase the longest). Cell 11 was chosen because it was the cell that received
the controversial waste loads in March 1994. Twenty-two E&P waste samples were
collected from Cell 5, Cell 11, and Cell 17. Five samples were collected from the reuse
stockpile. Twelve surface water samples were also collected from Cell 5, Cell 11 and Cell
17.

The solid and water samples were analyzed at two separate laboratories. In
general, the two replicate sample sets are similar in concentrations, and therefore, are
mutually validating. It is the position of the Facility management that this data set is
representative of the conditions at the Bourg Facility.

Metals. Nine metals were analyzed in the 1995 investigation: arsenic, barium,
cadmium, chromium, lead, manganese, mercury, selenium, and silver. With the exception
of arsenic, these data are consistent with previous quarterly monitoring data collected at
the facility (Table 5). There are a few minor differences, but the metal concentrations are
all below the treatment standards established in Order 29-B, and therefore are not of real
significance.

Volatile Organics. Volatile organic compounds (VOCs) were analyzed using
Method 8240, which includes 34 volatile compounds. The 1995 investigation collected
44 separate samples for analysis, with 10 samples from Cell 5, 20 samples from Cell 11,
and 14 samples from Cell 17. Therefore, 1,496 separate analytes were run during this
investigation. Of these analytes, only 10% were detected above the listed detection limits
or estimated to be present. Most of the detections were the four BTEX compounds.
Besides these samples, numerous duplicates were also analyzed to verify the laboratory
procedures.

Of the seven volatile compounds detected (acetone, benzene, ethylbenzene,
methylene chloride, styrene, toluene, and xylene), two are considered to be common
laboratory contaminants in the ranges reported (acetone and methylene chloride)
(Table 6).

The BTEX compounds were the most common detections. Benzene ranged from
<1 to 53 mg/kg, with a median value for the three cells between 1.15 and 3.76 mg/kg.
Ethylbenzene was detected in most samples. Concentrations ranged between <1.1 and
150 mg/kg, with a median value between 6 and 8 mg/kg for the three cells. Three of the
ethylbenzene detections were above 50 mg/kg. Toluene was detected in about one half of
the samples, with detections between 0.2 and 410 mg/kg. Median values for toluene were
1.1, 1.1, and 21.0 for Cells 5, 11, and 17, respectively. Xylene was detected in most
samples, with detections ranging between 1 and 1,200 mg/kg.

The surface water results are similar. The BTEX compounds were the primary
detections, with a few detections of common laboratory solvents (acetone, 2-butanone,
and methylene chloride). In addition, 2-methyl-2-pentanone was detected or estimated in
two samples. Of these, acetone was the most detected, with concentrations between <10
and 460 µg/L. Benzene concentrations ranged between <5 and 260 µg/L. For the 24
water samples, all the benzene detections were below 0.5 mg/L. There were no values for
ethylbenzene, toluene, or xylene above 1.0 mg/L in the 24 water samples.



Semivolatile Organics. Method 8270 was used to analyze for semivolatile
organic compounds (SVOCs) (Table 7). This method includes 65 semivolatile
compounds, and includes the primary compounds considered to pose a threat to the
environment. A total of 2,860 individual semivolatile analytes were analyzed in the 44
replicate waste solid samples collected from the treatment cells. Of these 65 compounds,
four were detected and/or estimated (naphthalene, 2-methylnaphthalene, fluorene, and
phenanthrene), representing about 2.3% of the total semivolatile analytes.

The most prevalent semivolatile compound was 2-methylnaphthalene, with
twenty detections and three estimated values. These ranged between 5.7 and 370 mg/kg,
with a median value between 40 and 170 mg/kg for the three cells. Fluorene was
positively detected in one sample with 9 mg/kg and estimated in thirteen samples (2.6 to
53 mg/kg). Phenanthrene was positively detected in ten samples and estimated in eleven
samples (2.2 to 110 mg/kg). There were six positive detections for naphthalene, and five
estimated values. All of these ranged between 1.9 and 81 mg/kg, with a median value
between 40 and 76 mg/kg for the three cells.

Analysis of the water samples from the treatment cells for semivolatile organics
also resulted in minimal detections. Only one compound was detected (4-methyl-2-
pentanone). This compound was detected one time (16 µg/L) in sample 17-5.

The analytical data collected at the Bourg Facility during the 1995 investigation
are typical of data both in the literature and developed by the EPA for oil and gas
exploration, development, and production wastes. The benzene concentrations were
within data presented in the other studies, and the lack of other volatile and semivolatile
compounds is consistent with the EPA, American Petroleum Insitute and Gas Research
Institure studies (3, 4, 5, 6, 7, 8). Thus, the analytical data collected during the November
1995 investigation at the Bourg Facility are typical of E&P wastes.

Sulfur Cycle Study

In order to support the position that the treatment cells were not a source for
hydrogen sulfide, the Bourg Facility conducted a study to evaluate the potential for
hydrogen sulfide formation. The design of the study was based on a large body of
information in the scientific literature on sulfate reduction in wetland soils. This included
water and solid samples from the treatment cells, as well as insitu redox and pH
measurements. These data are reported by Lupo, et al (9).

1998 LDEQ Soil Data

The Louisiana Department of Environmental Quality (LDEQ) collected soil
samples from the Grand Bois area on three occasions during 1998. These included soil
samples collected from around the Bourg Facility outside the treatment areas on two
occasions and the third set included eight background soil samples. Three of these
samples were collected along Highway 24, east of the facility, and are considered
background samples. There is a wooded area immediately west of the facility, between
the facility and the Grand Bois community. The other five samples were collected in this
wooded area. These five samples (wooded area) are grouped together and discussed
separately from the three background samples (background) collected the same day. The
Bourg Facility samples were collected from the western side of the property, and most
were near the property line. One sample location was collected from the reuse stockpile.



Metals. The soil sample analysis included 23 metals. All data sets underwent data
validation. The following summary presents the results for eight of the metals. The other
metals included were relatively inert metals such as aluminum and iron, soluble metals
such as calcium and sodium, and other trace metals such as silver and selenium. None of
this set of “other metals” analyzed in this sample set were reported in concentrations that
would be considered an environmental concern.

The soil metals concentrations in three background soil samples were within the
common ranges for soils. Background concentrations for soil cadmium (0.56–1.6 mg/kg)
and mercury (0.26–0.56 mg/kg) are at the higher end of the common ranges (0.01–0.7
and 0.01–0.3 mg/kg, respectively) (Table 8).

Average soil metal concentrations for the wooded area samples were similar to
the background samples, with the exception of barium. The barium concentration in one
sample was 3,870 mg/kg, and ranged from 241 to 491 mg/kg in the other three samples.
These concentrations are higher than the background barium concentrations of 107 to 208
mg/kg.

Five metals (arsenic, barium, chromium, lead, and zinc) are generally associated
with E&P waste. With the exception of barium and zinc, the average metals
concentrations collected in the soils on the western side of the Bourg Facility are similar
to the background and wooded area soils (Table 9). Barium and zinc are the predominant
metals in the E&P wastes at the Bourg Facility. Since the Bourg Facility uses the reuse
material for construction purposes (levees and roads), its presence in and around the
facility is not unexpected.

Organic Compounds. The background and wooded area soils analyzed for
volatile and semivolatile compounds were all below the detection limits with the
exception of three to four estimated values. The volatile compounds ethylbenzene and
xylene were estimated in a couple of samples at values between 2 and 10 µg/kg, while the
semivolatile compounds were below 1 mg/kg.

Offsite Dust Samples

Concerns were raised by citizens within the community of Grand Bois about dust
blowing from the Bourg Facility into their homes. This lead to three separate dust
sampling events, including the residential attics (August 1995), the attic of a building at
the Bourg Facility (November 1995), and residential attics from neighboring
communities (March 1997). All samples were collected using the same sampling
techniques.

The first set of dust samples was collected from ten residential attics within the
Grand Bois community. Two samples were collected from each attic and analyzed for
nine metals (Table 9).

During the 1995 investigation, two samples were collected from the former office
building located on the western side of the facility (Table 10). This building was onsite
when the facility began operations in early 1980s, and therefore, represents the oldest
building onsite. In addition, two road dust samples were collected on the Bourg Facility.



The best method to establish background attic dust conditions for the community
is to collect dust samples from the attics of houses of similar construction and age in
similar communities in southern Louisiana. Six background attic dust samples were
collected with two samples from Larose, one from Cutoff, two from Klondyke, and one
from about four miles south of Lockport. These houses were 3.75 to 12 miles from Grand
Bois. Three background road dust samples were also collected from the same areas.
These communities represent small population centers in southern Lafourche and
Terrebonne Parishes, and therefore, provide background attic dust samples which are
representative of the area. Table 11 clearly demonstrates that a range of metals is
normally found in attic dust.

In order to evaluate the dust analytical data, the Cochran’s Approximation to the
Behrens-Fisher Student’s T-test (T-test) was used to statistically compare the background
attic dust samples with the Grand Bois attic dust samples (CFR). The T-test was used to
evaluate arsenic, barium, chromium, lead, and manganese. The conclusions of the T-test
are as follows:

! Arsenic, chromium, and manganese concentrations are not significantly
different (0.05) between the Grand Bois attic dust and the background attic
dust.

! Barium concentrations are significantly higher (0.05) in the attic dust in
Grand Bois.

! Lead concentrations are significantly lower (0.05) in the attic dust in Grand
Bois.

A review of the metals data collected in the attic dust samples from the Grand
Bois residences reveals no pattern. The houses from which the samples were collected
were numbered (ranked) from the closest to the farthest from the Bourg Facility. Thus,
House 4 is the fourth house in distance from the facility. The house closest to the facility
(House 1) has the lowest average lead and chromium values, 4.1 and 9.2 mg/kg,
respectively. Houses 5 and 3 in distance from the facility have the highest lead (200
mg/kg) and chromium (166 mg/kg). These values are 90% and 50% higher, respectively,
than the average lead and chromium values for the 27 samples collected at the Bourg
Facility in the 1995 investigation. Lead and chromium concentrations appear to be
clustered in the center of the community. However, there is no distinct pattern of
distribution for arsenic, chromium, lead, and manganese in the dust samples collected in
the Grand Bois community in relation to the Bourg Facility.

Arsenic was one element that drew a lot of attention from the community.
However, in order for the Bourg Facility to be a source for arsenic in the Grand Bois
community, the concentrations in the road dust at the facility would need to be higher
than those in the community. This is not the case. The arsenic concentration in the dust
samples from the ten attics across Grand Bois ranged from 2.4 to 36.4, with an average of
11.2 mg/kg. Three samples were above 20 mg/kg and 12 samples were below 10 mg/kg.
The three houses in which a sample exceeded 20 mg/kg had average concentrations for
the two samples collected in each attic of 22.2 mg/kg (House #7), 20.1 mg/kg (House
#1), and 15.9 mg/kg (House #3). Seven of the ten attics had arsenic concentrations within
the same ranges found in Larose, Cutoff, and Klondyke (<4.17 to 13.4 mg/kg). There is
no pattern to the arsenic concentrations in the attics of the residents in Grand Bois.
Houses 7 and 1 in distance from the Bourg Facility had the highest average arsenic
concentrations, while Houses 2 and 3 in distance from the facility had the 5th and 7th



highest average arsenic concentration, respectively, (Table 12). Houses 8 and 10, which
had some of the highest barium concentrations, had the lowest arsenic concentrations.

The drilling wastes at the facility generally contain between 60,000 to 90,000 mg
Ba/kg. Thus, bBarium was used to evaluate the potential for dust migration from the
facility. The average barium concentrations in the Grand Bois attics were listed in order
from highest to lowest concentration (Table 12). There is no pattern of barium
concentrations with distance from the Bourg Facility. For example, Houses 8 and 10 in
distance from the facility are in the top four highest barium concentrations for attic dust.
The average rankings demonstrate that Houses 1 and 8 are consistently higher than the
other houses. House 2, the second closest house to the Bourg Facility, ranks 8th in barium
concentrations, and is similar in concentration to Houses 6 and 7 in distance from the
facility.

One method that was used to evaluate offsite dust migration, was to evaluate the
metal/barium ratios. If significant dust was migrating offsite, the transport mechanisms
that would move this dust into the community would transport particles that would mimic
the materials at the facility. Trace metals, such as arsenic, will adsorb onto particles and
will migrate with them. There is no mechanism by which metals could be transported
selectively. Therefore, the ratios of metal to barium at the facility will acted as a tracer to
identify potential migration of dust from the facility. A comparison of the ratios (arsenic,
chromium, lead, and manganese to barium) between the houses, treatment cells, and the
background samples is presented in Table 13. (Note: For the purpose of this discussion,
0.01 metal/Ba is referred to as a higher metal ratio than 0.001 metal/Ba.) Road dust
samples were used in this comparison, since they represent the most likely source for dust
particles.

The barium concentrations and the metal/Ba ratios in the Grand Bois attics
indicate that the facility has not affected any house, except the closest house. The closest
residence had the highest barium concentrations of the Grand Bois attics, but the lowest
average lead and chromium concentrations.

Arsenic/barium ratios for Grand Bois attics were the same as either background
road dust or background soil, and they are 1 to 2 orders of magnitude higher than the
As/Ba ratios at the facility. This demonstrates that the arsenic concentrations in the attics
are more reflective of the natural conditions in this area or other sources than they are for
the materials at the Bourg Facility.

Upon careful examination of the complete data set available for review, one
primary conclusion which can be drawn is that, with the exception of barium in House
#1, the metals in the residential attics of Grand Bois are comparable to the attics in other
nearby communities.

1998 EPA Investigation

EPA has provided draft copies of the analytical data they collected within Grand
Bois to each of the three landowners; the Bourg Facility, the local shipyard and the
residents. The analytical data collected by the EPA at the Bourg Facility is consistent
with the data previously collected at the Bourg Facility.



Offsite Risks to Human Health and the Environment

The third measure of performance mentioned earlier is the predicted risk to
nearby residents. To understand these risks, one must consider the pathways by which
exposure to residents may take place. After incomplete pathways are ruled out, one must
then use quantitative methods to translate environmental monitoring data into predictions
of risk to potentially exposed individuals. The following sections briefly discuss the
potential pathways. Then, the one pathway that has not been ruled out, the air, is treated
in more detail through the use of predictive models and comparisons to established health
criteria.

Surface Water Pathway

Surface water represents a potential pathway for human exposure. The potential
for this pathway is primarily through human contact with contaminated water or through
consumption of fish or other edible aquatic species. Both of these exposure routes are
linked to surface water runoff.

The permitting process addresses surface water runon and runoff and requires
that facilities such as the Bourg Facility manage and contain stormwater and wastewater
within the facility. This is accomplished at the Bourg Facility by a perimeter levee
system, retention ponds, and saltwater injection wells.

Water associated with the E&P wastes that are delivered to the facility is placed
directly into the treatment cells, and saltwater is pumped into the saltwater holding tanks.
The treatment cells are each connected to a surface water ditch that is used to transport
the decanted water from the treatment cells to a surface water retention pond. Water is
eventually pumped to the saltwater storage tanks, and disposed through the saltwater
disposal wells.

The Bourg Facility is operated as a “Zero-Discharge” facility under normal
precipitation conditions. However, under excessive precipitation conditions, the facility
may discharge some stormwater. This is accomplished through the existing Louisiana
Water Discharge Permit issued to the Bourg Facility by the LDEQ Water Pollution
Control Division. Drainage water is discharged according to the effluent limitations
specified in the Discharge Permit. The last discharge occurred in July 1994 and consisted
of uncontaminated stormwater.

The primary concern regarding the surface water pathway is the potential for an
offsite release of water and sediment into the adjacent canal system. Three separate data
collection efforts were conducted to address this potential concern. The first effort
involved collection of sediment samples from the barge canal, and the other two efforts
included collection of fish tissue sample collected by the LDEQ (1997) and the EPA
(1998).

The analytical data collected indicate that the two primary surface water
exposure routes for humans, direct contact with contaminated water and consumption of
fish from contaminated waters, is not a concern. The sediment analytical data indicate
slightly elevated concentrations of barium and zinc. However, the environmental
tolerance of these metals is relatively high. A complicating factor in these data is the fact
that two E&P wells were drilled in the Bourg Facility barge canal in 1961 and 1970. It is
very likely that these wells discharged some of their drilling muds into the barge canal.



Regardless of the source, the fish tissue data do not indicate an impact to the fishery
adjacent to the Bourg Facility (or the local shipyard). Several of these fish analyzed are
bottom feeders, and some ingestion of sediment can be anticipated. However, there was
no increase in the E&P waste metals of interest or semivolatile organic compounds in any
of 42 fish tissue samples collected in the Bourg Facility barge canal.

Groundwater Pathway

Groundwater represents a potential pathway for offsite migration of
contaminants. There are several important factors to consider when evaluating the
potential for groundwater to impact offsite targets. These include the local use of
groundwater, the depth to groundwater, the groundwater gradient and velocity, and the
groundwater quality.

The groundwater in the local Grand Bois area is naturally of poor quality and has
little current use. The local residents are on public water supply, and a search for drinking
water wells within a 2-mile radius of the Bourg Facility conducted in 1997 did not locate
any such wells. Therefore, groundwater has not been raised as a major concern. Seven
groundwater wells were identified within 2 miles of the Bourg Facility. These were all
listed as oil rig supply wells, with a subbase depth of about 200–250 feet below grade.

The Bourg Facility has 13 monitoring wells around the perimeter of the property,
and has collected groundwater quality data since the facility first received an operating
permit. Monitoring wells (MW) 10 through 14, placed on the south side of Cells 11
through 18 in 1987, provide the best indication of the original groundwater quality.

Chlorides are often used as a tracer for soluble constituents in groundwater. The
initial chloride concentrations in wells MW11–MW14 ranged between 900 and 2,000
mg/L. The chloride concentrations in the groundwater across the facility vary spatially
and with time. Today, after 16 years of operation, the concentrations of chloride in
groundwater across the site are generally between 1,000 and 2,000 mg/L, about the same
as when the facility opened. The routine groundwater analysis also includes soluble ions,
metals, oil and grease, and a couple of conventional water quality indicators. These
results also confirm that no migration of contaminants into groundwater is occurring.

To address the potential for offsite migration of specific organic and metal
constituents, groundwater samples were collected from three monitoring wells in 1995
and in 1998. Duplicate samples were collected by the Bourg Facility on both occasions,
Barium (931 to 1,730 ug/L) and arsenic (68 to 120 ug/L) were the only metals detected,
and the concentrations were similar to the background conditions . Analysis of the 1995
water samples included volatile organics (Method 8260), semivolatile organics (Method
8270), and metals. Only one positive detection was reported form the two analytical
laboratories. Both were for bis(2-ethylhexyl)phthalate in MW-7. No volatile compounds
were detected in any of the six groundwater samples analyzed. Bis(2-ethyl-
hexyl)phthalate was detected in both samples for MW-7 at 31.6 and 15 µg/L. This
compound is a plasticizer and is a frequent sampling and laboratory contaminant. In
addition, selected groundwater samples were analyzed for the metallic elements that are
of the most concern to human health and the environment.

The EPA collected groundwater samples from MW-1, MW-3, and MW-5 in
November 1998. Duplicate samples were collected by the Bourg Facility and analyzed by



a commercial laboratory. All three groundwater samples were analyzed for volatile
organics (Method 8260) and semivolatile organics (Method 8270), and two samples were
analyzed for 23 metals. There were no reported detections for the volatile or semivolatile
compounds.

Air Pathway

The air pathway represents the primary exposure pathway of potential concern
for the residents of Grand Bois; therefore, it has been studied in detail over the past
several years. Besides the direct air measurements, the evaluation of air quality also
relied on the analytical data from the treatment cell water and solids. These data were
used to calculate emissions from the wastes and water in order to conduct air dispersion
models.

Data Collection. The first effort by the LDEQ included the collection of one-
minute grab samples on four occasions in 1994 to evaluate the air quality in and around
the Bourg Facility. The LDEQ, responding to air quality complaints from the citizens
collected ambient air samples at the facility on two dates in March, during the 1994
incident. The first two sampling events were during the placement of the waste in Cell 11
at the facility. The LDEQ collected both an upwind and a downwind sample and
analyzed each for volatile organic chemicals and sulfur compounds. The LDEQ returned
to the facility and collected more air samples on April 5 and September 1, 1994. Some of
these samples were collected at the berms (edges) of the treatment cells during the
unloading process. During the first 12 months after the March incident, the LDEQ
responded to further residents’ odor complaints by sending inspection teams to the site;
nothing of note was ever observed by the teams, other than a mild hydrocarbon odor
onsite. The LDEQ could find no violations of air quality regulations.

In response to citizen complaints, the LDEQ placed an air monitoring and
meteorological station at the western fence line of the Bourg Facility near Cell 11 in July
1997. The LDEQ placed a similar monitoring station in the center of the Grand Bois
community in May 1998. In this report, these monitors are referred to as the Facility
Monitor and Community Monitor, respectively. Two lists of analytes are used by the
LDEQ, referred to as CAMS (TO14 List) and PAMS (Ozone Precursors). The CAMS
consists of 39 chemical constituents, which includes chlorinated hydrocarbons such as
trichloroethylene, methylene chloride, and vinyl chloride. The list also includes several
monoaromatic hydrocarbons such as benzene and toluene. The PAMS list does not
include any halogenated constituents, but consists almost exclusively of hydrocarbons
such as hexane, octane, and trans-2-butene.

The LDEQ placed a hydrogen sulfide (H2S) monitor at the Bourg fence line, and
later placed one in the community to address H2S concerns. These monitors collected
H2S readings on an hourly basis. The Facility Monitor began to analyze for H2S in Oc-
tober 1997, and the Community Monitor began in April 1998.

In addition, the LDEQ placed particulate monitors at both sites. These monitors
collected samples to be measured for total suspended particulates (TSP) and lead. Lead
and TSP samples were collected once every six days.

In addition to the LDEQ, the Occupational Safety and Health Administration
(OSHA) visited the Bourg Facility in April 1998, to collect personal monitoring samples



used to measure worker exposures. Two sets of samples were collected – volatile organic
compounds and particulate for metals analysis.

A cartridge was attached to the workers’ shirt collar and a small pump attached to
the belt. The pump drew air through a filter at an estimated breathing rate. The
particulates samples were analyzed for lead, cadmium, copper, and arsenic. The
cartridges were worn about eight hours by five different workers. A charcoal filter was
analyzed for VOC’s using a GC. The cartridges were replaced each hour, and therefore,
there were eight samples/day for each worker outfitted with the cartridge. Cartridges
were placed on three workers for VOC samples, thus 24 VOC samples were collected.

Calculations and Mathematical Modeling. Mathematical modeling is a valuable
tool and often employed by the environmental scientist. It allows an investigator to
separately consider each chemical of concern and to predict concentrations at many more
locations than can be monitored in a cost-effective way. Based on decades of research,
mathematical equations have been developed to predict emission rates for volatile com-
pounds from both water and soil. Using the concentrations of the constituents measured
for the three cells in November 1995, emission rates from the treatment cells were
calculated for the volatile organics and hydrogen sulfide.

Emitted vapors will disperse in the wind and migrate from the source. This
dispersion was mathematically modeled to predict concentrations of constituent vapors at
various locations near the facility, including various residences. Using an hour-by-hour
meteorological data set for the year 1994, the emission rates were input into an EPA air
dispersion model to predict the release and movement of volatile organics from the
treatment cells. The Industrial Source Complex (ISC) Model was used to compute the
concentration of vapors at various residences. The ISC model is an EPA model published
by the Office of Air Quality Planning and Standards. The inputs to the model are the
meteorological data and the emission data. The upper atmospheric meteorological data
are from Slidell, and the lower atmospheric data are from Houma. Lower atmospheric
data from the facility meteorological station were used wherever possible. The emission
data were computed using the Thibodeaux model (11).

Additionally, particulate matter (dust) releases were modeled. This provided both
the concentration of particulate matter in the air at various locations in the modeled area,
and a rate at which the dust would be deposited onto exposed surfaces. The primary
source of particulate matter is the truck traffic on the roads within the facility. A standard
EPA emissions modeling methodology was used.

Data Interpretation. The data presented in this paper, together with the modeling
results, demonstrate that this E&P waste facility presents no significant threat to the
community via the air pathway. Benzene, hydrogen sulfide, TSP (dust), and metals (lead
and arsenic) were examined quantitatively. It was found that predicted concentrations are
all within applicable health-based standards, and that even the safe levels measured in the
community are not caused solely by the Bourg Facility. Other unspecified sources within
or near the community also contribute to the observed concentrations.

Benzene was listed by the citizens and others as one of the principal concerns.
Therefore, benzene was analyzed in the air at the Bourg Facility in several ways. First,
benzene was an analyte when the LDEQ investigated the initial complaints in 1994.
Second, the LDEQ Facility Monitor was measured benzene. Third, benzene was



measured by the Community Monitor. OSHA also took samples from the breathing zone
of three workers for volatile organics analysis, which included benzene. Finally, in
addition to all of these air analyses, benzene has been measured in other media on the
facility, and these data were used for computations of air emissions.

The analytical data do not support the position that benzene emissions from the
Bourg Facility presents a health concern to the citizens of Grand Bois. First, all of the
benzene measurements from the investigations by the LDEQ in 1994 are within the short-
term National Institute for Occupational Safety and Health (NIOSH) standard (3,250
µg/m3) by more than two orders of magnitude (i.e., a factor of 100). Thus, during the
unloading of the wastes into Cell 11, the measured benzene was not in sufficient
concentrations to be an acute or chronic health concern.

The CAMS and PAMS data collected from the Facility Monitor show that the
18-month average (July 1997 to December 1998) benzene concentration was 3.98
micrograms of benzene per cubic meter of air (µg/m3) and 4.04 µg/m3, respectively.
These values are safely below the chronic health-based standard of 12 µg/m3. All single
measurements during this time period were within the short-term NIOSH standard (3,250
µg/m3)

About 95% of the 277 air samples collected over a 1½-year period at the Facility
Monitor were below 4 µg/m3 (Figure 3). Four days had elevated benzene concentrations
during this period. Numerous attempts were made to understand the possible causes for
these elevated numbers; however, no conclusions could be drawn concerning these data.

The average benzene concentration at the Community Monitor (between May
and December 1998) was 1.28 and 1.29 µg/m3 (CAMS and PAMS, respectively) (Table
14). Over the same eight-month time period, the average benzene concentration at the
Facility Monitor was 1.22 and 1.28 µg/m3 (CAMS and PAMS, respectively) (Figure 4).
This suggests that the benzene exposure in the community is approximately the same
during this time period, regardless of proximity to the Bourg Facility. Based on model
predictions, the drop in benzene concentration between the two monitors is expected to
be about a factor of 10. It is thus physically impossible for the concentration at the two
monitoring points to be equal if the waste cells are the sole source of the benzene. Since
the readings at the monitors are approximately equal, the benzene detected by the
monitors must have a significant source located west of the facility. The equality of the
values suggests a uniform concentration, perhaps from vehicle exhaust on the highway.
Once again, the measured benzene values were well within the chronic standard, and all
readings during this period for the both the Facility and Community Monitors were safely
within the short-term NIOSH standard.

The data collected by OSHA in April 1998 also supports the argument that
benzene is not an environmental health concern at the Bourg Facility. OSHA collected 24
sample cartridges from three workers during the excavation of a cell (1 cartridge per hour
per worker). The cartridges, attached to the shirt collars of the workers while they were
working in the treatment cells, were analyzed for volatile organic compounds. There were
no detections of any volatile chemicals in any of the 24 cartridges. The OSHA results are
significant because the LDEQ Facility Monitor detected 0.98 µg/m3 benzene during the
April 6–7 48-hour measurement period, a value that is close to the 1.22 µg/m3 average.



Thus, on a day in which typical values for benzene were measured by LDEQ, a day in
which a cell was being excavated, OSHA could not detect any constituents in the
workers’ breathing zone. The OSHA results are consistent with LDEQ measurements.

The mathematical models predicted that the benzene concentration contributed
by the Bourg operation to the closest residence would average 0.54 µg/m3. Under worst-
case scenarios, this value increased to 1.26 µg/m3. Again, these values are safely within
the chronic benzene standard, which is 12.0 µg/m3. The worst hour in the meteorological
data set gave a short-term benzene concentration for the nearest resident of only 15.89
µg/m3, well below the short-term standard for an 8-hour exposure of 3,250 µg/m3 (1
ppm). It should be noted that the methodology in these computations was laden with
conservative assumptions (safety factors).

Hydrogen sulfide is a toxic gas that has been a focal point of a number of
allegations and concerns. The LDEQ has been monitoring hydrogen sulfide at the Facility
Monitor since October 1997. The LDEQ has also monitored hydrogen sulfide at the
Community Monitor since April 1998. Measurements are made hourly in units of ppbv
(parts per billion by volume). The highest measurement detected at the Facility Monitor
was 94 ppbv (Table 15). This concentration, measured in November 1997, is within the
8-hour standard set by the LDEQ, 237 ppbv (330 µg/m3). The highest concentrations in
1997 and 1998 occur in November of each year. This is consistent with natural hydrogen
sulfide production by the marshes that surround both the facility and the community.
Hydrogen sulfide is known to occur naturally from the decay of marsh grasses in
reducing soils (i.e., saturated soils having little or no dissolved oxygen). Researchers have
found that the greatest hydrogen sulfide production occurs in November, after the marsh
grasses begin to rot (12).

Since May 1998, the hydrogen sulfide concentrations at the Community Monitor
have been consistently higher than those at the Facility Monitor (Figure 5). This is not
surprising since the Community Monitor is closer to marshes than the Facility Monitor.
That the hydrogen sulfide concentration is lower at the Facility Monitor proves that the
Bourg Facility is not the source of the hydrogen sulfide. The relative proximity of the
monitors to marshland supports a natural origin for the hydrogen sulfide detected by
LDEQ monitors.

When the waste was delivered to the facility in 1994, hydrogen sulfide was not
one of the individual analytes that the LDEQ monitored when they investigated the
original complaints. However, the LDEQ did measure carbonyl sulfide. The method of
analysis was such that it would have detected several sulfur compounds, including
hydrogen sulfide, and reported the sum as carbonyl sulfide. During disposal of the waste,
carbonyl sulfide was not detected even though the sum of several constituents would be
reported as carbonyl sulfide. The failure to detect carbonyl sulfide in 1994 indicates that
hydrogen sulfide was also below detection limits at that time. This result is not surprising.
The threshold for odor detection of hydrogen sulfide is 0.001 to 0.01 ppm. The LDEQ
staff that collected the air samples stated that there was no detectable odor of hydrogen
sulfide during their sample visits.

The data collected during the sulfur study demonstrated that sulfate is the
predominant form of sulfur ion in the E&P waste solids and water. Further, the pH/redox



(reduction-oxidation) conditions in the treatment cells will not support the generation of
hydrogen sulfide to any significant degree.

Particulate matter (i.e., dust) measurements and modeling results demonstrate
low levels of dust in the air due to emissions from the Bourg Facility. The average
amount of dust in the air measured at the nearest residence is 2.55 µg/m3, well below the
federal standard of 15 µg/m3 for chronic exposure (13). These low particulate
concentrations support the position that significant amounts of metals are not migrating
from the facility into the community.

Predictive modeling yields the same finding. If the Bourg Facility is the source of
dust and alleged metals contamination in the community, then a chemical or metal that is
attached to a dust particle being blown from the facility should have a five-fold higher
concentration at the Facility Monitor compared to the Community Monitor. However, the
levels of lead measured in the air do not agree with model predictions if the model is run
under the assumption that the facility is a significant source of dust. Instead, the measured
lead concentrations at the two monitors were approximately equal or possibly even higher
at the monitor in the community than at the facility. The data clearly rule out the facility
as a significant source of dust contamination in the community.

In addition to dust alone, the potential for lead exposure to the community was
raised by residents as a possible health concern. However, based on lead analysis from
the treatment cells, all of the E&P waste contained in the Bourg Facility could be spread
across all of the yards in Grand Bois, and there would not be a health risk to the residents
due to lead.

The average lead concentration in air samples collected from the Facility Monitor
is 0.0072 µg/m3, less than one hundredth (1/100) of the chronic EPA health standard of
1.5 µg/m3. The Community Monitor is also well within the standard, averaging the same
0.0063 µg/m3. During the time period when both monitors were operational, the average
lead concentration was lower near the Bourg Facility than it was in the heart of the
community. This picture is also confirmed by looking at the single-day concentrations,
where the highest level measured at the Facility Monitor was lower than at the
Community Monitor. None of the short-term values come close to the OSHA 8-hour
Permissible Exposure Limit (PEL). Therefore, lead is not an issue in the Grand Bois
community.

Nevertheless, OSHA inspectors also collected dust using filter samplers attached
to facility workers to represent air quality in their personal breathing zones. Samples were
analyzed for lead, cadmium, arsenic, and copper. OSHA used their health standard for
each of these metals as their laboratory detection limit, but none of these constituents
were detected.

As stated earlier, prior to the particulate data collected by the LDEQ and OSHA,
attic dust samples were collected from the Grand Bois community. These data do not
directly translate into potential exposure since there is no established link between attic
dust and human exposure. Nonetheless, attic dust measurements are useful in that they
can provide another demonstration that particulate emissions of lead or other metals from
the Bourg Facility are too small to warrant concern.



The attic dust data indicate that only one metal is present at concentrations
significantly above the background values measured in attic dust samples collected in
other communities surrounding Grand Bois. The metal, barium, is a known constituent of
drilling mud, but it is also a significant constituent of natural soils and dust. However, the
lead concentrations in the area-wide attic dust samples were statistically higher than the
dust samples collected in the Grand Bois attics. The remainder of the metals analyzed
presented a checkerboard of concentrations in the community with no clear patterns.

Arsenic, like lead, routinely receives great public attention due to its known toxic
effects to persons who are heavily exposed. As with lead, arsenic is a common element
that is rather abundant in natural systems. In fact, arsenic is the 20th most abundant
element in the earth’s crust, and thus, appears in practically all results of soil sample
analyses. Therefore, arsenic would only be a potential concern if it were present at
substantially higher than natural levels.

The analytical data collected to evaluate arsenic do not support the community
concerns voiced over arsenic. The concentrations of arsenic within the E&P wastes at the
Bourg Facility are in the background range for the area. Dust samples collected in the
attics of Grand Bois residents are not statistically different from dust samples collected in
other houses in local communities. It is a well-established scientific principle that the
concentration of a substance will decrease as it disperses or scatters away from the
source. Thus, the concentration of a metal at a distant location cannot be higher than at
the source. The concentrations of arsenic in dust collected from the nearest residential
attic (20.1 mg/kg) and from a house at the opposite end of Grand Bois (22.2 mg/kg) are
much higher than arsenic levels found in road dust, treated waste stockpiles, or treatment
cells within the Bourg Facility (5.65, 9.7, and 9.1 mg/kg, respectively). Therefore, to
suggest that the higher arsenic concentrations in these attics came from a source of lower
concentration would be contrary to the laws of physics.

Air Pathway Summary. The air quality data clearly demonstrate that the potential
exposure to anyone living at the Bourg Facility fence line would be within state standards
for benzene, hydrogen sulfide, and other compounds of concern. The modeling shows the
maximum likely quantity of emissions from the Bourg Facility and its minimal effect on
the air quality of the community. The facility’s contribution represents only a minor
component of the total chemical exposure in the community. When this quantitative data
is compared to health-based standards, one can safely conclude that the impact of the
Bourg Facility on the community via the air pathway is very limited and does not impose
a particular burden on the air quality in its locality.

Three main conclusions can be drawn from the field data and the modeling
concerning the air pathway:

1. All measured and modeled values are within applicable health-based standards.
2. The low concentrations of chemicals of concern present in the community are not

due to the Bourg Facility.
3. The impact of the Bourg Facility on the community via the air pathway is too

negligible to be a health concern.



Comparing Grand Bois to Other Localities in Louisiana

The LDEQ has air monitoring stations in other localities in the state of Louisiana
to collect routine air quality data. These monitors have been measuring the concentrations
of CAMS and PAMS in the same way as the monitors in Grand Bois, and the same
constituents are measured. Like the Community Monitor, these monitors are not
physically located at an industrial or waste management facility, but are in communities
at large. By contrast, the first monitor installed in Grand Bois (Facility Monitor) was
placed on the property of the Bourg Facility, 50 feet from Cell 11.

Table 16 shows the comparison of the Grand Bois monitoring data to those of
other localities. The localities included in this table were the Capitol Site in Baton Rouge
(CAP), Dutchtown (DTN), Bayou Plaquemine (BAP), Pride (PRI) in East Baton Rouge
Parish, Monroe (MON), Shreveport (SHR), and Westlake (WSL). For comparative
purposes, the Statewide air data was compared to the 1998 Grand Bois air data. The
entries for the Facility Monitor (GB1) and Community Monitor (GB2) are for the period
from May to December 1998.

The constituents included in the table are in two groups. The first group is BTEX.
The second group includes four chlorinated compounds chosen because they are
suspected carcinogens. These compounds are vinyl chloride; 1,2-dichloroethane (DCA);
1,1,1 trichloroethane (TCA); and carbon tetrachloride. Other chemicals were monitored
by the LDEQ, but were not included in this table. The data is also in Figures 6 and 7.

It can be seen that the BTEX concentrations at the Grand Bois community are
comparable to other monitors in the state. The concentrations of the carcinogens are also
on the same order as in the other monitors, but are clearly lower. These data further
demonstrate the limited impact the Bourg Facility has on the community. The
comparison of the Grand Bois Community Monitor with the other LDEQ air quality
monitors demonstrates that the air in the Grand Bois community is not special or different
when compared to monitors throughout the state of Louisiana.

CONCLUSIONS
Since 1994, over 18,000 samples have been collected from various media to

assist in evaluation of the Bourg Facility’s impact on the local environment. From these
samples, over 113,000 analytes have been run. This is more than four times the number
of analytes run by the EPA to evaluate the E&P industry in 1986/87. From all these data,
the typical constituents found in E&P wastes have been found at the Bourg Facility.
There have been no surprises, and nothing unexpected has been disclosed. The concerns
from the community and others have focused on several constituents—mainly benzene,
arsenic, lead, and hydrogen sulfide.

Inside the Bourg Facility – Materials found inside the facility represent current
wastes (active cells) and accumulated wastes from 16 years of operations (reuse
stockpiles). All of these materials are representative of E&P wastes. The expected
chemical constituents were found in normal amounts. No unexpected chemicals
appeared, supporting the earlier contention that E&P wastes are practically free of exotic



contaminants. The expected constituents found in the facility at greater than naturally
occurring levels were:

! Petroleum
! Normal levels of specific petroleum constituents
! Salts, mostly sodium chloride
! A short list of elements (inert and nontoxic barium sulfate, insoluble and

immobile lead and chromium, and insoluble and low-toxicity zinc

Outside the Bourg Facility – Samples of various media from outside the facility
demonstrated that the air is the only active pathway for chemical migration and potential
exposure to persons living nearby. None of the chemical constituents confirmed to be
present outside of the facility were exotic or unexpected. Most chemicals that were
detected were found to be within their common ranges in the environment. The data
distribution also suggested that there are sources other than the Bourg Facility that may
be of equal or greater importance as a means of exposing the residents of the Grand Bois
community to constituents of concern.
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Table 1. Average of Incoming Wastes, Excluding the Water Codes*

Waste
Code Waste Description

Average %
1992–1997

02 Oil-base drilling mud and cuttings 13.8
03 Water-base drilling mud and cuttings 56.7
04 Drilling, workover, and completion fluids 6.86
05 Production pit sludges 8.41
06 Production storage tank sludges 5.87
07 Produced oily sands and solids 3.31
12 Natural gas plant processing waste which may be commingled with

produced formation water
0.18

13 Waste from approved salvage oil operators who only receive waste
oil from oil and gas leases

0.59

14 Pipeline test water, pipeline pig water, and waste fluids from
pipeline cleaning

0.26

16 Material used in crude oil spill clean-up operations 0.95
99 Other 3.07

* Incoming water wastes (Codes 08 –11, produced freshwater, ring levee rainwater, washwater, and pit
water) account for about 25% of the incoming materials, but are not included in the averages in this table.

Table 2. Order 29-B Criteria Compared with General Concentration Range of Incoming
E&P Waste

Parameter
Treatment Criteria

Reuse Criteria

General Concentration Range
for Incoming E&P Wastes*

pH (s.u.) 6.5–9.0 6.5–9.0 7.5–9.0
EC (mmhos/cm) 10 8 20–100
SAR 12 12 10–50
ESP (meq/100 gm) 15 15 15–70
Chlorides (mg/L) NS 500 NS
Oil and Grease 5% 10 mg/L 3%–9%
Arsenic 40 mg/kg 0.5 mg/L 0.1–10. mg/kg
Barium 100,000 mg/kg 100,000 mg/kg and

10.0 mg/L 50,000–140,000 mg/kg
Chromium 1,000 mg/kg 0.5 mg/L 50–200 mg/kg
Lead 1,000 mg/kg 0.5 mg/L 30–200 mg/kg
Zinc 500 mg/kg 5.0 mg/L 250–1,250 mg/kg

*  Values based on initial quarterly data for 27 treatment cycles initiated between January 1994 and
October 1997.
NS No standard.



Table 3. Summary of Analytical Data Collected in Grand Bois from 1994 through 1998
Date Collector Media Parameters

1994 LDEQ 8 one-minute grab samples during and
after Exxon material arrived at the Bourg
Facility

Volatile organic compounds
(VOCs) and sulfur
compounds

1994 Bourg
Facility

Sediments samples from barge canal Metals and conventional
parameters

1995 Residents
of Grand
Bois

Attic dust samples from Grand Bois
residents

Metals

1995 Residents
of Grand
Bois

Sample collection at Bourg Facility,
including treatment cells, surface water,
groundwater, and reuse stockpiles

Metals, VOCs, and
semivolatile organic
compounds (SVOCs)

1996 Bourg
Facility

Background attic and road dust Metals

1997 Bourg
Facility

Treatment cell wastes Metals, sulfur species, redox
potential, EC, and pH

1994–98 Bourg
Facility

Quarterly monitoring program: treatment
cell wastes and subsoils, groundwater,
and drain water

Metals, soluble salts, total
organic carbon (TOC),
O&G, and pH

1998 OSHA Air samples from breathing zones of
workers in treatment cells

VOCs and metals

1997 LDEQ Fish tissue: Bourg Facility, and Local
shipyard barge canals

Metals and SVOCs

1997–98 LDEQ Air monitoring station at western fence
line of Bourg Facility (Facility Monitor)

VOCs, hydrogen sulfide,
particulate matter, and lead

1998 LDEQ Air monitoring station in the community
of Grand Bois (Community Monitor)

VOCs, hydrogen sulfide,
particulate matter, and lead

4/17/98 LDEQ Trillium report for samples collected by
LDEQ – Soil samples collected at Local
shipyard and Bourg Facility

Metals

5/14/98 LDEQ Trillium report for samples collected by
LDEQ – Soil samples collected at Local
shipyard and Bourg Facility

Metals and SVOCs

1998 LDEQ Background and Wooded Area Soils Metals, VOCs, and SVOCs
1998 EPA Bourg Facility: treatment cells, surface

water, groundwater, reuse stockpiles, air
samples (summa canisters), and barge
canal surface water, sediments, and fish

Metals, VOCs, SVOCs,
pesticides, dioxins, and
PCBs

1998 EPA Local shipyard: soils, groundwater, and
barge canal surface water, sediments, and
fish tissue

Metals, VOCs, SVOCs,
pesticides, dioxins, and
PCBs

1998 EPA Grand Bois community: soils, ambient
air, indoor air, particulates, indoor dust,
and fruit

Metals, VOCs, SVOCs,
pesticides, dioxins, and
PCBs



Table 4. Environmental Samples Collected and Analyses Conducted at Bourg Facility and Grand
Bois Area from 1994 to 1998

No. of No. of Analytes
Media Date Samples Metals VOCs SVOCs H2S Conv.

Par.
Total

E&P Solids1 11/95 54 486 1,836 3,510 -- 108 5,940
11/97 14 84 -- -- -- 224 308
Quarterly2 456 5,472 -- -- -- 5,472 10,944

Surface Water 11/95 26 234 884 1,690 -- 52 2,860
11/97 12 72 -- -- -- 192 264

Groundwater3 11/95 3 54 204 390 -- 12 660
11/98 3 46 99 195 -- -- 340
Quarterly2 247 1,482 -- -- -- 1,482 2,964

Dust 1995–97 44 396 -- -- -- -- 396
Sediment 1994 28 140 -- -- -- 71 211
Air-LDEQ 1994 8 1,278 -- -

-
-- 1,278

Air-Facility
Monitor 1997–98 10,905 78 44,129 -- 10,224 78 54,509
Air-
Community
Monitor

4/98–12/98 6,460 45 21,693 -- 6,125 -- 27,863

Air-OSHA 4/98 28 20 792 -- -- -- 812
Soil-LDEQ 4/17/98 12 276 -- -- -- -- 276

5/14/98 13 299 -- 845 -- -- 1,144
4/30/98 7 161 231 455 -- -- 847

Fish tissue 10/20/97 81 405 -- 1,640 -- -- 2,045

EPA Study 11/98 -- -- -- -- --
Total4 18,401 9,750 71,146 8,725 16,349 7,691 113,661
1 E&P Solids includes reuse stockpile samples.
2 Assumes that 12 of the 16 treatment cells are sampled each quarter. The other cells are either in
Application Phase or have passed the Reuse Criteria. This total is for 2nd Q 1994 through 4th Q 1998.
3 Groundwater is for 13 wells.
4 The EPA collected ~950 samples in November 1998; only draft copies of the analytical data have
been submitted to each party as of November 1, 1999; therefore, this study is not included in these totals.
-- No analysis.



Table 5. Average and Range of Concentrations for Selected Metals Collected During
1995 Investigation

Metal Parameter Cell 5 (mg/kg) Cell 11 (mg/kg) Cell 17 (mg/kg)
Arsenic Avg. 10.8* 10.0* 9.1*

Range <5.6–14.3 4.3–13.4 <1.0–12.3
Barium Avg. 16,819 14,583 14,085

Range 8,890–23,600 7,530–20,500 9,696–
23,500

Cadmium Avg. 3.1* 2.0 1.9
Range <0.52–4.6 0.85–5.5 <0.5–3.2

Chromium Avg. 103 131 89
Range 61.5–170 27.9–264 45.4–213

Lead Avg. 122 107 76
Range 53.4–210 35.4–391 28.5–209

Manganese Avg. 371 348 317
Range 266–546 249–556 198–533

Mercury Avg. 0.79 0.79 0.32*
Range 0.29–1.5 0.29–1.19 <0.10–0.53

Selenium Avg. # # #
Range <0.5–1.1 <0.50–1.1 <0.50–1.2

Silver Avg. # # #
Range <0.66–1.7 <0.66–1.7 <0.63–2.4

* Average calculated using Facility Analytical Lab data only, due to large number of “<” values in
Community Analytical Lab data.
# No average calculated due to large number of “<” values.

Table 6. Summary of Volatile Organic Analyses for Soil Samples Collected During 1995
Investigation

No. of %
Low

Range
High Range

Median*
Compound Cell Analyses Detections -----------------(mg/kg)-----------------

Acetone 5 15 0 <0.142 <6.9 <2.2
11 22 18 <1.25 130 2.25
17 16 31 0.095 6.53 2.0

Benzene 5 15 80 <0.625 24.4 3.4
11 22 32 <0.625 53 1.15
17 16 88 0.208 28.3 3.76

Ethylbenzene 5 15 93 1.3 22 8.3
11 22 73 <0.625 150 8.02
17 16 88 0.0102 14.8 6.305

Methylene Chloride 5 15 0 <0.072 <3.5 <1.1
11 22 45 <0.625 27 0.955
17 16 13 0.009 8.3 0.965

Toluene 5 15 53 <0.072 52.9 1.1
11 22 36 <0.625 410 1.1
17 16 94 0.0715 152 21.0

Xylene 5 15 93 0.65 125 31.4
11 22 100 1.09 1,200 33.5
17 16 94 0.1 1,170 48.2

• Median determined using detection limits and actual detections.



Table 7. Summary of Semivolatile Organic Analyses for Soil Samples Collected During
1995 Investigation

No. of %
Low Range High Range

Median*
Semivolatiles Cell Analyses Detections --------------(mg/kg)--------------

Naphthalene 5 10 30 <5 <100 76.5
11 20 15 1.9 <130 40.0
17 14 36 <5 <200 44.5

2-Methylnapthalene 5 10 50 <29 <175 100.0
11 20 55 1.9 210 40.0
17 14 50 7.8 <200 170.0

Fluorene 5 10 50 4.7 <100 60.0
11 20 15 <4.6 <270 40.0
17 14 43 2.6 <200 40.

Phenanthrene 5 10 50 11 400 69.0
11 20 45 5.5 <270 40.0
17 14 50 7.1 <200 50.5

• Median determined using detection limits and actual detections.

Table 8. Comparison of LDEQ Soil Sample Analyses for Bourg Facility
Sample Area Arsenic Barium Chromium Lead Zinc

-----------------------------------(mg/kg)-----------------------------------
-

Average Concentration
Background 3.2 145 10.9 18.7 70.3
Wooded Area 3.1 1,201 10.4 14.9 72.5
Bourg Facility – west side 5.3 3,163 15.5 18.9 128
Range
Background 2.6–4.3 107–208 7.4–15.6 15–21 44–98
Wooded Area 1.9–4.5 241–3870 7.1–12.2 12–18 46–106
Bourg Facility - western
side

1.9–12.5 341–8120 6.7–33.7 9.5–32 55–199

Common Range for Soils 1–50 100–3,000 1–1,000 2–200 10–300

Table 9. Metals Analyses for Dust Samples Collected in Grand Bois Residential Attics
Attic As Ba Cd Cr Pb Mn Ag

-----------------------------(mg/kg)----------------------------------
House # 1 20.1 10,071 0.1 U 9.2 4.1 266 0.1 U
House # 2 10.7 1,046 5 14.8 4.95 156 0.1 U
House # 3 8.6 1,680 0.1 U 116 13.9 168 0.1 U
House # 4 15.9 1,330 4.2 46.9 82.3 329 1.63
House # 5 11.2 1,457 0.1 U 25.3 200.2 259 0.1 U
House # 6 10.4 923 0.1 U 16.5 36.5 235 0.1 U
House # 7 22.2 372 0.88 53.5 18.7 134 0.1 U
House # 8 7.2 3,936 5.75 61.9 67 281 0.1 U
House # 9 2.5 1,377 9.75 55.5 18.7 290 1.41
House # 10 3.25 1,677 0.1 U 15.8 18.8 214 0.1 U
U  - Analyzed but not detected above the associated value.
Hg & Se were analyzed and all measurements were reported <0.1 mg/kg



Table 10. Metals Analyses for Attic and Road Dust Samples Collected at Bourg
Facility

As Ba Cd Cr Pb Mn Se
Lab/Sample ---------------------------------------(mg/kg)---------------------------------------

Lab 1
Attic – A 7.8 18,800 1.4 56.1 69.7 382 3.6
Attic – B 7.3 11,000 1.3 54.6 81.4 352 3.4
Road – C 7.1 8,730 0.92 46.2 55.9 341 2.9
Road - D 4.2 7,080 0.6 22.9 26.2 245 1.8
Lab 2
Attic - A 5.1 17,455 2.9 56.6 59.4 209 0.28
Attic - B 9 4,250 3 54.8 67.6 312 0.54
Road - C 7.6 13,408 2 43.1 40.2 179 0.17
Road - C dup. 8.8 13,773 2.2 49.1 49.5 185 0.15
Road - D 6.5 12,145 2.1 32.9 34.1 115 0.15
U - Analyzed but not detected above the associated value.
Ag was analyzed and all measurements were below 1 mg/kg
Hg was analyzed by Lab 2 only and all measurements were below 0.06 mg/kg

Table 11. Metals Analyses for Attic and Road Dust Samples from Nearby
Communities

As Ba Cd Cr Pb Mn Se
Lab/Sample ---------------------------------------(mg/kg)---------------------------------------

#1 – Larose 10.8 719 39.0 31.3 769 269 6.95
#2 - Cutoff 9.09 U 508 5.1 21.4 1200 225 4.55 U
#3 - Larose 4.17 U 425 117.0 20.9 180 258 2.36
#4 - Klondyke 13.4 193 1.37 627 33.0 351 4.19
#5 - Klondyke 6.72 258 15.7 46.6 253 265 3.06
#6 - Lockport 4.01 406 11.3 29.8 486 112 2.60
Average 6.93 417 31.6 129.5 487 247 3.57
Ag was analyzed and all measurements were below reported detection limits.
* - Average concentrations for “<” values were used at half of the reported detection limit.
U - Analyzed but not detected above the associated value.

Table 12. Relative Ranking of Houses with Respect to Attic Arsenic and Barium Concentrations
and Distance from Bourg Facility

Average Arsenic Concentration Average Barium Concentration
(distance ranking) (mg/kg) (distance ranking) (mg/kg)

7 22.2 1 10,071
1 20.1 8 3,936
4 15.9 3 1,680
5 11.2 10 1,677
2 10.7 5 1,456
6 10.4 9 1,377
3 8.6 4 1,330
8 7.2 2 1,046

10 3.25 6 923
9 2.5 7 372



Table 13. Orders of Magnitude Differences in Grand Bois and Bourg Facility
Metal/Barium Ratios

House/Property Arsenic Chromium Lead Manganese
1. 820 Bourg Larose Hwy. 0.002 0.0009 0.0004 0.03
2. 753 Bourg Larose Hwy. 0.01 0.01 0.0047 0.1
3. 742 Bourg Larose Hwy. 0.005 0.06 0.008 0.1
4. 731 Bourg Larose Hwy. 0.01 0.04 0.06 0.2
5. 104 Richards St. 0.008 0.02 0.1 0.2
6. 117 Caroldene St. 0.01 0.02 0.04 0.3
7. 101 Glenn St. 0.06 0.1 0.05 0.4
8. 175 Bourg Larose Hwy. 0.002 0.02 0.02 0.07
9. 141 Pine St. 0.002 0.04 0.01 0.2
10. 303 Matherne St. 0.002 0.009 0.01 0.1
Bourg Facility Attic 0.0005 0.004 0.005 0.02
Bourg Facility Road Dust 0.0007 0.004 0.005 0.04
Bourg Facility Treatment Cells 0.0001 0.001 0.001 0.0046
Background Soil 0.03 0.08 0.08 --
Background Road Dust 0.0048 0.03 0.08 0.47
Klondyke (2) 0.07 3.4 0.2 1.9

0.03 0.2 0.98 1.03
Larose (2) 0.02 0.04 1.07 0.4

ND 0.049 0.4 0.6
Cutoff (1) ND 0.04 2.4 0.4
Lockport (1) 0.0099 0.07 1.2 0.3
* Property in sequence from closest to the farthermost from facility.
-- No analysis.
ND Not detected.

Table 14.  Average Concentrations at LDEQ Facility and Community
Monitor (May to December 1998)

Chemical
Constituent

CAMS
 (µg/m3)

PAMS (µ
g/m3)

CAMS
(µg/m3)

PAMS
(µg/m3)

LDEQ

Facility Community
1,1,1-Trichloroethane 2.13 * 1.91 *
1,1,2,2-Tetrachloroethane 0.14 * 0.15 *
1,1,2-Trichloroethane 0.06 * 0.07 *
1,1-Dichloroethane 0.04 * 0.06 *
1,1-Dichloroethene 0.11 * 0.14 *
Benzene 1.22 1.28 1.28 1.29
Carbon Tetrachloride 0.55 * 0.58 *
Ethylbenzene 0.53 0.52 0.64 0.61
m/p Xylene 1.66 1.68 1.86 1.89
o Xylene 0.74 0.52 0.81 0.91
Styrene 0.14 0.68 0.24 1.12
Tetrachloroethylene 0.09 * 0.17 *
Toluene 1.69 1.73 2.64 2.77
Trichloroethylene 0.92 * 1.65 *
Vinyl Chloride 0.03 * 0.04 *

* Indicates that the constituent is not on the respective list.



Table 15. Overview of Hydrogen Sulfide Data Collected at Facility and Community
Monitors

Facility Monitor (ppbv) Community Monitor (ppbv)
Monthly Highest Highest Hrs. >30 Monthly Highest Highest Hrs. >30

Month Avg. Day Hour ppbv Avg. Day Hour ppbv
Oct. 1997 3.19 6.8 15 0 -- -- -- --
Nov. 1997 2.21 11.4 94 8 -- -- -- --
Dec. 1997 2.53 5.5 20 0 -- -- -- --
Jan. 1998 2.60 5.9 22 0 -- -- -- --
Feb. 1998 0.97 2.8 15 0 -- -- -- --
March 1998 0.84 3.2 8 0 -- -- -- --
April 1998 2.05 3.4 12 0 0.49* 1.7* 7* 0*
May 1998 1.60 4.0 16 0 4.03 6.7 16 0
June 1998 2.95 6.6 30 0 5.98 10.1 36 2
July 1998 4.30 8.4 19 0 4.95 16.8 28 0
Aug. 1998 2.20 6.1 15 0 3.00 7.7 32 1
Sept. 1998 2.84 7.3 19 0 6.38 16.5 41 5
Oct. 1998 2.00 3.3 12 0 2.82 5.0 7 0
Nov. 1998 3.74 22.3 57 10 5.23 23.6 84 8
Dec. 1998 2.41 5.2 18 0 2.42 3.7 18 0
Average 2.43 3.92
8-mo. avg. 2.76 4.35

-- Data collection began April 1998.
* The Community Monitor was installed on April 14, 1998; however, its earliest data do not seem to
be accurate.

Table 16. Air Quality Analyses Collected by LDEQ During 1997 at Monitoring Stations
Within Louisiana

GB1* GB2* CAP DTN BAP PRI MON SHR WSL
Constituent ----------------------------------------(µg/m3)---------------------------------------

Benzene 1.22 1.28 2.27 1.69 1.33 0.87 1.36 2.01 1.62
Toluene 1.69 2.64 3.41 1.92 1.49 0.92 1.99 3.95 2.03
Ethylbenzene 0.53 0.64 0.71 0.40 0.40 0.31 0.40 0.62 0.40
m/p Xylene 1.66 1.86 2.16 0.97 0.84 0.62 1.10 1.81 1.02
Vinyl Chloride 0.03 0.04 0.13 0.21 0.18 0.08 0.03 0.03 0.36
1,2-Dichloroethane 0.08 0.11 0.62 1.56 0.99 0.54 0.08 0.08 1.64
1,1,1 Trichloroethane 2.13 2.04 1.33 1.28 7.10 1.94 0.83 4.66 2.22
Carbon Tetrachloride 0.55 0.58 0.57 0.96 0.57 0.64 0.51 0.51 0.51
* Data collected May–December 1998; all other stations collected January–December 1997.
Station Abbreviations:
BAP - Bayou Plaquemine.                        MON - Monroe.
CAP - Capitol Site Monitor in Baton Rouge. PRI - Pride.
DTN - Dutchtown. SHR - Shreveport.
GB2 - Community Monitor WSL - Westlake.
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Figure 1.  Bourg Facility Location Map
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Figure 3. Monthly Average Benzene Concentrations at LDEQ Monitors

Figure 4. Monthly Average Benzene Concentrations at LDEQ Monitors
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Figure 5. Monthly Average Hydrogen Sulfide Concentrations at LDEQ Monitors

Figure 6. Average Measured BTEX Concentrations Statewide
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Mercury Impacted Soil Cleanup at a
Natural Gas Processing Facility

Gilbert J. Van Deventer, REM

TRW Inc.
Energy & Environmental Systems

415 West Wall Street, Suite 1818

Midland, Texas 79701

(915) 682-0008

Project Elements

l Disposition of 32 mercury manometer gas flow meters
stored in the crawl space of an office at a natural gas
processing facility in east Texas

l Characterization of mercury-impacted soil in crawl space
floor

l Remediation of mercury-impacted soil in crawl space



Safety Concerns

l Mercury vapors inside crawl space exceed permissible
exposure limits (PELs)

l Confined space entry procedures must be followed

l Level B personal protective equipment (PPE) required

l Jerome Model 431X mercury vapor analyzer (MVA) used
for monitoring

Vapor Exposure Limits for Mercury

ACGIH
TLV PEL STEL-Ceiling REL-TWA REL-Ceiling

mg/m3 mg/m3 mg/m3 mg/m3 mg/m3 mg/m3

0.025 0.05 0.1 0.05 0.1 10

ACGIH - American Conference of Governmental Hygienists
NIOSH - National Institute for Occupational Safety and Health
OSHA - Occupational Safety and Health Administration

IDLH - Immediately Dangerous to Life and Health
TLV - Threshold Limit Value
PEL - Permissible Exposure Limit
REL - Recommended Exposure Limit
TWA - Time-Weighted Average (8-hour work day; 40-hour work week)
STEL - Short Term Exposure Limit (15 minute)

Acronyms

IDLH
OSHA NIOSH

Organizations



Disposition of 32 mercury
manometer gas flow meters

l Meters were removed from crawl space

l Meter components were disassembled

l Mercury bearing components placed in 55-gal. steel drums

l Meters were shipped to a permitted facility for recycling

Characterization of Mercury
Impacted Soil in Crawl Space

l Sample grid pattern established in crawl space based on 5-
foot centers (same as steel piers supporting office building)

l Composite samples from each grid cell collected were
screened with an MVA and submitted to the laboratory for
total mercury analysis (EPA Method 7471)



Sampling Grid Pattern

GRID 0 1 2 3 4 5 6 7 8 9 10

A A1 Door
Foundation

Steel Pier

B B1 B2 B3 B4 B5 B6 B7

C C1 C2 C3 C4 C5 C6 C7 N

D D1 D2 D3 D4 D5 D6 D7

E E1 E2 E3 E4 E5 E6 E7

F

W
o

o
d

D
e

ck

Remediation of Mercury
Impacted Soil in Crawl Space

l Phase 1: Soil removed using hand shovels

l Phase 2: Remaining loose soil removed using industrial
vacuum

l Phase 3: MerconwashTM (1.5 liters ) mercury vapor
suppressant and decontamination liquid applied to floor
of crawl space

l Phase 4: MerconwashTM (10 liters ) mercury vapor
suppressant and decontamination liquid applied to floor
of crawl space 8 months after initial remediation activities



MVA Readings Prior to
Implementation of Remediation

0.026
Door

Steel Pier
Foundation

>0.999 0.897 0.057 0.026

0.086 >0.999 0.031 0.022

0.088 0.681 0.018 0.021

0.056 0.017 0.026 0.022

Values in grids above indicate mercury vapor analyzer readings (mg/m3)
 prior to implementation of remediation activities.

UNUSED AREA

NO ENTRY

MVA Readings During
Implementation of Remediation

0.003

0.129 0.094 0.079

0.211 0.116 0.078

0.122 0.115 0.085

0.090 0.089 0.087

Values in grids above indicate mercury vapor analyzer readings (mg/m3)
during implementation of remediation activities (excavation and vacuuming).

UNUSED AREA

NO ENTRY



MVA Readings After
Completion of Remediation

0.011

0.021 0.008 0.013 0.008

0.015 0.017 0.012 0.009

0.017 0.013 0.011 0.010

0.010 0.011 0.009 0.011

Values in grids above indicate mercury vapor analyzer readings (mg/m3)

after completion of remediation activities (excavation, vacuuming and
spraying of Merconwash).

UNUSED AREA

NO ENTRY

Total Mercury Concentrations
After Completion of Remediation

24.3
Door

Steel Pier
Foundation

41.7 44.0 27.0 1.6

11.4 39.0 17.3 1.6

12.8 32.2 6.0 1.6

9.9 8.3 2.0 1.6

Values in grids above indicate mercury concentrations (mg/kg)

after completion of remediation activities (excavation, vacuuming and
spraying of 1.5 liters of Merconwash).

UNUSED AREA

NO ENTRY



MVA Readings After Application
of 10 liters of Merconwash

0.000 Door
Foundation

Steel Pier

0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000 0.000 0.003 0.000 0.000 0.000 0.000

0.000 0.000 0.002 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.001 0.000 0.000 0.000

Values in grids above indicate mercury vapor analyzer readings (mg/m3)
after application of 10 liters of Merconwash (8 months after initial
remediation activities).

Summary of MVA Readings
Grid 8/25/98 8/27/98 4/14/99 4/15/99

A1 0.026 0.011 0.000 0.000

B1 >0.999 0.021 0.005 0.000

B2 0.897 0.008 0.007 0.000
B3 0.057 0.013 0.003 0.003
B4 0.026 0.008 0.000 0.000
C1 0.086 0.015 0.003 0.000
C2 >0.999 0.017 0.015 0.000
C3 0.031 0.012 0.006 0.002
C4 0.022 0.009 0.000 0.000
D1 0.088 0.017 0.001 0.000
D2 0.681 0.013 0.012 0.000
D3 0.018 0.011 0.003 0.000
D4 0.021 0.010 0.000 0.000

E1 0.056 0.010 0.004 0.000

E2 0.017 0.011 0.002 0.000

E3 0.026 0.009 0.002 0.000

E4 0.022 0.011 0.001 0.000

Explanation:
8/25/98 MVA readings obtained prior to initial remediation activities.
8/27/98 MVA readings obtained after completion of initial remediation activities.
4/14/99 MVA readings obtained 7.5 months after completion of initial remediation activities.
4/15/99 MVA readings obtained 18 hours after application of 10 liters of Merconwash.



MVA Readings in Office
Above Crawl Space
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INVESTIGATION OF MERCURY CONTENT IN
PODRAVINA GAS FIELDS AND

ENVIRONMENT

Zdravko Spiric, Mate Dragas, Josip Vadunec, INA-Naftaplin, Zagreb, Croatia
Nikolai R. Mashyanov, St. Petersburg University, Russia

Nina A. Ozerova, IGEM RAS, Russia

ABSTRACT
The natural gas recovered at Podravina gas fields, Croatia, among other

impurities (CO2, H2S, RSH etc.) contains a relatively high level of mercury. The
damaging effects of uncontrolled mercury on sophisticated and expensive process
equipment and catalysts, as well as on ecological systems is very well known. Therefore,
an appropriate technological concept has been required in order to fulfil the tasks related
to an efficient and safe removal of mercury.

INA-Naftaplin, Croatian Oil & Gas Exploration and Production Company have
implemented a comprehensive technical approach to the control of mercury at its Gas
treatment processing plant (GTP) Molve. The program includes both fully effective
technologies for mercury removal from natural gas and the accurate measurement of
mercury in the processes and environment within and surrounding the plant.

This paper deals with data, results and more than seven years of practical field
experience obtained by research of mercury concentrations in natural gas and ambient air
during production and enhancement of natural gas at the GTP Molve, Croatia. All test
results clearly indicate that INA-Naftaplin's mercury control program has been, and
continues to be fully effective in the process equipment protection and at minimizing
contribution of mercury in the working and living environment.



INTRODUCTION
According to literature data, there is a wide range of mercury concentrations

present in many fossil fuels, particularly coal, and also in oil and natural gas (1). Mercury
contamination of fossil fuels, even in the relatively small quantities found in hydrocarbon
gas, represents a very important and complex problem. Numerous reported cases from
across the globe (USA, Algiers, Indonesia) describe equipment failures resulting in
serious damage and environmental contamination as the consequences of uncontrolled
presence of mercury in gas (2). Thus, the presence of mercury in natural gas deserves
serious attention. This problem requires the identification of optimum solutions, from
technological, commercial and environmental standpoints.

Prevention of mercury entering into the eco-system is absolutely critical.
Mercury’s potentially harmful effect on humans and on the ecological and technological
systems are making its removal an imperative and require the highest level of efficiency,
along with permanent improvement and enhancement of technological procedure.

Key function of such enhancement is the reliable prediction of process
characteristics and performances based on process stream composition, on adsorbent
properties and on the flow diagram (system properties and operating conditions).
Research of this kind, carried out under actual process conditions and focused on process
supervision and control can greatly assist in achieving this objective.

MERCURY REMOVAL FROM NATURAL GAS
The natural gas recovered and produced from deep wells at Podravina gas fields,

along with a large number of other harmful substances (CO2, H2S, RSH, etc.) contains a
relatively high level of mercury (3). These undesired contaminants must be removed by
appropriate methods in order to obtain safe and reliable operations of process plants, to
fulfil the requirements related to product specifications, and to protect the human
working and living environment.

Metal mercury was discovered in natural gas at the Podravina (Molve, Kalinovac
and Stari Gradac) gas deposits in Croatia during gas processing in 1983. Concentration of
mercury in Podravina fields natural gas is relatively high even in global relations, which
makes its efficient removal and safe storage extremely difficult. Very high mercury
content in the gas of Podravina natural gas fields, up to 0.2-2.5 mg/m3, is explained by
the regional geological position of these deposits inside the Pannonian-Volynsky
crosswise structure. It relates to characteristic of deep fault zones with long geological
history. The Pannonian-Volynsky depression is traced across the folded construction of
the East Carpathians from the northeast to southwest for a more than 900 km. It closes
with the Riphean avlacogen of the East-European platform in the northeast and
Solnoksky graben in basement of the Large Hungarian depression in the southwest (4),
and it stretches in the southwestern direction to Zagreb, Croatia.

Considering the potential ecological and technical problems related to the
presence of mercury in processed natural gas, INA-Naftaplin has erected the appropriate



process units at Gas Treatment Plant Molve, Croatia (Figure 1), that insure the complete
removal of mercury from natural gas.

The removal of mercury from natural gas, in accordance with recent global
experience, has been accomplished by using activated carbon. Sulfur impregnated
activated carbon achieves maximum mercury removal via a two step mechanism. First,
vaporous mercury is physically adsorbed into the micro-pore structure of the activated
carbon. The adsorbed mercury then reacts with the impregnated sulfur to form mercuric
sulfide, a stable, relatively non-volatile mercury compound which is strongly held within
the pore structure. Depending upon the operational and process gas conditions, activated
carbon will remove mercury to concentrations ranging from less than 0.01 µg/m3 to
approximately 0.1 µg/m3, while achieving approximately a 20 wt.% mercury saturation
loading (5).

In order to achieve INA Naftaplin’s mercury removal objectives, the design of
the mercury removal system includes two separate sulfur impregnated carbon beds,
which are installed at strategic locations within the GTP Molve III process train (Figure
2). The lead mercury removal unit (MRU) is designed to remove mercury from an
average inlet concentration of 1000 µg/m3 to less than 5 µg/m3 for a period of 3 years.
The second MRU is located in the polish position, downstream of the CO2, H2S and H2O
removal processes. The polish bed is designed to remove the remaining mercury in the
process gas stream to the lowest possible concentration, less than 0.01 µg/m3, just prior to
the aluminum cryogenic system (6).

 At this time, in order to exemplify the complexity and great importance of the
issue, the so-called "ecological" paradox has also to be mentioned. It is the fact that
concentration limits, i.e. the allowable content in process plants amount to maximum of
0.01 µg/m3 (due to corrosion danger). This is 5000 times more stringent than the
maximum allowable limit for the working premises and environment (50 µg/m3).
Therefore, INA-Naftaplin's employees were forced to intensify not only the tracking and
adoption of commercially available global technology covering this situation, but also the
search for solutions that would be result of their own experience.

MERCURY CONTROL DURING NATURAL
GAS PROCESSING

INA-Naftaplin has also created an equally important mercury-monitoring
program. Great effort has been given to the development of INA’s analytical capabilities
to obtain accurate and reliable mercury test results which indicate directly the
effectiveness of the mercury removal process and achievement of the ultimate goal,
protection against mercury contamination of the local environment.

Confronted with always-increasing need for accurate measurement of mercury in
ambient air and/or environment, INA-Naftaplin selected the proper, state of the art,
mercury detection technology and analytical technique. For this purpose, as a
consequence of constantly decreasing allowable levels of toxic material (along with
mercury) present in our surroundings, the sophisticated method of sampling has been
adopted. It comprises sampling of process gas streams and ambient air on Amasil traps



which are made from gold impregnated onto silica, followed by analysis of collected
samples by atomic fluorescence spectrometry (AFS), using the PS Analytical's Sir
Galahad instrument. Sensitivity and precision of this instrument enable not only the
reliable control of mercury removal from natural gas in process units, but also
determination of low levels of mercury present in ambient air surrounding the production
plant(s) (7).

RESULTS
This paper presents the results of more than seven years of experience in

practicable field mercury removal application. Successful mercury analyses performed on
both process streams and the working environment surrounding the processing plant
(Figure 3) show the sulfur impregnated activated carbon beds have provided effective
mercury removal, minimizing the release of mercury into the environment.

In order to investigate and provide precise and accurate data (original process
results), and to establish crucial information and knowledge about the activated carbon
bed saturation profile, we studied a mercury removal system for natural gas under actual
process conditions. The levels of mercury in natural gas were detected and quantified at
the selected sampling points (inlet to and outlet from the adsorber bed), applying the
mercury analyzer based on fluorescence detection technique.

Using sample analysis data along with determination of fill-up weight and
sulphur content in replaced activated carbon, we determined the behavior/progress of the
mass transfer front wave, i.e. mass transfer zone (MTZ), as well as the dynamics and
efficiency of the adsorption process (8).

We have defined mercury loading and distribution, i.e. saturation profile in the
activated carbon bed, together with variation in concentration of elemental sulphur
through the bed under actual process conditions. By defining mercury distribution profile
in the activated carbon bed and variation of elemental sulfur content throughout the bed
(Figure 4), the process modification step that improves mercury removal efficiency from
natural gas in real process conditions is suggested.

A process improvement was introduced, related to change of gas flow direction
(Figure 5). Gas was sent towards the heat exchanger, and then to the adsorber and not, as
originally designed, first to the adsorber and then to the heat exchanger.

Along with supervision of mercury behavior within the process plant (Figure 6),
in order to obtain insight into obtained safety and efficiency of mercury removal process,
a program has been developed to monitor the status of air quality, i.e. to measure the
mercury imission amount.

Air monitoring is frequently required at natural gas plant sites because of the
potential for release of airborne contaminants and in response to regulatory compliance
and/or community issues. An adequate monitoring, similar to the program designed and
applied at INA-Naftaplin's process plant is essential for evaluation of working
environment condition. It extends to the whole eco-system in order to scan and determine



the extent of mercury influence, but also helps in organization and preparation activities
in the process itself.

This model is designed to evaluate exposure to mercury by both on-site workers
and potential off-site receptors near these stations. Therefore, the sampling and metering
procedure involved, along with the very area of gas treatment plants as the potential
source of pollution, 4 other selected significant locations (control stations), encompassing
those plants in an approximate distance of 500 to 1500 meters. All metering stations are
located out of urban locations (Figure 3), with village Molve (2 km) as closest populated
area. Figures 7 – 11 presents the measurement results obtained in the year 1999 for GTP
Molve and for the measuring points. During the research period, higher than normal
values were evidenced at the measuring points and at GPT Molve, deviating from normal
values for background mercury pollution in Republic of Croatia (determined during
implementation of mercury research in environmental, technologic and geological
systems of Croatian Republic), but significantly below the MTV for working
environment (50 microgram/m3). Moreover, only the extreme values, usually also the
highest measured rates for the gas treatment plant and for some of the measuring points,
are quite seldom above recommended values (10 nanogram/m3).

In order to obtain data to confirm the safety and efficiency of the mercury
removal system, comprehensive investigation of mercury level and distribution in natural
gas, ambient air, waste waters and soils were carried out with a portable Zeeman atomic
absorption spectrometer RA-915. RA-915 is based on a new kind of Zeeman atomic
absorption spectrometry using high frequency modulated light polarization (ZAAS-
HFM). Due to its low energy consumption and low weight the spectrometer can be used
for mercury determination in air, natural gas, and any environmental samples in the
laboratory as well as in the field. Use of the ZAAS-HFM and a multipath cell achieves
sufficient reduction of the detection limit in air and allows direct on-line measurement of
mercury background levels of 1.5 ng/m3 with a response time of 1s. The spectrometer
was successfully used for continuous measurements of mercury distribution in the
atmosphere over large production as well as urbanized areas and various geological
objects from moving vehicle (9).

With participation of many institutions and experts from home (Institute for
medical research, Institute for public health, University of Zagreb and others) and abroad
the comparative in-situ research and measurements of mercury present in eco-systems at
Molve gas field have been carried out. The research results, i.e. data obtained under this
combined program of monitoring and continuous metering of mercury in ambient air
surrounding the production and process units at GTP Molve, have been confirmed by
several independent mercury testing authorities and institutes involved with research on
mercury present in eco-systems, with priority given to ambient air. During the years the
GTP Molve hosted the experts participating in several field intercomparison exercises
(Environmental Research Institute IVL Stockholm + GKSS-Galab; Calgon Carbon
Corporation, USA; St. Petersburg State University, Russia and others). In the scope of the
research programs on mercury they used various sampling methods as well as diverse
analytical and measuring techniques (Tekran Instrument AFS, Jerome Gold Film
Detector, Zemman AAS, RNAA, etc.).

In addition, extraordinary results and experiences have been gathered in
cooperation with Institute Joseph Stefan from Slovenia with implementation of the bio-
monitoring program involving the utilization of lichen (10). Field test results for total



mercury in lichens (e.g., well-recognized bio-indicator of air pollution by mercury-
mercury concentrations in the lichens represent an average long-term mercury
concentration in air) collected in the monitored area were also obtained and taken into
consideration. Namely, it is well known that lichens permanently accumulate Hg and
other elements from the atmosphere, therefore concentrations depend on ambient levels
of these elements, age of lichens and their physiological conditions. Concentrations of
mercury in lichens represent the average long-term Hg status in air, while Hg
measurements in air represent only the average value during the sampling period (e.g.
from several minutes to the maximum daily average concentrations). Measurements of
Hg in lichens are also importance for spatial monitoring of Hg and other elements in air.

This experiment confirms that lichens can successfully be used as biomonitors of
Hg air pollution in petroleum industry. Biomonitoring, as a new field sampling and
analytical approach offer the potential for considerable time and cost savings compared to
conventional monitoring and measurement procedures. This experiment also confirms
that during the study period no significant elevation of Hg in air occurred at Molve,
confirming efficient removal of Hg from natural gas. Moreover, concentration levels of
Hg in in-situ lichens further confirm that during the last few years no significant Hg
contamination occurred in this area.

CONCLUSION
Based on the global experience and paying full attention to environmental and

technological problems arising from presence of mercury in natural gas, INA-Naftaplin
erected at GTP Molve the process units for mercury removal.

This investigation revealed that described mercury control methodology enables
mercury removal, appropriate characterization of analyzed system and insures reliable
results for mercury content in natural gas, in saturated activated carbon as well as in
process plant environment.

Following the process enhancement, an efficient and safe operation of
investigated system has been established and confirmed, since the most adequate removal
prevented introduction of mercury into process and transportation system and into
working and living surroundings, creating therewith a total environmental protection.
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Figure 1. Molve gas treatment plants



Figure 2. GTP Molve III – block sheme



Figure 3. Location of metering station
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Figure 5. Mercury removal gas modification



Figure 6. Mercury removal measurement in natural gas at GTP Molve III

Figure 7. Mercury test data in ambient air - GTP

Figure 8. Mercury test data in ambient air – Mol-9
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Figure 9. Mercury test data in ambient air – Mol-10

Figure 10. Mercury test data in ambient air - Mol-11

Figure 11. Mercury test data in ambient air - Mol-12

0 .0

5 .0

1 0 .0

1 5 .0

2 0 .0

2 5 .0

3 0 .0

26
/2

7.
03

.1
99

9

07
/0

8.
04

.1
99

9.

14
/1

5.
04

.1
99

9.

27
/2

8.
04

.1
99

9.

03
/0

4.
05

.1
99

9.

20
/2

1.
05

.1
99

9.

26
/2

8.
05

.1
99

9.

02
/0

3.
06

.1
99

9.

08
/0

9.
06

.1
99

9.

14
/1

5.
06

.1
99

9.

17
/1

8.
06

.1
99

9.

14
/1

5.
07

.1
99

9.

20
/2

1.
07

.1
99

9.

27
/2

8.
07

.1
99

9.

03
/0

4.
08

.1
99

9.

13
/1

4.
09

.1
99

9.

16
/1

7.
09

.1
99

9.

29
/3

0.
09

.1
99

9.

05
/0

6.
10

.1
99

9.

12
/1

3.
10

.1
99

9.

18
/1

9.
10

.1
99

9.

25
/2

6.
10

.1
99

9.

D A T E

H
g 

ng
/m

3

P V  1 0  n g / m 3

0 .0

5 .0

1 0 .0

1 5 .0

2 0 .0

2 5 .0

3 0 .0

26
/2

7.
03

.1
99

9

07
/0

8.
04

.1
99

9.

14
/1

5.
04

.1
99

9.

27
/2

8.
04

.1
99

9.

03
/0

4.
05

.1
99

9.

20
/2

1.
05

.1
99

9.

26
/2

8.
05

.1
99

9.

02
/0

3.
06

.1
99

9.

08
/0

9.
06

.1
99

9.

14
/1

5.
06

.1
99

9.

17
/1

8.
06

.1
99

9.

14
/1

5.
07

.1
99

9.

20
/2

1.
07

.1
99

9.

27
/2

8.
07

.1
99

9.

03
/0

4.
08

.1
99

9.

13
/1

4.
09

.1
99

9.

16
/1

7.
09

.1
99

9.

29
/3

0.
09

.1
99

9.

05
/0

6.
10

.1
99

9.

12
/1

3.
10

.1
99

9.

18
/1

9.
10

.1
99

9.

D A T E

H
g 

ng
/m

3

P V  1 0  n g /m 3

0 .0

5 .0

1 0 .0

1 5 .0

2 0 .0

2 5 .0

3 0 .0

26
/2

7.
03

.1
99

9

07
/0

8.
04

.1
99

9.

14
/1

5.
04

.1
99

9.

27
/2

8.
04

.1
99

9.

03
/0

4.
05

.1
99

9.

20
/2

1.
05

.1
99

9.

26
/2

8.
05

.1
99

9.

02
/0

3.
06

.1
99

9.

08
/0

9.
06

.1
99

9.

14
/1

5.
06

.1
99

9.

17
/1

8.
06

.1
99

9.

14
/1

5.
07

.1
99

9.

20
/2

1.
07

.1
99

9.

27
/2

8.
07

.1
99

9.

03
/0

4.
08

.1
99

9.

13
/1

4.
09

.1
99

9.

16
/1

7.
09

.1
99

9.

29
/3

0.
09

.1
99

9.

05
/0

6.
10

.1
99

9.

12
/1

3.
10

.1
99

9.

18
/1

9.
10

.1
99

9.

25
/2

6.
10

.1
99

9.

D A T E

H
g 

ng
/m

3

P V  1 0  n g /m 3



CHANGE DETECTION ANALYSIS OF
RAINFOREST IMPACTS RESULTING FROM

SEISMIC EXPLORATION

Henderson, Douglas R., Walsh Environmental Scientists and Engineers, Inc., 4888 Pearl East
Circle, Suite 108, Boulder, CO 80301

ABSTRACT
Change detection analyses for seismic exploration zones and other large geographic areas

are becoming increasingly feasible due primarily to growing archives of satellite imagery. This
paper discusses the purpose, technology, advantages, and disadvantages of using remotely sensed
imagery to conduct change detection studies. A change detection analysis of an oil and gas
seismic exploration zone in the South American rainforest is described. The approaches for image
analysis and incorporation of the study data into a Geographic Information System (GIS) are also
described. Results of the study indicate a 12% increase in overall vegetative cover between 1986
and 1995. The primary benefits of conducting change detection analyses using remotely sensed
imagery are speed, decreased costs, and more precise planning abilities.



INTRODUCTION
Change detection studies are valuable for assessing the effects of human and non-human

processes on the environment. By studying an area in detail for a period of time, one can obtain a
clearer picture of the causal chain of events that lead to specific environmental problems.

Remote sensing has brought about a revolution in the methodology and scope of change
detection studies. Weather satellites bring us change detection on a global scale, from hurricanes
and drought predictions to the widespread effects of El Niño events. On a more localized scale,
aerial photography has been used for change detection studies since the end of World War I, for
military and non-military purposes.

Beginning in the early-1980’s, satellite imagery became available for the first time to the
public and private sectors. A primary advantage of satellite imagery is the large area of ground
covered in each scene. Expansive areas that formerly were too expensive or difficult to image
from airplanes suddenly became feasible for remotely sensed change detection studies. Oil and
gas seismic exploration regions are a perfect example of the above situation, and the study
highlighted in this paper is such an area.

Now that satellite imagery archives contain nearly two decades of data, long-term
(decade-scale) change detection studies using this imagery are beginning to become a reality.
Furthermore, with dozens of new imaging satellites scheduled to be in orbit in the next ten years,
image availability will likely expand significantly. This forecasted growth in satellite image
availability translates into a future where using these technologies for change detection studies
will become increasingly common—and increasingly sophisticated.

TECHNOLOGY
Analysis of remotely sensed imagery is a science unto itself, and requires an

understanding of the myriad factors affecting the data collected by an imaging sensor. Such
factors include the physical properties of the sensor and the specific method by which it operates,
the correction algorithms applied to the data to address noise, lens-, solar-, and atmospheric-
effects, and even the time of day and date the imagery was acquired.

The sections below provide an overview of technology issues related to using remotely
sensed data for change detection studies.

Tools

The tools used in remote sensing change detection studies are complex. Satellite or aerial
imagery, a primary component, is available in a variety of spatial resolutions and spectral bands.
Spatial resolutions vary from sub-meter (mostly aerial imagery) to over one hundred meters per
image pixel. Spectral bands typically fall in the visible and near- to mid-infrared ranges, though
sensors that can image hundreds of bands invisible to the eye are expected to become more
common in the near future.



Computers are a large part of the process in analyzing remotely sensed data. Software
designed for image analysis allow one to take various “slices” of temporally spaced image data
and efficiently compare them. Using such software, one can also mathematically combine
different spectral bands to make study features more easily discernible for computer algorithms
and the human eye. Different software packages—typically Geographic Information Systems
(GIS)—are used to carry out more advanced, query-based analyses of the data.

One must not overlook the value of human interpretive skills in remote sensing change
detection studies. While computers are efficient, they are basically unable to determine the
inherent content of images. Thus, remote sensing scientists must carefully interpret the results
suggested by the processing software.

Advantages

The main advantages of using remotely sensed data (primarily imagery) for change
detection studies are twofold: saved time and lowered costs.

To complete a study of a large geographic area on the ground can take weeks or months,
if possible at all. Depending on the type of study, numerous field personnel must be devoted to
gathering data. Supporting field personnel can be expensive. Even after the field campaign is
completed, it may still take weeks to synthesize and analyze the data collected. Usually, study
results are needed in a much shorter time frame.

By comparison, a remote sensing analysis of tens of thousands of square kilometers can
often be completed in about a week by a couple individuals. In fact, it usually takes longer for the
imagery to be delivered from the vendor than it does to analyze!

It is important to note that some regions are too dangerous or simply off-limits to ground
personnel, and sometimes aircraft. However, these situations can be circumvented through the use
of satellite remote sensing data.

Disadvantages

The technology described above allows remote sensing studies to be conducted in
windowless rooms oceans away from the actual area of study. This raises a natural concern that
such detachment can compromise interpretative precision, and there is substance to that concern.
Thus, it is very important to include in the analyses persons knowledgeable about the study area.
Ideally, each analysis would undergo the process of “ground truthing.” Ground truthing is field-
checking the interpretations made from imagery. Based on the ground truthing, the image
analyses can be further refined.

Imagery costs can sometimes lower the margin of financial savings. However, our
experience shows that imagery costs, though significant, are seldom prohibitive for large study
areas, and that tremendous overall savings can still be realized over full-scale field campaigns.

Overall Benefits

Though the debate continues about the possibility of time travel, it can be safely stated
that remote sensing change detection studies can at least provide an illusion of time travel. For
example, for many areas that are in need of change detection studies, the need became apparent



only recently. What does one do, then, if one needs solid analytical data from 1985 detailing a
critical area, but such data does not exist? One can buy imagery collected in 1985 and perform an
analysis of the area as it was at that time. This is an invaluable advantage provided by tapping
imagery archives to conduct change detection studies.

CASE STUDY
The following section highlights a case study of a change detection analysis that was

conducted on an oil and gas property in the South American rainforest. The oblong study regions
(approximately 154 km2 total) are within an area that has undergone a number of seismic
exploration campaigns over the course of four decades, and has changed dramatically from its
natural state (Figure 1). Beyond determining the progression of the change, a secondary purpose
of the study was to characterize the baseline conditions of the property in 1986.

Approach

Overall vegetative cover was the feature of interest in this study. Thus, to determine the
progression of change, vegetated and unvegetated ground (also known as “disturbed” or
“deforested”) visible in each year’s image were mapped. The mapped areas were then compared
to determine the overall vegetative change of the property.

Data Acquisition

The first step in conducting the change detection study was to acquire georeferenced
satellite imagery of the region taken approximately a decade apart. Despite the preponderance of
frequent cloud-cover in equatorial rainforests, satellite imagery was chosen over aerial because of
the large size of the study area and the fact that locating archived aerial photography—if extant at
all—would be a costly process. The flexibility of not needing imagery from specific dates made it
more possible to find images that had minimal cloud cover.

The two images that were acquired were Landsat TM multispectral (7 band) images,
which have 30-meter spatial resolution. The baseline image was captured in 1986 and is entirely
cloud-free over the study area. The second image was captured in 1995 and has cloud-cover over
only a small part (approximately 15%) of the study area. This was the best image available at the
time of the study.

Analysis Procedure

Individual bands from each satellite image were cropped to include the study area. Each
band to be analyzed from each image was checked for quality control purposes. After
experimenting with different combinations of visible and infrared bands, Landsat TM infrared
bands 5 (1.55-1.75 µm) and 7 (2.08-2.35 µm) were chosen to carry out the analyses. Infrared
bands are excellent for vegetation-based studies such as this, since foliage reflects more radiation
in the infrared spectral range than the visible range.

Combining bands 5 and 7 with image processing software created the best visual contrast
between the vegetated and non-vegetated areas (Figure 2). Vegetation coverage was mapped
using pixel matching algorithms included in the software. Figures 3 and 4 show the non-vegetated



areas mapped for 1986 and 1995 respectively. Image pixels possessing the signature of the
vegetation were marked, and then double-checked to make sure the analysis was correct. Several
iterations of the above procedure were necessary in order to complete the mapping of each image.
It is common to run multiple pixel mapping iterations during the image processing phase.

Other prominent features, natural and man-made, were also mapped using the image
processing software. These features included rivers, roads, and pipelines.

Clouds  [sub-sub-heading]

As mentioned above, approximately 15% of the study area was obscured by clouds in the
1995 image. As a result, clouds in the 1995 image were mapped as a separate data layer. This
cloud layer was then carefully overlain on the exact same location in the 1986 image, so as to
ensure that only areas visible in both images would be analyzed. This procedure reduced the size
of the study area from 15,403 hectares to 13,371 hectares.

Map Overlay  [sub-sub-heading]

Once the mapping of the vegetation layers for each year were complete, the maps were
overlain to create a map highlighting the vegetative differences between 1986 and 1995 (Figure
5). Three categories were used for land on this map:

1.  Disturbed (unvegetated) in both 1986 and 1995;
2.  Disturbed (unvegetated) since 1986;
3.  Revegetated since 1986.

This new map was the layer that visually summarized the change detection analysis,
though statistics for this or the other vegetation maps were not calculated until they became part
of the GIS.

Geographic Information System (GIS) [sub-sub-heading]

Each of the data sets—1986 vegetation, 1995 vegetation, the overlain data, and the other
prominent features—were exported from the image processing software and imported as layers
into GIS software. Statistical analyses of each vegetation layer were then completed using the
GIS software. The statistical analyses revealed the percentage of the study area that was vegetated
in each year, and also the percentage of change from 1986 to 1995.

The layers were then overlain on the original satellite images for final map production in
the GIS. The final maps showed which areas had undergone deforestation, regrowth, or no
change.

INTERPRETATION
Statistics

Statistics from the change detection analysis are in Table 1.



Interpretive Content

The interpretation of the data relies heavily on the knowledge that the area of interest is
within a region that has undergone decades-long oil and gas seismic exploration. Lacking that
knowledge, or ground truthing, might lead to misinterpretation of the patterns of change.

A general grid pattern is characteristic of the deforestation in both the 1986 and 1995
images (Figures 3 and 4). The pattern of the 1986 image is a bit more distinct than that of the
1995 image. The grid pattern is undoubtedly the result of seismic exploration campaigns. As
expected, the areas showing the greatest amount of deforestation are those along road and
pipeline corridors.

Splaying outward from the deforested grid lines, in a roughly perpendicular manner, are
additional areas of deforestation. An analogy for the pattern, especially in the 1986 image, is that
of a long, thin fern leaf: there are corridors, or “stems,” of deforestation, from which radiate
numerous smaller areas of deforestation. Another term for this pattern is “dendritic.”

Two main questions arise from the patterns observed in both images. The first is: Why do
so many smaller areas of deforestation branch off of the seismic line cuts? The second question
is: Why is the pattern less evident in the 1995 image?

The answer to the first question can potentially be determined by zooming in to the
smaller deforested areas on the satellite image to see what is revealed. Depending on the spatial
resolution of the image, it is sometimes possible to determine the identity of small areas. Even
when resolution is slightly below what is desired, one can sometimes form hypotheses based on
textural clues in the image. For instance, one can sometimes tell whether an area was deforested
by natural or by human processes; natural burn patterns often differ from human-induced burn
patterns. Tree blow-down areas, or patches of naturally fallen trees, differ texturally from clear
cut areas. However, even when one is able to discern such evidence, it is still important to verify
one’s observations with ground truthing. If the image resolution is not fine enough to make the
above distinctions—as is the case with this study—one must rely on ground truthing information.

Based on information received by individuals familiar with the ground conditions in the
area of this study, it was determined that the small deforested areas branching off the main
seismic cuts were plots of slash-and-burn agriculture, as well as some small homestead sites, for
native residents of the region. The local inhabitants were using the paths cut through the forest for
seismic exploration as access routes to previously unfarmed soil. They would traverse the seismic
path until reaching an unclaimed area that looked promising, and then slash-and-burn into the
jungle from that spot. This kind of process can be referred to as “collateral deforestation.”

An interesting answer exists for the second question above (why is the deforestation
pattern less evident in 1995?). The 1995 pattern is less evident because the slash-and-burn
practices have reached farther into the jungle, away from the grid lines. However, the interesting
part is that despite this continued incursion, the jungle experienced 12% of revegetation between
1986 and 1995. Some of the disturbed areas closer to the original seismic line cuts—the same
areas that were apparently first settled—are now abandoned and have experienced some
revegetation. The overlain vegetation maps corroborate this notion. The significant amount of
revegetation also suggests that some of the population migrated out of the area since 1986.



DISCUSSION
Once a change detection study has been completed in an area, the data and conclusions

can be used for planning future approaches and impacts. This is the stage where change detection
studies realize their greatest potential.

Most commonly, change detection studies yield information on the rates at which
processes occur. Rates are invaluable for predicting impacts and costs. Obviously the more data
values one obtains along a timeline (i.e., every year, instead of every ten years), the more
precisely rates can calculated, and the more precisely predictions can be forecast.

Understanding the data above, one can conclude that the practice of cutting seismic lines
into the jungle can lead to collateral deforestation. From the rates determined, one can calculate
the exact costs of required revegetation programs. One can also begin to conceive of alternative
approaches to and execution of seismic campaigns. For example, seismic paths can be cut so that
they are not obvious trails into unclaimed jungle. Methods for this include staggered tree cutting
and leaving the first few meters of jungle parallel to existing transportation corridors undisturbed.
Naturally, these are only a few examples of ideas to help reduce the collateral deforestation.

CONCLUSION
Technological advances and ever-expanding imagery archives will only make change

detection studies such as this increasingly feasible. New types of sensors and increased spatial
resolution will offer more robust data sets, but those developments may not have the greatest
impact on seismic change detection studies.

As shown above, sufficient spectral and spatial resolution already exist to conduct change
detection studies on seismic regions. However, the advancing technological horizon will lead to
lower costs for acquiring acceptable imagery. Hopefully the decreased costs will encourage oil
and gas producers to invest in change detection studies more frequently. The benefits of precision
planning will continue to far outweigh the price of the data.



Table 1. Main Statistics From Change Detection Study

Region: Hectares: Percent:
Total Study Area: 13,371 n/a
Total Disturbed (Unvegetated) in 1986: 10,163 76%
Total Disturbed (Unvegetated) in 1995: 8,950 67%
Revegetated From 1986-1995 (overall change): 1,213 +12%



Figure 1. Two white-outlined regions represent the study area, covering a total of 15,403 hectares (~154
km2). Black lines are roads; dark grey lines are pipelines; light grey lines are rivers. Whitish-grey regions in
upper left portion of image are clouds. Base image: 1995 Landsat TM band 5.



Figure 2. Sharp visual contrast between vegetated (dark) and non-vegetated (light) areas, highlighted by
combining Landsat TM bands 5 and 7 (1986 image shown here). Line features from Figure 1 are included
(except rivers).



Figure 3. Map of 1986 non-vegetated areas (dark). Note the gridded pattern to the unvegetated areas. Line
features from Figure 1 are included (except rivers).



Figure 4. Map of 1995 non-vegetated areas (darker grey areas). Note that the gridded pattern is less
apparent than in the 1986 map (Figure 3). White areas are clouds obscuring part of the study area. Cloud
cover was subtracted out of final map and statistics (resulting total study area = 13,371 ha).



Figure 5. Final vegetation maps overlain and cropped to study area. Darker grey regions within study area
have remained unvegetated since 1986. Lighter grey regions within study area have revegetated since 1986.
White areas are overlain cloud cover (see Figure 4 caption). Base image: Landsat TM bands 5 and 7
combined.
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ABSTRACT
In 1989, under the authorship of the Louisiana Department of Environmental

Quality (DEQ), Louisiana became the first state to adopt specific regulations for the
control of naturally-occurring radioactive materials (NORM). The focus of NORM
regulations was mainly the oil & gas industry. Historically, the regulation of oil & gas
and its related activities has been governed under Statewide Order 29-B and is
administered by the Department of Natural Resources, Office of Conservation
(Conservation). Consequently, DEQ’s implementation of NORM regulations precipitated
a mutual assistance between Conservation and itself in accomplishing this goal. This
paper describes Conservation’s adoption of NORM policies into the Statewide Order 29-
B program and its assistance to DEQ.



INTRODUCTION
Among the oil & gas producing states, Louisiana has one of the more maturely

developed NORM programs, largely due to its early start in regulating NORM and the
early cooperation and interaction between two state regulatory agencies — the Louisiana
Department of Environmental Quality/Radiation Protection Division (DEQ) and the
Louisiana Department of Natural Resources/Office of Conservation (Conservation).
While vast differences exist between the two agencies, both have been able to transcend
any obstacles and work together to successfully create a NORM program that many states
have sought to model. This paper describes Conservation’s role in assisting DEQ in
implementing the state’s NORM program.

BEGINNINGS OF LOUISIANA NORM PROGRAM
Awareness of NORM in the oil & gas industry arose over 30 years ago.

Environmental and public health concerns regarding NORM, however, began to grow
only within the last ten years. This developed due to the presence of NORM in some of
the most unlikely locations such as baseball field backstops, playground equipment, and
fencing. Due to the nature of oil & gas production, oilfield production equipment is
subject to harsh conditions that result in its eventual wear and corrosion. Periodic
replacement of equipment must be made, which creates an inventory of discarded and
unusable oilfield equipment which is often scrapped or utilized as structural material for a
variety of projects. Unfortunately, some of those construction projects unknowingly were
constructed with oilfield equipment containing NORM. DEQ began to discover these
occurrences and soon determined that there was a need to implement rules and
regulations to control and restrict the transfer of oilfield equipment containing NORM.
Consequently, DEQ enacted an emergency NORM rule in 1989. The emergency rule
required operators to survey their production sites to identify NORM contaminated
oilfield equipment and to restrict the transfer of such equipment.

Upon implementation of the first emergency NORM rule, jurisdictional issues
soon arose among regulators, legislators, and oil & gas industry representatives.
Questions arose over what state agency — DEQ or Conservation — had the legislative
authority to regulate NORM in the oil & gas industry. Before the implementation of the
new NORM regulations, Conservation had exclusive authority to regulate all waste
generated from the exploration and production of oil and gas in Louisiana. Some argued
that because NORM is a contaminant found in certain exploration & production (E&P)
waste, NORM should remain exclusively under the authority of Conservation. Others
argued that because the Louisiana Legislature gave regulatory authority of radioactive
material to DEQ and NORM was radioactive material, then NORM must be regulated by
DEQ. In June of 1992, the Legislature agreed with the later and adopted DEQ’s 2nd

NORM rule under LAC 33:XV.Chapter 14, Regulation and Licensing of Naturally
Occurring Radioactive Material (NORM)1. It was clear from that date forward that DEQ
had primary authority to implement the state’s NORM program. Consequently,
Conservation did not adopt specific NORM rules into Statewide Order 29-B but rather
incorporated policies governing NORM into their program2.



DEQ’s primacy did not exclude Conservation’s involvement in regulating
NORM and the agencies assisted each other in the implementation of the program. The
years 1992 through 1995 became the formative years for Louisiana’s NORM program.
DEQ took an aggressive posture of enforcing the state’s NORM rules resulting in an
acceleration of NORM related activities, such as surveying and identification of NORM
at oilfield sites, licensing of NORM locations, NORM training for oilfield workers, and
remediation of NORM contaminated sites. Issues surrounding the disposal of E&P waste
containing NORM became a catalyst that heightened DEQ and Conservation involvement
together in regulating NORM.

INTERAGENCY INTERACTION
ON NORM DISPOSAL

The regulatory requirement to identify NORM in E&P waste began to impact the
energy industry in 1992 as the volume of identifiable NORM contaminated waste began
to grow. This necessity raised apprehension among operators as to their options for
NORM disposal. Regulators and industry representatives also questioned whether or not
existing E&P waste disposal practices were sufficient to properly handle E&P waste that
contained a radioactive component; i.e., NORM. The questions and apparent
uncertainties created an immediate need for industry, Conservation and DEQ to examine
the existing disposal options for NORM contaminated E&P waste. At the urging of
industry, DEQ formed a committee composed of representatives from state government,
the oil & gas industry, the radiation profession and the environmental community.

The committee came to be identified as the NORM Disposal Committee. The
committee’s purpose was to propose and develop possible NORM disposal options,
which included NORM plug & abandon encapsulation, commercial E&P waste treatment
facilities, onsite burial, underground injection into Class II non-hazardous injection wells,
and equipment smeltering. Each option was discussed to some degree but certain options
quickly gained greater attention and development by the committee. NORM
encapsulation and the use of commercial E&P waste treatment facilities were two
disposal options that had early acceptance by committee members and required
regulatory coordination between Conservation and DEQ. The committee then focused its
efforts on developing criteria for these two options and establishing each agency’s
regulatory role.

Initially, the NORM P&A option became the preferred approach because of the
familiarity of plug & abandon practices and the availability of wellbores that could be
utilized. Operators were required to submit applications to Conservation and DEQ for
review and approval. Conservation’s role was to insure that NORM be placed inside the
wellbore at the appropriate depths, that the wellbore had no leaks, and that the cement
and mechanical plugs were set at the appropriate depths to insure encapsulation and
isolation of NORM material from the surrounding environment. Likewise, DEQ’s initial
role was to notify the local government that NORM P&A disposal activity was to be
performed within their parish, and to insure that NORM disposal activities were to be
conducted by contractors who would limit NORM exposure to their workers, prevent any
NORM exposure to the general public, and thus insure the environment was not
endangered.



Many of the early NORM P&A disposal events involved leaving NORM
contaminated production tubing in the wellbore rather than incurring the greater expense
of pulling the tubing and transferring it to a NORM cleaning facility. As NORM P&A
technology evolved, several disposal events involved the encapsulation of NORM solids
and scales by slurrying the material and pumping it into the wellbore between a bottom
and top plug. This new technology (i.e., NORM slurry encapsulation) had an associated
cost. Also, the depth and size of the casing had much bearing on the volume of NORM
slurry that could be placed inside the wellbore. Yet, prior to any state allowing NORM
slurry injection into a Class II injection disposal well, slurry encapsulation was the only
disposal option available for E&P waste containing elevated concentrations of NORM.
Commercial E&P waste disposal treatment facilities were limited to primarily low levels
of NORM in E&P waste. Since 1992, there have been a total of ninety-nine (99) NORM
P&A disposal events performed in Louisiana.

Approximately 20% of E&P waste is disposed of at commercial E&P waste
treatment facilities permitted by Conservation. Therefore, it was a natural progression to
consider the use of these facilities for NORM disposal. The development of this disposal
option actually took two directions — the use of existing commercial E&P waste
treatment facilities and the creation of new landfarm type for E&P/NORM waste.
Existing commercial E&P waste treatment facilities were allowed to accept E&P waste
with low concentrations of NORM (< 30 pCi/g of Radium-226/Radium-228) whereas the
commercial E&P/NORM waste landfarm was allowed to accept E&P waste with higher
concentrations of NORM (< 200 pCi/g of Radium-226/Radium-228). To clarify the
jurisdictional roles in this NORM disposal option, a Memorandum of Understanding
(MOU) was established by Conservation and DEQ and incorporated into DEQ’s 2nd

NORM rule.

The development of the existing commercial E&P waste treatment facilities for
NORM disposal required a minimum of modifications. Major modifications of the
existing Conservation permits for such facilities were not required. Each facility was
simply required to screen incoming waste for NORM to assure that no waste loads
exceeding 30 pCi/g of Radium-226/Radium-228 entered the facility. DEQ required only a
NORM general license and the equipping of facilities with NORM detection equipment.
Consequently, these facilities were allowed to continue accepting E&P waste with
NORM < 30 pCi/g of Radium-226/Radium-228. This procedure continues to be utilized
by the industry as a viable E&P/NORM waste disposal option today.

Conservation’s permit requirements for a new commercial E&P/NORM waste
landfarm were similar to existing commercial E&P waste treatment facilities but
emphasis was placed on engineering controls for the NORM present in the waste. The
facility was to be jointly permitted/licensed by Conservation and DEQ. Each agency had
its particular permit/license requirements for the facility which created a complex, time
intensive permitting/licensing process for the applicant.

In early 1993, an oilfield waste disposal company made application to both
agencies to construct and operate the first commercial E&P/NORM waste landfarm. The
proposed facility location was in Lacassine, a small town in southwest Louisiana. After
several months, each agency completed their review of the applications and each
negotiated arrangements for a joint agency public hearing. The public hearing was
conducted shortly afterwards and comments were collected. After Conservation and DEQ



examined the comments, both agencies concurred that the application should be granted
and Conservation permitted the facility to dispose of E&P waste and DEQ licensed the
site for treatment of NORM. Respite legal challenges to the permit, the facility began
construction in late 1993 and became operational by April 1994, becoming the first
Louisiana commercial E&P/NORM waste landfarm.

Despite the availability of two viable NORM disposal options, however, many
operators decided to accumulate their E&P/NORM waste and await additional
E&P/NORM waste disposal options that may prove to be more economical and possibly
further minimize their liability as a generator. Many operators also held E&P waste with
elevated NORM concentrations that could not be disposed of at commercial E&P waste
treatment facilities or was too costly to be disposed of by plug and abandonment
encapsulation. In 1995, the first commercial E&P waste/NORM Class II injection well
was permitted in the State of Texas to accept E&P waste with NORM levels up to 6,000
pCi/g of Radium-226/Radium-228. This new out-of-state disposal option created an
immense liquidation of NORM held in storage by Louisiana operators. Operators
recognized that deep well injection could be economical and further minimize their
liability in comparison to the existing E&P/NORM waste disposal options.
Unfortunately, the Louisiana commercial E&P/NORM waste landfarm suffered greatly
from the loss of waste being transferred to the Texas facility and the landfarm became
inactive in 1997 and is in the final stages of closure.

After months of implementing the NORM program and with the assistance of
Conservation, DEQ developed a NORM guidance document, known as “The
Implementation Manual for Management of NORM in Louisiana”3. DEQ’s objective
with the manual was to assist the public and the oil & gas industry in understanding and
complying with NORM requirements of the Louisiana NORM regulation. Additionally,
the manual includes NORM policies adopted by each agency but are not specifically
stated in the regulations. DEQ continues to make the manual available to the industry and
the general public.

CURRENT ISSUES & DIRECTION OF
LOUISIANA’S NORM PROGRAM

As Louisiana’s NORM program progressed from its infancy to the mature
program it is today, Conservation’s active role in the program decreased. Periodic
E&P/NORM waste issues have arisen which again require the cooperation of
Conservation and DEQ. One issue of particular significance was the permitting and
licensing of the first Louisiana E&P/NORM waste Class II slurry fracture injection well
located in the southeast Gulf Coast region at Bay Marchand4.

When Texas permitted the first commercial Class II E&P/NORM waste injection
well in 1995, it gained wide acceptance as an E&P/NORM waste disposal option among
oil & gas representatives and regulators, thus creating interest in bringing similar
technology to the State of Louisiana. That interest resulted in an operator petitioning
Conservation and DEQ for a permit to conduct a pilot project to inject production pit
solids and canal bottoms containing NORM into a Class II injection well. Due to the



nature of the petition, both agencies accepted applications but proceeded with caution
during their review.

Conservation had concerns of formation fracturing required for slurry injection.
They required that the applicant’s well construction program include enhanced well
construction parameters to assure zone isolation and protection of the underground source
of drinking water (USDW). Additionally, bottom hole monitoring equipment was
required to be installed in the wellbore. DEQ had concerns regarding the handling of
NORM contaminated material at the surface and therefore required daily radiation
monitoring of the processing area and quarterly radiation exposure monitoring of the
workers.

After concluding their review in July of 1997, Conservation and DEQ jointly
permitted and licensed the first noncommercial E&P/NORM waste Class II slurry
fracture injection well in Bay Marchand. After two years of operation, the slurry fracture
injection well has disposed of approximately 1.6 million barrels of slurried E&P waste
containing NORM. The pilot project which should be completed by year end, has
provided Conservation and industry with valuable data in the analysis of slurry fracture
injection technology.

As expected, the pilot project created widespread interest involving slurry
fracture injection technology to be utilized on a continual basis. This resulted in
Conservation receiving two commercial E&P waste Class II slurry fracture injection well
applications earlier this year. However, Conservation is holding all Class II slurry
fracture injection well applications until specific rules can be drafted and promulgated
hopefully by Spring of 2000. A committee has been formed by Conservation to draft such
rules which includes representatives of industry and EPA.

As to DEQ, its’ primary role in the state’s NORM program continues to be
enforcement of NORM rules and regulations. Although DEQ is presently undergoing a
department-wide re-engineering which may create some changes in DEQ’s NORM
program, there are no current plans to revise or amend the current NORM rules5.

The only recent change was a DEQ sponsored bill in the 1999 Legislative
Session that clarified the difference between low-level radioactive waste as defined in the
Low-Level Radioactive Waste Policy Act (P.L. 96-573) and NORM waste as it pertains
to NORM disposal in commercial waste disposal facilities. The bill was approved by the
Legislature and became law this summer6. DEQ continues to contribute to the
Conference of Radiation Control Program Directors (CRCPD) development of Part “N”,
“Regulation and Licensing of Technologically Enhanced Naturally Occurring
Radioactive Materials (TENORM)”7.

RELATED CONSERVATION ISSUES
Aside from E&P/NORM waste disposal issues, Conservation’s Oilfield Site

Restoration Program has been impacted by the state’s NORM program. Under the
Louisiana Oilfield Site Restoration Act (Acts 404 & 1097), Conservation was granted
oversight of the state’s Site Restoration program for the cleanup of abandoned oilfield
sites throughout the State. Some of Louisiana’s abandoned oilfield sites are contaminated



with NORM, which requires Conservation’s Site Restoration program to include NORM
as a potential contaminant at sites eligible for restoration and cleanup. Now all site
restoration bid packages include requirements for contractors to perform NORM surveys
and possible NORM cleanup. For sites where NORM contamination exists, however,
Conservation must coordinate with DEQ’s NORM staff regarding cleanup and releasing
the site for unrestricted use.

Finally, it is difficult to speak of NORM without also addressing Conservation’s
current review of all E&P waste in Louisiana. In 1998, Conservation implemented an
emergency rule to test and characterize the various types of E&P waste for heavy metals
and benzene. The purpose of the testing was to provide the necessary data for
Conservation to determine if revised rules and regulations for the treatment and disposal
of E&P waste was needed. The test data has been the subject of intense scientific study
and a final report from the scientists which includes a health rick analysis of the waste
types is expected before year end. Although NORM was not a specific constituent of
E&P waste that was included in the testing program, NORM is a constituent that is
checked when shipments of E&P waste are received at commercial disposal facilities.

CONCLUSION
Today, NORM is not the critical issue for our state it was a decade ago. This is

partly due to the early cooperation between Conservation and DEQ whereby two
agencies were able to accomplish several objectives involving Louisiana’s NORM
program. These included the development of new NORM disposal options and NORM
guidance document and the permitting of two waste facilities , i.e., the first E&P/NORM
waste commercial landfarm and the first E&P/NORM waste Class II slurry fracture
injection well. This working relationship has continued and has expanded to other
environmental issues of the state such as the recent E&P waste testing and
characterization program. As new issues surrounding E&P NORM arise in the future,
Conservation and DEQ will continue to work together in resolving such issues.
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ABSTRACT
In the absence of any federal regulations that specifically address the handling

and disposal of wastes containing naturally occurring radioactive material (NORM),
individual states have taken responsibility for developing their own regulatory programs
for NORM. A key issue in developing NORM rules is defining exemption levels –
specific levels or concentrations that determine which waste materials are subject to
controlled management. In general, states have drawn upon existing standards and
guidelines for similar waste types in establishing exemption levels for NORM. Simply
adopting these standards may not be appropriate for oil and gas NORM for several
reasons. The Interstate Oil and Gas Compact Commission’s NORM Subcommittee has
summarized the issues involved in setting exemption levels in a report titled Naturally
Occurring Radioactive Materials (NORM): Issues from the Oil and Gas Point of View.
The committee has also recommended a set of exemption levels for controlled practices
and for remediation activities on the basis of the issues discussed.

______________________
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INTRODUCTION
The Interstate Oil and Gas Compact Commission (IOGCC) recognizes that the

regulation of petroleum industry wastes containing naturally occurring radioactive
material (NORM) has created additional expenses for oil and gas production and
processing operations. The IOGCC’s Environmental and Safety Committee created a
NORM Subcommittee to evaluate issues facing the petroleum industry and its regulators
with respect to NORM. One objective shared by the industry and regulators is the
development of NORM regulations that adequately protect human health and the
environment while minimizing the associated economic burden on the industry.

To assist state agencies that regulate oil and gas operations, the IOGCC’s NORM
Subcommittee has developed a set of discussion papers that address many aspects of
NORM regulations, from defining appropriate exemption levels to identifying safe
disposal or recycle options. (1) One of these discussion papers focuses on developing
exemption levels for oil and gas NORM. That paper is presented here in its entirety.

BACKGROUND
Exemption levels are specific levels or concentrations of NORM that determine

which waste materials are subject to controlled management. In the absence of any
federal regulation of NORM, many states have promulgated their own NORM
regulations. To date, a total of six major oil and gas producing states have regulations or
guidelines in place that provide NORM exemption levels for release of land and
equipment for unrestricted use. (2) Exemption levels are provided as exposure levels (in
units of µR/h); radionuclide activity concentrations (in units of pCi/g); surface
contamination levels (in units of disintegrations per minute/100 cm2); and radon flux (in
units of pCi/m2-s). Release criteria and exemption levels from existing NORM
regulations and guidelines are summarized in Table 1.

In general, states have drawn from existing standards and guidelines for similar
waste types in establishing release criteria and exemption levels for NORM. Several
states have adopted an activity level of 5 pCi/g radium in the top 15 cm of soil as the
exemption level for unrestricted release of land. A level of 15 pCi/g has also been
adopted by most states as a standard for subsurface soil (i.e., soil at a depth greater than
15 cm). These same levels initially were promulgated by the U.S. Environmental
Protection Agency (EPA) for disposal and cleanup of uranium and thorium mill tailing
sites (Title 40, Code of Federal Regulations, Part 192 [40 CFR 192]). The criterion of
5 pCi/g for surface soil is a health-based standard that was established to limit exposure
to gamma radiation. The subsurface criterion of 15 pCi/g was derived on the basis of the
cost and feasibility of detecting discrete caches of high-activity material. Several states
have established dual exemption levels for release of land dependent upon radon flux
rates. Typically, the standard is 5 pCi/g of radium if the radon flux is 20 pCi/m2-s or
higher and 30 pCi/g if the radon flux is below this level. This level was based on the
standard for radon established by the National Emission Standards for Hazardous Air
Pollutants (contained in 40 CFR 192 and 40 CFR 61), a set of standards promulgated
pursuant to the Clean Air Act and its amendments. Characterization of NORM waste
(e.g., scale) generated by the oil and gas industry has indicated that the radon emanation



fraction is on the order of a factor of 10 lower than the emanation rate from typical soil or
mill tailings and would typically be well below the 20 pCi/m2/s limit. (3) As a result, in
states that have established the dual exemption levels, the 30 pCi/g standard would be
applied at almost all sites affected by petroleum industry NORM.

With respect to exemption levels for loose wastes containing NORM (e.g., scale,
sludge, and soil), states have established exemption levels ranging from 5 to 30 pCi/g of
radium. In about half of the states, the standard is either 5 pCi/g or 30 pCi/g, depending
upon the radon flux rate; in one state, the standard is 30 pCi/g, and in the remaining
states, the standard is 5 pCi/g. With respect to exemption levels for equipment with
NORM residue, most states have established a screening level based on external exposure
levels. Typically this level is 50 µR/h including background; in one state (Mississippi)
the standard is 25 µR/h above background. A few states have established an exemption
level for contaminated equipment on the basis of surface activity levels. These levels vary
from state to state, but are similar to guidelines provided in Nuclear Regulatory
Commission Guideline 1.86 (4) and U.S. Department of Energy Order 5400.5. (5) For
these states, equipment is exempt only if a swipe sample is less than the designated count
rate collected from a 100-cm2 area (i.e., dpm/100 cm2).

In April 1999, the Conference of Radiation Control Program Directors (CRCPD)
released their final report, Part N, Regulation and Licensing of Technologically
Enhanced Naturally Occurring Radioactive Materials (TENORM). (6) Exemption levels
for any combination of Ra-226 and Ra-228 are set at 5 pCi/g on the basis of experience
with hazards associated with uranium mill tailings. Further, the CRCPD does not
consider it appropriate to perform purposeful dilution in order to meet the exemption
limit. The NORM Subcommittee, on the other hand, believes that in some cases dilution
is both the least expensive and the safest way to obtain concentrations below exemption
limits.

ISSUES
Exemption Levels for NORM-Contaminated Equipment

In most of the states, an upper gamma exposure rate of 50 µR/h, including
background, is designated for release of contaminated pipe and equipment. In addition,
surface activity levels for release of contaminated equipment and property have been put
in place by some states, but the IOGCC believes that they are not necessary because
gamma exposure criteria are sufficient for the oil and gas industry’s releases. Surface
activity levels are difficult and expensive to determine, provide little information
regarding the potential for human exposure, and may be in conflict with the gamma
exposure criteria. Additionally, many types of NORM-contaminated material may not be
suitable for collection of a 100-cm2 swipe sample. Gamma exposure measurements are
inexpensive and easy to perform, thereby simplifying the release procedure for pipe and
equipment.

Dose Limits and Health Risk

The upper limit for radiation dose to the public is an important consideration in
regulating NORM. The National Council on Radiation Protection and Measurements



(NCRP) (7) and the International Commission on Radiation Protection (ICRP) (8)
recommend an upper limit on exposure to members of the public from man-made
radiation sources of 1 millisievert (1 mSv) (100 millirem [100 mrem])/year. This upper
limit is designed to restrict exposure of members of the public to reasonable levels of
risk, comparable with risks associated with other common sources. Both the NCRP and
ICRP advocate application of the as low as reasonably achievable (ALARA) philosophy.
By applying ALARA, this upper limit should never be reached; expected doses would be
much less than the limit.

The CRCPD Part N report states (Section N.5) that operations with and use or
transfer of TENORM should be conducted in a manner such that a member of the public
will not receive an annual total effective dose in excess of 1 mSv/yr from all licensed
sources, including TENORM. (6) The calculated dose should not include doses from
indoor radon. Release of TENORM for unrestricted use is also limited to a dose limit of
1 mSv/yr (or some fraction of), excluding natural background.

The NCRP has recommended remedial action levels for intervention at
previously contaminated NORM sites. In Section 16 of Report 116, the NCRP stated that
for exposures from natural radiation sources, “It is recommended that remedial action be
undertaken when continuous exposures from natural sources, excluding radon, are
expected to exceed five times the average background, or 5 mSv (500 millirem)/year).
Remedial action for radon should be undertaken when the total exposure to radon decay
products for an individual exceeds an annual average of 2 working level months
(WLM).” (8) The NCRP also cautions “Actions to reduce exposure should not be limited
by or to the remedial action level and, following the ALARA principle, levels
substantially below the remedial action level may be obtainable and appropriate.”

The ICRP states that the dose limit, 1 mSv/y (100 mrem/yr), does not apply in
the case of intervention (i.e., remedial measures). (8) Furthermore, the ICRP states “The
need for and the extent of remedial action has to be judged by comparing the benefit to
the reduction in dose with the detriment of the remedial work, including that due to the
doses incurred in the remedial work.” On the basis of these statements, the NORM
Subcommittee recommends that NORM regulations have different standards for
controlled practices and remedial activities.

Estimation of health risk from radiation doses is a controversial issue. The widely
accepted model used to quantify risk from radiation exposure is the linear-no-threshold
model. The underlying assumption of this model is that any radiation dose, regardless of
the magnitude, will result in some adverse human health effect. The extent of health
impact is linear with increasing dose, and no threshold dose exists below which health
effects do not occur. However, this assumption is not supported by the available data,
which indicate that health effects have only been observed in humans at doses above
10 rem delivered at high dose rates. In January 1996, the Health Physics Society issued a
position statement entitled “Radiation Risk in Perspective.” (9) The society states that
there is substantial scientific evidence that the linear-no-threshold model is an
oversimplification of the dose-response relationship and results in misrepresentation of
the health risks in the low dose range. Below 10 rem, health effects are either too small to
be observed or are nonexistent.



ASSESSMENT STUDIES
Several dose assessment studies have been conducted to evaluate the potential

human health impacts from handling and disposing of petroleum industry NORM. A list
of relevant studies is provided in Table 2. The extent of health impacts from exposure to
NORM-contaminated materials depends on several factors, including final disposition of
the waste, applicable routes of exposure, and exposure time. Higher potential doses have
been estimated for disposal options that provide only a small degree of isolation of the
NORM (e.g., landspreading). Using information from available assessments, one could
conclude that an exemption level of 10 pCi/g would be conservative (i.e., protective of
the maximum exposed individual under the most restrictive enduse scenario) with respect
to the 100 mrem/yr dose limit. Similarly, a level of 30 pCi/g would be adequately
protective with respect to the 500 mrem/yr dose limit and the limit of 2 WLM for radon
exposures. These estimates are focused on protecting the hypothetical “maximally
exposed individual,” the concept of which may, in many cases, not be realistic. For many
foreseeable future scenarios, higher activity concentrations would still result in negligible
impacts to human health. In many of the scenarios analyzed in the studies conducted to
date, a level of 15 pCi/g would be protective.

CONCLUSIONS AND RECOMMENDATIONS
The purpose of this issue paper is to provide state regulators with an overview of

relevant information so they can make appropriate, informed management decisions
regarding regulation of NORM. The NORM Subcommittee believes that management of
NORM wastes should be based on the recommendations of the NCRP. The cost of over-
regulation would place a tremendous burden on the industry, in particular on small
producers. Most small producers in the industry already are operating on a tight budget,
and many would not be able to bear the costs of regulating at the levels mandated for
other industries.

On the basis of the issues discussed herein and NCRP Report 116, the NORM
Subcommittee believes that establishment of different standards for controlled (or
licensed) practices and for remediation activities is warranted. For controlled, licensed
practices, a screening level for release of contaminated pipe and equipment is
appropriate. A screening level of 50 µR/h is consistent with the standard set by several
major oil and gas producing states. This level is readily determinable in the field.

For loose waste materials (e.g., scale and sludge) involved in controlled
practices, an exemption level of 15 pCi/g is reasonable. NORM waste generated by the
oil and gas industry has been shown to have a much lower radon flux rate than waste
generated by the uranium milling industry. Higher activity limits can be justified on a
case-by-case basis, particularly when it can be demonstrated that the wastes will be
managed in a manner that provides a high degree of isolation from humans and the
environment.

For remedial activities, the NORM Subcommittee recommends an exemption
limit of 30 pCi/g. Lower levels may be justified for some sites, and the need for
remediation must be determined on a case-by-case basis. Consistent with the ALARA



philosophy, the need for remediation should be justified on the basis of net benefit gained
from the action as compared with the detriment incurred by the remedial action.
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Table 1. Summary of Existing Oil and Gas Producing States’ NORM Regulations and Guidelines

State Exemption Levels/ Release Criteria

Arkansas
 Equipment Property

 Soil Material

 UnrestrictedTransfer
 of Land

≤50 µR/h including background at any accessible point; and surface
contamination below the following limits (dpm/100 cm2):

For U-nat., U-235, U-238, and associated products (including
Po-210) except Ra-226, Th-230, Ac-277, and Pa-231: average of
5,000; maximum of 15,000; and removable of 1,000

For Ra-226, Ra-228, Th-230, Th-228, Pa-231, and Ac-227: average
of 100; maximum of 300; and removable of 20

For beta-gamma emitters: average of 5,000; maximum of 15,000;
removable of 1,000

<5 pCi/g Ra-226 and/or Ra-228, and
<150 pCi/g of any other NORM radionuclide

≤5 pCi/g Ra-226 or Ra-228 above background averaged over the
first 15 cm of soil below surface, averaged over 100 m2, and
≤15 pCi/g averaged over subsequent 15 cm soil intervals

Louisiana
 Equipment Property

 Soil Material

 UnrestrictedTransfer
 of Land

≤50 µR/h at any accessible point

≤5 pCi/g Ra-226 or Ra-228 above background, and
≤150 pCi/g of any other NORM radionuclide

≤5 pCi/g Ra-226 or Ra-228 above background averaged over the
first 15 cm of soil below surface, averaged over 100 m2, and

<15 pCi/g averaged over subsequent 15 cm soil intervals; or
≤30 pCi/g of Ra-226 or Ra-228 averaged over 15 cm depth

increments, provided the total effective dose to individual
members of the public does not exceed 100 mrem/yr

Michigan (Guidelines)
 Equipment Property

 Soil Material

 UnrestrictedTransfer
 of Land

≤10 µR/h above background; and surface contamination below the
following limits (dpm/100 cm2):

For alpha radiation: average of 100; maximum of 300; and
removable of 20

For beta-gamma radiation: average of 5,000; maximum of 15,000;
removable of 1,000

≤5 pCi/g Ra-226 above background

≤5 pCi/g Ra-226 above background averaged over the top 15 cm soil
layer, averaged over 100 m2, and ≤15 pCi/g averaged over
succeeding 15 cm thick soil layers



Table 1. Continued

State Exemption Levels/ Release Criteria

Mississippi
 Equipment Property

 Soil Material

 UnrestrictedTransfer
 of Land

≤25 µR/h above background at any accessible point; and surface
contamination below the following limits (dpm/100 cm2):

For U-nat., U-235, U-238, and associated products (including
Po-210) except Ra-226, Th-230, Ac-277, and Pa-231: average of
5,000; maximum of 15,000; and removable of 1,000

For Ra-226, Ra-228, Th-230, Th-228, Pa-231, and Ac-227: average
of 100; maximum of 300; and removable of 20

For Beta-gamma emitters: average of 5,000; maximum of 15,000;
removable of 1,000

<5 pCi/g Ra-226 or Ra-228 above background, or <30 pCi/g,
averaged over any 100 m2, provided the radon emanation rate is
≤20 pCi/m2/s; and

≤150 pCi/g of any other NORM radionuclide

≤30 pCi/g Ra-226 or Ra-228 averaged over a maximum depth of
15 cm of soil below the surface, averaged over 100 m2, provided
the radon emanation rate is <20 pCi/m2/s; or

If the radon emanation rate is ≥20 pCi/m2/s, ≤5 pCi/g Ra-226 or
Ra-228 averaged over the first 15 cm or soil below the surface
and ≤15 pCi/g averaged over subsequent 15 cm soil intervals,
averaged over 100 m2

New Mexico
 Equipment Property

 Soil Material

 UnrestrictedTransfer
 of Land

≤50 µR/h including background; and removable surface contamina-
tion must be ≤1,000 dpm/100 cm2

≤30 pCi/g Ra-226 above background, and
≤150 pCi/g of any other NORM radionuclide above background

≤30 pCi/g Ra-226 above background in soil in 15 cm layers,
averaged over 100 m2

Texas
 Equipment Property

 Soil Material

 UnrestrictedTransfer
 of Land

≤50 µR/h including background at any accessible point; and surface
contamination below the following limits (dpm/100 cm2): average
of 5,000, maximum of 15,000, and removable of 1,000

≤30 pCi/g Ra-226 or Ra-228, and
≤150 pCi/g of any other NORM radionuclide

≤30 pCi/g Ra-226 or Ra-228 averaged over the first 15 cm of soil,
averaged over 100 m2
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FEASIBILITY OF RE-MELTING
NORM-CONTAMINATED SCRAP METAL
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ABSTRACT
Naturally occurring radioactive materials (NORM) sometimes accumulate inside

pieces of equipment associated with oil and gas production and processing activities.
Typically, the NORM accumulates when radium that is present in solution in produced
water precipitates out in scale and sludge deposits. Scrap equipment containing residual
quantities of these NORM-bearing scales and sludges can present a waste management
problem if the radium concentrations exceed regulatory limits or activate the alarms on
radiation screening devices installed at most scrap metal recycling facilities. Although
NORM-contaminated scrap metal currently is not disposed of by re-melting, this form of
recycling could present a viable disposition option for this waste stream. Studies indicate
that re-melting NORM-contaminated scrap metal is a viable recycling option from a risk-
based perspective. However, a myriad of economic, regulatory, and policy issues have
caused the recyclers to turn away virtually all radioactive scrap metal. Until these issues
can be resolved, re-melting of the petroleum industry’s NORM-impacted scrap metal is
unlikely to be a widespread practice. This paper summarizes the issues associated with
re-melting radioactive scrap so that the petroleum industry and its regulators will
understand the obstacles. This paper was prepared as part of a report being prepared by
the Interstate Oil and Gas Compact Commission’s NORM Subcommittee.
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INTRODUCTION
The Interstate Oil and Gas Compact Commission (IOGCC) recognizes that the

regulation of petroleum industry wastes containing naturally occurring radioactive
material (NORM) has created additional expenses for oil and gas production and
processing operations. The IOGCC’s Environmental and Safety Committee created a
NORM Subcommittee to evaluate issues facing the petroleum industry and its regulators
with respect to NORM. One objective shared by the industry and regulators is the
development of NORM regulations that adequately protect human health and the
environment while minimizing the associated economic burden.

To assist the state agencies that regulate oil and gas operations, the IOGCC’s
NORM Subcommittee has drafted a set of discussion papers that address many aspects of
NORM regulations from defining appropriate exemption levels to identifying safe
disposal or recycle options.(1) One of these discussion papers focuses on the potential for
re-melting scrap equipment that has been impacted by NORM. This paper is presented
here in its entirety.

BACKGROUND
Although NORM-impacted scrap metal generated by the petroleum industry

currently is not disposed of by re-melting, this form of recycling could represent a viable
disposition option for this waste stream. However, the scrap metal recycling industry
faces a myriad of issues making it difficult to accept NORM-impacted materials at its
facilities. Until these issues can be resolved, re-melting of the petroleum industry’s
NORM-impacted scrap metal is unlikely to become a widespread practice.

Scrap metal recycling is an important industry in the United States, providing a
significant portion of supply of all types of metal.(2) While domestic steel consumption
has declined over the last two decades, the scrap metal share of the iron and steel market
has increased.(3) In 1997, scrap metal processors handled about 66 million to 70 million
metric tons of scrap iron and steel,(4,5) of which approximately 46% was comprised of
obsolete scrap (i.e., worn out, broken and discarded objects).(5) Recycled ferrous scrap
made up approximately 72% of the country’s raw steel production in 1997,(5) up from
around 33% in 1980.(3) The international market for scrap metal recycling also is
significant, with industrialized nations exporting scrap metal to developing nations as
demand and business conditions dictate. In 1997, the U.S. exported approximately
8.9 million metric tons of ferrous scrap, having an estimated value of about
$1.3 billion.(5)

These statistics reflect the fact that iron and steel scrap are vital raw materials for
the production of new steel and cast iron products.(5) Recycling of scrap metal has
become increasingly significant for several reasons. From an environmental perspective,
recycling of scrap metal has become important because re-melting scrap a) requires much
less energy than the production of iron or steel products from iron ore; b) reduces the
burden on landfill disposal facilities; c) prevents the accumulation of abandoned steel
products in the environment; and d) avoids environmental damage resulting from
replacement of the scrap metal through raw material production.(2,5) Because recycling



scrap reduces the need to mine and process raw iron ore, health risks associated with
mining and refining the metal (i.e., occupational injuries) also would be reduced.(2) From
a technological perspective, recycling of scrap metal has become more significant with
the proliferation of electric arc furnaces (EAFs), particularly through growth of the
“mini-mills” that target specific markets.(6) EAFs use nearly 100% scrap iron and steel
for the furnace charge, as opposed to basic oxygen furnaces, which use approximately
30% scrap, and open-hearth furnaces, which use around 50% scrap.(2) In the first half of
1998, EAFs consumed almost 70% of all recycled ferrous scrap,(7) up from only 37% in
1990.(2)

The scrap metal recycling industry generally will not accept any scrap metal that
is radioactive. A specialized metal recycling segment of the radioactive waste handling
industry does recycle radioactive scrap metal, generated by the U.S. Department of
Energy and the nuclear power industry. While thousands of tons of this metal have been
recycled within these sectors, very little has been smelted and recycled for public use.(2)
These facilities have the capacity to handle a portion of the potential inventory of
NORM-impacted scrap generated by a variety of industries, including the petroleum
industry.

The reasoning behind the scrap metal recycling industry’s reluctance to process
radioactive scrap is understandable. In the past, there have been instances in which
facilities have been contaminated by inadvertent re-melting of radioactive sources.(5,8,9)
Most of these incidents appear to have involved sealed radioactive sources, such as
Cs-137 level gauges, Co-60 therapy devices, and radium devices. Losses resulting from
decontamination, waste disposal and lower profits reportedly have ranged from
$7 million to $23 million per incident. To protect themselves from such losses, most
metal recyclers have installed radiation detection systems to screen radioactive scrap.
Usually, shipments found to contain radioactive material at any level are rejected and
returned to the supplier. If possible, when a sealed source is involved, it is confiscated.

None of these documented incidents of facility contamination has involved scrap
metal containing NORM; nonetheless, NORM-impacted scrap frequently is rejected by
radiation detection systems and returned to the supplier.(8,9) According to estimates by
the American Petroleum Industry (API), approximately 600,000 tons of NORM-impacted
scrap are generated annually by the oil and gas industry, 75% of which would be rejected
by the scrap recycling industry based on the use of radiation detection systems.(10,11)
Prior to the installation of these systems in the late 1980s, NORM-impacted scrap was
routinely processed by the metal recycling industry.

RADIOLOGICAL RISK
Several studies have indicated that re-melting of equipment containing radium-

bearing materials presents minimal risk to the public, and that risk to workers can be
controlled.(12,13) Bench-scale tests funded by the Petroleum Environmental Research
Forum (PERF) indicated that during the re-melting process, approximately 98% of the
Ra-226, Ra-228 and Th-228 was recovered in the slag generated during re-melting.(12)
The partitioning of Ra-226 to the offgas was calculated to be 0.0004%. Partitioning of
Pb-210 and Po-210 were inconclusive.



On the basis of these measurements, estimated potential radiological doses to the
public from airborne emissions, exposure to recycled metal or exposure to recycled slag
are negligible.(13) Potential radiological doses to workers involved in the transportation,
loading and unloading, re-melting and fabrication of the NORM-impacted scrap and
resultant metal also are negligible if the NORM level of the feed is controlled.(13)

RECYCLING INDUSTRY CONCERNS
While re-melting of NORM-impacted scrap is technically feasible and presents

little risk to human health and safety, there are several issues that must be addressed
before metal recyclers will accept NORM-impacted scrap on a widespread basis. These
issues are tied to either regulatory or economic constraints, or both. For the most part,
economic constraints have not been quantified; however, the recycling industry can
predict some degree of cost impact.

There are five primary areas of concern. One relates to segregation of the
inbound feed material. Using the fixed load detectors currently installed at most facilities,
it is not possible to identify specific types of radioactive contamination (i.e., a Cs-137
sealed source versus Ra-226 in pipe scale). Portable multi-channel analyzers could be
used to identify specific radionuclides; however, recyclers would not be able to
distinguish between discrete NORM (e.g., Ra-226 sealed source) and diffuse NORM
(e.g., Ra-226 in pipe scale) without taking numerous individual measurements from each
shipment that trip the detector’s alarm. These limitations might make it difficult for the
industry to cost-effectively segregate out larger sources of radiation from scrap
containing NORM.

A second concern is that in order to process radioactive materials, a recycling
facility might be required to obtain a license under Nuclear Regulatory Commission
(NRC) and state regulations, unless specific exemptions were granted. These licenses
would require extensive radiation safety programs to ensure that feed streams and
discharge effluents are within established regulatory limits. The expenses associated with
obtaining a license and implementing the required radiation safety programs might be
prohibitive for the scrap recycling industry. For the most part, regulators have made no
exceptions to these requirements for facilities that would process NORM-impacted scrap,
even though the generators of the NORM-impacted scrap are not subject to such
regulation. In Texas, a few mills have received regulatory approval to melt small
quantities of NORM-impacted pipe.(6)

A third concern is the need to comply with existing, proposed or evolving
volumetric standards for radioactivity in metal intended for “free release.” These
standards are being established to address nuclear industry materials, not petroleum
industry NORM; however, the recycling industry has no regulatory guidance or other
basis for making this distinction. Three countries currently have volumetric standards for
total radioactivity in metal: in Germany, the standard is 1 Bq/g (27 pCi/g); in Sweden, the
standard is 0.1 Bq/g (2.7 pCi/g); and in Great Britain, the standard is 0.4 Bq/g
(10.8 pCi/g).(14) In addition, the International Atomic Energy Agency has recommended
an international standard of 0.3 Bq/g (8.1 pCi/g).(14) National standards for volumetric
contamination of metals are being considered by a number of agencies, including the
NRC, U.S. Environmental Protection Agency, Conference of Radiation Control Program



Directors, and American National Standards Institute. However, proposed regulations
probably are several years away. Exceeding standards of this nature could limit the
potential market for re-melted steel by preventing its “free release” for unrestricted use.
To ensure these standards are met, recyclers would need to accurately measure the total
activity level of each batch entering the smelter and would need to know with certainty
how much of the radioactivity would remain after re-melting. Given the technological
constraints on characterizing inbound feed material discussed above, it is hard to predict
how difficult and costly it would be to consistently meet these standards or verify
compliance.

A fourth concern is the potential radioactive contamination of baghouse dust and
slag, byproducts of the re-melting process that have commercial value. Scrap metal
recyclers are concerned they will have fewer disposition options for the baghouse dust
and slag if they have a radioactive component.

A fifth concern is that steel recyclers sell their product to consumers who have a
strong phobia of and bias against radiation and radioactivity. If recyclers see a risk that
they might lose market share by being labeled as a “radiation” site, they might refuse to
process any material suspected of being contaminated. Given the current stigma of
radiation, this scenario is quite possible.(15)

ALTERNATIVE DISPOSAL OPTIONS
The inventory of NORM-impacted scrap metal generated by the petroleum

industry each year must be handled in some fashion. Decontamination of the equipment
is one option. While decontamination presents negligible risk to workers and the
public,(13) it might not be a suitable alternative for a significant portion of the scrap
metal inventory. Pipe, tubing and storage vessels can be decontaminated with some
effort; however, a large portion of the scrap inventory consists of small items that cannot
be easily cleaned (e.g., filters, and valves). Much of the rest of the inventory includes
obsolete, worn out items that have no future use; cleaning these items before final
disposition could be economically prohibitive.

Disposal of NORM scrap metal as low-level radioactive waste at a licensed
facility is expensive. Given that the nation’s current disposal capacity for low-level
radioactive wastes is limited, from a policy perspective, it may make sense to reserve this
capacity for that category of wastes, particularly if alternative disposal options for
NORM materials are adequately protective of human health and the environment.

If the NORM scrap inventory is not recycled, production of additional raw steel
will be required. Health risks and environmental impacts associated with replacement of
the metal (i.e., those associated with mining, refining and smelting iron ore)(2) are
greater than those associated with re-melting NORM-impacted scrap.(13)

CONCLUSIONS
From a health risk-based perspective, re-melting of NORM-impacted equipment

appears to be a viable recycling option. As a result, within their NORM regulatory



programs, states should consider the re-melting of petroleum industry equipment
containing NORM at a level greater than the exemption level defining regulated NORM.

However, oil and gas regulators and the petroleum industry must recognize that a
myriad of issues prevents re-melting of NORM-impacted scrap metal on a widespread
basis. Before this recycling option can become widely available to the petroleum
industry, numerous complex regulatory and economic issues must be addressed. The
debate over this topic is occurring on both a national and international level and is not
likely to be resolved quickly.
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ABSTRACT
In the past few years, many states have established specific regulations for the

management of petroleum industry wastes containing naturally occurring radioactive
material (NORM) above specified thresholds. These regulations have limited the number
of disposal options available for NORM-containing wastes, thereby increasing the related
waste management costs. In view of the increasing economic burden associated with
NORM management, industry and regulators are interested in identifying cost-effective
disposal alternatives that still provide adequate protection of human health and the
environment. One such alternative being considered is the disposal of NORM-containing
wastes in landfills permitted to accept only nonhazardous wastes.

The disposal of petroleum industry wastes containing radium-226 and lead-210
above regulated levels in nonhazardous landfills was modeled to evaluate the potential
radiological doses and associated health risks to workers and the general public. A variety
of scenarios were considered to evaluate the effects associated with the operational phase
(i.e., during landfill operations) and future use of the landfill property. Doses were
calculated for the maximally exposed receptor for each scenario. This paper presents the
results of that study and some conclusions and recommendations drawn from it.
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INTRODUCTION
In the past few years, many states have established specific regulations for the

management of petroleum industry wastes containing naturally occurring radioactive
material (NORM) above specified thresholds. These regulations have limited the number
of disposal options available for NORM-containing wastes, thereby increasing the related
waste management costs. In view of the increasing economic burden associated with
NORM management, industry and regulators are interested in identifying cost-effective
disposal alternatives that still provide adequate protection of human health and the
environment. One such alternative being considered is the disposal of NORM-containing
wastes in landfills permitted to accept only nonhazardous wastes. †

The Michigan Department of Environmental Quality (MDEQ) has issued
guidelines allowing the disposal of materials contaminated with radium-226 (Ra-226) in
municipal nonhazardous landfills.(1) These guidelines are applicable to radium-bearing
NORM wastes generated by the petroleum industry. Other states that have developed
NORM regulations or guidelines, however, do not allow this type of disposal.

This paper presents the results of a study in which the disposal of radium-bearing
NORM wastes in nonhazardous landfills was modeled to evaluate potential radiological
doses and resultant health risks to workers and the general public.(2) In addition, that
study included an evaluation of the potential doses and health risks associated with
disposing of a different NORM waste stream generated by the petroleum industry 
wastes containing lead-210 (Pb-210) and its progeny. The results of that evaluation also
are presented in this paper. A more detailed presentation of the methodologies and
assumptions used in the study, the results, and related analyses of regulatory constraints
and disposal costs is contained in the original report by Smith et al.(2)

SOURCE AND NATURE OF
PETROLEUM INDUSTRY NORM

As a result of oil and gas production and processing operations, NORM
sometimes accumulates at elevated concentrations in by-product waste streams. The
sources of most of the radioactivity are isotopes of uranium-238 (U-238) and
thorium-232 (Th-232), which are naturally present in the subsurface formations from
which oil and gas are produced. The primary radionuclide of concern in NORM wastes is
Ra-226, of the U-238 decay series. Other radionuclides of concern include radon-222
(Rn-222), Pb-210, and polonium-210 (Po-210), which all form from the decay of Ra-226.
Radium-228 (Ra-228) of the Th-232 decay series also occurs in NORM wastes but is of
less concern because of its shorter half-life and the fact that it usually is present in
relatively low concentrations.

                                                          
† In this study, nonhazardous landfills are defined as landfills permitted under Subtitle D of the

Resource Conservation and Recovery Act (RCRA) to receive only those wastes that are
defined by RCRA as nonhazardous. Under RCRA, nonhazardous solid waste includes any
discarded, abandoned, recycled, or inherently waste-like material that is not listed as a
hazardous waste, does not exhibit any of four hazardous characteristics (i.e., ingitability,
corrosivity, reactivity, and toxicity), or is not otherwise exempted.



The production waste streams most likely to be contaminated by elevated radium
concentrations include produced water, scale, and sludge. Radium, which is slightly
soluble, can be mobilized in the liquid phases of a subsurface formation and transported
to the surface in the produced water stream. As the produced water is brought to the
surface, some of the dissolved radium precipitates out in solid form. Most commonly, the
radium co-precipitates with barium sulfate, a hard and relatively insoluble scale deposit.
A variety of factors appear to affect the degree to which the radium in solution in
produced water will precipitate out in solid form. These factors include, but may not be
limited to, temperature and pressure phase changes, water salinity, and sulfate
concentration.

Radium that remains in solution is disposed of along with the produced water
stream. Most produced water is disposed of by subsurface injection; radium content in
reinjected water is not regulated. Radium content in scales and sludges, however, is
regulated, particularly in states that have enacted NORM regulatory programs.
Periodically, the scales and sludges that accumulate inside pieces of oilfield equipment
are removed. Scales and sludges can pose a waste management issue if radionuclide
concentrations exceed specified exemption levels. Similarly, pieces of equipment
containing residual quantities of NORM-bearing scales and sludges, and surface soils
impacted by these wastes, can present a waste management problem for the petroleum
industry.

To date, most of the focus regarding NORM has been on wastes containing
radium isotopes and their decay products. A separate category of NORM wastes exists,
however. That category includes wastes that do not contain any radium but instead
contain Pb-210, a decay product of Ra-226, and its decay progeny. Typically, these lead-
bearing wastes accumulate inside gas processing equipment from the decay of Rn-222.
The Pb-210 may be present in elemental form, as a chemical precipitate, or as an
integrated constituent of the equipment metal.

REGULATORY CONSTRAINTS
The disposal of petroleum industry wastes containing NORM is, at this time,

primarily a state-level regulatory issue because of two factors: (a) in every state with
significant oil and gas production, the authority to regulate petroleum industry wastes has
been delegated to the states, and (b) the presence of NORM in petroleum industry wastes
currently is not addressed specifically in any federal regulations. In most states,
regulatory oversight for the disposal of NORM in nonhazardous landfills will reside with
more than one state agency. Agencies that probably will have some authority are those
with oversight of (a) radioactive materials and wastes; (b) oil and gas activities, including
waste management; and (c) all solid waste management facilities, including landfills.

A number of states have determined that their existing radiation control programs
already contain adequate regulations applicable to NORM. Other states, however, have
determined that specific regulatory programs for NORM are warranted. Table 1 lists the
states with significant oil and gas production that have developed NORM regulations, the
exemption levels that have been established to define regulated NORM in each of those
states, and the regulatory citation for the NORM rules.



In most states, consistent with a determination made by the U.S. Environmental
Protection Agency (EPA),(3) exploration and production (E&P) wastes are exempt from
regulation as hazardous waste. However, many states consider E&P wastes to be distinct
from other nonhazardous solid wastes, such as household waste.‡ E&P wastes may be
classified as “special wastes,” “industrial wastes,” “exempt E&P wastes,” or
“nonhazardous oilfield wastes.” Under these various classification schemes, the disposal
of E&P wastes in landfills may be restricted to specific types of landfills, or their disposal
may be allowed only with the approval of the state’s solid waste management agency.

State regulations governing nonhazardous landfills must be at least as stringent as
the regulatory standards established by the EPA in Title 40, Code of Federal Regulations
(CFR), Parts 257 and 258. These standards address the location, design, construction,
operation, monitoring, closure, and post closure care of all solid waste disposal facilities,
including nonhazardous landfills. States typically establish classification schemes for
nonhazardous landfills on the basis of the types of wastes they are permitted to receive,
the volume of wastes they will receive, and their physical location. One specific type of
nonhazardous landfill is the municipal solid waste (MSW) landfill.

An MSW landfill receives primarily household wastes but also may receive
nonhazardous commercial and industrial wastes, nonhazardous sludges, and hazardous
wastes generated by conditionally exempt small-quantity generators. In most states,
MSW landfills are the most stringently regulated nonhazardous waste landfills. They
typically are required to have composite liners, leachate collection systems, and
groundwater monitoring systems. In addition, upon closure of an MSW landfill, the
owner must record a notification on the deed to the landfill property (or some other
instrument that normally would be examined during a title search) that (a) the property
was used as a landfill and (b) future use is restricted to ensure that the integrity of the
final cover, liner, containment system, and monitoring system will not be compromised.
This deed restriction must be maintained in perpetuity.

In many states, nonhazardous landfills are not permitted to receive radioactive
wastes. The State of Michigan, however, has issued guidelines allowing the disposal of
wastes containing Ra-226, including petroleum industry NORM, in MSW landfills
(which in Michigan are classified as Type II landfills).(1) Specifically, the MDEQ
guidelines allow bulk wastes containing Ra-226 (e.g., contaminated soil or debris) to be
disposed of in a Type II landfill, provided the Ra-226 concentration does not exceed
50 pCi/g averaged over any single shipment and the maximum Ra-226 concentration
within any single shipment does not exceed 100 pCi/g.

A survey of regulatory requirements in several of the other major oil and gas
producing states found considerable variation from state to state.(2) In several of the
states, landfill disposal of NORM was allowed for very specific waste streams, in a
specific type of commercial nonhazardous landfill facility, or by special permission only.
In the remaining states surveyed, there seems to be less latitude both in the state
regulations and on the part of individual regulators.

                                                          
‡ Household wastes include garbage, trash, and sanitary wastes collected in septic tanks that are

derived from homes, hotels, most other types of living quarters, and recreation areas, such as
campgrounds and picnic grounds.



RISK ASSESSMENT METHODOLOGY
Potential doses and health risks associated the disposal of NORM-impacted

wastes in a municipal, nonhazardous landfill were calculated both for workers and the
general public. Evaluations were performed for operational phase receptors
(i.e., individuals who could be exposed as a result of the waste placement activities) and
future use receptors (i.e., individuals who could be exposed as a result of future use of the
property following closure of the landfill or consumption of groundwater impacted by
landfill leachate). Doses were calculated for the maximally exposed receptor for each
scenario. Collective doses were also estimated for the off-site population that could be
exposed during waste placement operations. A variety of models were used to calculate
potential radiological doses.(4-8) For this assessment, radiation doses were converted to
carcinogenic risks by using risk factors recommended by the International Commission
on Radiological Protection (ICRP).(9) The ICRP risk factor is 5 × 10-7 per mrem for the
public and 4 × 10-7 per mrem for workers. Risks are expressed as the increased
probability of fatal cancer over a lifetime. Health impacts associated with nonradiological
constituents of the wastes placed in the landfill were not evaluated.

Scenarios and Exposure Assumptions

Table 2 lists the receptors that were evaluated in this study and, for each receptor,
identifies the exposure pathways that were evaluated and the models that were used. A
complete listing of assumptions used for each receptor is contained in the full report by
Smith et al.(2)

Operational Phase Scenarios. The operational phase receptors that were
evaluated included (a) a driver working at the landfill, (b) a waste-placement operator
working at the landfill, (c) a landfill worker involved in pumping and disposing of
landfill leachate, and (d) off-site residents living adjacent to the landfill or within a 50-mi
radius of the landfill. For each of the landfill workers, the primary exposure pathway was
assumed to be external irradiation. Inhalation of contaminated particulates also was
considered to be a potential pathway for the waste-placement operator for cases in which
the wastes were not disposed of in containers. For the off-site residents, the primary
pathway of exposure was inhalation of contaminated particulates. External irradiation,
incidental ingestion of contaminated particulates, and ingestion of contaminated foodstuff
were also evaluated for completeness.

Future Use Scenarios. The future use receptors evaluated in this study included
(a) an on-site resident, (b) an on-site industrial worker, (c) a recreational visitor, and
(d) an off-site resident consuming groundwater impacted by leachate from the landfill.
The on-site resident scenario was the most conservative scenario evaluated in this study
(i.e., the scenario expected to result in the greatest risk). For this scenario, it was assumed
that an individual lived on the site and produced most of his or her food on site, including
vegetables, milk, meat, and fish. The primary exposure pathways for the on-site resident
were assumed to be external irradiation and inhalation of indoor and outdoor radon.
Although unlikely, given that the integrity of the landfill cap would be maintained, other
pathways were also evaluated   inhalation of contaminated particulates; inadvertent
ingestion of contaminated soil; and ingestion of crops, milk, and meat grown on the
contaminated property. It was assumed the resident’s water supply was from an



unaffected off-site source, such as a municipal drinking water system. This scenario may
not represent a realistic future use of a landfill; however, it was evaluated to represent a
maximally exposed individual. These residential land use assumptions are commonly
used by risk assessors for this purpose.

For the on-site industrial worker and recreational visitor, the primary pathways of
exposure were assumed to be external irradiation and inhalation of radon. Inhalation of
contaminated particulates and inadvertent ingestion of soil were also evaluated for
completeness, although they are considered unlikely pathways assuming the integrity of
the landfill cap would be maintained. For both of these scenarios, it was assumed the
receptors would use water only from an unaffected, off-site supply.

The off-site residential scenario evaluated potential doses to an off-site resident
from consumption of groundwater impacted by leachate from the landfill. The only
exposure pathway to this receptor was assumed to be ingestion of groundwater.

Landfill Construction and Operation

The landfill modeled in the study was assumed to contain nine disposal cells of
varying size with a total disposal capacity of approximately 9.6 million yd3. It was
assumed that the cell that would receive the NORM wastes had a capacity of 513,000 ft3

and that when the landfill was full it would be about 80 ft thick. The landfill was assumed
to be constructed with a liner system consisting of a 3-ft-thick layer of compacted clay at
the base, overlain successively by a 0.39-in.-thick high-density polyethylene (HDPE)
liner, a 0.24-in.-thick drainage net, a 0.24-in.-thick bentonite layer, a second HDPE liner,
and a 3-ft-thick gravel drainage layer. The municipal wastes would be placed directly
over the gravel drainage layer. Upon closure of the cell, the municipal wastes would be
covered by a cap composed of, from the bottom up, a 2-ft-thick layer of compacted clay,
1.5-ft-thick gravel layer, and a 1.5-ft-thick layer of topsoil.

In the base case it was assumed that the NORM wastes were placed in a single
cell within the landfill in a layer 8 ft thick (Figure 1). As part of normal landfill
operations requiring placement of cover material at the end of each day of operations, the
NORM waste layer was overlain by a 1-ft-thick layer of clean soil. This layer was then
overlain by 8 ft of municipal wastes and a 6-ft-thick cap.

Source Concentrations

The study evaluated two separate waste streams   radium-bearing NORM
wastes and waste containing Pb-210. Because the origins of these waste streams would be
different and because these wastes would thus be managed and disposed of separately,
they were treated independently in this analysis. Dose calculations were performed for
each waste stream for the principal radionuclides in the decay series.§ The chain of decay
products of a principal radionuclide (i.e., the associated radionuclides) extending to (but
not including) the next principal radionuclide was assumed to be in secular equilibrium**

                                                          
§ The term “principal” refers to those radionuclides in the decay series with half-lives of more

than one year; these include Ra-226, Pb-210, Ra-228, and thorium-228 (Th-228) for the
radium-bearing NORM wastes, and Pb-210 for the wastes containing lead.

** Secular equilibrium refers to the relationship established between a radioactive element that
has a long half-life and a decay product that has a much shorter half-life. For example, Ra-226



with the principal radionuclide. Secular equilibrium also was assumed between Ra-228
and Th-228. For most of the receptors and exposure pathways, the source concentration
was defined by the case study assumptions. For those receptors exposed to either leachate
or groundwater, leachate and groundwater transport calculations (below) were made to
define the source concentrations.

For the case study evaluation of radium-bearing wastes, it was assumed that
2,000 m3 of NORM waste with a Ra-226 concentration of 50 pCi/g was disposed of in
the nonhazardous landfill. Ra-228 was assumed to be present in the waste at a ratio of 3:1
Ra-226 to Ra-228 (i.e., 50 pCi/g Ra-226 in addition to 12.5 pCi/g Ra-228). Ingrowth of
Pb-210 was assumed for 10 years at the start of analysis.

For the case study evaluation of Pb-210 wastes, it was assumed that the wastes
would be disposed of in 55-gal drums and that disposal in any single landfill would be
limited to one truckload per year. One truckload was assumed to contain 96 55-gal
drums, equal to 20 m3. This analysis evaluated disposal in drums, but, to be conservative,
the disposal of this waste stream in bulk was also evaluated. Estimates provided in this
report are based on a barrel-weighted average activity concentration of 260 pCi/g of
Pb-210. Lead-210 is the only principal radionuclide of interest for this waste stream.
Radioactive decay of Pb-210 results in bismuth-210 (Bi-210), which has a half-life of
about 5 days. The Bi-210 decays by beta emission to Po-210, which has a half-life of
approximately 140 days. The Po-210 decays by alpha particle emission to stable lead-206
(Pb-206).

Groundwater and Leachate Transport Modeling

Very conservative assumptions were used to define the solubility of the
radionuclides of concern and, hence, their concentrations in the landfill leachate and
groundwater. In petroleum industry NORM, Ra-226 typically is present in the form of
radium/barium sulfate, a relatively insoluble material with a solubility limit of
2 × 10-6 g/L. To be conservative, it was assumed that as the radium was exposed to
leachate moving through the landfill, it would dissolve instantly to its solubility limit.
Most of the Pb-210 is present in elemental state and, therefore, is insoluble. However, to
evaluate a worst-case scenario, it was assumed that the lead was in the form of lead
sulfate, the most soluble form of lead that might occur in a landfill, with a solubility of
4.25 × 10-3 g/L.(10) In addition, although the majority of Pb-210 is found on the interior
surfaces of equipment, it was assumed that the Pb-210 bearing wastes were exposed to
the leachate and that the leachate instantaneously dissolved the lead to its solubility limit.
These conservative assumptions resulted in an overprediction of the amount of radium
and lead that would be present in the landfill leachate.

Three separate models were used individually and in tandem to evaluate leachate
and groundwater transport (Figure 2). The Hydrologic Evaluation of Landfill
Performance (HELP) model (6) was used to calculate the amount of fluid that could
percolate through the surface cover of the landfill and the amount of leachate that could
leak through the landfill containment system (e.g., the base liner). An analytical model
                                                                                                                                                              

has a half-life of about 1,600 years. As this element decays and emits radiation, Rn-222,
which has a half-life of about 3.8 days, is produced. Over time (after seven progeny half-
lives), an equilibrium is established between the concentrations of these two elements
(disregarding the mobility of the radon gas) such that the activity of each element is equal.



developed by Tomasko (7) was used to estimate the movement of dissolved Ra-226 and
Pb-210 from the original position of the NORM waste in the landfill to the impermeable
liner at the bottom of the landfill cell. A dilution calculation was used to estimate the
Ra-226 and Pb-210 concentrations in leachate at the base of the cell and at the base of the
entire landfill. The SWIFT II model (8) was used to calculate groundwater transport of
Ra-226 and its decay product, Rn-222, from beneath the landfill to various groundwater
receptor locations. The SWIFT II model was not used for Pb-210 because calculations of
Pb-210 movement within the landfill indicated that lead did not reach the liner in
appreciable concentrations.

Sensitivity Analyses

Sensitivity analyses were conducted for several input parameters that were
considered likely to have an effect on potential doses. For the on-site resident and
industrial worker scenarios, sensitivity analyses were conducted to determine the effects
on potential doses, of the depth of the NORM waste layer from the surface of the landfill,
radon emanation coefficient, thickness of the NORM waste layer, and the source
concentration. In addition, the effect of breaching the landfill cover during home
construction (i.e., building a home with a basement) also was investigated for the on-site
resident scenario. For the recreational visitor, a sensitivity analysis was conducted only
for the depth of the NORM waste layer. For the groundwater receptor scenario,
sensitivity analyses were conducted within the leachate and groundwater transport
models. Parameters examined in these analyses included depth of the NORM waste layer,
thickness and areal extent of the waste layer, percolation velocity, distance to the
groundwater receptor, and depth of the groundwater receptor below the water table.

RESULTS
Leachate and Groundwater Transport Calculations

The HELP model (6) was used to evaluate landfill performance in terms of the
volume of leachate that potentially could leak from the base of the landfill each year. A
series of runs were made to determine how this volume was affected by the quality of
both the clay cap and the liner system at the base of the landfill. Predictably, the results
indicated that potential leakage through the bottom of the landfill increased with
increasing hydraulic conductivity of the clay cap and decreasing quality or absence of the
geomembrane liners.

An analytical model (7) was used to calculate the vertical transport of
radionuclides through the municipal waste layer. Ra-226 concentrations in the leachate
were estimated for three different waste layer thicknesses at three different locations
within the landfill: (a) at the liner immediately below the NORM waste layer; (b) at the
base of the cell containing the NORM; and (c) within the entire landfill, assuming
leachate from all of the landfill cells is mixed. Table 3 presents the maximum Ra-226
concentrations in the leachate at each of these locations for the different waste
thicknesses. Predictably, the Ra-226 concentration below the NORM waste layer
increased with increasing thickness of the waste layer and decreased as the leachate was
mixed with leachate generated from larger areas within the landfill. Similar calculations



indicated that Pb-210 concentrations at the landfill liner would be essentially zero
because of the high retardation and the very short half-life (22 years) of Pb-210.

The SWIFT II model (8) was used to evaluate groundwater transport of Ra-226
and its progeny, Rn-222, from the point of release below the landfill liner to a receptor
located 1,000 ft downgradient of the landfill at a depth of 5 ft below the base of the
landfill. A series of runs were made to estimate the Ra-226 and Rn-222 concentrations
under different conditions. The results of these runs are presented in Table 4. The base-
case run of the SWIFT II model used very conservative values for some of the input
parameters. In the base case, it was assumed that there were no geomembrane liners
present at the base of the landfill and that the groundwater was in immediate contact with
the base of the landfill. These assumptions result in an overprediction of the
concentration of radionuclides in the subsurface; even so, the estimated concentrations
were very low: 3.3 × 10-4 for Ra-226 and 3.9 × 10-8 for Rn-222. When a separate run was
made assuming the presence of poor-quality geomembrane liners, the estimated Ra-226
concentration was reduced by about five orders of magnitude to 5.7 × 10-9. Similarly,
when the depth of the groundwater was assumed to be 10 to 30 ft below the base of the
landfill, the Ra-226 concentrations were reduced by an additional three orders of
magnitude.

The SWIFT II model was not used to calculate Pb-210 concentrations in the
groundwater because the analytical model results indicated that essentially no Pb-210
would be present in the leachate leaking from the landfill.

Calculated Doses and Health Risks

Table 5 presents the estimated doses and resultant health risks for each receptor
evaluated in this study. These doses and risks are related to the disposal of either
(a) 2,000 m3 of NORM wastes containing an average Ra-226 concentration of 50 pCi/g,
or (b) 20 m3 of wastes containing an average Pb-210 concentration of 260 pCi/g. To place
the estimated doses in perspective, the currently accepted public dose limit recommended
by the ICRP is 100 mrem/yr from all sources.(9) Unless workers involved in the disposal
of NORM are classified as radiation workers, this dose limit is applicable to them, as
well.

For the operational phase worker scenarios, the results indicated that the waste-
placement operator would receive the highest potential dose; however, this value was
very low, less than 2 mrem/yr. Potential doses to the other workers and to the general
public were all negligible.

For the future use scenarios, the results indicated that the on-site residential
receptor would receive the highest potential dose; however, this value also was low, at
only 7.4 mrem/yr. The potential doses to other future users of the site were negligible.

Sensitivity Analyses

Sensitivity analyses for disposal of radium-bearing NORM wastes were
conducted on several input parameters for the on-site resident, on-site industrial worker,
and recreational visitor scenarios. Only those parameters related to the radon pathway
were analyzed because this was the only pathway that would contribute significantly to



dose. These parameters included depth of the NORM waste layer below the landfill
surface, radon emanation coefficient, area and thickness of the NORM waste layer, and
source concentration. In addition, breach of the landfill cap in home construction was
analyzed for the residential scenario. Sensitivity analyses for disposal of wastes
containing Pb-210 were not performed, with the exception of the parameter defining the
depth of the waste.

The results of the sensitivity analyses indicated that all of the parameters
evaluated except the areal extent of the NORM waste layer had an impact on estimated
doses. The two parameters potentially having the greatest impact on doses to the on-site
residential receptor were depth of the NORM waste layer and integrity of the landfill cap.
In the case of waste layer depth, the sensitivity analyses indicated that potential doses
could be unacceptably high (125 mrem/yr) if the waste layer was shallower than about
10 ft. Similarly, if the landfill cap were breached during home construction, potential
doses could also be unacceptably high (63 mrem/yr).

CONCLUSIONS AND RECOMMENDATIONS
Conclusions

On the basis of the results presented in Table 5, the following conclusions can be
drawn regarding the potential doses and risks associated with disposing of 2,000 m3 of
waste containing an average Ra-226 concentration of 50 pCi/g:

•  Potential radiological doses and resultant health risks for workers
actively involved in landfill operations would be negligible.

•  Potential doses to an individual living adjacent to the landfill during the
NORM disposal action and to the general population living within a
50-mi radius would be negligible.

•  Potential doses to future industrial and recreational users of the landfill
property would be negligible.

•  Potential doses to hypothetical future residential users of the landfill
property are most sensitive to depth of the NORM waste layer and
integrity of the landfill cap. These doses would be negligible on the basis
of the assumption that (a) the NORM wastes would be placed at a depth
greater than approximately 10 ft below the cap and (b) the landfill cap
would not be breached during construction of the home.

•  Provided the NORM wastes are placed deeper than approximately 10 ft
below the landfill cap, the Michigan policy allowing wastes containing
up to 50 pCi/g to be disposed of in Type II landfills is protective of
human health.

As noted, these conclusions relate to a disposal volume of 2,000 m3. Increasing
the total volume would increase the worker doses linearly and could increase the
potential doses to the off-site resident via the groundwater pathway. However, it is
estimated that doses for these receptors would be negligible, and increasing the volume
probably would not change this overall conclusion. Radiological doses to the future-use



receptors would not be affected by increasing the total volume; doses to these receptors
would be affected primarily by changes in the location of the NORM waste within the
landfill.

Regarding the disposal of lead-bearing NORM wastes, the results of this study
indicate that potential doses and associated health risks to workers and the general public
would be negligible for disposal of 20 m3 of wastes containing an average Pb-210
concentration of 260 pCi/g.

Recommendations

On the basis of the conclusions presented above, the following recommendations
are suggested:

•  It may be feasible for other states besides Michigan to consider issuing
regulations allowing the disposal of NORM wastes containing up to
50 pCi/g of Ra-226 in municipal, nonhazardous landfills. In approving of
this type of disposal, regulators should consider the total volume of
radium-bearing wastes that are disposed of in a single landfill and cell, as
well as the depth of the NORM waste layer within the landfill. Property
records denoting that a landfill was in operation at that location should
also note that radium-bearing wastes were disposed of therein.

•  Regulators should consider allowing the disposal of NORM wastes
containing radium in concentrations greater than 50 pCi/g on a case-by-
case basis.

•  States should also consider regulations governing the disposal of wastes
containing Pb-210 in municipal, nonhazardous landfills. As they should
for radium-bearing wastes, the regulations should consider the allowable
concentrations of Pb-210 and the total volume that can be disposed of in
a single landfill.

•  States may want to consider allowing NORM wastes to be disposed of in
other categories of nonhazardous landfills, provided the requirements for
deed restrictions and protection of the landfill cap are equivalent to those
for municipal landfills.
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Table 1.  Summary of Exemption Levels Defining Regulated NORM Established
by Existing State-Level Regulations

Exemption Levels

State Radium
Other Radionuclides
(including Pb-210) Regulatory Citation

Arkansas <5 pCi/g Ra-226 and/or
Ra-228

<150 pCi/g of any other
NORM radionuclide

Rules and Regulations for
Control of Sources of
Ionizing Radiation, Section 7,
“Naturally Occurring
Radioactive Material
(NORM).”

Louisiana ≤5 pCi/g Ra-226 or
Ra-228 above
background

≤150 pCi/g of any other
NORM radionuclide

Title 33, Louisiana
Administrative Code, Part
XV, Chapter 14, “Regulation
and Licensing of Naturally
Occurring Radioactive
Materials (NORM).”

Mississippi <5 pCi/g Ra-226 or
Ra-228 above
background; or
<30 pCi/g Ra-226 or
Ra-228, averaged over
any 100 m2, if the radon
emanation rate is
≤20 pCi/m2/s

≤150 pCi/g of any other
NORM radionuclide

Regulations for Control of
Radiation in Mississippi, Part
801, Section N, “Licensing of
Naturally Occurring
Radioactive Materials
(NORM).”

New
Mexico

≤30 pCi/g Ra-226
above background

≤150 pCi/g of any other
NORM radionuclide
above background

Title 20, New Mexico
Administrative Code, Chapter
3.1.14 “Naturally Occurring
Radioactive Materials
(NORM) in the Oil and Gas
Industry.”

Texas ≤30 pCi/g Ra-226 or
Ra-228

≤150 pCi/g of any other
NORM radionuclide

Title 25, Texas
Administrative Code, Chapter
289, Subchapter F,
“Licensing of NORM.”



Table 2.  Methodologies Used to Model NORM Disposal in a Nonhazardous Landfill
for Various Scenarios

Scenario/Receptor Exposure Pathway Model

Operational Phase Scenarios
Driver External irradiation TSD-DOSEa

Waste-placement operator External irradiation
Inhalation of particulates

TSD-DOSE
TSD-DOSE

Leachate worker External irradiation TSD-DOSE
Off-site residents External irradiation

Inhalation of particulates
Ingestion of soil and food

TSD-DOSE
TSD-DOSE
TSD-DOSE

Future Use Scenarios
On-site resident External irradiation

Inhalation of particulates and radon
Ingestion of soil and food

RESRADb

RESRAD
RESRAD

On-site industrial worker External irradiation
Inhalation of particulates and radon

RESRAD
RESRAD

Recreational visitor External irradiation
Inhalation of radon

RESRAD

Off-site resident Groundwater ingestion HELP modelc

leachate modeld

SWIFT IIe

a Reference 4
b Reference 5
c Reference 6
d Reference 7
e Reference 8

Table 3.  Results of Leachate Transport Modeling for Ra-226

Maximum Ra-226 Concentration (pCi/L)

NORM Waste
Layer Thickness

Below NORM Waste
Layer

In Leachate from
NORM Cell

In Leachate from
Entire Landfill

1 ft 92 2.1 × 10-1 2.8 × 10-2

4 ft 360 2.2 × 10-1 2.9 × 10-2

8 ft 740 2.2 × 10-1 3.0 × 10-2



Table 4.  Maximum NORM Concentrations Predicted by Groundwater
Transport Analysis

SWIFT II Run

Maximum Ra-226
Concentration

(pCi/L)

Maximum Rn-222
Concentration

(pCi/L)
Time to Maximum
Concentration (yr)

SWIFT II base case 3.3 × 10-4 3.9 × 10-8 109

High conductivity 3.9 × 10-5 4.5 × 10-9 100

Low conductivity 2.9 × 10-4 1.2 × 10-8 394

High gradient 7.5 × 10-5 9.0 × 10-9 100

Low gradient 3.3 × 10-4 4.2 × 10-8 427

Increased recharge 1.1 × 10-4 1.4 × 10-8 125

Table 5.  Estimated Peak-Year Dose and Carcinogenic Risks for Disposal
of NORM-Impacted Wastes in a Nonhazardous Landfill

Radium-Bearing NORMa Lead-210 NORMb

Receptor
Dose

(mrem/yr) Risk
Dose

(mrem/yr) Risk

Operational phase scenarios
Driver 0.3 1 × 10-7 0 0
Waste-placement operator 1.7 7 × 10-7 2.4 × 10-6 9 × 10-13

Leachate worker 2 × 10-4 8 × 10-11 0 0
Off-site resident 6.6 × 10-4 3 × 10-10 3.3 × 10-6 2 × 10-12

General populationc(50-mi radius) 2.7 × 10-5 1 × 10-8 1.3 × 10-7 7 × 10-11

Future use scenarios
On-site resident 7.4 4 × 10-6 0 0
On-site industrial worker 2.2 1 × 10-6 0 0
Recreational visitor 1.2 × 10-7 6 × 10-14 0 0
Off-site resident 3.2 × 10-4 2 × 10-10 0 0

a Doses are for bulk disposal of 2,000 m3 of radium-bearing wastes having an average
Ra-226 concentration of 50 pCi/g.

b Doses are for bulk disposal of one truckload (20 m3) of lead-bearing wastes having an
average Pb-210 concentration of 260 pCi/g.

c Dose for the general population is in person-rem.



Figure 1.  Schematic diagram of base-case assumptions regarding
placement of NORM waste within the landfill

Layer 4, Municipal waste (8ft)

Layer 3, Surface cap,  compacted clay (3 ft)

Layer 1, Surface topsoil (1.5 ft)

Layer 2, Surface drainage layer gravel (1.5 ft)

NORM waste layer (8ft)

Layer 5, Soil separator (1.0 ft)
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Figure 2.  Diagram of models used to calculate leachate and groundwater transport



ADAPTIVE SAMPLING AND
ANALYSIS PROGRAMS FOR NORM-

CONTAMINATED SOILS*

Robert Johnson, Karen Smith, and John Quinn

ABSTRACT
Adaptive sampling and analysis programs (ASAPs) constitute a cost-effective alternative for
characterizing Naturally Occurring Radioactive Materials (NORM)-contaminated soils. ASAPs
use field analytical methods to direct data collection during characterization. ASAPs allow for a
combined characterization/remediation strategy that can reduce data collection costs and expedite
site closure. An ASAP approach is effective for NORM contamination because of field screening
techniques available that can quantify Ra-226 in situ. Three of these technologies were fielded at
a NORM site as part of an ASAP demonstration that was funded by the U.S. Department of
Energy’s National Petroleum Technology Office. These technologies included mobile gross
gamma scans, in situ sodium iodide-based direct measurements, and in situ High Purity
Germanium gamma spectrometry. The in situ techniques showed excellent comparability with ex
situ sample analyses. Analytical costs were as low as a few dollars per measurement. The
demonstration blended site characterization with removal of elevated soils.

________________________________________________________
*Work supported by the U.S. Department of Energy,



INTRODUCTION
Certain industrial processes can cause Naturally Occurring Radioactive Materials

(NORM) to accumulate in elevated concentrations that could pose a risk to human health and the
environment. The petroleum industry is one of several industries that generates large volumes of
NORM-bearing wastes. Data collected by the petroleum industry and its regulators suggest that
between 10 and 30% of domestic oil and gas wells may produce NORM in elevated
concentrations (McArthur 1988; Otto 1989). NORM are a known problem in producing regions
along the Gulf Coast, in the Permian Basin (west Texas and southeastern New Mexico), in the
Anadarko Basin (northern Texas and southern Oklahoma), in at least one field in Kentucky, and
in Michigan (Ashland Exploration, Inc. 1993; Michigan Department of Natural Resources and
Department of Public Health 1991; Otto 1989). Most of these wastes have relatively low specific
activity levels; some, however, may contain higher concentrations of radium and, therefore, must
be managed safely to limit human health exposures.

As a result of oil and gas production and processing operations, NORM sometime
accumulate at elevated concentrations in by-product waste streams. The sources of most of the
radioactivity are isotopes of uranium-238 (U-238) and thorium-232 (Th-232), which are naturally
present in the subsurface formations from which oil and gas are produced. The primary
radionuclide of concern in NORM wastes is radium-226 (Ra-226) of the U-238 decay series.
Radium-228 (Ra-228), of the Th-232 decay series, also occurs in NORM waste but is usually
present in lower concentrations. Other radionuclides of concern include those that form from the
decay of Ra-226 and Ra-228.

The production waste streams most likely to be contaminated by elevated radium
concentrations include produced water, scale, and sludge. Radium, which is slightly soluble, can
be mobilized in the liquid phases of a subsurface formation and transported to the surface in the
produced water stream. As the produced water is brought to the surface, some of the dissolved
radium precipitates out in solid form. Most commonly, the radium co-precipitates with barium
sulfate, a hard and relatively insoluble scale deposit; it can, however, also co-precipitate to form
other complex sulfates and carbonates.

From a cost perspective, compliance with NORM regulations has the potential to
significantly impact the petroleum industry, particularly if a large number of sites require
cleanup. New opportunities to reduce the costs associated with regulatory compliance need to be
explored by the industries that generate NORM wastes. Toward this end, the U.S. Department of
Energy (DOE) funded Argonne National Laboratory (ANL) to conduct a field program
demonstrating Adaptive Sampling and Analysis (ASAP) approaches to site characterization and
remediation at a NORM-contaminated site. The site selected for this field demonstration was a
petroleum industry site located in Michigan that, over time, had been contaminated by NORM-
bearing scales. The objective of the field program was to demonstrate to the petroleum industry
the potential cost savings that could result from applying these approaches at NORM-
contaminated sites.



ADAPTIVE SAMPLING AND
ANALYSIS PROGRAMS

ASAPs use real-time data collection techniques and in-field decision making to guide the
progress of data collection at hazardous waste sites. An ASAP approach to site characterization
and remediation is based on a dynamic work plan that specifies how data collection decisions will
be made in the field; the plan, however, does not specify the exact locations and numbers of
samples to be collected. In an ASAP data collection program, results from an ex situ off-site
analysis of soil samples using standard laboratory techniques are primarily used as a quality
assurance/quality control (QA/QC) check for the real-time data; these results are not used as the
principal data source for decision making. During ASAP data collection, the course of data
collection is driven by the results as they are obtained. In its extreme form, the next sampling
location might be determined by all previous results. More commonly in an ASAP data collection
effort, data planning and acquisition take place in sequential Achunks.@ For example, the results
from one day=s work might be used to plan the data collection activities scheduled for the next
day.

ASAPs provide several key advantages over standard characterization approaches that
rely on static work plans and off-site analytics. ASAP data collection programs rely on real-time
data collection techniques that typically incorporate screening and field analytical technologies.
For these types of techniques, per-sample analytical costs are typically significantly less than the
costs associated with off-site laboratory analyses. ASAP data collection programs can be adjusted
in the field as results are encountered, thereby producing data collection programs that are much
more focused and efficient than standard gridded approaches. ASAP data collection proceeds
until the characterization goals have been met. Consequently, the need for additional site
characterization efforts is greatly reduced. In contrast, traditional characterization programs that
rely on off-site laboratory analyses for information often require repeated mobilizations to clarify
sample results that become available only after the last round of sampling has been completed.
Finally, because ASAP programs provide on-site data in an expedient fashion, characterization
and remediation activities can be merged, which shortens project schedules and facilitates the use
of more precise remediation technologies. This is particularly true when remediating
contaminated soils where ASAP data collection can be effectively used as an in situ soil
segregation or sorting technique.

ASAP data collection programs require two key components to be effective: (1) real-time
data collection techniques appropriate for the contaminants of concern and their cleanup
guidelines, and (2) an in-field decision-making methodology for determining the course of data
collection in response to real-time data streams.

NORM REAL-TIME TECHNOLOGIES
Most, if not all, NORM-contaminated sites are contaminated either with Ra-226 and its

progeny, or with some mixture of Ra-226 and Ra-228 and their progeny. Both isotopes are
naturally occurring; background concentrations are typically less than 1 pCi/g. Cleanup
guidelines for both isotopes are usually concentration based and are expressed in terms of pCi/g.
Typical in situ guidelines are 5 pCi/g plus background for surface soils (spatially averaged over
100 m2 and over a 15-cm depth profile), and 15 pCi/g for subsurface soils; these values are well
above background concentrations. Because of the relatively short half-life of Ra-228, Ra-226



contamination will dominate Ra-228 contamination over time. Traditional laboratory approaches
to Ra-226 and Ra-228 quantification for soil samples rely on either gamma or alpha spectroscopy.
Both techniques are generally accepted by the regulatory community. Delivery times for results
from off-site laboratories can range from several days, when rapid turnaround is specified, to
several weeks. Slow turnaround times make it nearly impossible to use off-site laboratories to
support ASAP data collection.

ASAP programs are most effective when real-time data collection techniques suitable for
contaminants of concern and their cleanup guidelines are available. Ra-226 and Ra-228
contamination falls squarely within that category. A number of generic technologies are
applicable to the characterization of soils contaminated with Ra-226 and/or Ra-228. Some of
these are already widely used in a screening mode. Others have been available for some time but
have not gained widespread acceptance. Still others are fairly recent technologies that are very
promising but not as yet widely used. Real-time measurement technologies applicable to NORM
fall into four categories: (1) mobile gross activity techniques based on sodium iodide (NaI)
detectors that can provide complete surficial coverage of a site; (2) stationary NaI instruments
that provide semiquantitative in situ Ra-226 activity concentrations; (3) in situ High Purity
Germanium (HPGe) gamma spectroscopy; and (4) ex situ on-site gamma spectroscopy of soil
samples.

NaI-based systems can be used to measure gross activity emanating from soil surfaces in
a screening mode. These types of systems have a long history of use as screening tools in which
the detector is swung about 6 inches above the ground as a technician walks over a site.
Traditionally, technicians have used an audible signal to monitor fluctuations in the gross activity
measured. More recently, these types of instruments have been coupled with data loggers and
Global Positioning Systems (GPSs) that record both count rates and coordinates for the
measurements. With differential correction, current GPSs can provide these locations with
submeter accuracy. Typical measurement times for these types of systems are only 2 seconds.
With a 2-second acquisition time, a 2 x 2 NaI system can discern elevated Ra-226 levels that are
only 2 or 3 pCi/g above background (MARSSIM 1997), or well below common cleanup
guidelines. NaI walkover systems can produce dense, complete coverage of a site=s surface at
relatively little expense, typically on the order of several hundred dollars per acre.

NaI-based gamma spectroscopy systems also are available that provide isotopic
concentrations for in situ soils. These direct measurement systems can produce isotopic
concentration estimates with a much shorter measurement time than an HPGe system. However,
the accuracy and precision of the measurement frequently are much more uncertain. The NORM
Instruments and Services, Inc., RadInSoilTm meter is one example of an in situ system. When
properly calibrated, and assuming Ra-226 and its progeny are the only gamma-emitting isotopes
present above background, the RadInSoil can provide accurate Ra-226 activity concentrations
with detection limits well below 5 pCi/g. The RadInSoil is capable of producing several
measurements per hour; per-measurement costs are on the order of $10 to $20.

In situ HPGe gamma spectroscopy measures gamma flux from near-surface in situ soils.
For an assumed distribution of contamination in soils (typically homogenous laterally and with
depth), in situ HPGe systems can be calibrated to convert measured gamma activity to isotope-
specific activity concentrations. For in situ HPGe systems, the Afield of view@ refers to the area
of soil beneath the detector that contributes the bulk of the gamma flux measured by the detector.
With the detector set at 1 m above the ground, a field of view of approximately 100 m2 is
produced. When an in situ HPGe measurement is made, the resulting isotopic concentration is
assumed to represent the average concentration over the field of view of the measurement. Most



NORM guidelines represent spatially averaged concentrations, i.e., 5 pCi/g averaged over 100
m2. In these cases, the results from an in situ HPGe measurement actually provide data that are
more directly comparable with cleanup guidelines than data obtained from discrete samples. For
Ra-226, reasonable detection limits can be obtained with a 15-minute measurement time. With
the proper supporting software, in situ HPGe measurements yield accurate isotopic activity
concentrations for Ra-226 in the field. In situ HPGe measurements typically cost approximately
$100 per measurement.

Ex situ analysis of soil samples by gamma spectroscopy also can be conducted on site in
a mobile laboratory setting. Using a Marinelli sample geometry and count times of 15 minutes,
on-site ex situ gamma spectroscopy can be used for relatively rapid analysis of soil samples with
detection limits in the range of background levels or less for Ra-226. With proper planning, an
on-site ex situ gamma spectroscopy system can analyze between 20 and 30 samples per day.

NORM ASAP APPROACH
The principal objective of data collection during characterization or remediation of a

NORM-contaminated site is to Asort@ the site=s soil into one of three categories---clean,
contaminated, or unknown---on the basis of available data. Preferably, the volume of soil in the
last category would be kept to a minimum. In the interest of human health protection, any soil
falling in the unknown category would be treated ultimately as not satisfying cleanup guidelines.

The most effective approach to NORM ASAP data collection usually involves a
combination of data collection technologies. A suite of technologies for NORM-contaminated
sites would include 100% surficial coverage with a gross gamma walkover, selective direct
measurements of in situ concentrations, and minimal discrete sampling for QA/QC purposes.
Gross gamma walkovers provide relatively inexpensive, complete real-time information about
gross activity for exposed surficial surfaces. Regulatory guidelines, however, are often expressed
in concentrations, exposure levels, or radon flux. The challenge with gamma walkover data is to
develop a relationship between gross activity and the probability that the prescribed guideline has
been exceeded.

Discrete soil sampling or direct in situ measurements with instruments capable of
providing isotopic concentrations allow gamma walkover data to be interpreted. Soil sample
results or direct in situ measurements can be used to construct a relationship between gross
activity and cleanup requirements. Figure 1 illustrates such a relationship. This histogram was
constructed using data for locations that had both gamma walkover information and a direct
isotopic measurement. The histogram shows the percentage of samples within a particular range
of gross gamma activity that yielded isotopic concentrations above the cleanup requirement.
Using this type of graph, two gross activity Atrigger levels@ can be defined: a lower trigger level
below which one is confident that cleanup guidelines are rarely exceeded, and a second upper
trigger level above which one is confident that the cleanup guidelines are always exceeded. The
range of gamma activities between these two triggers defines activities where definitive
conclusions cannot be drawn regarding the presence or absence of soils above the cleanup
requirements. This relationship will be extremely dependent on the type of sensor used for the
gross gamma walkover surveys and the definition of the cleanup requirements.

By using a relationship such as that illustrated in Figure 1 and gamma walkover results,
one can divide the surface of a site into three regions: one where gamma walkover data clearly



indicate that cleanup requirements have not been exceeded; one where gamma walkover data
clearly indicate that cleanup requirements have been exceeded; and the remaining area where the
gamma walkover data are inconclusive. If this third area is significant, it can be targeted with
additional direct measurements to clarify its Ra-226 and/or Ra-228 concentrations. This process
yields a two-dimensional footprint for contamination but does not provide any immediate
information on the vertical extent. A vertical extent of contamination is not necessary if ASAP
techniques are built into the remediation process. If excavations are organized by lifts, exposed
surfaces can be rewalked and redivided into regions as excavation work proceeds; sequential lifts
of contaminated soil are performed until the dig face yields soils that satisfy the cleanup
requirements. Ultimately, this form of excavation will yield a contaminated soil excavation
footprint that is much more precise than anything that could be determined solely on the basis of
subsurface soil sampling.

The ASAP process for NORM soils consists of the following steps:

1. Soil background concentrations are determined for the site for the contaminants of
concern.

2. A complete gamma walkover with GPS is performed for the site.

3. On the basis of the gamma walkover results, a set of locations (between 30 and 50) is
selected from impacted soils. These locations are selected so that a range of isotopic
activity concentrations is sampled; the center of the range is focused on the cleanup
criteria.

4. These locations are either directly measured (preferred) or sampled and analyzed.

5. The resulting data are used to develop a relationship such as that shown in Figure 1,
along with the two trigger levels.

6. On the basis of these trigger levels, the surficial area of the site is divided into three
regions: regions that meet the requirement, regions that do not, and regions where the
walkover data are inconclusive. Gamma walkover data may need to be averaged using
moving-window averaging techniques to obtain results over areas comparable with
cleanup requirement definitions (typically 100 m2).

7. If the region where the gamma walkover data are inconclusive is large, additional direct
measurements or soil samples can be collected in these areas to clarify the region’s actual
concentrations.

8. Excavation activities are organized by lifts. Contaminated areas identified by gamma
walkover data are skimmed off lift by lift. Between each lift, the exposed surface is
scanned with a gamma walkover and GPS, and step 6 is repeated. Excavation continues
until a dig face yields results below the lower trigger level, and/or uncertain areas have
been clarified as clean using direct measurement or sampling techniques. A 100-m2-area
that has average concentrations greater than a cleanup requirement may actually be
driven by a relatively small, localized “hot spot”. Selective removal of such “hot spots”
may reduce the average concentration without requiring complete removal of the 100-m2

area. This process does not require that the vertical extent of contamination be defined
before remediation work begins.

9. Once excavation activities have ceased, final status survey data collection can be initiated
if required by the regulatory agency responsible for the site.



MICHIGAN CASE STUDY
The site used for the demonstration is a privately owned pipe storage yard in central

Michigan. The site (Figure 2) includes approximately 3 acres that were used for pipe storage and
maintenance activities. Most of the storage yard is fenced. The site is bounded by a golf course on
the west, a small river on the north, an office building and parking lot on the south, and another
privately held industrial parcel on the east. Used piping and associated materials were stored and
refurbished at the yard. In 1991, the owner conducted a site survey and ascertained that portions
of the site had elevated surficial gamma activity. The owner gridded the site and selectively
containerized approximately 38 yd3 of contaminated soils that had been identified by his gamma
survey. These soils were stored in 148 forty-gallon plastic drums in the northeast corner of the
yard. Upon completion of this excavation work, the site was tilled, and the remaining pipe that
exhibited scale with elevated Ra-226 activities was removed. In 1997, the State of Michigan
Department of Environmental Quality (DEQ) performed a cursory site survey and identified
additional on-site locations where elevated gamma activity was present. In addition, the DEQ
sampled soils from the stored drums and found Ra-226 concentrations that ranged from 1.0 up to
3,000 pCi/g.

An initial set of seven samples (Figure 2) was collected for background purposes from
the immediate vicinity of the site. Each location was first screened for gross activity to ensure that
there was no obvious indication of contamination. Each sample was analyzed via gamma
spectroscopy by ANL=s Analytical Chemistry Laboratory. The initial results for Ra-226 ranged
from 0.31 to 0.62 pCi/g, with an average of 0.48 pCi/g. For the same locations, the range of
concentrations observed with the RadInSoil instrument was 0.27 to 0.65 pCi/g, with an average of
0.48 pCi/g. Background levels of gamma gross activity measured by the gamma survey system
ranged from approximately 200 up to 1,000 cpm, with an average of 650 cpm. The bulk of the
data fell between 500 and 800 cpm.

A preexcavation walkover of the site was conducted using an NaI instrument combined
with a GPS. The initial walkover for the site encountered numerous locations where gross activity
was clearly elevated above background. In many cases, these occurrences were very localized. In
a few instances, there were broader areas with elevated gross activity levels. Almost 150 discrete
locations were flagged because of elevated readings. For 49 of these, RadInSoil measurements
were taken to determine the relationship between gross activity as measured by the NaI system
and Ra-226 isotopic activity concentrations. In each of these cases, a static gross activity reading
was taken in addition to the RadInSoil measurement. For these locations, measured
concentrations ranged from 0.6 to more than 900 pCi/g. The Pearson correlation coefficient for
this data set was 0.98, which indicates a high degree of linear correlation between gross activity
and Ra-226 concentrations. This strong relationship is not surprising, given the fact that Ra-226
and its progeny are the only gamma-emitting isotopes found at the site above background levels.
On the basis of this data set, it was determined that trigger levels of 1,800 and 2,500 cpm could be
used with gamma walkover data to indicate when one could be confident that the concentration
was below or above 5 pCi/g, respectively (Figure 1). The range between 1,800 and 2,500 cpm
represented an uncertain range.

On the basis of the results of the preexcavation walkover, approximately 12.9% of the
site was impacted by NORM above background levels. The trigger levels indicated that
approximately 3.7% of the site potentially exceeded 5 pCi/g. Five distinct areas emerged with
NORM contamination at levels that likely exceed State of Michigan surficial soil guidelines: one



in the northwest corner of the site, one in the northeast where the drums were stored, one in the
central west portion of the site, one in the central east portion of the site, and one directly south of
the fence line. In situ HPGe measurements were obtained over the elevated area in the northwest
corner of the site and over the area south of the fence. Ra-226 concentrations ranged from 4.9 to
6.3 pCi/g. On the basis of these data, surficial soils were scraped in the five areas, and selective
digging with a shovel was performed at remaining hot spot locations. An additional 9 yd3 of
contaminated soil was removed, with an average Ra-226 concentration of 18 pCi/g.

Each of the excavated areas was rewalked, and these data were merged with the original
preexcavation walkover data. In the postexcavation gamma walkover data sets, approximately
12.4% of the site remained impacted by NORM above background. Approximately 1.2% (210
yd2) remained above 5 pCi/g. However, when one spatially averages the data using moving-
window averages and an averaging area of 100 m2, none of the site is above the 5-pCi/g
guidelines. Postexcavation in situ HPGe measurements were taken over the five original areas
that were above 5 pCi/g. All yielded Ra-226 concentrations below the 5-pCi/g cleanup criterion.

RESULTS AND DISCUSSION
The use of ASAP techniques for data collection at NORM-contaminated sites has several

distinct benefits over more traditional approaches that emphasize reliance on discrete sample
collection. In general, these include reduced per-sample data collection costs; a reduction in the
number of discrete samples collected; a more precise definition of contamination footprints; a
better documented characterization/remediation effort; and tightened schedules. The Michigan
case study demonstrated all of these benefits.

Reduction in Per-Sample Data Collection Costs

The technologies fielded by the demonstration on a per-unit-of-information basis
compared very favorably with traditional soil sample collection and analysis from a cost and data
quality perspective. Current costs for soil sample collection and ex situ gamma spectroscopy
analysis are on the order of $200 per sample. Each sample yields information about Ra-226
contaminant concentrations for one location. In contrast, per-location information costs for the
gamma walkover survey were on the order of $0.10 per reading (approximately 3,000 readings
per acre and approximately $300 per acre for a gamma walkover). Per-measurement costs for the
RadInSoil instrument were on the order of $10; resulting data compared very favorably in terms
of accuracy and precision with ex situ gamma spectroscopy for Ra-226. Per-measurement costs
for the in situ HPGe were on the order of $100 per measurement; data quality was almost
equivalent to ex situ gamma spectroscopy, and data results were more directly comparable with
the definition of cleanup requirements than discrete sample results.

Reduction in Number of Discrete Samples Collected

The Michigan fieldwork demonstrated how characterization activities for NORM can
almost eliminate discrete sampling and its high associated costs from data collection programs.
Discrete samples were used to establish background and as QA/QC checks on the real-time
results. The number of QA/QC samples was no greater than the number that would have been
collected to serve the same function for a data collection program based solely on discrete
samples.



Precision of Excavation Footprints

The use of real-time data collection technologies in an ASAP framework not only
reduces the cost of collecting information, it also results in a better characterization and
remediation product. Better here is defined as more accurate delineation of the footprint of soils
exceeding cleanup requirements. In the case of NORM, this is the result of the complete coverage
obtained for a site using a gamma walkover/GPS, along with the ability to select supplemental
direct measurement locations in the field to verify or clarify gamma walkover results, and the
capability of being able to respond to those direct measurement results. This capability is
particularly important for sites where contamination is likely to be highly localized, scattered and
spotty, as compared with contamination that might result from a spill event that yields a fairly
well-defined plume.

The Michigan demonstration site was an excellent example of spotty contamination. The
walkovers at the site revealed NORM contamination scattered at more than 100 specific locations
across the facility. Additional analysis of the walkover data sets, however, identified only five
distinct areas where soils would exceed 5 pCi/g over a 100-m2 area. Selectively scraping the
hottest portions of these five elevated areas brought each of the areas back into compliance with
State of Michigan guidelines. Subsequent gamma walkovers verified that compliance had been
achieved, as did confirmatory in situ HPGe measurements. In contrast, the soil removed averaged
18 pCi/g.

Reliance on discrete preplanned soil sampling alone would only have identified a handful
of the locations picked up by the gamma walkover survey unless an extremely tight grid spacing
had been used with a very large number of samples. For locations where soil samples yielded
concentrations greater than 5 pCi/g, it still would have been unclear whether the surrounding 100-
m2 area was, on average, above 5 pCi/g. No information would have been obtained about the
lateral extent of individual areas to support their excavation. The use of a gamma walkover
survey without a GPS would have allowed elevated areas to be identified, flagged, and sampled;
however, the gamma walkover data could not have been used to determine whether 100-m2 areas
were, on average, over the guidelines, nor would it have provided much information about the
extent of contamination for flagged areas that ultimately yielded sample results above 5 pCi/g. As
a historical note, the site was initially remediated using gross gamma screens without a GPS.

Completeness of Site Documentation

The use of ASAP techniques and dynamic work plans means that the progress of data
collection and remediation work is not explicitly planned before work begins. Consequently, it is
extremely important that the actions taken and data collected are carefully documented. Gamma
walkovers combined with GPS systems that log data provide the opportunity for generating this
type of documentation. The GPS associated with the gamma walkover can perform multiple uses,
including locating the positions of direct measurements or soil sampling and identifying the
boundary of excavations.

Condensed Schedules

Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)
and Resource Conservation and Recovery Act (RCRA) approaches to hazardous waste site
characterization and remediation are based on a staged, sequential approach to decision making,
with distinct time gaps between stages. In the case of NORM contamination, the contaminants are



already known, and the cleanup requirements are typically preestablished. In this context, the
opportunity exists to merge characterization and restoration activities into one overall data
collection, excavation, and remediation program. The advantages are greatly reduced overall
project schedules and reductions in documentation and mobilization costs. Reliance on off-site ex
situ laboratory analyses of soil samples makes this kind of integration difficult because of sample
turnaround times. In the case of the Michigan demonstration, by using real-time data collection
and ASAP techniques, the bulk of the characterization, excavation, and final status closure work
was completed in one round of fieldwork. Data collection moved directly from site
characterization, to support of excavation work, to final status survey work. The only exceptions
to this were a preliminary site visit to establish background conditions, and a subsequent visit to
the site after the main work had been performed to rectify a few data gaps that were identified
after the field crews had been demobilized.
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Figure 1.  Sample Relationship between Gamma Walkover Results and the Probability of Exceeding
NORM Cleanup Guidelines



Figure 2.  Michigan Case Study Site
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ABSTRACT
Microbially produced surfactants have been studied for use in microbially enhanced oil

recovery (MEOR) and the bioremediation of hydrocarbons . However, most of these studies have
used biosurfactants produced by one of a small number of pure-culture microbes isolated in a
laboratory and then applied to an environment. Here, we examined whether biosurfactant-
producing microorganisms were naturally present at two hydrocarbon-impacted sites – one in
northwestern Oklahoma and the other near Ft. Lupton, Colorado. Uncontaminated materials from
these sites were also examined. Biosurfactant producing bacteria were isolated from all samples
in significant numbers, and their presence was not dependent upon hydrocarbon contamination.
Not only were these biosurfactant producers in unimpacted soils, but their numbers did not
significantly increase in the presence of a contaminant. Isolates from the samples were analyzed
via the Fatty Acid Methyl Ester (FAME) and Biolog tests, and were identified as known
biosurfactant producing microbes.



INTRODUCTION
Biosurfactants are microbially produced surface active compounds. They are amphiphilic

molecules with both hydrophilic and hydrophobic regions causing them to aggregate at interfaces
between fluids with different polarities (such as water and hydrocarbons), and to have the ability
to form micelles ( Banat, 1995a; Fiechter, 1992; Georgiou, 1992; Kosaric, 1993; Karanth et al.,
1999). These biomolecules may also decrease interfacial surface tension (Lin, 1996; Shafi and
Khanna, 1995; Rouse et al., 1994; Volkering et al.,1998; Fiechter, 1992; Georgiou et al., 1992;
Karanth et al., 1999). Although the function of biosurfactants in microorganisms is not fully
understood, it is known that these secondary metabolites can enhance nutrient transport across
membranes, act in various host – microbe interactions, and provide biocidal and fungicidal
protection to the producing organism (Lin, 1996; Banat, 1995a; Banat,1995b).

However, it is the ability of the biosurfactant producers to reduce interfacial surface
tension which has important tertiary oil recovery and bioremediation consequences (Lin, 1996;
Rouse et al., 1994; Volkering et al., 1998). Studies have shown that many of the identified
biosurfactant producers are also hydrocarbon degrading organisms, although observations of a
second microbe using the biosurfactant compound as a co-substrate for hydrocarbon metabolism
have also been reported (Rouse et al., 1994; Willumsen and Karlson, 1997; Volkering et al.,
1998).

In the past decade, many studies have reported the effects of microbial produced
surfactants on bioremediation and enhanced oil recovery (Jack, 1988; Jenneman et al., 1984;
Volkering et al., 1998). However, these studies typically involved a single microbe or group of
microbes isolated and identified in a laboratory and then applied to either ex-situ soil core
experiments or injected into existing oil reservoirs for observation. In addition, the majority of
these studies tested for enhanced biosurfactant production or hydrocarbon recovery, utilizing only
a few species such as Bacillus licheniformis strain JF-2, Bacillus subtilis, or Pseudomonas
fluorescens (Adkins et al., 1992; Banat, 1995a; Banat, 1995b; Lin, 1998, McInerney et al., 1990).
Few studies, though, have evaluated the presence of natural, indigenous biosurfactant producing
microbes in oil recovery or bioremediation sites. The purpose of this study was to determine if
biosurfactant producing microbes occurred naturally in two different terrestrial hydrocarbon
contaminated sites.

MATERIALS AND METHODS
Sources of environmental samples

Sediments for this study were collected from two different locations. The first is an active
natural gas production site near Ft. Lupton, Colorado (Gieg et al., 1999). The soil in this area is
classified as a sandy to sandy loam, used primarily for agriculture. During the 1970’s, gas
condensate contamination occurred, including leaks from an underground produced water storage
sump. In 1980, the contamination source was removed. Documentation of intrinsic
bioremediation of the groundwater and contaminated soils was initiated in 1995 and continues to
date (Gieg et al., 1999). Sediments for this study were collected from beneath the shallow water
table (~ 1.4 meters) in March, 1999 and stored at 4o C. In addition to contaminated sediments,
upgradient, uncontaminated sediments were also collected and stored under identical conditions.



The second set of soil collected for this study were from within the Tall Grass Prairie
Preserve in Osage County, Oklahoma. This land, which included oil producing reservoirs, was
purchased by the Nature Conservancy in 1989. Although oil production does continue to occur on
a small scale, the primary function of the land is to recreate a native Oklahoma tall grass prairie
ecosystem.

In January 1999, 70 barrels of dewatered crude oil were spilled into a silty loam clay
basin. Sediments from this site, like those from Ft. Lupton, were also collected in March, 1999.
Soils were stored at 4o C. Both contaminated and neighboring uncontaminated soils were
collected for analysis.

Media used

Blood Agar plates were used for the screening and isolation of potential biosurfactant
producing bacteria (Bernheimer and Avigad,1970; ; Banat, 1995a; Banat, 1995b; Lin, 1996).
Preparation included the addition of 40 g/L Blood Agar Base (Difco Laboratories; Difco product
number 0045-17-8; beef heart infusion 500 g/L, bacto tryptose 10 g/L, NaCl 5 g/L, bacto agar 15
g/L) to nanopure water which was then autoclaved. When the medium cooled to between 45-50o

C, 60 ml/L sterile sheep blood (Brown Laboratories; Topeka, KS) were added and the plates were
then poured.

Plate count agar (PCA; Difco product number 0751-17-2) was used for the maintenance
of isolated biosurfactant-producing bacterial colonies and for counting the total number of aerobic
heterotrophic bacteria (Atlas and Parks, 1993).

Tryptic Soy Broth Agar (TSBA; Difco product number 0369-17-6) slants were inoculated
with colonies for a Fatty Acid Methyl Ester (FAME) analysis by Microcheck, Inc. (Sassar, 1990).

Biolog Universal Growth medium (BUG) plus 5% sheep blood (Biolog, Inc; Hayward,
CA) was used for the preparation of both the Gram positive and Gram negative isolates for the
Biolog analysis.

Methods
Isolation of biosurfactant producers

One gram (wet weight) of contaminated sediment from the Ft. Lupton site was added to
10 ml of sterile 0.85% saline solution (NaCl) in sterile 50 ml centrifuge tubes which were then
vortexed on high for two minutes. One hundred microliters were removed from this slurry and
added to a second centrifuge tube containing 0.9 ml of 0.85% NaCl saline solution. This second
tube was then vortexed for two minutes on high, and 0.1 ml was removed for further 1:10
dilutions. All dilutions were performed in triplicate.

Dilutions were spread-plated on Blood Agar plates (prepared one day prior) with final
dilutions ranging from 10-1 through 10-4. These were incubated at 30o C and counted after 24 and
48 hours. After isolation, colonies were maintained at 30oC on PCA plates.

The above isolation of beta hemolytic bacteria was repeated for uncontaminated
sediments from Ft. Lupton, and uncontaminated and contaminated soils from the Tall Grass
Prairie site.



Observations of colony morphology, growth, and microscopic characteristics were
recorded for isolates. Similar colonies were grouped together on the basis of microscopic analysis
and colony morphology ( Tate, 1995; Gerhardt et al., 1994)). For example, isolate I included
colonies showing a flat, slightly moist, cream colored morphology with light feathering at the
edges. Microscopic analysis of the bacteria in each of the colonies grouped together and
designated “isolate I” revealed non-motile, Gram positive rods sometimes linked in short chains.
A representative colony of each group was then selected for further analysis.

In addition to the dilution plating of sediments onto Blood Agar plates, positive and
negative controls were also plated. As a positive control, Bacillus licheniformis JF-2 (ATCC
39307) was used. This bacterium is a well studied biosurfactant producer (McInerney et al.,
1990). As a negative control, a mutant form of Bacillus licheniformis JF-2 was plated. This
mutant has lost the ability to produce any biosurfactant (McInerney et al., 1990).

Enumeration of total aerobic heterotrophs

Dilution plating was performed on all four soil samples (Tall Grass Prairie and Ft.
Lupton, both contaminated and uncontaminated) in a similar manner as with the isolation of
biosurfactant-producing bacteria with the exception of substituting PCA for Blood Agar (Atlas
and Parks, 1993). Final plate dilutions ranged from 10-2 to 10-5. Total colony counts were taken
after 24 and 48 hours of incubation at 30oC.

Identification of selected cultures – FAME analysis

Those colonies selected to represent the isolated biosurfactant producing bacteria were
subjected to the FAME analysis for identification (Sassar, 1990). Cultures were sent to
Microcheck, Inc. (Northfield, VT) for analysis.

Biolog analysis

Representative colonies for each of the above groups were analyzed by the Biolog
Microlog System for comparative identification. All isolated colonies were first plated on BUG +
blood agar. The non-biosurfactant producing Bacillus licheniformis JF-2 mutant was also plated
as a control. After overnight incubation at 30o C, all Gram positive cultures were then used to
inoculate Biolog Gram Positive MicroPlates and Gram negative isolates were used to inoculate
Biolog Gram Negative MicroPlates according to Biolog, Inc. protocols (Solit, 1999). After
incubation at 30o C for 24 hours, the plates were analyzed by the Biolog Microlog Software and
Microstation System.

Results and Discussion
Bacterial numbers

The numbers of total aerobic heterotrophs were 10 to 100-fold higher for the Tall Grass
Prairie samples than in the Ft. Lupton samples (Table 1). Prior research at the Ft. Lupton site
during the summer of 1997 showed almost identical aerobic heterotroph values as found in this
study (Gieg et al., 1999). Thus, the lower values from the Ft. Lupton site may be an effect of the



soil structure and quality rather than an effect of temperature. Sandy soils such as those found at
the Ft. Lupton site will typically have lower microbial counts than soils with higher clay or silt
contents (Tate, 1995).

In contrast, the Tall Grass Prairie soil had a high clay content (28-40%), and the effect of
the contamination on microbes did not appear to be severe (Brady and Weil, 1999). This is
reflected in the fact that the contaminated Tall Grass Prairie soil has almost an identical number
of aerobic heterotrophs as the background soil (Table 1).

In regards to the number of biosurfactant producers in each of the soil types, two initial
hypotheses were made and both were found to be false. The first hypothesis was that
biosurfactant producers would not be present naturally in significant numbers in soils. However,
upon examination of background soils from both sites, the number of biosurfactant producers
ranged from 5.5 X 102 to 1.6 X 104 (Ft. Lupton and Tall Grass Prairie, respectively). This was
surprising because, having never been contaminated, neither soil has experienced conditions
which would select for microbes with an enhanced ability to utilize hydrocarbons (Rouse et al.,
1994; Willumsen and Karlson, 1997; Volkering et al., 1998). However, the presence of
biosurfactant production ability in an unimpacted soil may be a reflection of the additional roles
biosurfactants play in a soil ecosystem such as biocides, fungicides, and nutrient transport
molecules (Lin, 1996; Banat, 1995a; Banat, 1995b)

The second hypothesis regarding the numbers of biosurfactant producers was that the
numbers would be higher in contaminated versus uncontaminated soils. For both sites, this was
not the case and numbers were not significantly different between conditions. This is surprising
because both contaminated sites had similar conditions in that both are hydrocarbon impacted.
The presence of hydrocarbons was expected to select for microorganisms able to survive and
thrive in such an environment, such as surfactant producers, many of which are also capable of
metabolizing hydrocarbons (Rouse et al., 1994; Willumsen and Karlson, 1997; Volkering et al.,
1998). This is particularly true for the contaminated Ft. Lupton site which has been contaminated
for at least 20 years.

Identification of biosurfactant producing bacteria

The initial isolation of suspected biosurfactant producers was done on Blood Agar plates,
utilizing the ability of many biosurfactants to lyse erythrocytes, resulting in a band of beta
hemolysis surrounding biosurfactant producing bacterial colonies (Bernheimer and Avigad, 1970;
Banat, 1995a; Banat, 1995b; Lin, 1996). Such colonies were isolated and then maintained on
PCA plates. Colony morphologies, growth patterns on various media, and microscopic analyses
indicated that although there were many colonies isolated, there were similarities among many of
them. When the isolated colonies were grouped according to these similarities, nine well isolated
colonies were chosen to represent each of these groups (Table 2).

Although the source of each of the colonies chosen for FAME analysis happened to be
soils (contaminated or uncontaminated) from Ft. Lupton, all beta hemolytic colonies isolated on
Blood Agar using soil from the Tall Grass Prairie were matched with one of the nine different
isolate groups and thus are represented.

Of the nine different colony types analyzed, two genera predominated: Bacillus and
Pseudomonas (Table 2). This can be explained for two main reasons: first, the ability for
members of both genera to produce biosurfactants is well documented (Banat, 1995a; Banat,



1995b; Georgiou, 1992; Rouse et al., 1994; Shafi and Khanna, 1995). Secondly, both genera are
well known for members able to degrade or at least withstand exposure to a wide variety of
hydrocarbons. Both the Bacillus and Pseudomonas species identified were common to both the
contaminated and uncontaminated soils of the Ft. Lupton and Tall Grass Prairie sites. 

The identification of colonies using Biolog gave similar results to those using FAME
analysis (Table 2). Again, the vast majority of the identified cultures were either Bacillus or
Pseudomonous species. It should be noted that the genus Burkholderia, as identified by the
Biolog analysis was previously known as a Pseudomonas (Holmes et al, 1998). In regards to the
ability of the isolates to produce a biosurfactant, it is felt that enough evidence exists to believe
that they do. In addition to the beta hemolytic characteristics of the colonies, there is an
abundance of literature to support each of the identified genera (Kosaric, 1993; Banat, 1995a;
Banat, 1995b; Georgiou, 1992; Rouse et al., 1994). The exception to this is isolate H, identified
by both FAME and Biolog analyses as a member of the Enterobacter genus. Although some
studies have reported the presence of Enterobacter in other contamination sites and have
suggested its activity as an active degrader on these sites, it is proposed that a conformation assay
be performed for this isolate (French et al., 1998).

CONCLUSIONS
In conclusion, contrary to the original hypotheses, biosurfactant-producing

microorganisms are indigenous to soils in significant numbers and this presence is not exclusive
to soils contaminated by hydrocarbons. In addition, the size of this natural population does not
appear to increase in the presence of hydrocarbon contamination as was expected. Furthermore,
the population of biosurfactant producers identified appears to be primarily composed of a small
number of Bacillus and Pseudomonas species common to soils.

The fact that biosurfactant producing microbes are found in uncontaminated soils may
reflect the activities of biosurfactants other than that of hydrocarbon emulsification. This
presence, though, may provide additional insights into such practices as landfarm exercises where
the primary focus of adding uncontaminated soil to already impacted soils used to be an attempt
to simply dilute a contaminant to below toxic levels, thus allowing for remediation. However,
now knowing that by adding uncontaminated soils one is also adding hydrocarbon utilizing
bacteria, one could potentially increase the types of contaminants handled in this manner.

 In addition, the presence of biosurfactant producers in uncontaminated soils may be
helpful when searching for a potential microbe for use in tertiary oil recovery or remediation by
increasing the potential sources of these microbes.

Finally, this study shows that uncontaminated soils may be an untapped source of
biosurfactant producing microbes which have not yet under gone selection pressures towards the
degradation of one specific contaminant class. This “flexibility” may allow for the selection of
microbes which can, someday, act on entirely new compounds previously thought impossible to
bioremediate.
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Table 1. Numbers of aerobic heterotrophs and biosurfactant producing bacteria from each of the soil
samples.

Average # Aerobic Average #
                                                            Heterotrophs                                      Biosurfactant Producers
Tall Grass Prairie, OK

Uncontaminated 2.3 x 106 1.6 x 104

               Contaminated                      1.0 x 106                                              1.4 x 104

Ft. Lupton, CO
Uncontaminated 1.3 x 105 5.5 x 102

               Contaminated                      6.0 x 104                                              1.4 x 103

Table 2. Species of biosurfactant producing bacteria according to FAME and Biolog analyses.

Species Identification Via Species Identification Via
FAME Analysis                                 Biolog Analysis

A. Pseudomonas putida Burkholderia vietmaniensis
B. Pseudomonas aureofaciens Pseudomonas fluorescens
C. Pseudomonas fluorescens Pseudomonas fluorescens
D. Pseudomonas fluorescens Burkholderia vietmaniensis
E. Bacillus cereus Bacillus cereus / thuringiensis
F. Bacillus thuringiensis Bacillus mycoides
G. Bacillus cereus Bacillus cereus / thuringiensis
H. Enterobacter Enterobacter nimipressuralis
I. Bacillus cereus Not Determined *

* The required homogenous suspension for Biolog analysis was unable to be formed.
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ABSTRACT
Oxygen Release Compound (ORC®) is a patented formulation of intercalated magnesium

peroxide that releases oxygen slowly when hydrated. ORC treatment represents a “low intensity”
approach to site remediation. It provides a simple, passive, low-cost and long-term acceleration of
aerobic natural attenuation and has been shown to cost-effectively reduce time to site closure.
ORC is now a proven technology as evidenced by its 5 years of use on over 5,000 sites in 50
states and 11 countries and the existence of a full body of independent, peer reviewed literature
on its performance.

The first applications of ORC were for the treatment of BTEX and other light petroleum
hydrocarbon fractions. Use has now expanded to the treatment of heavier fractions such as
heating oil and some of the PAHs. More recently, ORC has been used to bioremediate the highly
mobile and problematic gasoline oxygenate MTBE and has been applied to sites impacted with
nitroaromatics, chloroaromatics and some of the lower-order chlorinated hydrocarbons that can
be treated aerobically – most notably vinyl chloride.

Since ORC is an insoluble powder, it can be packaged in socks composed of a specially
designed filter fabric. These “filter socks” are then contacted with contaminated groundwater via
an array of wells or trenches. ORC can also be mixed directly with water to form a slurry for
permanent injection applications in the saturated zone or dispersed in powdered form for the in-
situ or ex-situ treatment of soil. A broad array of treatment points, in which ORC slurry is
backfilled or injected, can be implemented with low-cost, small-bore push-point technologies to
directly treat dissolved phase plumes and moderate levels of sorbed contaminants. Powder or
slurry is traditionally used in the remediation of residual contamination at the bottom of
contaminated soil excavations.

This is a pre-print of an article accepted for publication in REMEDIATION  1999, John Wiley and Sons,
New York



INTRODUCTION
ORC is a unique formulation of magnesium peroxide that releases oxygen slowly when

hydrated. The compound is insoluble and releases oxygen while being converted to ordinary
magnesium hydroxide which is also insoluble, in accordance with the following reaction:

MgO2 + H2O →1/2 O2 + Mg(OH)2

Both magnesium peroxide and magnesium hydroxide are environmentally benign and
actually safe enough to ingest. In fact, they are both recognized as medicinal antacids - the more
common one being magnesium hydroxide, also know as Milk of Magnesia.

Remediation experts, looking for a long-lasting oxygen source without incurring the cost
of having to install continuous oxygen injection systems, or having to return to the field for
multiple re-injections of other oxygen releasing chemicals that do not have slow-release
capabilities, have continued to turn to ORC. ORC has been actively used for about 5 years and to
date has been applied at over 5,000 sites in 50 states and 11 countries.

ORC is not simply magnesium peroxide, but rather a patented formulation of magnesium
peroxide intercalated with a food-grade phosphate ion. This gives ORC the time-release
properties that are critical in a passive, low-cost oxygen application system. The term
intercalation defines the fact that the phosphates permeate the magnesium peroxide crystal,
partially inhibiting the transmission of water into the structure. Controlling the rate of hydration
of the crystal effects a “timed” oxygen release. The concentration of phosphate, and the manner
in which it is reacted with and permeates the magnesium peroxide crystal, creates a product that
is well matched to the needs of subsurface remediation. Finally, intercalation also increases shelf
life stability; ORC can be stored for nine to twelve months without risking significant product
degradation.

The ORC technology melds the intercalation concept with electron acceptor chemistry.
We can therefore characterize the status of this technology as the development of a time release
electron acceptor for accelerated natural attenuation. This technology is a useful strategy insofar
as the aquifer microorganisms involved in bioremediation are not present in very high numbers,
in comparison to other environments, and they are often challenged with only a very small mass
of contaminant fluxing through the system. Consequently, only a small amount of electron
acceptor is necessary to drive bioremediation – but it must be present on a constant basis.

Since ORC is an insoluble powder, it can be packaged in socks composed of a specially
designed filter fabric. These “filter socks” are then contacted with contaminated groundwater via
an array of wells or trenches. ORC can also be mixed directly with water to form a slurry for
permanent injection applications in the saturated zone. Finally, ORC can be used as a slurry or
dispersed in powdered form for the in-situ or ex-situ treatment of soil. All of these methods help
accelerate the natural bioremediation of aerobically degradable compounds.

ORC mediated oxygenated zones have been shown to generally last from four months to
over a year as a function of contaminant flux. The average lifetime for an ORC application in the
field is 6 to 9 months, which establishes the need to replenish the product about twice a year
depending on the rate of progress and regulatory demands.



In the formation of an “oxygen barrier” the objective is plume cut-off; however, any
significant reduction of contaminant mass reduces the size of the plume. An array of treatment
points, in which ORC is back-filled or injected, has been shown to be an effective method of
treating dissolved phase plumes and light smear zones directly, or it can be used to establish a
barrier. The points can be implemented with low-cost, small-bore, push-point injection
technologies to achieve full remediation or risk reduction objectives. One option that has just
been developed is a re-usable injection point that can be used to generate even more cost-
effective push-point barriers and plume area treatments. ORC powder or slurry is applied several
ways into biopiles or into the floor of tank pit excavations. In the latter case the objective is to
address residual hydrocarbons and the recharge of contaminated water into the clean fill material.
These application methods are illustrated in Exhibit 1.

In the evolution of ORC technology there has been a transition from the use of filter
socks in wells for plume cut-off, to the use of the injectable slurry for direct plume area treatment
and for barriers. The slurry injection method has proven to be lower in cost and faster acting. On
a parallel evolutionary track, the first applications of ORC were for the treatment of BTEX and
other light petroleum hydrocarbon fractions. Its use has now expanded to the treatment of heavier
fractions such as heating oil and some of the PAHs. More recently, ORC has been used to
bioremediate the highly mobile and problematic gasoline oxygenate MTBE and has been applied
to sites impacted with nitroaromatics, chloroaromatics and some of the lower-order chlorinated
hydrocarbons that can be treated aerobically – most notably vinyl chloride. Examples of all of
these applications are presented herein, with an emphasis on data that has been presented at
conferences and/or published.

OXYGEN BARRIER APPLICATIONS
Fundamental, peer reviewed work on the use of ORC in semi-permeable barriers has

been carried out by several universities - including the University of Waterloo and North Carolina
State University (1-3). Many other barrier operations, in commercial settings, have added to this
base of information and established the validity of placing ORC in wells or trenches to cut off
migrating hydrocarbon plumes. From a cost-benefit perspective, the oxygen barrier technology
should be viewed as a method of enhancing natural attenuation, unless the wells are placed
closely enough to achieve a full plume cut-off. This approach is highly consistent with the move
toward RBCA based regulatory policy in an effort to reduce the cost of cleanup at many sites.

New Mexico Environment Department Oxygen Barrier Study

This study site was the location of a former filling station in Belen, NM, approximately
50 km south of Albuquerque, NM. There was a release of an undetermined amount of gasoline
over an unknown period of time. A series of investigations had previously determined that
dissolved phase contamination in the groundwater extended off-site, and some residual sorbed
phase soil contamination remained on-site. There was no evidence of free-phase product on the
site greater than a slight sheen in the existing monitor wells before the start of the remediation.
The depth to groundwater is approximately 1.5 m below ground surface (bgs) and the soils at the
site are primarily composed of alluvial sands, silts, and clays. Groundwater velocity was
approximately 0.2 foot per day.

Working under the auspices of NMED, Jeff Johnson and his staff (GRAM Inc.,
Albuquerque, NM) undertook the first commercial barrier effort with ORC filter socks. A
permeable oxygen barrier was formed by depositing 342 socks in a series of 20 six-inch PVC



source wells. A site map and barrier configurations are presented in Exhibits 2 and 3. As shown
in the figures, there is a 16 well “long barrier” and a 4 well “short barrier”, because of a power
line that interfered with the installation of a continuous barrier.

Exhibit 1. Methods of applying ORC.

Exhibit 2. New Mexico barrier study site map.



The DO and BTEX levels were determined by sampling monitoring points attached at
three depths to the exterior of the source well screens. Additional monitoring points downgradient
of the barrier were also installed and sampled. Thousands of oxygen and BTEX measurements
were taken using inexpensive field assays, calibrated intermittently with laboratory methods,
from which detailed contouring and mass calculations for both components were made.

The data showed an increase in DO above background levels and a decrease in BTEX,
both at the barrier and at various points downgradient, through the one-year observation period.

An earlier report (4), presented the status of remediation on the site 93 days after the
introduction of ORC. In that first quarter, the dissolved oxygen mass increased an order of
magnitude in less than two weeks and remained relatively constant for at least another month. By
the end of three months approximately one-half of the oxygen placed in the system was exhausted
and a concomitant reduction in BTEX was observed.

There was a 78% decrease in the total BTEX mass in the immediate vicinity of the long
barrier and an 88% decrease in the immediate vicinity of the short barrier. There was a 58%
decrease in the broader area (120’ x 100’), as represented in Exhibit 3. It was also shown that by
Day 9 an oxygen barrier had formed across the well system and that, by Day 93, dissolved
oxygen had dispersed at least 20 feet downgradient from the ORC source wells. A significant
increase in microbial degrader populations was noted; there was a four order of magnitude higher
population in the immediate barrier region than in the background.

Exhibit 3. New Mexico barrier study- detailed site map.

Study Area
120’ x 100’



The results after a full year of use, including a partial recharge of the barrier (47%) after
9.1 months of operation are presented in Exhibits 4 and 5. Total mass of BTEX and DO in the
vicinity of the long (16 well) and short (4 well) portions of the barrier are presented in Exhibits 4
and 5 respectively. At the long barrier, it is clear that oxygen was being liberated from the ORC
for at least 200 days. BTEX levels reached the low point discussed previously at Day 93, but may
have decreased further between Day 93 and Day 200. It was clear that the BTEX levels were
being recharged as the oxygen source was becoming depleted - so 162 fresh ORC socks were
added to the barrier at Day 279. Data from Day 288 show oxygen levels being restored by a
factor of greater than 3, after which consumption became evident as noted between Day 288 and
Day 365. BTEX levels are once again shown to be decreasing in proportion to the availability of
oxygen. With respect to the short barrier, a virtually identical pattern is observed in the dynamics
of oxygen and BTEX changes over the course of a year. Since the contaminant load was only
about 20% of the load present at the large barrier, the results after 365 days show a much greater
amount (94%) of the mass being removed.

Of great significance, from a risk reduction standpoint, is the impact of ORC on the
downgradient compliance point, SH-6 (Exhibit 2). BTEX levels were observed to decrease from
several hundred ppb to ND. In essence, natural attenuation had generated BTEX levels of several
hundred ppb at SH-6 compared to about 10 ppm in the vicinity of the barrier. Following the
installation of ORC, BTEX levels further decreased to ND. This particular result serves as a
graphic example of enhanced instrinsic bioremediation mediated by supplementary oxygen. In
essence, the presence of the oxygen barrier pulled the control point back towards the source.

VOLUME OF BTEX AND DISSOLVED OXYGEN
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Exhibit 4. New Mexico long barrier study.



VOLUME OF BTEX AND DISSOLVED OXYGEN
ORC SOURCE WELLS S-17 to S-20
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Exhibit 5. New Mexico short barrier study.

At current prices the cost of ORC to initially charge the barrier would be about $22,200
and the recharge event at 9 months would add $10,500. Maintenance of the barrier was not
required in this instance due to the results, however, maintenance of half the barrier every six
months would generate an average maintenance cost of only $21,000 per year. It is more likely
that, based on 9 months of longevity at this site, that two applications would last 1.5 years at a
cost of $14,000 per year. The cost of the initial barrier wells was $60,000 and although the total
cost of this project was considerably less than the installation of a mechanical treatment system,
these costs can be greatly reduced with the formation of a barrier by push-point injection. This
same barrier could have been installed today, by push point technology, for about $15,000 every
6 months in the first year with diminishing need over time as remediation progresses.

Environment Canada

The most recent published report on using ORC as an oxygen barrier was presented at the
Americana Environmental Conference in Quebec, Canada, in March 1999 by Rick McGregor and
staff (Water Technology International, Burlington, Ontario, Canada), in conjunction with
associates at Environment Canada. A field demonstration study was conducted at a site in Quebec
during the summer, fall and winter of 1997. BTEX contamination was present within shallow
groundwater in an unconfined silty, fine-grained sand aquifer with a groundwater velocity of
approximately 3.0 feet per day. Groundwater contamination seemed to be localized around
piezometers PZ-1 and PZ-9 as shown in Exhibit 6. A study was initiated by the above parties to
determine the effectiveness of using ORC in remediating the dissolved BTEX contamination

An ORC treatment zone was constructed using a series of eight, 4-inch diameter wells
installed at the front of the plume, perpendicular to groundwater flow (Exhibit 6). The eight ORC
wells were installed in two rows of four wells spaced 1.5 meters on center. The tight spacing of
wells was the result of diffusion and dispersion estimates based on the properties of the aquifer
and the groundwater velocity. The wells were installed to a depth of approximately 6.8 meters
below ground level (mbgl). The screened portion of the wells were then filled with ORC socks.



Exhibit 6. Canadian barrier study site map

Prior to the installation of the ORC barrier system, fourteen bundle-style piezometers
were installed downgradient of PZ-1. Each bundle was composed of five sampling tubes screened
over a length of 8 inches. These bundles allowed for a detailed review of the aerial and vertical
distribution of contamination. Field measurements for pH, Eh, temperature and dissolved oxygen
were made using a flow-through cell attached to a peristaltic pump. Groundwater samples were
also collected for analysis of BTEX, metals and anions. The results of the sampling indicated that
the core of the plume was anaerobic with anaerobic biodegradation reactions occurring whereas
at the edges of the plume aerobic biodegradation reactions were occurring.

Following the installation of the ORC barrier, measurements of Eh and dissolved oxygen
at monitoring points at the front, within and downgradient of the ORC treatment zone indicated
that dissolved oxygen was being released into the groundwater as shown in Exhibit 7. Analysis of
BTEX compounds also indicated that aerobic biodegradation reactions were occurring within the
treatment zone. Exhibit 7 lists the average BTEX concentrations over the five vertical sampling
locations for the groundwater entering the treatment zone compared with groundwater exiting the
treatment zone.

Exhibit 7. Canadian study- Eh, DO and BTEX.

Location
Relative to
Treatment

Zone

Eh
(mV)

Dissolved
Oxygen
(mg/L)

Benzene
(ug/L)

Toluene
(ug/L)

Ethylbenzen
e (ug/L)

Xylene
(ug/L)

Upgradient 107 3.1 55.3 153 296 430
Within 405 6.5 <0.13 <0.29 2.2 2.2

Downgradient 430 9.2 <0.13 <0.29 1.5 2.0
Note: all measurements taken 4 months after installation.



The results of the study showed that the treatment zone treated the BTEX-contaminated
groundwater to levels below the drinking water standards set by the Canadian Council of the
Ministers of the Environment (CCME). Further monitoring of the treatment zone showed that
after seven months dissolved oxygen started to decrease while BTEX concentrations increased in
the effluent of the treatment zone. Based on the results measured in the field during the seven
month study, the application of ORC increased dissolved oxygen within the groundwater and
appeared to enhance the biodegradation reactions occurring within the aquifer. These results are
consistent with ORC’s known longevity and performance range; maintaining the barrier
described in the paper with two sock change-outs per year would cost $7200.

PLUME AREA APPLICATIONS
Plume area treatments, involving a direct injection of ORC slurry, have recently become

a preferred method of bioremediation at most sites where the use of supplemental oxygen is the
desired remedial technology. By injecting the time release oxygen compound into the dissolved
phase plume, total contaminant mass and the plume dimensions can be reduced in an accelerated
fashion. Also, in the current atmosphere of risk reduction (RBCA), plume area injection
treatments have become a low cost and easily implemented approach to site remediation - relative
to alternatives such as air sparging and pump and treat. While a considerable amount of
performance data are just becoming available, the following examples describe some of the more
historical projects that have the longest monitoring records and that have helped define the
current protocols.

Envirologic Study

This project, representing the first direct and non-retrievable use of ORC, was carried out
by Dave Bohan and Wendy Schlett (Envirologic, Inc., Kalamazoo, MI) (6). A leaking
underground storage tank (UST) impacting a convenience store site in Michigan. Demolition and
reconstruction plans presented an opportunity to make a series of direct placements of ORC into
the contaminated subsurface before re-paving. The aquifer at this site is composed of a complex
series of glacial outwash and ice contact deposits. The water table is at a depth of 6.7 meters and
the groundwater flow direction is highly variable. It was apparent that very little natural
degradation of the contaminant plume was occurring with historical data indicating that
contaminant concentrations had decreased by less than 37% over a four-year period.

It appeared that the limited natural degradation could be attributed to the oxygen deficient
conditions present within the contaminant plume. Due to the low groundwater flow velocity, the
rate of oxygen entering the system was minimal. ORC was applied by drilling 50 holes with a 5
1/4 inch hollow stem auger; the material being deposited into the 4 1/4 inch core. Placement of
the ORC filled borings is as indicated in Exhibit 8.

The treatment area was approximately 36 m by 21 m, with a 3 m thick contaminated
saturated zone containing approximately 13.4 kg of BTEX. The BTEX concentrations and
microbial populations were measured from a series of five monitoring wells in the impacted area.
In the 316 days following the installation of ORC, the contaminant mass had been reduced 54% -
from 13.4 kg to 6.2 kg. This decrease in contaminant mass is considerably faster than would be
expected by natural attenuation. Microbial evaluations indicate that there was a four to 170 fold
increase in microbial populations in the monitoring wells.



Historical monitoring data indicated that very little natural attenuation of the
contamination was occurring near the former pump island area. Within 316 days of the
installation of ORC, however, there was a significant increase in the rate of natural attenuation.
Similar effects were observed in all of the monitoring wells located within the plume. An areal
representation expressing the change in the BTEX plume over 666 days (453 days post ORC) is
presented in Exhibits 9 and 10, and indicates a stable plume had become a shrinking plume. At
current costs, the ORC cost for this application would be $30,000 in addition to the cost of
generating the 50 uncased hollow-stem borings.

Kansas Department of Environmental Health (KDHE) Study.

One of the most intensively studied plume area treatment applications using an ORC
slurry was carried out in Great Bend, Kansas by Roger Lamb and staff (Terranext, Kansas City,
KS), in cooperation with KDHE (7). The site had releases from two gas stations on adjacent
corners that formed a commingled dissolved phase hydrocarbon plume over an area of 500’ x
350’. Although initial investigations and testing revealed that an air sparging and SVE system
could be installed, there were several drawbacks. In addition to a capital cost of $300,000, there
were both physical limitations for the placement of equipment and residential nuisance issues.
ORC was chosen to enhance aerobic remediation in the anoxic core of the plume. The saturated
zone, which consisted of medium to coarse grained sand eight feet bgs, was treated with ORC
placed by injection. Groundwater was flowing east at a rate of 0.2 ft/day. Based on calculations of
BTEX mass in the core of the plume, 2,325 pounds of ORC were injected into 118 points
throughout the site. After 218 days, the ORC treatment reduced BTEX by 69%, as shown in
Exhibit 11. A visual representation of the clean-up on an aerial basis is presented in Exhibits 12
and 13. The cost of this project was $23,600 for ORC plus about $24,000 for implementation; a
substantial cost savings relative to air sparging capital and O&M.

Studying a Combined Treatment of HVME and ORC

Often when a contaminated site has a unresolved source area it needs to be addressed
with some level of mechanical action, however, that can be combined with a passive treatment to
reduce on-going operational costs. In an example of this strategy, Gerald Eshbaugh (The
Environment Company, Plano, TX) undertook the following remediation program (8).

A leaking underground storage tank at a commercial petroleum retail site located in
Haskell, TX resulted in soil and groundwater petroleum hydrocarbon contamination. This
groundwater resource has been used as the domestic water supply for the city of Haskell and for
agricultural irrigation. BTEX contamination migrated down-gradient below a road and
neighboring property. Access below the adjacent roadway was limited, and consultants sought a
solution that would allow for simultaneous treatment of on-site and off-site sections of the plume.

As a result of the presence of separate phase hydrocarbons (SPH), a high vacuum multi-
phase extraction (HVME) was used to extract product vapor and contaminated groundwater in a
limited area of the site. ORC was applied in the dissolved section of the petroleum plume for
treatment on-site and off-site. ORC was applied during two phases, with the majority being
applied during the first phase. This type of application approach optimizes the operational
flexibility that can be realized with the ORC technology. A total of 3,232 pounds of ORC were
injected into the aquifer via 70 direct-push points in the area downgradient of the USTs and
existing dispenser islands (Exhibit 14). To enhance degradation of the off-site plume, ORC was
applied along the downgradient property boundary.
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Exhibit 11. Kansas plume area treatment study- change in BTEX mass.

Results following 8 months of treatment indicate average decreases in benzene, BTEX,
and TPH concentrations of 92%, 76%, and 81%, respectively. Exhibits 15 and 16 illustrate the
reduction in dissolved petroleum concentrations in representative individual monitoring wells
over the eight-month treatment period for BTEX and TPH. Wells designated MW-16 and MW-17
are located at the downgradient property boundary, wells MW-6, MW-12 and MW-13 are located
in the central section of the on-site plume.

Implementation of a traditional remediation technology air sparging with soil vapor
extraction (AS/SVE) at this site would have cost substantially more, as well as produced much
greater property and operational disruption. The estimated cost savings in the application of ORC
versus installation of an AS/SVE system is approximately $75,000. Given that the ORC
application required no operations and maintenance costs after initial injection, an additional
$25,000 savings was realized. Increasing the rate of contaminant degradation with ORC allowed
for reduced frequency and extent of groundwater monitoring at the site, resulting in an estimated
savings of $20,000. The total estimated cost savings for this project were approximately
$120,000.





Exhibit 14. Texas plume area treatment study site map.
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Exhibit 15. Texas plume area treatment study- BTEX.



TPH Concentrations Following ORC Application
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Exhibit 16. Texas plume area treatment study- TPH.

USES OF ORC ON OTHER SOURCES
OF CONTAMINATION

The first applications of ORC were for the treatment of BTEX and other light petroleum
hydrocarbon fractions. Its use has now expanded to the treatment of heavier fractions such as
heating oil and some of the PAHs. More recently, ORC has been used to bioremediate the highly
mobile and problematic gasoline oxygenate MTBE and has been applied to sites impacted with
chloroaromatics, nitroaromatics and some of the lower-order chlorinated hydrocarbons that can
be treated aerobically – most notably vinyl chloride.

The Use of ORC in Residential Heating Oil Remediation

Releases of no. 2 heating oil from residential storage tanks have become an increasing
and costly problem in New Jersey. These releases occur from leaks in underground, aboveground
and basement storage tanks. Residential tanks are commonly used for the storage of no. 2 heating
oil, but may also contain gasoline and kerosene. The use of excavating methods is often
impossible or highly disruptive. In addition, the installation of pump-and-treat systems to remove
the petroleum and the impacted groundwater may not be physically possible nor would it be a
cost-effective remedial alternative for a residential scenario. Releases of petroleum from
residential tanks may also cause severe groundwater contamination sufficiently serious to render
residential wells unfit for use as a water supply. Accordingly, the New Jersey Department of
Environmental Protection (NJDEP) oversees all residential cleanups to ensure that groundwater
supplies in these areas remain fit for consumption. There have been several successful
remediations of home heating oil in New Jersey using ORC and one example is as follows (9).



In 1997, a 280-gallon UST, previously containing leaded gasoline, was excavated and
removed from an abandoned farm in Burlington County, New Jersey. Results from a potable
water well sample revealed the presence of BTEX. In December 1997, five monitoring wells
were installed at the farm. Gasoline odors were detected in two of the boreholes: MW-3 and MW-
4. Evidence of petroleum contamination was not present in the remaining boreholes and a product
layer was not present in any of the wells.

In January 1998, Gil Oudijk (Triassic Environmental, Princeton, NJ) installed a series of
13 borings with a push-point injection rig. An ORC slurry containing 10 pounds of ORC and 3.5
gallons of water was injected into each boring at a depth interval of 10 to 20 feet bgs. A carbon
treatment unit was then installed onto the existing potable well and the treated effluent from the
carbon units was discharged into a wooded area behind the farmhouse. Results from sampling
after one year, presented in Exhibit 17, revealed a significant reduction in the concentrations of
BTEX in the groundwater had occurred after the introduction of ORC to concentrations well
below NJDEP criteria.

Exhibit 17. New Jersey study- No. 2 Heating Oil.

Well Baseline Day 360
MW-1 ND ND
MW-2 7 ND
MW-3 164 ND
MW-4 1.6 ND
MW-5 ND ND

Potable Well 386 0.79

The Use of ORC in the Bioremediation of MTBE

MTBE complicates remediation and closure of properties contaminated with BTEX and
other fuel hydrocarbons. Regulators and oil companies are becoming increasingly concerned
about the environmental impact of MTBE. Several factors responsible for the heightened level of
concern include the following: 1) MTBE degrades very slowly under aerobic conditions, 2) it is
highly soluble and does not readily retard on the aquifer matrix, 3) it has a very low taste and
odor threshold and 4) its toxicity and carcinogenicity profile are largely undetermined.

Some of these characteristics compromise active remediation methods such as air
sparging and pump and treat systems. In the latter case, stripping inefficiencies encountered with
extracted water have caused many consultants to evaluate other treatment options. One of these
options is in-situ aerobic bioremediation of MTBE, which can be enhanced by ORC. Several
years ago, consultants using ORC noticed that MTBE concentrations decreased at an unusually
high rate, relative to the literature (10), in monitoring wells containing ORC filter socks.

Though data were sparse, as MTBE was rarely measured and reported, an intriguing
trend was emerging. In some cases the rate of MTBE reduction was extremely high. Combined
with the fact that stripping is not possible, especially with a slow release of oxygen, the
hypothesis emerged that ORC was facilitating the aerobic bioremediation of MTBE by increasing



levels of dissolved oxygen in the aquifer. This is consistent with reports that MTBE was
biologically degradable under aerobic conditions.

Several researchers have clearly defined the value of oxygen in the remediation of MTBE
(11-13). Laboratory studies by Nathalie Fortin and Mark Deshusses at the University of
California Riverside (14, 18), supported by Regenesis, investigated the biodegradation of MTBE
by respirometry. In the experiment, oxygen uptake rates at various dissolved oxygen
concentrations were used to quantify the influence of dissolved oxygen concentration on the rate
of MTBE biodegradation. Results of the experiment demonstrated 1) the rate of MTBE
biodegradation was proportional to the concentration of dissolved oxygen in water and 2) MTBE
uptake followed a Michaelis-Menten kinetics with respect to dissolved oxygen.

Certain conclusions can be made regarding the biodegradation potential of MTBE in the
subsurface by indigenous microbial populations: 1) the biodegradation of MTBE will occur
aerobically either with MTBE as the sole carbon and energy source or co-metabolically with
certain hydrocarbons; 2) the cellular yield of microorganisms utilizing MTBE as the sole organic
carbon source can be expected to be very low, either because MTBE serves as a poor carbon and
energy source, or because some of its metabolic intermediates may inhibit cellular growth; 3) the
presence of more easily biodegradable organics in the subsurface may inhibit MTBE
biodegradation; and 4) the rate of MTBE biodegradation is positively correlated with the
surrounding concentration of molecular oxygen and is, therefore, likely stimulated by the
introduction of oxygen in the subsurface (15). These points underscore the importance of oxygen
supplementation to MTBE contaminated aquifers from the perspective that oxygen can remove
competitive hydrocarbons as well as enhance the biodegradation of MTBE

Some of the early field results involving ORC and MTBE remediation were presented in
1997 (16). A specific case of field remediation of MTBE with ORC is as follows. A service
station in Lake Geneva, Wisconsin was contaminated with high levels of MTBE and BTEX due
to a leaking UST. At a site managed by Steve Benton and staff (Moraine Environmental, Grafton,
WI), measurements indicated MTBE and BTEX concentrations reached levels up to 800 ppb and
14,000 ppb, respectively. Though the UST was removed and the contaminated soil excavated,
MTBE and BTEX still persisted in the groundwater. 1,700 pounds of ORC was injected as a
slurry (via direct-push technology) to enhance aerobic degradation in the saturated zone. The
MTBE degradation results are presented in Exhibit 18. Over nine months following ORC
injection, results from two downgradient monitoring wells indicate that MTBE concentrations
degraded from 800 ppb to less than two ppb.

Field observations suggest that background hydrocarbons may repress MTBE
degradation and vice versa. As presented in Exhibit 19, data from a site in Michigan show that in
the presence of ORC, MTBE degradation occurs after BTEX concentrations subside. This effect
has been documented at other MTBE-impacted sites using ORC.
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Exhibit 18. Wisconsin site- MTBE.
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Prompted by such field results, a series of laboratory experiments were conducted to test
whether background hydrocarbons interfere with MTBE degradation. In an in-vitro experiment
(William Farone, Applied Power Concepts, Anaheim, CA) with aerobic bacteria known to be
capable of degrading MTBE and BTEX, results suggest that MTBE metabolism is inhibited by
background hydrocarbons. MTBE degradation was measured in the presence of 1) MTBE only
and 2) MTBE and xylene during a seven day period. There was a 52% reduction of MTBE in the
absence of xylene versus a 9% reduction of MTBE with xylene present.

Experiments partially supported by Regenesis were then performed by William Mahaffey
(Pelorus EnBiotech Corporation, Evergreen, CO) that explored the hypothesis that MTBE
biodegradation is 1) an aerobic co-oxidative process and 2) that competitive inhibition could exist
between a primary substrate and MTBE (18). The most likely primary substrates involved in co-
oxidation and competitive inhibition are compounds found at the aerobic fringe of a petroleum
hydrocarbon plume. Initial studies, using resting cell transformation tests, demonstrated that
substantial removal of MTBE was achieved with cultures that were acclimated to benzene,
camphor, o-xylene and cyclohexanone.

In one of those tests a specific benzene acclimated mixed culture, designated PEL-B201,
was most efficient in degrading MTBE (58% removal). This established the possibility that a
single organism could metabolize both MTBE and alternate substrates and therefore be under the
influence of competitive inhibition dynamics. The competitive inhibition hypothesis was
bolstered by demonstrating both MTBE inhibition of benzene metabolism and the inhibition of
MTBE metabolism with increasing benzene concentrations.

Optimum growth conditions established for strain PEL-B201 were developed through
growth curve and oxygen uptake studies on benzene. Optimum degradative activity and cell yield
were achieved when optical densities reached a nominal value of approximately 1.10 (OD 600).
Results of oxygen uptake (OU) tests are shown in Exhibit 20. These tests clearly indicate that
MTBE inhibits oxygen uptake associated with benzene metabolism.

Results of the biotransformation experiments with PEL-B201 are presented in Exhibit 21.
Benzene induced cell suspensions degraded >99% of the added MTBE. Increasing levels of
benzene (1.9 uM and 3.8 uM) result in a significant reduction in the rates of MTBE degradation.
No degradation of MTBE was observed with cells grown on the non-inducing substrate succinate.
The lack of MTBE degradation on succinate grown cells demonstrates that the MTBE
metabolism occurs with an enzyme system associated with benzene metabolism and reaffirms the
hypothesis that MTBE is metabolized by co-oxidation.

Exhibit 20 Oxygen Uptake Rates (OUR) with resting cell suspensions of the benzene
degrading bacterial culture PEL-B201.

µµµµM
Benzene

µµµµM
MTBE

NMoles-O2/min Percent
Inhibition

Comments

50 23.80 - Primary substrate activity
100 27.50 - "
250 30.80 - "
50 100 12.50 47.5 % MTBE Inhibition of primary

substrate activity
100 100 13.90 49.5 % "
250 50 17.00 44.8 % "



Competitive Inhibition of MTBE Cooxidation 
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The Use of ORC in the Bioremediation of Vinyl Chloride

Vinyl chloride (VC) is a common and highly carcinogenic groundwater contaminant
usually associated with higher order chlorinated hydrocarbons such as perchloroethylene (PCE),
trichloroethylene (TCE), and dichloroethylene (DCE). Under anaerobic conditions, VC
accumulates because the rate of formation of vinyl chloride from PCE and TCE is greater than its
rate of degradation. The presence of oxygen stimulates the degradation of vinyl chloride and is
the basis upon which ORC has been shown to effectively treat this contaminant.

The metabolism of vinyl chloride in the presence of oxygen may proceed via two
possible mechanisms. In one pathway, VC serves as a primary substrate for oxygen-dependent
microbial growth and is degraded completely to carbon dioxide and water (19). This process
occurs intracellularly and, unlike co-metabolic (aerobic) remediation, no oxygenase-inducing
compounds, such as methane, are required for VC metabolism in this oxidative pathway. The use
of ORC can thus stimulate vinyl chloride degradation without any additional treatment
amendments or technologies.

Direct, intracellular metabolism of vinyl chloride proceeds via oxidation to an
intermediate compound (chlorooxirane) which ultimately degrades to carbon dioxide and water
(20). The chlorooxirane, an unstable epoxide intermediate, degrades further into various
fragments (such as formic acid and oxyglycolic acid) which, in turn, are transformed to CO2 and
H2O. This results in a net energy benefit to the microbe.



Others have suggested a second possible pathway that involves methanotrophs capable of
destroying vinyl chloride extracellularly through co-metabolism (21). In co-metabolism, the
formation of the chlorooxirane intermediate requires an enzyme-inducing substrate (in this case
methane) that is apparently not required in intracellular aerobic VC metabolism. When co-
metabolic VC degradation occurs, methanotrophs produce oxygenases, for example methane
monooxygenase (MMO), that leak out of the cell and fortuitously degrade VC extracellularly
with no net energetic benefit to the microbe.

Both of the proposed mechanisms of VC biodegradation are oxygen-demanding
processes that will benefit from ORC treatment. In addition to the requirements of aerobic
respiration, oxygen plays an integral role in both intracellular and extracellular enzymatic
reactions. The application of ORC can thus aid in the sustenance of the relevant microbial
populations and enhance the rate of aerobic dechlorination of vinyl chloride.

The enhanced bioremediation of vinyl chloride using ORC was demonstrated at an
industrial site in Massachusetts. As part of the USEPA SITE program, Maureen Dooley (ABB
Environmental Services, now Harding Lawson Associates, Wakefield, MA) conducted a dual
phase treatment of a contaminant plume containing chlorinated hydrocarbons (22). The treatment
took place in a recirculating well system as illustrated in Exhibit 22.

The first phase of treatment was the enhanced anaerobic biodegradation of the higher
order chlorinated compounds (PCE and TCE) through the weekly addition of lactic acid. The
products of the first phase of treatment, DCE and VC, were treated aerobically in the second
phase. Aerobic conditions were maintained through the addition of ORC to the system. The vinyl
chloride remediation results are presented in Exhibit 23. Following approximately 110 days of
aerobic treatment with ORC, monitoring data averaged across IN-2, EPA-2, and EPA-3 indicated
a 47% reduction in VC. Reductions at EPA-2 alone, at the center of the recirculating system,
were 75% for VC. Cis-DCE epoxide, a transient biodegradation product, was detected, which is
evidence showing that methane oxidizing bacteria were active and cis-DCE biodegradation was
occurring.

The Use of ORC in the Bioremediation of Nitroaromatics,
Chloroaromatics and Other Organics

A field-scale pilot study to evaluate in-situ treatment of nitroaromatics, chloroaromatics
and other organics was performed by Gerald Kubal (Kubal, Furr & Associates, Tampa, FL) (23).
The uppermost aquifer beneath a chemical plant contains residual concentrations of o-
nitrochlorobenzene from a tank car spill, as well as other plant-related organic compounds of
concern (COC), including 2-nitroaniline and o-chloroaniline. The aquifer consists of low
permeability clays and silts, and produces only a few gallons of groundwater per day from a
shallow recovery well previously installed for remediation. Soil removal was the principal
mechanism to treat the tank car spill. Subsequent recovery of residual groundwater contamination
has been ineffective for more than 10 years due to low aquifer yield, and the recalcitrant nature of
the COC. Aerobic treatment of various COC in soil systems has been reported to be highly
variable (24 - 26), and the goal of the pilot test was to establish that aerobic bioremediation of the
COC was a viable option at this site.



Exhibit 22. Massachusetts vinyl chloride study site map.

Exhibit 23. Massachusetts study- vinyl chloride.



The treatment area was approximately 80 square meters and the depth of treatment was
approximately 6 meters of aquifer profile. The ORC design/loading rates were based on dissolved
organic compound mass in the treatment area, as well as dissolved oxygen (DO) concentrations
and oxidation-reduction potential (ORP) measurements. ORC was injected in a grid pattern
around the recovery well which continued to extract groundwater, thereby enhancing the rate of
oxygen movement through the treatment area. Baseline COC sampling was performed prior to
ORC injection, and the post-treatment monitoring protocol included DO and ORP in addition to
the COC. A supplementary investigation is planned to measure the potential for the contaminants
to partition from the adsorbed phase into the dissolved phase. A soil core will be obtained from
the site during pending investigation efforts to facilitate this analysis.

Exhibit 24 depicts the maximum percent reductions in COCs throughout the
bioremediation process at this site. The bioremediation process was particularly effective in
reducing the dissolved masses of 2-nitroaniline, naphthalene, o-chloroanaline and o-
nitrochlorobenzene. Some rebound of the COC concentrations was observed after the oxygen
from the initial ORC treatment was spent. The project will be expanded to include a long-term
barrier design using ORC to continuously deliver oxygen to the aquifer, and eliminate the
potential for off-site migration of dissolved COC.

Exhibit 24. Texas study- anilines and other organics.

Compound % Concentration
Reduction

1,2-dichloroethane 28.3
1,2-dichloropropane 61.0

2-nitroaniline 95.0
o-Chloroaniline 82.8
Chlorobenzene 63.5

o-Nitrochlorobenzene 74.0
Naphthalene 91.0

2-chlorophenol 38.7
Nitrobenzene 54.5

CONCLUSIONS
Oxygen Release Compound (ORC) has been demonstrated to be a simple, passive, low-

cost and long-term option for the aerobic bioremediation of petroleum hydrocarbons and other
compounds of concern that are subject to these processes. ORC is a tool for the enhancement of
natural attenuation at sites that would otherwise require high levels of capital investment and
operating expense. ORC is best utilized for the remediation of dissolved phase plumes and the
associated hydrophobically sorbed contaminant. The use of ORC is not recommended for treating
free-phase NAPL unless the total mass to be remediated is within the scope of economic
feasibility in comparison to alternative treatments. Results of on-going and future research as well
as the results of commercial applications, where permission is granted, can be accessed on the
web at www.regenesis.com.
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BIOREMEDIATION OF SOIL, WASTES AND
SLUDGE ON A FORMER REFINERY SITE

Daniel Carrier, Biogenie
in Collaboration with Richard Corbin, Biogenie

ABSTRACT

This paper will present the remediation work performed by Biogenie on a former
190-acre refinery site involving the ex situ Biopile treatment of 880,000 tons of soil,
refinery wastes and sludge contaminated with heavy hydrocarbons, notably diesel and
lubricating oils. The average initial contamination level is 7,000 mg/kg and the cleanup
target is set at 3,500 mg/kg total petroleum hydrocarbons (TPH). Treated material will be
re-used on-site as industrial backfill.

While the project is expected to be completed by 2001, over 100,000 tons of
material was successfully treated during the first 3 months. The sheer size of the project,
the type of contaminant under treatment and the PFP approach are indicative of the high
level of control Biogenie exercises on its selected biological treatment processes, as well
as our client’s confidence in Biogenie’s successful application thereof.



INTRODUCTION
This paper will present the remediation work actually being performed by

Biogenie on a former 190-acre refinery where a total of 880,000 tons of contaminated
soil will undergo treatment.

Following a brief site overview, a synopsis that documents the process that led to
Biogenie’s development of a cost-efficient solution based on a Pay-for-Performance
approach, namely, conducting a biotreatability study, selecting and customizing a
biological treatment process and designing a site-specific remedial strategy. In
conclusion, the actual status of the project and results obtained to date.

SITE OVERVIEW
Site Description

This site was host to a refinery and marine terminal that spanned an area in
excess of 190 acres in a heavily industrialized district along the St. Lawrence River in
Montreal, Quebec (Canada). The former refinery began operations in the late 1920s and
had been in operation for 55 years. As a result of several accidental leaks and spills of
hydrocarbons, together with the presence of oily sludge and other wastes, a total of
880,000 tons of contaminated soil required treatment. The soil is a silty-clay material and
a large portion of the contamination consists in heavy hydrocarbons (recovery waste), in
the range of C26-C35. (see Figure 1)

The 880,000 tons of contaminated soil was stockpiled on a portion of the site
covering an area of approximately 10 acres and reaching heights of up to 25 to 30 feet.

Background

The remediation work consisted of two phases. Since the dismantling of the
equipment had already been completed, the first phase consisted in the management,
excavation and temporary storage of contaminated soil. This took place from 1995 to
1997. The decision to temporarily stockpile the soil was based on an initial consent order
to incinerate. Biogenie provided characterization, analytical as well as monitoring
services for soil, groundwater and air emissions throughout excavation.

The initial Record of Decision (ROD) in 1990 to incinerate the contaminated soil
was originally accepted, as it appeared to be the most efficient and cost-effective solution
at that time. During the excavation process the cost implications of incineration became
evident, an estimated costs reached $50 M. Thus the client entered into negotiations with
the Ministry of the Environment (MEF) to review the ROD. Biological treatment was
considered an option, however, it was not until a treatability study, performed by
Biogenie, provided enough data to offer an efficient solution at a fraction of the cost, that
the decision to revoke the initial ROD was granted by the MEF and that the option for
bioremediation was accepted. Moreover, any uncertainty with respect to the performance
of a biological solution on such a large volume of soil was negated due to the PFP
approach provided by Biogenie.



Cleanup Criteria

The cleanup criteria for the contaminated soil was established at 3,500 mg/kg
total petroleum hydrocarbons (TPH), which is the generic industrial provincial (Quebec)
standard for petroleum hydrocarbon contamination in soil. Due to the nature of the
contaminants and the fact that the site is located in a heavily industrial district, as well as
the future use of the site is to remain industrial, Biogenie was able to negotiate this
criteria. Groundwater standards apply to effluent water and air emissions must comply
with MUC guidelines.

REMEDIAL DESIGN
In the remedial design phase, Biogenie’s challenge was to adapt existing

technologies to the site characteristics, while keeping two objectives in mind:

•  Demonstrate ability to achieve treatment standards; and
•  Provide the most cost-efficient solution.

In this respect, conducting a biotreatability study is, as will be shown, instrumental.

Biotreatability Study

A biotreatability study provides information with respect to soil and contaminant
characteristics (ex: microbial populations and presence of toxic elements), confirms the
biodegradability of contaminants and cleanup levels that may be achieved, as well as a
means of optimizing operation parameters.

This is a significant step because it assists in developing the most cost-efficient
solution, backed by a guarantee of results, time-scale and project cost.

Biogenie has developed a treatability study protocol that enables optimization of
the treatment conditions and provides valid information in an effort to guarantee
successful completion of the project with respect to results, time-scale and project cost.
The study involves two phases.

First, soil characterization is carried out to determine if the physicochemical and
biological parameters are suitable for biological treatment. The information obtained
assists Biogenie in determining the research protocol for conducting the bench scale
testing that will ensue. In certain cases, when a quick response is required regarding the
biodegradability of a contaminant, it may be useful to perform a slurry test. For this test,
the soil is incubated in a liquid mineral environment, with the necessary nutrients for the
biodegradation of the pollutants. A sterilized control is subjected to the exact same
conditions and after 28 days of incubation, the residual pollutants in the soil are
measured. The result is the maximum biodegradation efficiency that can be obtained
under optimal conditions.

The second step involves simulating a biological treatment system, on a small
scale in the lab, emulating real conditions encountered on a site. As such, the soil is
placed into several reactors where different treatment strategies are tested (amendment,



bulking agent, etc.) Each assay is closely monitored to ensure optimal degradation
conditions (aeration, humidity, etc.). From this simulation, we were able to determine the
optimal treatment conditions to be applied on a full-scale level.

It is on this basis of such a biotreatability study, that Biogenie provided its client
with a technical and financial proposal for the remediation of the entire site. This
proposal was based on a PFP approach and, as will be shown in the next section, on the
adaptation of a technological treatment process.

Selection of Technology

In light of the site characteristics, the findings resulting from the biotreatability
study and Biogenie’s expertise in the application of biological treatment processes, it was
concluded that an ex situ Biopile treatment process be applied to the stockpile.

In essence, the Biopile system consists in a large “natural” bioreactor which
facilitates oxygenation of the soil and allows for a better control of by-products resulting
from the treatment process. Many variables are monitored and the operating parameters
can be controlled to ensure optimal biodegradation conditions for indigenous
microorganisms which will be conducive to the soil temperature, nutrient level, moisture
and pH levels to obtain required degradation results.

As Figure 2 illustrates, the ex situ Biopile process consists in the excavation of
contaminated soil and treatment on a permanent or temporary treatment facility. The
excavated soil is deposited on a watertight area designed to recover soil leachate.

In the event that volatile fractions are present in the soil, a tarpaulin is utilized to
cover the soil in order to prevent the volatile fractions from escaping into the atmosphere.
This tarpaulin will also act as a barrier, restricting contact between rainwater and the
contaminated soil. An irrigation system beneath the tarpaulin allows for the
humidification and addition of mixtures of nutrients and microorganisms to the Biopile.
Drainage water leaching from the Biopile is, for its part, channeled towards a process
water reservoir where it undergoes further treatment.

Perforated piping set up beneath the Biopile are linked to a blower. Their aeration
function has as an objective, that of maintaining the aerobic bacterial activity to an
optimal efficiency level. The blower acts as a vacuum pump; it aspirates the Biopile
gases and channels them towards a biofilter to purify them prior to releasing them into
the atmosphere.

During treatment, volatile organic compounds (VOCs) will be aspirated and
treated in a compost-based biofilter. Emissions are monitored prior to release into the
atmosphere. In addition, the concern for volatilization of these contaminants during the
construction of the Biopile and subsequent soil mixing are minimal due to the nature and
age of the contaminants.

Designing a Customized Solution

The decision to excavate and stockpile the contaminated soil had been made prior
to Biogenie’s involvement in this remediation project. Countless resources (time and



money) had been allocated to the excavation and stockpiling, hence, having to repeat the
displacement of the soil to apply a conventional remedial solution would have added
significant costs to the project. The traditional ex situ Biopile could not be applied at once
to the stockpile due to its elevated height, hence, Biogenie adapted its treatment process
to the prevailing conditions on the site by developing a means to treat the stockpile while
limiting the further displacement of the contaminated material. The strategy was to treat
from the top of the stockpiled material to the bottom, as the sheer volume of soil did not
allow for the active treatment of the entirety of the pile simultaneously.

REMEDIAL STRATEGY
Site Layout & Implementation

The following is a description of the layout of the site once the remedial design
was complete (see Figure 3 and Figure 4).

Biogenie’s approach was to divide the stockpile into two relatively even sized
piles to provide for a larger treatment surface area. The two piles were approximately
650ft. x 400 ft. x 25 ft. In addition, the Biopile was divided into three layers to be treated
in succession. Once the top layer under treatment was complete, the soil would be
removed from the Biopile and the second layer would undergo treatment.

Each layer consisted of two parcels, that is to say, each layer was divided into
two distinct systems. The two parcels are connected to the same operational machinery
and biofilter, however, each operates interchangeably. This was more economical and
allowed for more control over the system; providing better aeration to the soil, ability to
control temperature (notably during the winter season) and a more rapid intervention for
any necessary adjustments (tweaking).

In addition to the two large Biopiles, Biogenie constructed two auxiliary Biopile
platforms (6,500 cubic yards) for segregated soil and supplementary soil treatment. If soil
concentrations are found to be greater than a set standard prior to treatment or greater
than the established criteria following treatment, the soil is to be segregated and removed
from the treatment area, and placed on one of two auxiliary treatment platforms for
specific supplementary treatment. The soil, once treated and below the established
criteria, would be removed from the pile and utilized as backfill on the site. The benefit
of implementing the two auxiliary Biopiles is that the project remains on schedule and
Biogenie may proceed with the installation of the system on the lower layer of soil.

In order to ensure that the treated soil meets regulatory cleanup standards,
Biogenie’s systematic approach requires more stringent criteria for quality assurance (see
Figure 5). Hence, the internal cleanup objective is 2,500 mg/kg. This represents the
average concentration level required for each parcel to attain the criteria of 3,500 mg/kg
TPH with a 95% level of certainty. This step is taken to avoid extra costs associated with
soil displacement and additional treatment.

The technical solution designed for this project was based on a specific financial
proposal.



FINANCIAL PROPOSAL
The Pay-for-Performance (PFP) approach provided by Biogenie stipulates

payment on a per-clean-tonnage basis. The cost associated with this approach is
approximately 25 % of the estimated cost for the initial decision to incinerate the
contaminated material. This approach demonstrates Biogenie’s confidence in its expertise
and ability to apply biological treatment technologies to contaminated sites. Biogenie
strives to provide such an approach as a means of reducing the perceived risks often
associated with biological treatment solutions.

Biogenie’s contractual obligations are to complete the restoration of the large
stockpile by year end, 2002. The soil is to be treated to regulatory criteria and re-utilized
as backfill on-site. Prior to displacement, the soil is sampled and tested by a third party to
validate that the concentration levels meet the established criteria.

REMEDIATION : ACTUAL RESULTS
Implementing the selected technology and remediation strategy involved several

challenges, remarkably that of managing 880,000 tons of soil. Apart from the actual
displacement of soil, Biogenie was forced to scale-up the system with larger equipment,
such as larger pipes and more powerful machinery, including fans, blowers and
separators. Biogenie also faced the challenges of managing site operations, notably
machinery and personnel. The first 2 months of the project were dedicated to the
construction of the Biopiles, over 40 people, 6 subcontractors and 5 excavators were
utilized. Following the construction of the Biopiles, Biogenie began installation and
operation of the treatment system. This entails two personnel work shifts (15 employees)
involving operations of 21 hours daily.

To date, approximately 50 % of the volume has been treated and replaced as
backfill, 275,000 tons are in on-going treatment and an additional 165,000 tons remain to
be treated (Figure 6). In addition, half of the soil in treatment is already at 75 %
degradation.

Biogenie will remove and replace the soil in on-going treatment during the winter
months and have the last sequence of treatment parcels in operation by Spring of next
year. Biogenie estimates that site restoration should be completed by year end, 2000. This
represents the treatment of 880,000 tons of soil restored to permissible industrial TPH
concentration levels in only 2 years of treatment – two years ahead of schedule.

CONCLUSION
Biogenie’s expertise in biological treatment processes, its track record of

successfully completed large-scale projects and its confidence in the ability to provide the
client with a PFP approach were all key components for our involvement in the project.

The biotreatability study was paramount, as it provided Biogenie with
information concerning the contaminants and their degradability, together with



optimization of treatment parameters. This study laid the foundation for our technical and
financial proposal, including the performance guarantees provided by Biogenie.

Biogenie’s ability to customize the remedial technology and strategy was
essential. This project is not typical when one considers the large volume of contaminated
material that was already stockpiled. Conventional biological treatment processes would
not have been appropriate for this site, however, with proper adaptation, the process has
proven to be extremely cost-efficient.

Project management is also as important to the success of the project. In that
respect, Biogenie is managing large volumes of soil, numerous contractors, machinery
and personnel. Proper management of all aspects of the project is certainly critical and
explains in part why work is ahead of schedule. Biogenie will complete the project two
years earlier than expected, which represents potential cost savings. This denotes
Biogenie’s expertise in biological treatment technologies, treatment controls and
management capabilities.

Overall, this project highlights three important “features” required to successfully
apply bioremediation technologies:

•  Biological know-how;
•  Engineering capabilities to customize biological treatment processes and

remedial strategies; and
•  Project management capabilities.

As demonstrated during this project, Biogenie strives to combine these three facets in
order to provide our clients with cost-efficient and totally guaranteed solutions.



Figure 1. Chromatograph of Contaminants



Figure 2. Ex Situ Biopile Process



Figure 3. Site Layout



Figure 4. Aerial Photo of Site



Figure 5. Degradation Curve
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BIOREMEDIATION OF A LAGOON
CONTAINING OILY SLUDGE

Francis Soucy, P. Eng. Biogenie
in Collaboration with Guillaume Bédard, Biogenie

ABSTRACT
This paper will present the remediation work performed by Biogenie on a lagoon

containing oily sludge. Over the course of 30 years, oily sludge produced by a water
treatment unit of a petrochemical plant was collected in a lagoon. The project’s aim is
that of reclassifying the petroleum-based hydrocarbon sludge by reducing the average
initial concentration level of 300,000 ppm to an established criteria of 30,000 ppm using
bioremediation.

Laboratory-scale testing and process simulation enabled the design of a specific
solution, which provided results in the order of 92% degradation within a 23-week
treatment period. An ex situ Biopile process was applied to 6150 cubic yards of oily
sludge in November 1998. The project was completed in the summer of 1999 and the
successful results provide the industry with a new and cost-efficient alternative to the
treatment and disposal of sludge highly contaminated with hydrocarbon products.



INTRODUCTION
This paper will present the remediation work performed by Biogenie on a

lagoon containing oily sludge produced by a water treatment unit of a petrochemical
plant. This project constitutes a major technical challenge given the nature of the material
to be treated and the unprecedented level of petroleum-hydrocarbon contamination. The
treatment of oily sludge represents a rather interesting environmental remediation
challenge when considering the stringent regulations imposed for hazardous materials.

Following a brief industrial background and project history, a synopsis that
documents the process that led to Biogenie’s development of a cost-efficient solution and
integrated approach, namely: conducting a biotreatability study, selecting and
customizing a biological treatment process that respected the stringent environmental
regulations regarding hazardous materials and designing and operating of a site-specific
bioremediation center. In the conclusion, the actual results obtained in order to reach full
site closure will be highlighted.

SITE OVERVIEW

Industrial Background

The petrochemical plant located near Montreal, Canada, has been in operation for
several years and has been a main producer and manufacturer of several products
including ethylene, propylene, heavy oil and a variety of industrial gases. The various
raw materials used, derived from the refining of petroleum and liquefied gases, mostly
consist of: naphtha fuel, distillate compounds, butane, propane and refinery concentrates.

A significant number of downstream industries use the petrochemical derivatives
manufactured by the petrochemical plant for the synthesis of resins and plastics,
pharmaceutical products, fertilizers and other products of synthesis. The plant operates 24
hours a day, 7 days a week, all year round and it currently provides permanent
employment to close to 250 people for its operation and plays a significant economic role
in its community.

Project History

The petrochemical plant located near Montreal, Canada, is serviced by two
wastewater systems: one for the process water, and the other for the stormwater.

The process wastewater system collects the purges from the cooling system and
the stormwater from the process area. The stormwater drainage system from the process
area is discharged into the process wastewater system for the purpose of collecting the
oils in the event of an accidental spill.

The process sewer directs the water it collects towards two A.P.I. separators for
the removal of free oil and of the heaviest suspended matter. At the outlet of the
separators, the water is discharged into a sedimentation lagoon measuring



460 ft. x 200 ft. x 5 ft. deep where the finer particles are clarified. Referred to as “Basin
A-103”. This lagoon acts like a polishing treatment.

In the fall of 1996, the petrochemical plant launched the cleaning and
rehabilitation project for basin A-103. The first stage of this project, entrusted to
Biogenie at the end of November 1996, consisted in conducting a preliminary assessment
of the quantity of sludge accumulated at the bottom of the basin since its operation start-
up in 1970. In order to do so, spot measurements using a photoelectric cell sludge
detector were carried out.

A few months later, at the beginning of January 1997, Biogenie performed a
sludge sampling and characterization campaign as a means to obtain a more specific
definition of its nature. The analytical results obtained reveal a sludge that is primarily
composed of inorganic particles (clay, silt) that are highly contaminated with petroleum
hydrocarbons (an average of 330,000 mg/kg of pH (C10 to C50)), with polycyclic
aromatic hydrocarbons (PAHs) and with monocyclic aromatic hydrocarbons (MAHs).

In May 1997, Biogenie hired a specialized firm to conduct a more accurate
evaluation of the sludge volume using a power-driven sonar. This work indicated that
approximately 4,700 cubic yards of sludge was accumulated at the bottom of the basin. In
addition, it was estimated that a volume of approximately 980 cubic yards of the clay
constituting the bottom of the basin that was in contact with the sludge should also be
excavated during the cleaning process.

In light of this information, the petrochemical plant launched, at the beginning of
June 1997, a call for tenders in order to select a contractor for the removal of the sludge
and its elimination in an authorized disposal site. The call for tender also included the
rehabilitation of the basin following its being emptied, by the installation of a waterproof
membrane.

Several technical solutions were then proposed by the various bidders. Pumping
followed by the direct removal of the sludge; disposals with prior solidification or
centrifugation treatment are just a few examples. At the close of this procedure, the
services of Biogenie were retained. Biogenie proposed, as a means of eliminating the
sludge, an approach that provided the biological treatment of the material using the ex
situ Biopile process.

Proposed Strategy

The project’s aim is that of reclassifying the petroleum-based hydrocarbon sludge
from hazardous waste to non-hazardous waste by reducing the average initial
concentration level of 300,000 ppm to an established criteria of 30,000 ppm using
bioremediation. By reclassifying the petroleum-based hydrocarbon sludge, it not only
offered a more permanent solution for the petrochemical plant in regard to its
environmental liability, but also enabled the client to offset the prohibitive costs incurred
by the disposal of hazardous waste such as petroleum-based sludge.

As a solution, Biogenie proposed the application, on the production site, of a
treatment enabling the elimination of the hazardous character of the sludge prior to its
off-site transportation. The proposed solution is based on the utilization of a well-known



biological process, namely the ex situ Biopile treatment (see figure 2: Ex Situ Biopile
Process). In addition to constituting a safe and environmentally friendly management
technique, the strategy proposed by Biogenie proposed the removal of the sludge from
the basin within a period of only a few weeks, allowing a restart of the basin within an
acceptable time frame.

Biotreatability laboratory tests undertaken in the fall of 1997 and completed
during the winter of 1998, have shown that the proposed biotreatment gave the treated
materials the characteristics of a solid waste as defined in Quebec’s Règlement sur les
solides (Rules regulating solid waste). Therefore, following treatment, Biogenie disposed
of the waste in a sanitary landfill site.

Given the conclusive laboratory results, the petrochemical plant officially
awarded the contract for the cleaning and rehabilitation of Basin A-103 to Biogenie on
May 14, 1998. The following month, Biogenie submitted to the Ministry of Environment,
on the client’s behalf, a request for an authorization certificate for the project’s
realization. Pursuant to Article 70.9 of the Environment Quality Act, a request for the
operation of a process for the treatment of hazardous materials also had to be submitted.

The proposed strategy was at first perceived by the Ministry of Environment has
inapplicable in the context of hazardous materials and that biological treatment could not
reach the target criteria set for reclassification. Thus the client and Biogenie entered into
negotiations with the Ministry of Environment in order to obtain the appropriate Record
of Decision (ROD). All parties finally considered biological treatment as a viable option,
however, it was not until the successful completion of a biotreatability study performed
by Biogenie to demonstrate the treatment efficiency. The biotreatability study provided
enough data to offer an efficient solution at a very attractive price.

On October 1st, 1998 Biogenie obtained the last authorization certificates required
from the Ministry of Environment. Four days later, the layout of the substructures
intended for the biotreatment of the sludge was undertaken. The construction of a
1,000 foot access route as well as the treatment area comprising two paved surfaces of
80 ft. X 300 ft. was completed three weeks later, on October 27th, 1998.

Sludge Collection and Construction of Biopile

The collection of the sludge and of the muddy clay from Basin A-103 began on
October 29, 1998 and was completed on November 24, 1998. It was estimated that a
6,100 cubic yards (9,150 tons) volume of contaminated material was removed from Basin
A-103. This quantity turned out to be slightly higher than what had initially been
estimated, namely 5,700 cubic yards. The client also asked that Biogenie remove and
transfer to the treatment area, some 128 cubic yards of oily sediments originating from
the bottom of the ditch along Basin A-103. Therefore, a total of 6,228 cubic yards
(9,342 tons) of material was sent to the biocenter that was especially set up for the
project. According to five samplings conducted during the emptying of the basin, this
material had an average pH (C10 to C50) contamination of 309,666 mg/kg.

This work required the transportation of the material by trucks (767 truckloads)
equipped with watertight buckets. The distance between Basin A-103 and the biocenter is
approximately 0.4 mile. Despite the resulting traffic on the site, the machinery and work



methods used enabled the site to be kept clean throughout the entire duration of the work.
In addition, the collection operation was carried out without incident. The Health and
Safety Program implemented, which required that a gas mask be worn by the personnel
working near Basin A-103 and which provided the installation of activated carbon filters
on the excavators, proved to be efficient.

The sludge and clay removed from the basin was sent to the treatment platforms
of the biocenter. At this particular location, the material was dumped into the mixing
basins that were temporarily set up, in which the structuring agent and the necessary
organic nutriments were added.

After this conditioning, the initial liquid sludge became a solid, which could be
manipulated to be placed on a Biopile of 6.5 feet high that could easily support the
weight of an excavator. Two biopiles of approximately 5,885 cubic yards were thus
constructed. As expected, the swelling of the sludge associated with the addition of the
structuring agent had for effect to double the volume of the material to be treated.

Treatment System Design

In essence, the Biopile system consists in a large “natural” bioreactor, which
facilitates oxygenation of the soil and allows for a better control of by-product
biodegradation from the treatment process. Many variables are monitored including the
operating parameters that can be controlled to ensure optimal biodegradation conditions
for indigenous microorganisms, which will be conducive to the soil temperature, nutrient
level, moisture and pH levels to obtain required degradation results.

As Figure 1 illustrates, the ex situ Biopile process consists in the excavation of
contaminated soil and treatment on a permanent or temporary treatment facility. The
excavated

In the event that volatile fractions are present in the soil, a tarpaulin is utilized to
cover the soil in order to prevent the volatile fractions from escaping into the atmosphere.
This tarpaulin will also acts as a barrier, restricting contact between rainwater and the
contaminated soil. An irrigation system beneath the tarpaulin allows for the
humidification and addition of mixtures of nutrients and microorganisms to the Biopile.
Drainage water leaching from the Biopile is, for its part, channeled towards a process
water reservoir where it undergoes further treatment.

Perforated piping set up beneath the Biopile is linked to a blower. Their aeration
function has as an objective that of maintaining the aerobic bacterial activity to an
optimal efficiency level. The blower acts as a vacuum pump; it aspirates the Biopile
gases and channels them towards a biofilter to purify them prior to releasing them into
the atmosphere.

During treatment, volatile organic compounds (VOCs) will be aspirated and
treated in a compost-based biofilter. Emissions are monitored prior to release into the
atmosphere. In addition, the concern for volatilization of these contaminants during the
construction of the biopile and subsequent soil mixing are minimal due to the nature and
age of the contaminants.



System Operation

System operation involves the performance of several activities on a regular or
occasional basis. From the monitoring of the mechanical system (ex.: flow and air
pressure measurements, biopile temperatures, etc.), to the management of process waters
and the maintenance of various equipment. In addition, periodical samplings of the
process water, air and sludges undergoing treatment are conducted as well as providing
new amendment to the biopiles throughout the treatment.

The process waters recovered in the treatment installations include the biopile
leachates collected in the disposal wells located in the low section of the treatment
platforms as well as the water recovered in the air/water separators located upstream from
the blowers. In both cases, the water was automatically pumped towards a storage tank
located near the blowers.

The treatment of the sludge was continued throughout the winter. Three
amendment operations were conducted since the first stockpiling: in December 1998, in
March 1999 and in May 1999. These operations have as a primary objective the swelling
of the material undergoing treatment for the purpose of restoring its homogeneous
permeability.

The biodegradation processes involved in the present treatment are highly
exothermic (i.e. are accompanied by heat evolution). Temperatures in the range of 65°C
were still being measured in the biopiles in January at a time when outdoor temperatures
had dropped under - 29 °C during this period.

Technical Results

Implementing the selected technology and remediation strategy involved several
challenges, remarkably that of managing hazardous material. Biogenie also faced the
challenges of managing site operations, notably machinery and personnel. The first
month of the project were dedicated to the construction of the treatment area where the
biopiles were to be constructed and the excavation of the oily sludge material.

The entire project completion from proposal approval to final closure took
12 months. The average treatment time to reach the clean up criteria was achieved in
8 months. According to the characterization conducted in October 1999, the average
pH (C10 to C50) concentration in the biopile material was reduced to 19,000 mg/kg. The
target objective in order to declassify the waste (i.e. to go from “hazardous material” to
“solid waste”) being 30,000 mg/kg, Biogenie successfully achieved the target clean-up
level according to plan.

CONCLUSION
Biogenie’s expertise in biological treatment processes, its track record of

successfully completed full-scale projects and the confidence in our ability to provide the



client with innovative approaches were all key components for our involvement in this
project.

The biotreatability study was paramount as it provided Biogenie with information
concerning the contaminants and their degradability, together with optimization of
treatment parameters. This study laid the foundation for our technical and financial
proposal, including the performance guarantees provided by Biogenie to the client.

This project was not typical when one considers the complexity of the
management and treatment of a liquid oily sludge containing very high concentrations of
petroleum hydrocarbon. By adapting its patented Biopile technology to the treatment of
hazardous materials, Biogenie has demonstrated its know-how in using biotreatment
processes in the field of environmental remediation. Conventional biological treatment
processes would not have been appropriate for this site, however, with appropriate
adaptation, the process has proven to be extremely cost-efficient.

Project management is an essential element to the success of this project. Proper
management of all aspects of the project was critical and a major factor for the
completion of the project as scheduled. This denotes Biogenie’s expertise in biological
treatment technologies, treatment controls and management capabilities.

Overall, this project highlights three important features required to successfully
apply bioremediation technologies:

•  Biological know-how;
•  Engineering capabilities to customize biological treatment processes and

remedial strategies; and
•  Project management capabilities.

The success of such a project requires the mobilization of a qualified
multidisciplinary team. The ongoing collaboration between the members of this team
coupled with a cooperative relationship with the client and various government bodies
has allowed Biogenie to brilliantly face up to this new challenge, leading the way to
innovative remediation approaches to complex environmental problems.

As demonstrated during this project, Biogenie strives to provide our clients with
cost-efficient and totally guaranteed solutions.



Figure 1. Ex Situ Biopile Process



REDOX CONDITIONS MEASURED IN
THREE TREATMENT CELLS CONTAINING

OILFIELD WASTES
M. J. Lupo, Ph. D., ARCADIS Geraghty & Miller, Inc.

W. W. Crawley, Solis Environmental
J. F. Artiola, Ph. D., Soil, Water & Environmental Sciences Dept., U. of Arizona

ABSTRACT
Formation of hydrogen sulfide (H2S) is a natural process that involves well-

known environmental conditions. To assess the likelihood for H2S generation from an
oilfield waste treatment facility, a sulfur cycle study was conducted and H2S air
measurements were collected.

Mean values for redox potentials (mV) collected at three waste depths (6, 12, and
24 inches), under saturated conditions, ranged from +194 to 233 mV and the pH was in
the alkaline range (>7.8). Analysis of pore water and mud showed very low levels of free
and total S species.

The redox conditions, sulfur species, pH and other analytical data support the
conclusion that H2S is not being generated at the facility in any significant amount. If any
H2S is generated, the alkaline pH and large pool of free iron preclude the possibility of
significant gaseous emissions. This is consistent with air samples, which suggest that if
there are any hydrogen sulfide emissions at the facility, they are indistinguishable from
background.

INTRODUCTION
The formation of hydrogen sulfide (H2S) and other sulfur-reduced species is a

natural process that involves several well known environmental conditions. In nature,
wetland soils and swamps are typically associated with this process. H2S is known to
occur naturally from the decay of marsh grasses in reducing soils (1-5). Other natural
systems that can generate hydrogen sulfide include deep groundwater typically located in
sulfur-rich geological strata and pond and lake sediments. However, any man-made
system that has the ingredients and similar environmental conditions can also generate
hydrogen sulfide. Septic tanks and waste ponds are two common examples of human and
industrial waste-containing systems that can generate hydrogen sulfide.

In March 1994, several shipments of wastes from one source were made to a
commercial land treatment facility near Bourg, Louisiana (Bourg Facility). The
shipments resulted in a large number of citizen complaints. The facility, which has
operated since 1982, is permitted through the Louisiana Department of Natural Resources
(LDNR) to treat nonhazardous wastes from the exploration and production (E&P)
industry. Because drilling mud, a common E&P waste, is largely composed of barium
sulfate, it was of interest to consider the redox state of the waste cells of the Bourg



Facility to determine the potential of these cells to generate H2S. Since the 1994 incident,
large volumes of environmental data have been collected to address the citizens’
concerns, including the state of the sulfur in the waste cells (6).

FACILITY DESCRIPTION
The primary treatment objective for the Bourg Facility is to remove soluble salts

from the E&P wastes. Secondary objectives include adjustment of the sodium balance,
decreasing the oil concentration, immobilization of metals, and dewatering. Solid wastes
are placed into treatment cells that are several acres in area and several feet deep. A layer
of water is maintained on the surface of the waste that is several inches deep, but at least
two feet below the berm to meet the freeboard requirements. The waste is stirred
mechanically to hasten the process of removing soluble salts. The water is removed and
injected into a permitted injection well and the cell is re-flooded. The process is repeated
until the treatment criteria are met. The waste is then dewatered and removed from the
treatment cell to a reuse pile. An application cycle is defined from the time wastes are
placed in a treatment cell until the time the material meets the treatment criteria and the
material is removed from the cell. The application cycle is several months long, and is
often longer than one year.

The incoming materials are frequently 5 to 10 times above the treatment criteria
for electrical conductivity (EC) and 2 to 5 times higher for the sodium parameters
(exchangeable sodium percentage and sodium adsorption ratio). The soluble salt
parameters are the highest with regard to the Treatment Criteria. These data support the
position that the primary treatment objective is management of soluble salts. Indeed, the
oil and grease concentrations and the metals concentrations at the Bourg Facility usually
meet the state requirements for treatment when the treatment process begins.

FORMATION OF HYDROGEN SULFIDE
The major components necessary for the formation of hydrogen sulfide exist

everywhere in nature. Most well-developed soils and natural waters have ample supplies
of the key ingredients: sulfate ions, bioavailable organic carbon, general conditions
conducive to microbial activity (i.e. pH and temperature), and the catalyst—sulfur-
reducing bacteria. The sulfate (SO4=) ion is very common in the soil and water
environments. Its concentration in natural waters and soils ranges from low parts per
million (ppm) to several thousand ppm, depending on geologic location and/or origins.
Sulfur-reducing bacteria are also common in natural water, soils, and sediments.
However, as long as oxygen is present, the reduction of sulfate to sulfide does not
proceed, as these bacteria are not active in the presence of molecular oxygen (O2).

One controlling factor in the formation of hydrogen sulfide is water. Since air is
20% oxygen, as long as a soil, sediment, or waste pile is not saturated with water, there
will be an ample supply of oxygen to stop the formation of hydrogen sulfide. When water
enters a soil or waste pile, atmospheric oxygen gas is displaced out of the pores, and
microbes quickly use the remaining small amount of oxygen in water for their respiration.



Oxygen, being the ultimate electron acceptor, is quickly depleted in water-logged
environments with limited atmospheric oxygen inputs. Thus, oxygen-free conditions limit
the biological activity of microbes that use O2 as the terminal electron acceptor during
respiration. Under these conditions, other microbes (sulfur-reducing bacteria) that are
capable of utilizing the sulfur from the sulfate ion as a terminal electron acceptor can
become active, thereby generating S= ions. However, this “sulfur-reduction” process has
to be coupled with the simultaneous oxidation of water soluble, nontoxic, electron-rich
organic carbon-based molecules. During this coupled process the sulfur atom becomes
reduced and forms hydrogen sulfide. Thus, this process is in essence an electron
exchange reaction (e- flow from carbon to sulfur) from which sulfur-reducing bacteria
derived energy for growth. Therefore, an easily degradable carbon (food) source is also a
controlling factor in the formation of hydrogen sulfide. The presence of oxygen and the
lack of an easily degradable food source will both restrict hydrogen sulfide formation.

Natural Safeguards Against Hydrogen Sulfide Formation

Hydrogen sulfide is a toxic gas. With the large amount of sulfates in the
environment, there exist numerous apparent opportunities for the formation of this gas.
However, natural systems are present with several safeguards against its formation.

Water acts as a barrier for oxygen since diffusion of gases through water is
typically 4–5 orders of magnitude slower than in air. Nonetheless, exposed water does
allow for the diffusion of oxygen. Thus, surface waters typically have an aerobic layer
overlying the anoxic (O2-free) layer that varies in thickness. The thickness of this layer
varies significantly, depending on water mixing, flow, and biological activity. The
aerobic water layer can and does act as a barrier to hydrogen sulfide emissions in natural
systems. This is because any sulfide gas that escapes the anaerobic layer has to pass
through this O2-rich layer and is quickly oxidized to sulfate.

Hydrogen sulfide is produced only under strongly reducing conditions. Where
oxygen is available in soils or sediments, it is the preferred electron acceptor for
respiration. Other substances, including nitrogen, manganese and iron oxides, and sulfate-
sulfur, can be used by some microorganisms as the alternative electron acceptors. As
conditions become more reduced, the order in which these substances are used is as
follows:

Manganese (IV) ~ 600 to 50 mV
Nitrates ~ 300 to -200 mV
Iron (III) ~ -50 to -600 mV
Sulfate-sulfur ~ -200 to -700 mV

Based on these reducing conditions, sulfate-sulfur is reduced after the other
substances are reduced, and the reduction-oxidation (redox) conditions (value) must
decline further, to about -200 mV, for sulfates to reduce. With the abundance of iron (and
other metal species), the conditions would not be readily prevalent for the production of
H2S. Thus, there are several sources that serve as alternative electron acceptors that are
available in nature.

It is well known that hydrogen sulfide is a scavenger of soluble metals in water
and water systems. The dissociated sulfide ion (S=) quickly reacts with most metals and
forms highly insoluble metal sulfides, such as FeS, PbS, MnS, CuS, ZnS, and others. Iron



as Fe++ (an abundant soil mineral), is the single most important metal that helps control
hydrogen sulfide emissions from wetlands and swamps. Iron sulfide (FeS) is formed,
which is a highly insoluble, nonvolatile compound that will remain stable in strongly re-
ducing environments.

Measurement of Hydrogen Sulfide

There are two possible approaches to determine whether hydrogen sulfide is
present or can be produced in a system. Hydrogen sulfide can be measured directly in
water and water-waste slurry samples. However, it is difficult to analyze since it is
unstable in the presence of oxygen. Therefore, indirect measurements are frequently used.
The likelihood of hydrogen sulfide formation can be inferred from redox potential (mV)
measurements using platinum electrodes. Redox potential, measured in situ can be used
to infer relative concentrations of predominant chemical species. In complex natural
systems, redox measurements reflect the overall potential of all free electrons in the
system. Some chemical reactions of importance will not occur unless the redox potential
is at or below a given level (7) (Figure 1). The redox potential and the pH are indirect
measurements of the conditions that control the formation of hydrogen sulfide.

1997 SULFUR STUDY
On November 11 and 12, 1997, samples were collected at the Bourg Facility to

evaluate the sulfur cycle in the treatment cells. Water and E&P waste samples were
collected from three of the treatment cells. Cell 14 represented a fresh cell in which the
waste had only been present for three months. Cell 15 represented a mature cell in which
the waste was 16 months old. Cell 11 was chosen because the controversial waste had
been placed there in 1994 and comprised about six percent of the volume of the waste in
the cell. The waste in this cell was thus 3½ years old. A total of fifteen E&P waste
samples and three replicates were collected, with four, four and seven samples from Cells
14, 15, and 11, respectively. One replicate sample was collected for each cell. Twelve
water samples were collected, with two, four, and six samples from Cells 14, 15, and 11,
respectively. Sample analysis included pH, EC, total organic carbon (TOC), soluble
cations, six metals, sulfur species, and total inorganic residue.

A trackhoe was used to maneuver the sample crew to sample locations. Samples
were collected from near the center of each quadrant in Cells 14 and 15. Cell 11 was
divided into sixths, with a sample collected from approximately the center of each sixth.
Standard sample collection procedures were used. Water samples were collected first.
Appropriate preservatives were added to the sample jars. A 1-liter glass container was
used to collect the water, and then the sample was poured into the sample jars. Water
samples were not filtered in the field, nor were they filtered in the laboratory to minimize
exposure to oxygen. Field measurements were made for pH, temperature, and dissolved
oxygen. E&P waste samples were collected by: (a) pushing a PVC pipe into the cell
material, (b) creating a small vacuum on the PVC pipe, (c) removing the pipe from the
cell, and (d) releasing the sample into a sample jar.

During this sample visit, platinum electrodes were placed in each cell to measure
the redox potential. Platinum electrodes were prepared from 10-gauge copper wire and
18-gauge platinum wire (8). Electrodes were placed at three depths in each cell, at



approximately 6, 12, and 24 inches. The copper wire was connected to a measurement
station located on the cell levee. Redox potential measurements were made 12 times over
a 3½-week period from November 12 to December 5, 1997.

Analytical Data

A summary of the analytical results of this study is presented in Tables 1 to 3.
Presented in these tables is the water and waste sample analysis for sulfur species, TOC,
pH, metals, and redox measurements.

Sulfur Concentrations in Treatment Cell Wastes

The total sulfur chemical analyses of samples from the cells indicate that there
were no significant differences in total sulfur concentration in the three treatment cells,
even after 3½ years of aging (Table 1). The measured mean values of total percent sulfur
were: 2.19, 2.37, and 2.11 for Cells 14, 15, and 11, respectively.

Soluble sulfide concentrations measured in waste and water samples taken from
Cells 14, 15, and 11 suggest that there were very small concentrations of sulfides in the
water and wastewater extracts (Tables 1 and 2). “Free” sulfides are defined analytically
as the sum of the following sulfur species: S=, HS-, and H2S (gaseous and dissolved
forms). Because hydrogen sulfide is a weak acid, it will dissociate and lose hydrogen ions
progressively as the pH of the water changes from acid (<7) to alkaline (>7) conditions.

Because the waste contained in these cells is very high in total iron (Fe) (mean
total in solids from the three cells is >12,000 ppm) (Table 3), it is highly unlikely that
much of the reported soluble sulfide would be in any of the free sulfide forms listed in the
previous paragraph. The mean concentrations (ppm) of soluble sulfides measured in these
cells were 12.9, 9.52, and 11.6 for Cells 14, 15, and 11, respectively. For the reasons
stated above, it is highly probable that the measured soluble sulfide values in these cell
solids were due to suspended iron sulfide (FeS) present in the unfiltered water samples.

Data from samples collected from Cells 14, 15, and 11 indicate that the pH of the
water in these cells ranged from 7.8 to 10.9, with a mean of about 8.7 s.u. The measured
mean pH values in the cell solids were 9.0, 8.6, and 8.7 s.u., respectively, for Cells 14,
15, and 11. This suggests that any hydrogen sulfide produced would immediately
dissociate and form nonvolatile HS- and S= ions (>99%), (9) (Figure 2).

Total Organic Carbon Concentrations in Treatment Cell Wastes

The treatment cells at the Bourg Facility are not managed to degrade oil using
microbial processes. The carbon fraction of the oil does not represent “an easily
degradable organic.” Treatment activities that promote the degradation of oil in soils (i.e.,
maintaining moist, aerated conditions, discing, and applying fertilizers) have never been
utilized by the Bourg Facility. This is apparent since cells are frequently kept under
waterlogged conditions and dewatered periodically as the muds settle. Cell surface water
is drained periodically to remove soluble constituents (mostly sodium chloride [NaCl])
from the oilfield wastes.



Excessive amounts of oil are known to inhibit biological activity in soils and
sediments by limiting water and oxygen transfer by coating particles with oil, a process
which effectively quenches biological activity. However, under the right conditions
(unsaturated, aerobic, oxidative), insoluble crude oil can break down into smaller water-
soluble molecules, and ultimately into carbon dioxide (CO2) gas. The conditions required
for this process to proceed efficiently include unsaturated conditions with no more than
50% pore filled water, an ample supply of bioavailable nitrogen, 2% oil by weight
(optimum), and temperate to warm temperatures. Under these conditions, bioactive soils
and sediments can oxidize up to 5% oil to carbon dioxide per year.

However, the chemical analyses of three treatment cells containing wastes aged
from about 3 months to 3½ years support the position that these cells are not being
actively managed for aerobic hydrocarbon (oil) degradation. The cell waste data collected
in November 1997 indicated that TOC concentrations among cell wastes are variable, but
do not decrease significantly, even after 3½ years of aging. The measured mean percent
TOC values for these cells were 5.36, 8.44, and 5.75 for Cells 14, l5, and 11,
respectively. Therefore, since oil concentrations do not appear to change with age, the
conditions that are necessary to oxidize organic carbon to carbon dioxide (CO2), or to
produce low molecular weight water-soluble (intermediate) organic constituents needed
in the sulfur-reduction process, are not present in these cells.

Ample supplies of organic carbon (such as those found in oil from oilfield waste)
do not guarantee that the supply of easily degradable organic materials are available for
microbial use. Only a small fraction (low ppm range) of crude oil is water-soluble, and
therefore, possibly bioavailable for sulfate reduction. This soluble organic carbon fraction
varies, depending on the age of the oil waste, air exposure, contact time with water, and
even chemical composition. If oil waste is not exposed to oxidizing conditions, then the
small fraction of water-soluble organic carbon will likely be used by microbes or lost dur-
ing dewatering activities.

Metals Concentrations

The water samples were not filtered in the field to minimize exposure to oxygen.
Therefore, the reported “soluble sulfide” included free sulfide species, as well as some
insoluble suspended iron sulfide and possibly zinc sulfide. Zinc (Zn) is also present in
significant amounts (range 400–2,000 ppm) in drilling muds. This is because the
laboratory procedure utilized to measure soluble sulfide (EPA 376.1) treats the sample
with acid prior to sulfur analysis. This results in the release of any S= associated with iron
and possibly zinc which is then measured as free S=. (Note: Other metal sulfides such as
Ag, Pb, Hg, Cu, etc., are considered too stable to become soluble under acid treatment.)

Additionally, because there is a large supply of Fe+3
 in these wastes, which (based

on redox potential) is reduced to soluble Fe++ before sulfur becomes reduced (Figure 1),
little if any, free hydrogen sulfide can exist in the water phase of the wastes. Surface
water data from Cells 14, 15, and 11 indicate that there are ample amounts of free iron
available in the water phase ready to scavenge hydrogen sulfide. The mean value
concentrations of iron in the water were 444, 255, and 20 ppm, respectively, for Cells 14,
15, and 11. Whereas, the mean concentrations of soluble sulfides in the same waste
samples were 1.6, 0.1, and 0.1, respectively, for Cells 14, 15, and 11, with 50% of the
water samples having a concentration of <0.1 ppm. This again suggests that ample



supplies of free iron, that can control hydrogen sulfide emissions, are available in the
overlying water layer.

Redox Measurements

Indirect evidence of the lack of conditions conducive to the formation of
significant amounts of free hydrogen sulfide gas is provided by the field redox
measurements. Redox potential data collected from the same cells during a 15-day period
suggest that the process of sulfur reduction is not occurring at any significant rates. The
mean values for redox potentials (mV) collected at three waste depths (6, 12, and 24
inches), under saturated conditions, were +223+1.2, +199+2.2, and +194+2.9 mV for
Cells 14, 15, and 11, respectively (Table 4). It is well established that significant amounts
of reduced sulfur species can only be produced when the redox potential of soil-waste-
water systems drops below -100 mV.

Cell 11 is the closest cell to the community of Grand Bois, and has caused the
greatest concern from the citizens. The redox potential of Cell 11 was measured
continuously for several weeks. The redox value eventually settled to +190 mV. At the
same time, the pH was determined to range from 6.8 to 7.9 in the water, and 8.0 to 9.2 in
the E&P waste solids. Based on the pH and redox values, sulfate will be the predominant
phase for sulfur species (10). This is supported by the analyses of sulfate, sulfite, and
sulfide in the water, and the E&P samples. Sulfate is the predominant form of the sulfur
ion in the E&P waste solids and the water in the treatment cells. Metals, such as iron,
manganese, cadmium, lead, and zinc, will scavenge any sulfides produced within the
treatment cells, and any hydrogen sulfide generated in the treatment cells will precipitate
as metal sulfides.

A soil chemical modeling program (MINTEQ A2 Chemical Speciation,
developed by the EPA Environmental Laboratory) was used to evaluate the April 1994
quarterly monitoring data collected in Cell 11. The soluble cations and anions, metals,
and pH were used to predict the redox potential of Cell 11 in 1994. The redox was
predicted to be +192 mV, which is similar to that measured in November 1997. This
suggests that the oxidizing conditions in 1994 were hostile to sulfide formation and
favorable toward sulfates.

AIR SAMPLES
As a result of community concerns, the Louisiana Department of Environmental

Quality (LDEQ) monitors H2S on an hourly basis. The LDEQ placed the first monitor at
the western fence line of the Bourg Facility near Cell 11. A similar monitoring station has
been operated by the LDEQ in the center of the Grand Bois community near a shipyard.
These monitors will be referred to in this section as the Facility Monitor and the
Community Monitor, respectively. The Facility Monitoring station began to analyze for
H2S in October 1997. The Community Monitoring station began collecting H2S samples
in April 1998. The data have been summarized in Table 5.

The highest measurement detected at the Bourg fence line was 94 ppbv. This
concentration, measured in November 1997, is within the 8-hour standard set by the state,
237 ppbv (330 µg/m3). Note that the highest concentrations occur in November. This is



consistent with natural H2S production by the marshes that surround both the facility and
the community. H2S is known to occur naturally from the decay of marsh grasses in
reducing soils (1-5). Researchers have found that the greatest H2S production occurs in
November, after the marsh grasses begin to rot (1). It is clear from Table 5 that the
highest concentrations of H2S have occurred in November, both in 1997 and 1998. These
high H2S events have occurred at night, when atmospheric conditions are least favorable
to dispersion (i.e., most favorable to higher concentrations). Some localities in other
states have a short-term standard of 30 ppbv. For this reason, hours with concentrations
higher than 30 ppbv were counted in Table 5. Note that at the facility fence line this has
been known to occur only in November.

Since May 1998, the H2S concentrations at the Community Monitor have been
consistently higher than those at the Facility Monitor. The Community Monitor has also
detected H2S at values higher than 30 ppbv eight times in months other than November.
This is not surprising since the Community Monitor is closer to marshes than the Facility
Monitor. That the H2S concentration would be lower at the onsite Facility Monitor
strongly suggests that the Bourg Facility is not the source of the H2S. The relative
proximity of the monitors to marshland supports a natural origin for the H2S detected by
LDEQ monitors.

When the large, controversial waste load was delivered to the facility in 1994,
H2S was not one of the individual analytes that the LDEQ monitored when they
investigated the complaints filed at that time. However, the state did measure carbonyl
sulfide. The method of analysis was such that it would have detected several sulfur
compounds including H2S and reported the sum as carbonyl sulfide. During the disposal
of the 1994 waste, carbonyl sulfide was not detected, which indicates that H2S was also
below detection at that time. This result is not surprising. The threshold for odor detection
of H2S is 0.001 to 0.01 ppm. The LDEQ staff that manually collected air samples prior to
the installation of the continuos monitoring stations stated that there was no detectable
odor of H2S during their sample visits. Thus the results of the air monitoring suggest that
if there are any hydrogen sulfide emissions at the facility, they are indistinguishable from
background.

CONCLUSIONS
As a result of this study, several conclusions on the sulfur cycle in the treatment

cells can be drawn:

•  Biodegradation is a minor component of the treatment process. There is no
evidence of significant oxidation of oil from oilfield waste, which is needed
to provide the soluble organic carbon for the reduction of sulfur to sulfides.

•  Hydrogen sulfide cannot exist in the cells in large amounts due to the
relatively high redox potential and the pH. The redox conditions measured in
the three separate treatment cells indicate that the wastes are not sufficiently
reduced to support the formation of measurable amounts of hydrogen sulfide.
Chemical equilibrium modeling supports these measurements.

•  There is no evidence of free hydrogen sulfide gas present in detectable
amounts in the liquid and solid samples collected in the treatment cells.



•  Metals in the E&P wastes and the water would scavenge what little sulfide is
present and form metallic sulfides.

•  Data from air samples suggest that if there are any hydrogen sulfide
emissions at the facility, they are indistinguishable from background.

Other oil field waste facilities and treatment processes can be evaluated using the
methods of this study. Cells or vessels with pH over 7, heavy-end organic compounds
and free metals favor the destruction of H2S. If redox measurements are available with
values over -100 mV, this is also a strong indication of an environment hostile to H2S.
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Table 1. Analytical Data Collected for Sulfur Cycle Evaluation of Treatment Cell Waste

Sample
ID

pH
(s.u.)

EC
(mmhos/cm)

TOC
(%)

Inorganic
Residue

(%)

Total
Sulfur

(%)

Soluble
Sulfate
(meq/L)

Soluble
Sulfide
(meq/L)

Soluble
Sulfite

(meq/L)

C-15-1 7.8 30.4 10.4 50.5 2.25 1.4 4.4 1 U

C-15-1r 7.8 32.8 9.0 50.7 2.90 0.8 2.8 3.5

C-15-2 8.6 50.1 10.4 45.7 2.21 8.4 10.0 1 U

C-15-3 9.3 14.5 6.4 32.7 2.47 3.6 15.2 5.5

C-15-4 9.3 14.5 4.0 32.7 2.02 3.0 15.2 8.0

C-14-1 9.0 10.3 3.7 37.9 2.04 5.6 24.8 11.0

C-14-2 8.4 13.2 4.7 36.8 2.29 1.6 6.4 1 U

C-14-3 8.3 30.0 6.3 53.1 2.91 2.0 9.2 15.5

C-14-3r 8.3 25.3 6.7 66.7 2.83 1.9 10.0 13.0

C-14-4 10.9 20.2 5.4 52.5 0.86 4.2 14.0 5.0

C-11-1 8.8 22.0 6.4 51.2 2.21 3.4 6.8 1 U

C-11-1d 8.8 22.1 7.2 51.7 2.25 3.7 7.2 1.0

C-11-2 8.1 5.3 5.1 46.8 2.34 2.7 2.4 1 U

C-11-3 8.2 5.2 3.9 34.9 1.82 2.8 3.6 1.5

C-11-4 8.0 5.6 5.5 43.3 1.73 2.0 1 U 1 U

C-11-5 8.2 3.4 4.4 36.3 1.93 3.4 3.6 3.5

C-11-6 9.1 12.7 6.5 44.5 2.01 11.5 57.2 140.5

C-11-7 9.2 10.4 5.9 25.1 2.29 6.0 6.4 1.0

C-11-7d 9.2 11.0 6.0 25.1 2.19 6.2 5.6 1.5

Notes:
mmhos/cmMillimhos per centimeter.
meq/L Milliequivalents per liter.
U Analyzed but not detected above the associated value.
r Replicate sample.
d Laboratory duplicate.



Table 2. Analytical Data Collected for Sulfur Cycle Evaluation of Treatment Cell Water

Sample
ID

pH (s.u.) EC
(mmhos/cm)

Alkalinity
(mg/L)

TOC
(mg/L)

Sulfate
(mg/L)

Sulfide
(mg/L)

Sulfite
(mg/L)

C-15-1 7.6 21.80 432 8 48 0.1 U 0.1 U

C-15-2 7.7 22.60 445 9 40 0.1 U 0.1 U

C-15-3 7.8 21.90 486 11 32 0.2 0.1 U

C-15-4 -- -- -- 16 14 0.1 U 0.1 U

C-14-1 7.9 19.6 243 15 14 1.5 1.1

C-14-2 7.7 18.4 325 18 13 1.6 1.2

C-11-1 7.9 2.06 98 23 16 0.1 U 0.1 U

C-11-2 7.8 2.05 97 24 18 0.2 0.1

C-11-3 7.8 2.07 102 24 16 0.2 0.1

C-11-4 7.7 2.15 101 22 15 0.1 U 0.1 U

C-11-4d 7.7 2.13 103 21 14 0.1 U 0.1 U

C-11-5 7.7 2.16 102 22 14 0.1 0.1 U

C-11-6 7.4 2.17 112 23 15 0.3 0.1

C-11-6r 6.8 3.11 110 23 13 0.1 U 0.1 U

Notes:
mmhos/cm Millimhos per centimeter.
-- No analysis.
U Analyzed but not detected above the associated value.
d Laboratory duplicate.
r Replicate sample.



Table 3. Analytical Data Collected for Sulfur Cycle Evaluation of Treatment Cell Metals

Sample Total Aluminum Total Barium Total Copper Total Iron Total Lead Total Zinc
ID -----------------------------------------------------(mg/kg)-----------------------------------------------------

C-15-1 6,900 135,000 42 12,600 130 3,990

C-15-1r 8,280 192,000 41 13,000 120 3,830

C-15-2 7,440 144,000 47 12,000 170 5,610

C-15-3 7,970 152,000 36 12,100 130 1,660

C-15-4 4,370 126,000 34 10,600 110 1,100

C-14-1 7,380 122,000 35 13,300 110 895

C-14-2 10,500 110,000 34 14,800 100 806

C-14-3 9,670 159,000 65 14,900 130 986

C-14-3r 8,770 174,000 71 14,700 150 1,320

C-14-4 8,290 62,800 29 11,300 40 82

C-11-1 11,800 126,000 47 15,600 130 466

C-11-1d 12,000 133,000 47 15,900 140 479

C-11-2 7,740 83,600 30 14,400 60 788

C-11-3 5,230 92,900 24 15,600 60 835

C-11-4 8,890 107,000 28 15,500 70 1,070

C-11-5 8,990 108,000 20 13,200 60 826

C-11-6 6,750 88,700 37 14,200 80 406

C-11-7 5,960 105,000 45 13,700 70 454

C-11-7d 6,240 104,000 39 14,500 70 414

Notes:
r Replicate sample.
d Laboratory duplicate.



Table 4. Redox Potential (Millivolts) of Treatment Cells at Bourg Facility

d Start Cell 11 Cell 11 Cell 11 Cell 11 Cell 14 Cell 14 Cell 14 Cell 15 Cell 15 Cell 15 Cell 15
Date Time Rain mean 6 in 12 in 24 in mean 12 in 24 in mean 6 in 12 in 24 in

Mean * * 193.8 196.2 189.7 195.5 222.6 221.4 223.8 198.7 195.8 199.2 201.1

Raw Mean* * * 196.8 199.8 192.5 198.3 222.1 221.7 222.5 197.6 194.5 198.2 200.0

Std. Dev. * * 2.9 8.6 10.2 7.4 1.2 30.6 13.2 2.2 14.5 13.3 12.1

Nov. 12 3:10 PM * 233.7 243 226 232 216.5 225 208 184.7 180 187 187

Nov. 13 12:30 PM No 211.0 216 205 212 215.5 213 218 214.3 216 215 212

Nov. 14 1:30 PM No 196.0 195 194 199 199.0 195 203 217.3 217 218 217

Nov. 15 9:30 AM No 203.3 203 200 207 216.0 214 218 215.7 214 217 216

Nov. 17 1:45 PM No 188.3 188 184 193 199.5 197 202 204.0 200 203 209

Nov. 19 1:30 PM Yes 188.3 193 184 188 254.5 289 220 215.7 212 216 219

Nov. 21 12:30 PM No 191.0 196 186 191 249.5 286 213 180.0 176 181 183

Nov. 24 1:30 PM No 191.0 203 180 190 221.5 204 239 191.3 188 192 194

Nov. 26 12:30 PM No 188.7 198 179 189 230.5 220 241 185.7 182 185 190

Nov. 28 1:15 PM No 191.7 199 184 192 226.5 217 236 189.3 185 189 194

Dec. 1 1:45 PM Yes 188.0 183 186 195 219.0 212 226 188.7 184 187 195

Dec. 3 2:00 PM Yes 185.0 184 182 189 221.0 214 228 191.7 186 194 195

Dec. 5 1:15 PM No 203.0 196 212 201 218.5 196 241 190.3 189 193 189

Notes:
* Mean and standard deviation do not include November 12 data. “Raw Mean” includes the first day.



Table 5. Overview of H2S Data Collected at Facility and Community Monitors

Facility Monitor Community Monitor
Monthly Highest Highest Hrs. >30 Monthly Highest Highest Hrs. >30

Month Avg. Day Hour ppbv Avg. Day Hour ppbv

October 1997 3.19 6.8 15 0 * * * *

November 1997 2.21 11.4 94 8 * * * *

December 1997 2.53 5.5 20 0 * * * *

January 1998 2.60 5.9 22 0 * * * *

February 1998 0.97 2.8 15 0 * * * *

March 1998 0.84 3.2 8 0 * * * *

April 1998 2.05 3.4 12 0 0.49 1.7 7 0

May 1998 1.60 4.0 16 0 4.03 6.7 16 0

June 1998 2.95 6.6 30 0 5.98 10.1 36 2

July 1998 4.30 8.4 19 0 4.95 16.8 28 0

August 1998 2.20 6.1 15 0 3.00 7.7 32 1

September 1998 2.84 7.3 19 0 6.38 16.5 41 5

October 1998 2.00 3.3 12 0 2.82 5.0 7 0

November 1998 3.74 22.3 57 10 5.23 23.6 84 8

December 1998 2.41 5.2 18 0 2.42 3.7 18 0

Average 2.43 3.92

8-month avg. 2.76 4.35

Notes:
* = Data collection began April 1998.
All measurements are given in ppbv.
The Community Monitor was installed on April 14, 1998; however, its earliest data do not seem to be accurate. These
data are italicized in this table.



Figure 1. Comparison of Measured Redox Potential in Treatment Cells with Ranges of Microbially
Mediated Redox Processes (Adapted from 7)



Figure 2. Predicted Percent Composition of Various Forms of Sulfide Species at Treatment Cell Measured
pH Values (Adapted from 9)



THE USE OF HYDRAULIC FRACTURING
 IN-SITU BIO-REMEDIATION

Seth Hunt, Foremost Solutions, Denver, Colorado
and

John W. Hernandez, Civil Engineering Department, New Mexico State University

ABSTRACT
One of the most persistent problems encountered in in-situ treatment of spills of

petroleum-based materials is the lack of adequate soil permeability for good gas transfer.
A second problem arises where there is a significant difference between horizontal and
vertical permeability. This paper describes an innovative, cost-effective method of
enhancing bio-remediation that is especially advantageous in tightly-packed clays and
shale.

This paper presents field data on a procedure that combines, and enhances,
several proven remediation techniques to create a favorable sub-surface environment for
biological degradation of petroleum-based pollutants. The process is designed to provide
indigenous, and laboratory-cultured introduced hydrocarbon degrading-microbes along
with the nutrients, oxygen, and growth media needed.

This favorable environment is established by hydraulic fracturing of a layer, or
layers in a contaminated zone, and the simultaneous injection of small porous ceramic
pellets that serve as the nutrient carrier, as the carrier for acclimated microbes, and as a
growth matrix. The size-graded ceramic material also serves as a "proppant" to keep the
horizontal, pancake-like fractures open. These open fractures contribute to gas transfer,
and to the movement of air from the injection and vent wells, and from the soil-surface in
many cases. The ceramic is relatively hard, has inter-connected pore-spaces that run
parallel to the long-axis of the pellet, has a pore-volume equal to approximately three-
fourths of the total pellet volume, and the pores can carry and store water, microbes, air,
and/or nutrients. Data on characteristics of the ceramic pellet are provided in the paper.

The paper describes field tests where fracturing was accomplished through cased
bore-holes at pressures that lead to the creation of 40-foot diameter fractures. Once the
fractures were established, and the ceramic pellets in place in the newly created open-
space, water slurries were introduced from the surface to recharge the microbe
population, to add nutrients and oxygen, and to introduce other electron acceptors. The
paper describes a successful, US EPA supported, demonstration of the process where up
to 90 percent reductions were obtain in the concentration of a hydrocarbon groundwater
contaminant.



A NEW BIO-REMEDIATION PROCESS
The Union of Four Technologies

None of the technologies employed in the bio-remediation process, to be
described in this paper, are really new. Applications of all four can be found in the
literature. It is the combination of the four, into an improved in-situ biological treatment
process, that is new and unique. The four technologies that have been incorporated into
the new bio-remediation process are:

1. the use of hydraulic fracturing of sub-surface zones to allow the transport of
materials to zones of aquifer contamination to enhance biological
degradation of organic pollutants;

2. the use of multiple wells for fracturing and injection of materials that can
facilitate the in-situ degradation of a hydrocarbon contaminate in ground-
water;

3. the introduction of nutrients, oxygen, and a “new-concept” biological growth
media, into a the fracture-zone, for transport to the contaminated
groundwater source; and

4. the introduction of an acclimated aerobic cultures, that can degrade a
hydrocarbons, into the fracture zones.

Hydraulic Fracturing

The use of hydraulic fracturing to improve permeability is not a new technology:
hydro-fracturing has been used to increase oil and natural gas production for many years.
The basic technique has been to isolate a zone in a geologic structure by first drilling one
or more injection wells and to place packers in the annular space above and below the
zones where water and other add-mixtures are introduced under considerable pressure. In
a sub-surface soil-system, at a minimum the pressures employed must be greater that the
stress introduced by the weight of the materials above the injection zone.

The general process calls for one or more wells or bore-holes to be drilled into
the polluted zone. When multiple holes are used, it is common to design a crossing
pattern that covers the area of contamination, taking into consideration the anticipated
fracture pattern. Based on the information obtained in the drilling program, decisions are
made on the fracture depth and the radius for each of the holes. More than one fracture-
zone can be developed from a single well. Packers are put in place to isolate a selected
zone, and a hydraulic-jet is used to cut a small diameter (one-foot diameter), disk–shaped
notch in the soil around the bore-hole. Water is pumped into the newly formed notch until
pressures reach the point where fracturing occurs. When the hydraulic pressure applied to
the fluid exceeds the stress in the subsurface materials, fractures occur, often along
bedding planes. Typically, add-mixtures (sand or even walnut-shells) are injected in to
the fracture zones to keep the newly formed fractures open.

The use of hydraulic fracturing of contaminated soil-systems, located at
relatively shallow depths, for the purpose of biological treatment was described in 1993



in a U.S. EPA demonstration bulletin (1). The EPA bulletin reported on the use of
hydraulic fracturing of contaminated soil-systems at two sites. At these sites horizontal
fractures of about one-inch in height and 40 feet in diameter, were developed. Sand was
added to the injection fluid to hold the fractures open. A number of fractures were created
at depths from 5 to 30 feet below the ground-level to produce a series of open-pore,
horizontal “pancakes” in the polluted zones. The drilling and fracturing techniques
reported by EPA in 1993 are similar to the approach used in the Denver Federal case to
be described.

A Growth Media and Proppant, and Nutrient Transport

In the 1993 EPA demonstrations, sand, water, guar-gum, and an enzyme were
used to extend and to support, or “prop-up”, the newly fractured soil-zones. Guar-gum
was used to make the injection fluid more viscous in order to enhance the transport of the
sand, nutrients, and bio-mass into the soil fractures. An enzyme was added to the slurry to
degrade the guar-gum.

In the Denver Center case, a ceramic pellet was also added to the slurry for use as
the growth media, the proppant, and the nutrient carrier. This material, known by the
trade name “Isolite”, is an extruded diatomaceous earth material that is kiln dried at 1800
degrees F. In the firing process, the organic matter in the extruded pellets is burned
leaving a series of axis-oriented pores that range in size from 0.1 to 2 microns in diameter
(most being less than 1 micron in size) to yield a very light weight (32 pounds per cubic
foot), high surface area pellet (1 gram of material has a surface area of 4.6 square
meters). Porosity on the order of 70 percent has been obtained. These pellets are
chemically inert, relatively hard, and can be produced in sizes that range from 1 to 10 mm
in diameter and comparable lengths. Liquids that contain nutrients, and biological
growths, are adsorbed and “wicked” into the pores of the pellet. Nutrients can more our
of the pores when changes in osmotic pressure occur. The large surface to volume ratio of
Isolite make it a good biological growth-media as well as a nutrient carrier.

Acclimated Bio-mass And The Oxygen Supply

A typical bio-remediation technique is the use of pollutant acclimated bio-mass
to treat contaminated soils. The process used at the Denver Federal Center also involved
the use of an aerobic culture that had been grown on a feed stock that mimicked the
pollutant, but the bio-mass was grown on the same media that was used to carry the
culture into the fractures in the polluted zone. The inoculate used to initiate the bio-
degradation of the contaminate was grown in a laboratory reactor filled with Isolite. The
cell-mass, and its Isolite growth-media, and the proppant were all injected into the new
fractures as they were formed in the zone of contamination. The fractures also act as a
corridor for gas transport to and from the region of active bio-degradation. The Oxygen
supply to the bio-mass must be continually renewed so as not to be rate limiting. In this
type of in-situ bio-remediation process, it is common to drill vent wells into the polluted
strata to enhance oxygen transfer. This was done at the Denver Federal Center. Another
approach that has been used by the senior author, is the addition of chemicals that can act
as electron acceptors in the absence of sufficient oxygen. Ferric species are an example of
a source that could be used to keep the bio-degradation process going.



THE DENVER FEDERAL CENTER CASE
The Site and The History Of Contamination

Pollution of the sub-soils around the Denver Federal Center site initially occurred
more than a half-century ago when it was a World War II arms manufacturing plant, and
when machine oils are believed to have been leaked or spilled. The contamination was
not found until the early 1990’s when excavations for a new structure turned up the
problem. A site assessment was done in 1994 by the U.S. Public Health Service (PHS)
(2). The PHS study showed that the contamination centered around the south-side of
Building 56, predominately in the vicinity of a loading dock (see Figure 1).

As a part of the assessment, 14 exploratory holes were drilled and sampled. The
contaminant was found to be a cutting-oil and was characterized in terms of its weigh in
milligrams per kilogram of soil as Total Petroleum Hydrocarbon (TPH). As can be seen
from Figure 1, TPH was not found in six bore-holes that form a half-moon pattern around
the south-end of the loading dock at distances that ranged from 100 to 250 feet away. The
“good-news” was that the contamination was isolated to a relatively small area in the
vicinity of the loading dock and to a slightly larger area to the south of Building 56 (see
Figure 1). The oil had not moved vertically downward beyond the shallow surface-soils.
The PHS study of levels of TPH in the polluted zone, indicated that typical
concentrations of TPH were on the order of 2400 mg/kg of soil (see Figure 1).

The sub-strata at the south-side of Building 56 was found to be favorable to
hydro-fracturing: the top 25 feet of the site-soils were derived from the regional Denver
Formation which consists of horizontal inter-bedded mudstones, shales, siltstones and
sandstone. Depth to the weathered bed-rock at the site ranged from 7.5 to 15 feet.
Permeability of the tight site-soils were found to be relatively low: 0.06 to 0.6 inches per
hour (3). Later work at the site indicated the presence of ground water at a depth of 9 feet
that was believed to be a perched source (4).

The Interagency Demonstration Project

In late 1994 and early 1995, a workgroup of interested Colorado and U.S.
agencies (the U.S. Environmental Protection Agency [USEPA Region VIII], General
Service Administration, the Bureau of Reclamation, the Colorado Department of Health
and Environment, the Colorado Department of Labor) began work on a remediation plan.
Foremost Solutions joined the effort and a new technologies demonstration program was
developed based on Foremost’s in-situ bio-technology. It was agreed that USEPA would
sponsor the demonstration project, and that Foremost would carry out the drilling,
formation fracturing, and the in-situ biodegradation elements of the test program.
Laboratory analysis would be provided by USEPA. USEPA drafted a protocol for the
bio-remediation process, for sampling and sample parameters, for field control of
samples, for chain of custody, for sample analysis, and for site safety (5). Appendix A of
the protocol provided a description of the soil fracturing procedure to be followed, and
Appendix B described the sampling procedures to be followed when multiple layers of
fracturing were developed in a bore-hole.



Design of the In-situ Bio-remediation Process

The working group produced a bio-remediation design that called for the
development of two “bio-nets” to be created by six injection wells, with each well to have
multiple fracturing zones. These two “bio-nets”, and the injection levels, are pictured on
Figures 2 and 3. The concept behind the use of “bio-nets” was to space the injection wells
on an axis to ensure lateral coverage of the two areas where pollution had been found,
and to place horizontal fractures at multiple depths below the surface. The intended
radius of the bio-net at location 1 was to about 20 feet and the radius of the bio-net at
location 2 was to be about 15 feet. Four fracture zones were planned at location 1 and two
at location 2. A vent-well was to be installed in each bio-net (see Figure 2).

After the wells were drilled, a two-inch casing was to be installed to various
depths in the injection wells. To help start the fractures, a 5 to 6 inch radius, disk-shaped
notch was to be cut in the soil at the bottom of the casing in each well. Packers were to be
used to keep water from moving up the casing. The fractures were to be formed initially
by injecting water and a guar-gum add-mixture (an enzyme to break the guar gum and
borax to increase viscosity) into the notch and rotating a water-jet in a circle around the
end of the well casing. Fracturing was to be at less than 2,500 psi. After the initial
fracturing, the Isolite and the bacterial culture, and the nutrients were to be injected under
pressure to retain the open fractures and to transport the bio-mass into the polluted zones.

The In-situ Bio-remediation Process

In the field in June 1995, fractures were successfully installed at relatively low
pressures in six bore-holes: 40 to 200 psi depending on injection depths. Fractures were
developed at 7, 10, 12, and 14 feet below ground surface location 1 and at 14 and at 16
feet below the surface at location 2. The fluid volume injected varied from 100 to 500
gallons and the proppant volume (an Isolite mixture) ranged from 10 to 17 cubic feet per
fracture. Additional micro-organisms and nutrients were added to some of the fractures at
location 1 at the end of 7 and 48 days to ensure continuation of the biological degradation
process. When the new drill holes were developed in June of 1995, it was found that the
concentrations of the cutting oils (as TPH) were higher than the 2,400 mg/kg found in the
PHS assessment (see Figure 3). Periodic monitoring of TPH levels at the site continued
for the 250 days after fracturing and the injection of the bio-mass.

The Results and Conclusions

A comparison of the maximum TPH levels shown in Figure 3 (before treatment)
versus those given on Figure 4 (9 months after treatment) demonstrates the significant
reductions in the pollutant that was obtained. While reductions in the levels of TPH might
have come about from causes other than the in-situ biological treatment process, it can be
assumed that soil-fracturing and the injection of a nutrient-rich bio-mass did contribute to
a 90 percent reduction in the levels of the pollutant at the site behind Building 56. The
USEPA found soil fracturing, and the injection of inoculated Isolite, to be a cost-effective
means of biological degradation of the cutting-oil pollutant at the Denver Federal Center
(3). Foremost Solution’s combination of four conventional processes, into a new and
unique method of in-situ biological treatment method, may offer the flexibility needed at
other sites where hydrocarbon pollutants have been found and where remediation costs
have precluded the application of more traditional technologies.
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Figure 1. Denver Federal Center Project,  Total Petroleum Hydrocarbon
Concentrations (mg/kg of soil) at the Site
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ABSTRACT
This work conducted a sensitivity analysis of an analytical solution to the

advection-dispersion equation, derived under the assumptions of uniform flow, first-order
biodegradation kinetics, linear equilibrium sorption, and constant rectangular source. The
biodegradation rate coefficient (λ) was found to be one of the most influential model
parameters in simulating the dimensions of contaminant plumes. Values of λ from 79
sites were statistically analyzed to determine the central tendency and variability of this
parameter. Values of λ for benzene ranged from zero to 0.087 day-1 and followed a log-
normal distribution with a mean value of 0.01117 day-1, a median value of 0.005 day-1,
and a standard deviation of 0.0165 day-1. The possible correlation among the
biodegradation coefficient, the groundwater velocity, and plume lengths, were also
investigated. Degradation coefficients generally increased with groundwater velocity,
although the correlation coefficient was low (r2 = 0.21). This study also shows that the
simulated dimension of a contaminant plume is a manifestation of many factors,
including λ. Thus the value of λ estimated based on model fitting of field data may mask
the effects of other factors and should be considered as an “apparent” biodegradation rate
coefficient.



INTRODUCTION
Leaking underground storage tanks (LUST) are a major source of groundwater

contamination. It is estimated that up to about 600,000 out of 2 million underground
tanks storing gasoline in the United States may have leaked (1). The problem of
groundwater contamination by a LUST is not just confined to the United States, it is a
worldwide problem. This problem represents a threat to public health due to potential
contamination of drinking water sources by toxic and water-soluble components such as
benzene, toluene, ethylbenzene, and xylenes (BTEX). These compounds are depressants
to the central nervous system, and benzene can cause leukemia in humans.

The conventional way to remove underground gasoline spills due to LUST is to
pump and treat the contaminated groundwater. This approach, however, is considered
very ineffective for removing hydrophobic contaminants that form micro pools of non-
aqueous-phase liquids (NAPLS) or that remain sorbed to aquifer materials. Due to the
high cost and the ineffective removal of soil or groundwater contaminants, in-situ
bioremediation, which involves the use of indigenous microorganisms to biodegrade the
contaminants in aquifers, has received considerable attention lately. Active in-situ
bioremediation incorporates engineered systems to add nutrients or oxygen to speed up
the biodegradation processes. Thus, active or engineered bioremediation can also be quite
expensive, and in some cases, reach the point where the rate of biodegradation is the
same as those under natural conditions (2).

Intrinsic bioremediation and monitored natural attenuation, on the other hand, do
not require human intervention to stimulate microbial activity, and are less expensive
than active bioremediation. In general, intrinsic bioremediation requires the presence of
microorganisms with the potential to degrade the target pollutants. For gasoline, BTEX in
particular, this requirement is readily met since it has been known since the turn of the
century that many microorganisms can degrade BTEX (3). Therefore, intrinsic
bioremediation has received increased attention as an approach for cleanup of BTEX
contaminated sites, especially since the US Environmental Protection Agency (USEPA)
implemented the Risk Based Corrective Action (RBCA) to prioritize resource allocations
for site cleanup. RBCA allows the responsible parties to just monitor the contaminated
sites as long as the risks to human health and the environment are at a minimum level (4).
This approach is a consistent decision-making process for the assessment and response to
subsurface contamination based on the protection of human health and environmental
resources. Most of the responsible parties prefer this option since it is generally less
expensive than the traditional cleanup mandates.

A mathematical model is useful to design a successful monitored natural
attenuation project. Such a mathematical model usually requires as input several
parameters, among which the biodegradation rate coefficient may be the most influential.
This coefficient can vary in time and in space in a given aquifer. Miralles-Wilhelm and
Gelhar (5) conducted a stochastic analysis of transport and first-order decay for a solute
plume in a heterogeneous aquifer. This analysis showed that the effective degradation
coefficient (i.e., the best fitting value) is lower than its mean value, and depends on its
variability and its correlation with the hydraulic conductivity. However, little is known or
published about the central tendency and variability of the biodegradation rate coefficient
in situ.



In this study, we conducted a sensitivity analysis of an analytical solution to the
advection-dispersion equation, derived under the assumptions of the uniform flow, the
first-order kinetic biodegradation, and the equilibrium sorption. Values of the
biodegradation rate coefficient from 79 contaminated sites were also statistically
analyzed, and possible correlations between the biodegradation coefficient, the
groundwater velocity, and plume lengths, were investigated.

MATHEMATICAL MODEL
Transport of a contaminant, which undergoes first-order kinetic reactions, can be

described by the advection-dispersion equation (6)

CCvC
dt
dC λ−∇−∇= 2D (1)

where C is the concentration of a dissolved contaminant, t is the time, D is the
hydrodynamic dispersion coefficient tensor, v is the groundwater velocity, λ is the decay
coefficient, and ∇ is the derivative operator. The dispersion coefficient tensor has three
principle components in three dimensions, i.e., Dx, Dy, Dz. Those components are usually
assumed to be proportional to v. For the uniform flow case considered here, Dx = αxv, Dy

= αyv, and Dz = αzv, where αx,αy, and αz are dispersivities and they are often assumed to
be constant, even though they are not in most cases (7, 8). The decay coefficient includes
the effect of processes such as hydrolysis, photolysis, redox reaction, adsorption,
volatilization, and biodegradation (6). However, most studies have shown that the decay
coefficient for benzene (and other BTEX compounds) is solely due to the biodegradation
(2, 9, 10).

Equation (1) can be solved for some simple initial and boundary conditions,
under the assumptions of the uniform flow condition, i.e., v = (vx, 0, 0) and vx = v
(implying that aquifer is homogenous and isotropic or the hydraulic conductivity is
constant) and the first-order kinetic reaction. The solution to Equation (1) under the initial
condition, C(0,x,y,z) = C0, and a continuous rectangular source normal to the flow
direction, C(t, 0, Y/2 ≥ y ≥ –Y/2, Z ≥ z ≥ 0) = C0 is given by (6)
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where x, y, and z are the coordinates and Y and Z are the dimensions of the rectangular
source in y and z direction, respectively, erf is the error function, and erfc is the
complimentary error function.



Along the center line, i.e., y = z =0, and when t → ∞, above solution becomes
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Equation (3) is the solution used in the American Society for Testing Materials
(ASTM) standards for RBCA applied at petroleum-contaminated sites (11), as well as
some other models such as the Iowa Tier 2 model. This solution describes the
contaminant concentration along the centerline due to a rectangular source normal to the
groundwater velocity. The model is used to predict the expected level of the contaminant
concentration that might have an impact on actual and potential receptors, and to
determine the concentration at the source that will ensure the safety of the actual and
potential receptors at the point of exposure. The solution (3) is for a solute that is not
retarded by sorption. For a contaminant which undergoes linear sorption, the groundwater
velocity (v) in Equation (3) should be replaced with a retarded velocity (vR=v/Rf where Rf
is the retardation factor). It is emphasized that due to the assumptions made when
deriving them, the available analytical solutions, like Equation (3), are limited to certain
idealized conditions and may not be applicable to a field problem whose conditions do
not satisfy these assumptions. A numerical model, e.g., Bioplume III (12) and
Groundwater Modeling System (13), may be used for more complex problems.

SENSITIVITY ANALYSIS
A sensitivity analysis was carried out to determine which parameters in Equation

3 are most influential in predicting plume dimensions. The default parameter values
stipulated in the Iowa Administrative Code (Appendix B, Chapter 135) were chosen as
the baseline values that are listed in Table 1. The first part of the sensitivity analysis (Part
I) was carried out by increasing the baseline values by 50% and observing the length of
the plume at a concentration of 5 part per billion (ppb). The purpose of this part analysis
was to determine which parameter in Equation (3) has the greatest influence on the
simulated plume length (Lp). The plume length was defined as the distance from the
source to the location of the concentration of 5 ppb for the continuous source considered
in Equation (3). This concentration is chosen because the drinking water standard for
benzene is 5 ppb. The second part of the analysis (Part II) used a wider range of
parameters (Table 2), obtained from various studies (2, 14, 15).

An Excel program based on Equation (3) was written for the sensitivity analyses.
Using the baseline values (Table 1), the simulated plume lengths were found to be 195
meters (640 feet) at the 5 ppb contour line and 173 meters (568 feet) at the 10 ppb
contour line. This value is considered high when compared to the reported average plume
length of 101 feet (at 10 ppb contour line) by Rice et al. (16) from the Lawrence
Livermore Study. However, the baseline plume length is within the range of 8 to 3020
feet as reported by Newell and Connor (17). As can be seen from Table 1, the
biodegradation coefficient, the retardation factor, and the groundwater velocity are the
most sensitive parameters. The simulated plume length decreased by about 24% (from
baseline length) as the value of biodegradation rate coefficient increased from 0.0005 to



0.001 day-1. Decreasing plume length with increasing λ is expected since faster
contaminant degradation should result in shorter plumes.

The simulated plume length increased as the groundwater velocity (Vw) increased
(Table 1). This is also expected since a faster groundwater velocity will cause the plume
to move farther from the source. The effect of increasing the value of the retardation
factor is to decrease the velocity of the contaminant, which in turn decreases the plume
length. The effects of other parameters, e.g., the initial concentration and the size of the
source on the plume length, are less significant than the effect of the biodegradation rate
coefficient (λ), the groundwater velocity, and the retardation factor. For example,
increasing the values of C0, and the source dimensions Y and Z by 50% increases the
plume length by only about 7%

Another important parameter in determining the plume dimensions is the
longitudinal dispersivity (αx). However, its effect on the plume length is overshadowed in
Table 1 where the plume length decreases by 1% as the value for αx increases by 50%
from the base line value. This is due to the fact that the values of the horizontal transverse
dispersivity (αy) and the vertical transverse dispersivity (αz) were increased
proportionally to that of αx , i.e., they were taken to be 10 and 2.5 % of αx, respectively.
Their effects on the plume length offset that of αx since the plume length increases with
increasing αx and decreases with increasing αy and αz, which increases dilution.

Part II sensitivity analysis consists of the simulation using the same baseline
values varied over a wider range (Table 2). These ranges were derived from field sites.
The simulations were done repeatedly by varying one of these parameters at a time and
keeping the rest of the parameters the same as the baseline values. Table 2 reiterates that
groundwater velocity and the biodegradation rate coefficient are the parameters that exert
the greatest influence on the plume length. The plume length may vary more than 1500%
due to the variability of the groundwater velocity. The biodegradation coefficient, on the
other hand, may cause the plume length to vary by about 97%. The results from Table 2
also show that other parameters can exert a great deal of influence in the outcome of the
model simulation. For example, the longitudinal dispersivity and the retardation factor
can cause the overall plume length to vary more than 50%. Therefore, uncertainty in the
values of these parameters may lead to inaccurate predictions of the plume length.

STATISTICAL ANALYSIS
The sensitivity analyses conducted in the previous section suggests that the

biodegradation rate coefficient (λ), the groundwater velocity, and the retardation factor
are the parameters that have the greatest effect on the plume length. It is critical to use
more reliable values of these parameters in a site evaluation. Large uncertainty exists in
their values determined with lab experiments. To our knowledge, however, little is
known or published on the statistics of these parameters, especially the biodegradation
coefficient. One of the main purposes of this paper is to compile and statistically analyze
data for the biodegradation rate coefficient and the groundwater velocity, to characterize
their variabilities, to identify extreme values, and to set compatibility criteria/constraints
on these parameter for future use in model simulations. The data were obtained from



Professor Rifai (16). This set of data consisted of 79 values for λ (26 of which were from
predominantly anaerobic sites, 17 from predominantly aerobic sites, and the rest were
undetermined). This data set also contained 58 values for groundwater velocity (Vw) and
32 values for plume length (Lp). Most of the statistical analyses on these parameters were
carried out by the Statistical Consulting Center at the University of Iowa. A histogram of
each parameter was constructed. The histograms were fitted with three different
probability density functions (i.e., normal, log-normal, and exponential). The best-fitting
probability density function (pdf) was then chosen based on the χ2-test. The pdf with the
higher probability value (p) was then used in statistical-parameters determination (i.e.,
mean, median, and 95% confidence interval).

Statistical Analyses of Selected Model Parameters

The histogram of λ with the best probability density function (pdf) was plotted
on Figure 1. The histograms of Vw and Lp and their best-fit pdf’s were plotted on Figures
2 and 3, respectively. A statistical analysis was carried out based on these pdf’s and the
results are listed in Table 3 and the goodness of fit (p values) for the pdf’s and histograms
is given in Table 4.

The biodegradation coefficients (λ) of benzene from 79 sites ranged from zero to
0.087 day-1. There were 26 sites where predominant anaerobic biodegradation of benzene
occurred and 17 sites where benzene was predominantly degraded aerobically. The
average λ value for the anaerobic conditions was found to be 0.00321 day-1, the median
value was at 0.0003 day-1, and the upper 95% C.L. was at 0.051 day-1 (Table 3). The data
set from the anaerobic conditions seemed to follow a log-normal distribution. However,
the probability value (p) from the χ2 test was less than 0.05 (the needed p value to accept
the hypothesis that the pdf fits well with the histogram) and thus the log-normal
distribution had to be statistically rejected. Nevertheless, the histogram of λ in Figure 1
seems to be fitted better with the log-normal curve than a normal or exponential
distribution. For the predominantly aerobic sites, the average λ value, the median, and the
upper 95% C.L. were 0.0105, 0.0035, and 0.061 day-1, respectively. These values
followed a log-normal distribution with a p value of 0.344.

The combined field data (79 sites) were higher when compared to those from
other studies. For example, Aronson and Howard (19) reported a range of λ values from
0 to 0.038 day-1 and mean λ value of 0.0036 day-1 from a data compilation of 211 field
and in-situ microcosm studies. The mean value of total λ values (79 sites) was 0.01117
day -1, the median was 0.005 day-1, and the upper 95% confidence limit was 0.1139 day-1

from 79 field data. The field values for the biodegradation rate coefficient seemed to
follow a log-normal distribution. However, the probability value (p) from the χ2 test was
zero. Thus, one may not accept log-normal as a distribution for λ. Even though the p
value is less than 0.05 for the log-normal fit, this log-normal pdf was observed to fit the
histogram the best out of the three pdf’s used.

It is possible that the λ data may be multi-modal. In other words, there may be a
distribution applicable for clay-rich anaerobic plumes where benzene degrades very
slowly if at all, and another distribution for sandy aquifers that experience faster
replenishment of oxygen and degrade benzene much faster. In reality, there are no totally
aerobic or anaerobic contaminated sites. For any spill, especially in the subsurface, the



contaminant plume may be concurrently degraded under both aerobic and anaerobic
conditions. For example, aerobic biodegradation may occur in the fringes of the plume
where there is substantial oxygen diffusion from uncontaminated groundwater, and
anaerobic biodegradation may occur at the center of the plume where the oxygen demand
exceeds the supply. Unfortunately, site assessment work rarely provides sufficient
sampling history and hydrogeochemical information to establish a scientific or empirical
basis from which reliable estimations about rate of degradation for use in advanced fate-
and-transport models. Therefore, for setting site-specific cleanup levels, it is prudent to
use a conservative value such as the value of 0.0005 day-1 stipulated in the Iowa Risk
Based Corrective Action protocol. This value falls within the range of 0 to 0.087 day-1

and within the 95% upper limit of 0.114 day-1 observed in this survey.

For the groundwater velocity, the mean value was found to be 0.784 ft/day. The
median value for Vw was 0.274 ft/day, and the upper 95% C.L. was 5.14 ft/day for a total
of 58 sites (Table 3). These data followed a log-normal distribution with a p value of
0.858 (Table 3). From Tables 3 and 4, the average plume length (at benzene
concentration of 5 ppb) is 569 ft from 34 field data. The median plume length was 381 ft,
and the upper 95% C.L. was at 3010 ft. These statistical parameters were determined
based on the log-normal distribution of the plume length (p = 0.893). These values
seemed to be quite large in comparison to other studies. For instance, the Lawrence
Livermore study showed that, on average, the plume length at 10 ppb was at about 100 ft
(2). The same study showed that over 90% of the benzene plumes studied decreased to
less than 5 ppb at a distance of no more than 260 ft, and that 90% of the benzene plumes
decreased to about 10 ppb in less than 380 ft. The difference between the data used in this
study and the Lawrence Livermore study may be due to hydrogeology of the regions
studied. For example, the Lawrence Livermore study used data only from California
while the data from Professor Rifai (18) were mostly representative of field sites from the
Southeast (i.e., Florida, Carolina’s, etc.). Regional differences in soil profiles can account
for considerable variability in hydraulic conductivity and retardation factors, which were
shown to be important determinants of plume length. Also, the data studied in this report
were mostly from Air Force sites where storage tanks are generally larger than gas station
tanks, giving rise to the possibility of larger spills. For example, nine of the 23 Air Force
sites considered had free phase present (18).

Correlations Among the Parameters

Possible correlations between the biodegradation rate coefficient (λ), the
groundwater velocity (Vw), and plume lengths (Lp), were investigated. Paired data sets for
individual sites were obtained for Lp versus λ (42 pairs), Lp versus Vw (32 pairs), and λ
versus Vw (49 pairs) and plotted (Figure 4, 5, and 6). Linear regressions were carried out
to determine the degree of correlation between these parameters. Figure 4 shows the
correlation between λ and Vw. Apparently, biodegradation coefficients increase with
groundwater velocity. Although the correlation coefficient was low (r2 = 0.21), analysis
of variance reflects that this correlation is statistically significant at the 95% level. This
may reflect that faster groundwater flow facilitates the replenishment of oxygen and
nutrients into the contaminated zone, which in turn results in faster benzene
biodegradation. This implies that more permeable formations are likely to experience
faster reoxygenation and faster bioremediation kinetics.



Figure 5 shows that there is also a correlation between the plume length (Lp) and
the groundwater velocity (Vw). Similarly, the correlation coefficient was low (r2 = 0.26)
but analysis of variance reflected that this correlation was statistically significant at the
95% level. As can be seen, plume length increases as the groundwater velocity increases.
This trend was simulated earlier in the sensitivity analysis, where the plume length
increased by about 33% when Vw increased by 50% (Table 2).

Based on the sensitivity analysis, the plume length (Lp) should decrease with
increasing biodegradation rate coefficient (λ) when keeping other parameters constant.
However, this trend is not obvious from the field data (Figure 6). In fact, the correlation
is very weak no matter whether λ is measured by mass balance (MB), or by concentration
versus time approach (BA), or by measurement with in-situ microcosms, or by data
fitting using fate-and-transport models (MF). This raises a flag regarding the accuracy of
current approaches to measure λ in situ. In addition, plume length is not just a function of
λ but it is also a function other parameters, such as Vw, Rf, αx , αy and αz, and these
parameters vary from site to site. It is possible, for example, that plumes that degrade
faster because of faster reoxygenation coincidentally migrate faster and further because
of higher permeability, and these opposing effects on plume length cancel out. The
lengths of contaminant plumes are also a manifestation of many other factors, such as the
type and number of the indigenous microorganisms available and groundwater recharge
from rainfalls.

In conclusion, analytical fate-and-transport models can be a useful tool to support
natural attenuation and risk-based corrective action efforts. Nevertheless, contaminant
transport and microbial behavior do not always obey the model’s simplifying
assumptions. For example, the assumption that λ is constant (6) may be invalid since it
depends on the maximum specific substrate utilization rate (which depends on the
prevailing electron acceptor condition and on concentration of specific degraders), and Ks
(which depends on enzyme affinity for benzene and bioavailability). Due to the dynamic
nature of these kinetic parameters, λ generally varies in time and space, and is
significantly affected by microbial population and metabolic shifts resulting from
changes in aquifer chemistry. Therefore, the reliability in estimating λ based on fitting
field data with a simplified analytical solution like Equation (3) may be questionable, and
population statistics on this parameter, such as the ones summarized earlier in this report,
should provide a useful framework of reference for modeling purposes.

CONCLUSIONS
This work conducted a sensitivity analysis of an analytical solution to the

advection-dispersion equation, derived under the assumptions of the uniform flow, the
first-order kinetic biodegradation, and the equilibrium sorption. Values of λ from 79 sites
were statistically analyzed to determine the central tendency and variability of this
parameter. The possible correlations among the biodegradation coefficient, the
groundwater velocity (Vw), and plume lengths (Lp), were investigated. The following
conclusions may be drawn based on this study:

1. The biodegradation rate coefficient λ is a very influential parameter in simulating the
dimensions of a plume: the larger the value for λ, the smaller the plume. The



groundwater velocity (Vw) is another important parameter in predicting plume
dimensions. However, it has an opposite effect on plume dimensions as compared
with that of λ: the increase in Vw increases the plume length. This is attributed to
enhanced re-aeration in an aquifer with a high velocity

2. The biodegradation coefficients (λ) of benzene from 79 sites ranges from zero to
0.087 day-1 with a mean value is 0.01117 day-1, a median of 0.005 day-1, and a
standard deviation of 0.0165 day-1. The data were best fitted by a log-nornmal
distribution.

3. The mean value of the groundwater velocity from the 79 sites was 0.784 ft/day. The
median value for Vw was at 0.274 ft/day, and the upper 95% C.L. was at 5.14 ft/day
for a total of 58 sites. These groundwater velocities followed a log-normal
distribution with a p value of 0.858.

4. The average benzene plume length for 34 sites was 569 ft. The median plume length
was 381 ft, and the upper 95% C.L. was at 3010 ft. These statistical parameters were
determined based on the log-normal distribution of the plume length (p = 0.893).
These values seemed to be large in comparison to other studies. This may be due to
the difference in hydrogeology and spill scenarios of the sites studied.

5. Based on the field data, there was no strong correlation among λ, Vw and Lp.
Nevertheless, λ and Lp generally increased with Vw, and these trends were significant
at the 95% level.
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Table 1. Sensitivity analyses (Part I) results using Excel program

 Variable Baseline values
150 % of

Baseline Values
 *Change in

plume length (%)
 λ (per day) 0.0005 0.00075 -24
 Co (ppb) 25000 37500 +7
 Z (m) 3 4.5 +7
 Y (m) 10 15 +7
 αx (m) 10 15 -1
 Vw (m/day) 0.044 0.066 +33
 Rf 1.82 2.73 -24

* The positive sign denotes the increase in plume length while the negative sign
denotes the decrease in plume length. In the table Co is the initial concentration and Vw is
the groundwater seepage velocity.

Table 2. Simulation results from varying parameters within typical ranges

Variables Range of value
Range of plume

length (m)
 % change in
plume length 1Max/Min

λ (per day) 0.00025 to 0.1 319 to 11 - 97 29.0

Co (ppb) 12500 to 100000 172 to 244 + 42 1.4

Z (m) 1.5 to 4.5 172 to 209 + 22 1.2

Y (m) 5 to 15 172 to 209 + 22 1.2

αx (m) 1 to 1000 232 to 120 - 48 1.9

αy (m) 1 to 100 195 to 120 - 38 1.6

αz (m) 1 to 25 100 to 57 - 43 1.8

Rf 1 to 10 390 to 82 - 79 4.8

Vw (m/day) 0.0022 to 1.12 123 to 2040 + 1580 16.6

1The ratio of the maximum over the minimum plume length.



Table 3. Statistical analysis of field values for λ, Lp, and Vw*

Parameter
Lp
(ft)

Vw
(ft/day)

λ
(total, d-1)

λ
(anaerobic,d-1)

λ
(aerobic,d-1)

Distribution Log-normal Log-normal Log-normal Log-normal Log-normal
n 34 58 79 26 17

Mean 569 0.7838 0.01117 0.00321 0.01053

Median 381 0.274 0.005 0.0003 0.0035

Standard
Deviation

554 0.3753 0.0165 0.00541 0.02111

Range 39 to 2300 0.01 to 5.0 0 to 0.087 0 to 0.02 0 to 0.087

C.V. 0.97 0.48 1.48 1.69 2.00

95% C.L. 3010 5.14 0.114 0.051 0.061

*n = number of data, p = probability value from χ2 test, C.L. = confidence limits,
Da = Damkohler number, C.V. = coefficient of variation = standard deviation/mean.

Table 4. Goodness of fit (p values) between various pdf’s and histograms

Parameter Normal Exponential Log normal
λ (Total) 0.000 0.000 0.000
λ (Anaerobic) 0.000 0.000 0.000
λ (Aerobic) 0.000 0.033 0.344
Vw 0.000 0.000 0.858
Lp 0.0003 0.753 0.893
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Figure 1. Frequency distribution of 79 measured values of the biodegradation rate
coefficient (λ) which is fitted with a log-normal distribution curve
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Figure 2. Frequency distribution of 58 measured values of the groundwater
velocity (Vw) which is fitted with a log-normal distribution curve
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Figure 4. The biodegradation rate coefficient vs. the groundwater velocity with the line
of linear regression.
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ABSTRACT
Two nitrate-reducing, sulfide-oxidizing bacteria, strains CVO and FWKO B were

isolated from produced brine at the Coleville oil field in Saskatchewan, Canada. Both
strains are capable of complete conversion of sulfide to elemental sulfur when grown
under anaerobic conditions using nitrate as the terminal electron acceptor. Strains CVO
and FWKO B are capable of sulfide oxidation at sulfide concentrations as high as16.3
and 5.5-mM, respectively. CVO is tolerant of NaCl concentrations near 10% and pH
ranging from 5.5 to 8.5. None of the organic sulfur compounds tested were oxidized, in
fact, sulfide and sulfur are the only known electron donors for strain CVO. However,
repeated, long term incubation of CVO in the presence of thiosulfate and tetrathionate
resulted in development of a culture, which appears to grow on these compounds. Strain
FWKO B oxidized hydrogen as well as sulfide, but not sulfur. FWKO B reduced sulfur
back to sulfide in the presence of molecular hydrogen. Both strains have simple
nutritional requirements and are capable of strictly autotrophic growth when growing on
sulfide or sulfur.



INTRODUCTION
The presence of sulfides (H2S, HS-, S2-) in co-produced oil, gas, and water is a

serious problem in the petroleum industry due to concerns surrounding their toxicity,
odor, corrosiveness, and propensity to form insoluble metal sulfides. Sulfidogenic
bacteria, e.g., sulfate-reducing bacteria (SRB) are often the causative agents at
temperatures below approximately 100oC. However, sulfides can also be generated
abiologically in reservoirs above 140oC by the thermochemical reaction of methane and
anhydrite (1). Biocides are often used to control production of biogenic sulfides, but
biocides are also environmental toxins, hazardous to handle, and can be very costly,
especially when treating wells with high water/oil ratios. Therefore, SRB inhibitors, e.g.,
anthraquinone (2), nitrite (3), and blends of nitrate/nitrite/molybdate (4), that are less
hazardous and toxic, have been proposed as alternatives to biocides, but their longer-term
effectiveness and cost advantages are still unproven.

 Sulfide scavengers are another class of chemicals often used in the petroleum
industry to remove small amounts (< 50 kg/d) of biogenic or abiogenic H2S from gas or
water streams (5). Sulfide scavengers are non-regenerable chemicals or solids that
remove sulfides from oil/gas/water streams through formation of chemical adducts,
precipitates, or oxidation products (e.g., aldehydes, amines, iron; 5,6). Many sulfide
scavengers generate hazardous wastes requiring their costly disposal, which can
sometimes exceed the initial cost of the chemical (5). Other issues with chemical sulfide
scavengers concern their lack of selectivity, slow rates of reaction at low temperatures,
uneconomical recovery of sulfur, and co-adsorption and release of heavy hydrocarbons
(5). Thus, a need exists for alternative sulfide scavenging technology that is regenerable;
non-hazardous; selective for sulfides; can operate effectively at low temperatures; and is
economical for sites producing lower amounts of sulfur.

A biological alternative for removing H2S in produced gas was proposed by
Sublette in 1987 (7) and later by Lee and Sublette (8) for removal of sulfide from sulfide-
laden water using the lithoautotrophic bacterium, Thiobacillus denitrificans. These
bacteria catalyze the oxidation of H2S to sulfate. In the presence of oxygen the reaction
proceeds according to the following equation:

HS- + 2 O2 ⇒  SO4
2- + H+ (1)

During anoxic operation, nitrate is added as the oxidant.

5 HS- + 8 NO3
- + 3 H+ ⇒  5 SO4

2- + 4N2 + 4H2O (2)

Maximum specific activity for sulfide oxidation by T. denitrificans under aerobic
conditions is 15.1 - 20.9 mmol H2S/h-g biomass, and 5.4 -7.6 mmol H2S/h-g biomass
under anaerobic conditions (9). Under oxygen or nitrate limitation, when H2S exceeds the
maximum oxidation rate for T. denitrificans, elemental sulfur accumulates. However, this
condition is reversible and within 2 to 3 hours of suspending the H2S feed the
accumulated sulfur is oxidized to sulfate. However, a technical barrier to the use of T.
denitrificans is the buildup of sulfate, which is inhibitory at concentrations in excess of
250 mM. This inhibition is not likely specific to sulfate but the result of an increase in
overall ionic strength (10). Since oilfield brines can contain dissolved solids in excess of



10%, more salt-tolerant sulfide-oxidizing strains are needed. Another technical barrier is
substrate inhibition, as T. denitrificans is sensitive to increasing sulfide concentrations. A
sulfide-tolerant strain, T. denitrificans strain F was selected by Sublette and Woolsey (11)
that tolerates up to 56-mg/L (1.7 mM) sulfide, and recently a T. denitrificans isolate was
reported by Krishnakumar and V. B. Manilal (12) to tolerate as much as 400 mg/l (12.1
mM) sulfide. However, some oilfield-produced waters contain total sulfides in excess of
this concentration (13).

More recently, Srivastava et al. (14) proposed a novel biological process for
hydrogen sulfide removal from natural gas, referred to as BIODESULFTM, which is
comprised of an anaerobic microbial consortium. BIODESULFTM contains nitrate-
reducing sulfide-oxidizing bacteria (NR-SOB) similar to those from the genus
Thiobacillus that oxidize H2S to sulfate and reduce nitrate to dinitrogen gas. An H2S
removal rate of 1.0 lb ft3hr-1 is reported using a biomass loading of 10% (wt/vol) in a 2 L
reactor at a pressure of 1,000 psig and a temperature of 60oC. The optimum pH range for
this is 7.5 to 8.0 and the consortium reportedly requires organic nitrogen for metabolism.
Also, sulfide concentration must be kept ≤ 3 mM (99 mg/l) for favorable microbial
metabolism (14). No information is available regarding sensitivity to increasing ionic
strength, or potential use of this consortium to remove sulfides from liquid streams (e.g.
produced water).

Hoyvik et al.(15) report the commercial scale operation of a biofilm reactor at the
Sture Oil Terminal in Norway that uses the Petrocare™ process to remove sulfide from
ballast water and produced water from the Oseberg field. The bioreactor is inoculated
with denitrifying bacteria and then fed a Petrocare™ solution, which contains nitrate to
allow the NR-SOB to convert the sulfide to sulfate. The reactor is reported to operate
between 10 and 12oC, at an optimal pH between 7.0 - 7.5, and oxidize up to 130 mg/l of
sulfide (98% removal) at a residence time of 20 minutes. No information is given on
tolerance of the bioreactor to dissolved solids but between 2.6 and 5.2 moles of nitrate are
added per mole of sulfide oxidized.

In 1996, Jenneman et al. (16) at the Coleville oil field in Saskatchewan, Canada,
added ammonium nitrate (5mM) and sodium phosphate (0.1 mM) continuously for over
50 days to injection water containing in excess of 100 mg/L sulfide. Reductions in sulfide
concentrations of 50% to 60% were observed at two adjacent producing wells (16). These
reductions are the result of biological sulfide oxidation carried out by indigenous NR-
SOB. Jenneman et al. (17) determined that the products of this sulfide oxidation reaction
in whole brine enrichments are elemental sulfur and dinitrogen gas as shown in
equation 3.

5 HS- + 2 NO3
- + 7 H+ ⇒  5 S0 + N2 + 6 H2O (3)

Telang et al. (18), using a reverse sample genome probing (RSGP) method, demonstrated
that the oxidation of sulfide in the Coleville water was accompanied by a significant
increase in a novel NR-SOB referred to as Campylobacter strain CVO. Another novel
NR-SOB was also isolated and purified from the produced water and referred to as strain
FWKO B (19). More recently, a preliminary study of the phylogeny, taxonomy, and
physiology of these two NR-SOB isolates indicates that they are both novel
chemolithoautotrophs belonging in the epsilon subdivision of the Proteobacteria
(submitted for publication). Based on sequence similarity of their respective 16S rRNA to
other known genotypes, it has been proposed that CVO and FWKO B be referred to as



Thiomicrospira sp. strain CVO and Arcobacter sp. strain FWKO B, respectively
(submitted for publication). They will be referred to in this paper as simply CVO and
FWKO B.

This paper presents further evidence of the potential usefulness of these sulfide-
oxidizing biocatalysts (i.e., CVO and FWKO B) for removing sulfides from produced gas
and liquids streams. Defining their tolerance to sulfide concentrations, pH values, and
dissolved solids concentrations such as those found in actual oil field produced brine
demonstrates their usefulness as sulfide scavengers. It was found that batch cultures of
strain CVO are tolerant to sulfide concentrations in excess of 8 mM and a pH range from
to 6.6 to 8.5, while strain FWKO B was more sensitive to sulfide (≤ 3.8 mM).
Furthermore the ability of CVO to grow in a produced water sample from a West Texas
oil well containing over 500 mg/L (15.2 mM) sulfide and 6% dissolved solids, further
supports its usefulness for treating sulfide-laden produced water. The potential for
adaptive growth of CVO on thiosulfate and tetrathionate was also demonstrated.

MATERIALS AND METHODS
Cultures

CVO and FWKO B were isolated from produced water collected at the Coleville
oil field near Kindersley Saskatchewan, Canada (19). Both strains have been deposited in
the NRRL culture collection under the accession numbers NRRL B-21473 (CVO) and
NRRL B-21472 (FWKO B).

Growth Media

Coleville synthetic brine (CSB) medium, a modified version of DTA medium
used for growth of Beggiatoa, contained (all g/l): NaCl, 7.0; MgSO4•H2O, 0.68;
CaCl2•H2O, 0.24; NH4Cl, 0.02; KH2PO4, 0.027; sodium acetate trihydrate, 0.68; KNO3,
1.0; NaHCO3, 1.90; resazurin, 0.0001 and ND trace metals, 50 ml/l (20). Following
adjustment of the pH to between 7.0 and 7.5, the medium was autoclaved and then
allowed to cool and equilibrate with chamber gas (5% CO2, 10% H2, 85% N2) overnight
inside the anaerobic chamber. Sulfide was added aseptically from a sterile stock solution
of 1.0 M Na2S•9H2O and the medium dispensed into sterile serum bottles or Balch tubes
(18 X 150 mm; Bellco Glass, Inc., Vineland, NJ) pre-incubated in the chamber overnight.
The bottles were sealed with butyl-rubber stoppers and aluminum crimp caps.

Routine growth of both isolates was done in CSB medium. Stock cultures of
CVO and FWKO B were maintained as lyophiles and stored at - 40o C. Working cultures
were initially subcultured from the lyophiles into soft agar stabs made by adding 0.4%
agar to CSB medium. After autoclaving, the medium was cooled to 55oC, amended with
filter-sterilized sulfide, and dispensed into screw-capped, glass vials pre-incubated inside
the anaerobic chamber. After inoculation and growth, the isolates were subcultured into
serum bottles containing CSB medium (0.5 to 1.0-mM sulfide) and incubated at 30oC
unless otherwise noted.



pH Tolerance Test

Different pH values were obtained using either 10 mM phosphate (pH = 5.8 -
7.4) or tris-hydrochloride (pH = 8.5) buffers added to CSB medium without ND metals
and resazurin. The medium was then autoclaved and while still warm placed in an
anaerobic chamber to remove residual oxygen. The pH of the media was then re-adjusted
in the anaerobic chamber and the medium sterile-filtered (0.22 µm) and 40-ml dispensed
into sterile 50-ml serum bottles. The ND metals, resazurin and sodium sulfide (1 mM)
were then added from sterile stock solutions to each bottle. Each bottle was inoculated
with 1 ml of a 24-hour culture of CVO or FWKO B grown in CSB medium. Bottles were
stoppered with butyl rubber septa and capped with aluminum crimp seals. Each test
condition was run in triplicate at 23oC. At various times during a one-week period a
sample was removed and tested for soluble sulfide and pH. Sulfide was determined
colorimetrically using an Aquaquant hydrogen sulfide test kit (EM Sciences, Gibbstown,
NJ).

Sulfide Tolerance Test

CSB medium containing a 10 mM phosphate buffer (pH = 7.0) was prepared
using de-aerated distilled water pre-incubated in an anaerobic chamber. The medium was
dispensed into sterile 50 cc serum bottles and sodium sulfide added to final
concentrations ranging from 32 to 520 mg/l soluble sulfide. Each bottle was inoculated
with 1 ml of a 24-hour culture of CVO or FWKO B grown in CSB medium. Bottles were
stoppered with butyl rubber septa and capped with aluminum crimp seals. Each test
condition was run in triplicate at 23oC. At various times during a 15-day period a sample
was removed from at least one bottle and tested for soluble sulfide and pH. Sulfide was
determined colorimetrically as above. A change in the redox indicator resazurin from
colorless to pink was used as a visual indicator of sulfide oxidation in those bottles not
sampled (21).

Oilfield Produced Water Test

Produced water collected from a well producing out of the San Andres-Grayburg
formation in West Texas was collected in a one-liter, sterile, anaerobic, glass, screw-cap
bottle and delivered to the lab overnight. The produced water was stored and handled
inside the anaerobic chamber to prevent introduction of oxygen. This produced water
contained total dissolved solids of 75,000 mg/l (mainly NaCl) and 600 to 800 mg/l
soluble sulfide. The San Andres-Grayburg is a carbonate formation that is approximately
4400-ft total depth at a bottom-hole temperature of 40oC. The pH of the water at
atmospheric pressure was 6.3. This produced water was amended with the following (all
mg/l): (NH4)2SO4, 130; KNO3, 1000; KH2PO4, 30; sodium acetate, 780; CaCl2, 100;
resazurin, 10, and 50 ml of ND trace metals (20). The produced water was then sterilized
by filtering through a 0.22 µm filter and 10 ml dispensed into sterile, oxygen-free, Balch
test tubes (18 x 150 mm; Bellco Glass, Inc., Vineland, NJ), stored inside the anaerobic
chamber. Tubes, in duplicate, were inoculated with 0.25 ml of a 24-hour culture of CVO
grown in CSB medium. Tubes were incubated at 25oC, 30oC, 35oC, and 40oC for one
week and monitored for sulfide after one day and seven days. The initial sulfide level was
5.36 mM at the time of inoculation even though concentrations nearly twice this amount
were assayed shortly after the water arrived from the field. Sulfide was determined
colorimetrically as above.



Utilization of Alternate Sulfur Sources

Growth experiments were performed under anaerobic conditions (5% H2, 5%
CO2, balance N2) in sealed serum vials using nitrate as the terminal electron acceptor.
CVO was inoculated (from sulfide containing medium) into the standard CSB liquid
medium in which sulfide was replaced by either thiosulfate (0.5, 1.0, 2.4, 3.0, 10, 40, and 80
mM), tetrathionate (3mM), methionine or cysteine (0.5, 1.0, 3.0, 5.0, 10.0, 20.0, and 40 mM)
or dimethyl sulfoxide (DMSO)(0.5, 1.0, 3.0, 10.0, 20.0, 40.0, and 80.0mM). A decrease in
nitrate concentration with time as compared to uninoculated controls was used as an
indicator of cell growth. Occasionally cells were stained with DAPI and counted using
fluorescence microcopy. Nitrate concentrations were assayed using ion chromatography.

RESULTS AND DISCUSSION
pH Tolerance

Total sulfide (TS) dissolved in water is in equilibrium with H2S gas (un-ionized
sulfide, UIS) and ionized sulfide (HS-, hydrosulfide).

H2S + H2O ⇔ HS- + H+ + H20 (4)

The degree of dissociation is a function of pH. At a pH of 7.0 only 39% of the total
sulfide is UIS while 91% is UIS at a pH of 6.0 (22). Due to the known toxicity of H2S, a
lower pH is often believed to play a greater role in inhibition to microorganisms.
Oxidation of 20-mg/L sulfide by strains CVO and FWKO B was complete within 24
hours incubation at a pH between 6.6 and 8.5 (Table 1), while at pH = 5.7, CVO had
oxidized only 20% of the sulfide and FWKO B none. Oxidation at a pH higher than 8.5
was not tested. The inhibition at low pH was not only a sulfide (i.e., UIS) effect but a pH
effect as well, since both were capable of oxidation of over 20-mg/L H2S at a starting pH
of 7.4 (Tables 2 and 3). Likewise, Hilton and Oleszkiewicz (23) found that inhibition of
sulfate reduction by SRB was proportional to the TS concentration and not the
concentration of UIS.

Jenneman (24) reported that the average pH of reservoir brines measured from
wells in nine oil-producing States in the U.S. ranged from 6.4 to 7.9. Therefore inhibition
by low pH should not be problematic as long as ample buffering capacity is available at
higher UIS concentrations since H2S is a weak acid. However, oxidation of sulfide by
CVO during nitrate reduction results in consumption of protons and a net increase in pH
(eq. 3) which should be beneficial. Cho et al. (25) reported that the sulfide-tolerant
Thiobacillus denitrificans strain F oxidizes sulfide over a pH range of 6.0 to 8.8 but that
an autotrophic, aerobic, sulfide-oxidizing enrichment oxidized sulfides over a pH range
of 3.5 to as high as 10. Srivastava et al. (14) reported that the highest sulfide removal
rates by the BIODESULFTM mixed culture occurred between a pH of 7.5 and 8.0
however, no information was provided on pH limitations.



Sulfide Tolerance

Sulfide is very toxic to biological systems, therefore any biological process
designed to remove sulfide from either liquid or gas streams must be capable of tolerating
a wide range of concentrations without an upset. Soluble sulfide in produced waters can
vary from only a few mg/L to as much as 800 mg/L for some produced waters in West
Texas, whereas, the amount of soluble sulfide in contact with sour natural gas is
proportional to its concentration in the gas mixture. Since H2S can dissolve in pure water
up to 3850 mg/L at 20oC, a gas mixture containing only 1% (vol/vol; 10,000 ppmv) H2S
can dissolve as much as 38.5 mg/L H2S at equilibrium. Sour gas produced in oil fields
can range from just over 4 ppmv to over 10,000 ppmv.

Strain CVO was capable of removing 100% of TS within 24 hours at a
concentration of 3.8-mM (125 mg/l) and 94% at 6.3 mM (208 mg/l). No oxidation of
sulfides occurred within one day at 16.3 mM (538 mg/l) TS for CVO and only 50% of the
TS were removed by 8 days (Table 2). Strain FWKO B was less tolerant to TS and could
only remove 60% of the TS within one day at 3.8-mM sulfide. Total inhibition of sulfide
oxidation occurred at 8.1 mM TS for FWKO B (Table 3). In a paper by Visser et al (26)
it was reported that dissolved sulfides of only 0.15 mM to 1mM are inhibitory to sulfide-
oxidizing thiobacilli. Likewise, Sublette et al. (10) indicated that the wild type
Thiobacillus denitrificans is inhibited by sulfide concentrations between 0.1 and 0.2 mM
while a sulfide-tolerant strain (strain F) they selected was capable of growth up to 2.5
mM. However, when co-culturing strain F with floc-forming heterotrophs obtained from
an activated sludge system, strain F was capable of aerobic sulfide oxidation at TS
concentrations up to 25-mM (8). Recently, Krishnakumar and Manilal (12) reported the
isolation of a Thiobacillus denitrificans strain from an anaerobic wastewater digestor
capable of sulfide oxidation at concentrations up to 400 mg/L (12.1 mM). The
Petrocare™ process (15), which employs an anaerobic biofilm reactor fed with nitrate to
oxidize sulfides in ballast water, has been reported to operate at sulfide concentrations as
high as 130 mg/L (3.9 mM). However, the BIODESULFTM process, which uses a mixed
culture of NR-SOB to remove H2S from natural gas, must be operated at a sulfide
concentration below 3 mM (14). Therefore, a wide range of sulfide tolerance is displayed
by both pure and mixed cultures of sulfide-oxidizing bacteria and tolerance in pure
culture can not always be used to predict tolerance under septic conditions.

Effect of CVO in Field Brine

In order to be a commercially viable process, the sulfide-oxidizing strains must
be capable of performing under the vigorous physicochemical demands of many oilfield,
produced brines. The produced brines in West Texas present some of the harshest
conditions present in terms of salinity and sulfide concentrations. Wells producing in the
San Andres-Grayberg formation produce water containing over 70,000-mg/l total
dissolved solids and over 600 mg/l TS. The results in Table 4 indicate that Strain CVO is
capable of 100% removal of 5.36 mM (173 mg/l) sulfide within one day incubation at 25
to 35oC in filter-sterilized brine collected from a producing well from the San Andres-
Grayberg formation. However, at a reservoir temperature of 40oC strain CVO was only
able to oxidize 60% of the sulfide within seven days. Therefore, the use of CVO to treat
sulfides in this formation brine would be limited to surface conditions where the
temperature would be expected to be more optimal for CVO. However, previously we
demonstrated that a hydrostatic pressure of 960 psig increased the temperature limit at



which CVO would oxidize sulfide from 36oC to 47oC (highest temperature tested).
Srivastava et al (14) demonstrated for the BIODESULFTM process that an increase in
pressure (i.e., 1,000 psig) increased the maximum temperature at which the SSII
consortium oxidized H2S from 37oC to 60oC.

Utilization of Alternate Sulfur Sources

To take advantage of CVO’s sulfide oxidizing capability for use in a commercial
scale bioreactor, large numbers of cells will be required. In order to develop a protocol
for culturing large amounts of CVO, it would be highly desirable to identify a sulfur
growth substrate that is less toxic and hazardous than sulfide. Thiosulfate was chosen for
investigation for several reasons: low toxicity, non-hazardous, a very common growth
substrate for sulfur oxidizing bacteria, and was the sulfur source in the solid medium
originally used to isolate CVO. Tetrathionate was also investigated as another low
toxicity, non-hazardous substrate commonly used to grow sulfur-oxidizing bacteria.

Initial experiments investigated growth of CVO at different concentrations of
thiosulfate in the presence of 10-mM nitrate. After five days, slight turbidity was visible
in the form of flocs at thiosulfate concentrations of 1 and 2.4 mM, while cultures
containing 10, 40 and 80-mM thiosulfate were very turbid with no flocculation. Nitrate
consumption was indicated in all cultures, except when there was no source of sulfur
(Figure 1). Nitrate was not detectable after 15 days in the cultures containing 10, 40 and
80mM thiosulfate. The various cultures were then subcultured after 30 days into fresh
medium containing the same concentrations of thiosulfate. The nitrate in cultures
containing 0.5, 1.0, 2.4, 3.0 and 10mM thiosulfate decreased by 13%, 8%, 27%, 57% and
89%, respectively within 5 days (data not shown). Nitrate was not detected after 5 days in
cultures containing 40 and 80 mM thiosulfate. Thus the rate of nitrate disappearance was
similar for the first and second transfers. Microscopic cell counts from the10 mM
thiosulfate sample indicated cell increases of only 2 X 105 to 8 X 105 cells/ml which
suggested that growth is very limited on this substrate. No visible turbidity was observed
in any of the cultures containing cysteine, methionine or DMSO, except for a 46%
reduction in nitrate observed when 40-mM methionine was used as the sulfur source.

An experiment was then performed using a subculture of this same CVO culture
inoculated into either 6-mM thiosulfate or 3-mM tetrathionate together with 10-mM
nitrate. These are the calculated stoichiometric amounts assuming complete oxidation of
the sulfur source to sulfate and reduction of the nitrate to nitrogen gas. Sulfide was
included in a separate vial as a control at 1 mM - at this concentration, complete
oxidation of the sulfide should consume less than 10% of the nitrate initially present. The
experiment resulted in complete utilization of the nitrate in the thiosulfate medium and
approximately 70% utilization of the nitrate in the tetrathionate medium (Figure 2). As
expected, the nitrate concentration remained high in the sulfide-containing vial. (The
sulfide level in this vial decreased to zero.) Preliminary data (not shown) show that in the
medium containing 6-mM thiosulfate, the thiosulfate level decreased to zero in parallel
with the nitrate.

The thiosulfate-oxidizing activity observed in these cultures appears to represent
the development of a strain adapted from of the original CVO strain. Cultures of CVO as
received from Phillips Petroleum do not readily reduce nitrate when given thiosulfate as a
sulfur source. This adapted strain is capable of oxidizing sulfide when re-inoculated into



sulfide containing CSB medium but its activity versus CVO has not been determined.
Attempts to isolate this adapted thiosulfate-oxidizing strain on solid media have thus far
been unsuccessful.
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Table 1. Effect of pH on sulfide oxidation rate by Thiomicrospira sp. CVO and Arcobacter sp. FWKO B in CSB medium at 23oC.

Strain CVO Strain FWKO B
5.7 6.6 7.4 8.5 5.7 6.6 7.4 8.5Time

(d) [TS]a PH [TS] pH [TS] pH [TS] pH [TS] pH [TS] pH [TS] pH [TS] pH
0 20 5.7 24 6.6 24 7.4 24 8.5 20 5.7 24 6.6 24 7.4 24 8.5
1 16 ND 0 6.8 0 7.5 0 8.6 20 nd 0 6.8 0 7.5 0 8.5
8 6.7 6.0 ND ND ND ND ND ND 16 5.9 ND ND ND ND ND ND

14 5.3 6.0 ND ND ND ND ND ND 14.7 5.9 ND ND ND ND ND ND
a, TS, total sulfide concentration (mg/l).; ND, not determined

Table 2. Effect of initial sulfide concentration on rate of sulfide oxidation by Thiomicrospira sp. CVO.

Initial Sulfide (mM)
1.0 2.6 3.8 6.3 8.1 16.3Time

(d)
(C/Co)a pH (C/Co) pH (C/Co) pH (C/Co) pH (C/Co) pH (C/Co) pH

0 1 7.4 1 7.4 1 7.4 1 7.4 1 7.4 1 7.4
1 0 ND 0 ND 0 ND 0.06 ND 0.18 ND 1 ND
4 0 7.3 0 7.3 0 7.5 0 8.9 0.09 9 0.62 8.7
8 0 ND 0 ND 0 ND 0 ND 0.06 ND 0.5 ND

15 0 ND 0 ND 0 ND 0 ND 0.06 ND 0.5 ND
 a ratio of sulfide concentration with time (C) to initial sulfide concentration (Co); ND, not determined



Table 3. Effect of total sulfides (TS) concentration on rate of sulfide oxidation by Arcobacter sp.
FWKO B.

Initial Sulfide (mM)
1.0 2.6 3.8 6.3 8.1 16.3Time

(d)
(C/Co) a pH (C/Co) pH (C/Co) pH (C/Co) pH (C/Co) pH (C/Co) pH

0 1 7.4 1 7.4 1 7.4 1 7.4 1 7.4 1 7.4
1 0 ND 0 ND 0.4 ND 1 ND 1 ND 1 ND
4 0 7.4 0.75 7.4 0.67 7.5 ND ND ND ND ND ND
8 0 ND 0.75 ND 0.67 ND 0.8 ND 1 ND 1 ND

15 0 ND ND ND 0.67 ND ND ND ND ND ND ND
 a see Table 2

Table 4. Effect of temperature on sulfide oxidation rate of strain CVO in produced water collected
from the San Andres -Grayburg formation in West Texas.

Total Sulfide (C/Co)Time
(d) 25o C 30o C 35o C 40o C
0 1 1 1 1
1 0 0 0 ND
7 ND ND ND 0.41



Figure 1. The reduction of nitrate by a culture of CVO during long term incubation in the
presence of thiosulfate. Thiosulfate was used to replace sulfide in CSB medium at the
concentrations indicated. No cells were added to the 1mM control and no sulfur compound to the
"No S" sample while the "NaS" sample contained 1-mM sulfide and served as a positive control
for the growth of CVO.
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Figure 2. Reduction of nitrate by an adapted culture of CVO in the presence of CSB medium
containing either 6mM thiosulfate or 3mM tetrathionate instead of sulfide. The CVO culture used
in this test was subcultured from a CVO culture transferred twice on CSB media following long-
term incubation in the presence of CSB media containing thiosulfate.

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30

Day

No Innoc., No Sulfur Innoc., No Sulfur Innoc., thiosulfate 6 mM
Innoc., tetrathionate 3 mM Innoc., sulfide 1 mM No Innoc., sulfide 1 mM



MICROBIAL ANALYSIS OF AN ENRICHMENT
CULTURE OXIDIZING INORGANIC SULFUR

AND MERCAPTANS

K. Duncan 1*, K. Sublette 1, P. Rider 1**, A. Stepp 1***, R. Beitle 2, J. Conner 2, R. Kolhatkar 3.
1 University of Tulsa, Tulsa, OK, 2 University of Arkansas, Fayetteville, AR, 3 BP Amoco,

Napierville, IL. Current affiliation: * University of Oklahoma, Norman, OK, ** University of
Toronto, Toronto, Ontario, Canada, *** Geo-Microbial Technologies, Ochelata, OK

ABSTRACT
Successful treatment of refinery spent-sulfidic caustic (results from the addition

of sodium hydroxide solutions to petroleum refinery waste streams) was achieved in a
bioreactor containing an enrichment culture immobilized in organic polymer beads with
embedded powdered activated carbon (DuPont BIO-SEP  ). The aerobic enrichment
culture had been previously been selected using a gas mixture of hydrogen sulfide and
methyl mercaptan (MeSH) as the sole carbon source. The starting cultures for the
enrichment consisted of several different Thiobacilli (T. thioparus, T. denitrificans, T.
thiooxidans, and T. neopolitanus), as well as activated sludge from a refinery aerobic
waste water treatment system, and sludge from an industrial anaerobic digester.
Microscopic examination (light and SEM) of the beads and of microbial growth on the
walls of the bioreactor revealed a great diversity of microorganisms. Further
characterization was undertaken starting with culturable aerobic heterotrophic
microorganisms (sequencing of PCR-amplified DNA coding for 16S rRNA, gram
staining), and by PCR amplification of DNA coding for 16S rRNA extracted directly
from the cell mass, followed by the separation of the PCR products by DGGE
(denaturating gradient gel electrophoresis, Microbial Insights, Inc.). The two approaches
provided complementary but not identical views of the bioreactor community. Eight
prominent bands from the DGGE gel were sequenced and found to be closest to
sequences of T. thioparus, Clavibacter michiganesis, Rhizobium huakuii, Bergeyella
zoohelcum, Chryseobacterium sp., and an unclassified alpha proteobacterium. Culturable
microbes included several genera of fungi (Aspergillus, Penicillium, Trichoderma) as
well as various gram-positive and gram-negative heterotrophic bacteria not seen in
techniques using direct DNA extraction.



INTRODUCTION
Refinery spent-sulfidic caustic (RSSC) is formed when NaOH is used to treat the

hydrocarbon waste stream to remove H2S during petroleum refining. The chemical
characteristics of RSSC (pH>12, up to 3% sulfide) and relatively large volumes produced
make environmentally safe, cost-effective disposal difficult, and spur the search for on-
site, remediation treatment systems using microbes (citations). The extreme chemical
characteristics of RSSC and variety of organic compounds that can be present (e.g.,
mercaptans, phenols, amines, and other organic compounds), however, also challenge
microbially-based treatment systems. Identification of the microbes inhabiting
bioreactors used for treating RSSC can yield important insights as to the characteristics
most important for microbial growth in this environment, and therefore direct efforts
towards modifying system parameters to further enhance microbial remediation, and
perhaps may lead to construction of a microbial system even better suited to this
application.

Background

The microbial community described in the current study was obtained from a
bioreactor system for the treatment of RSSC which had operated in a continuous mode
for 840 hours with a caustic feed rate of 49 mL/d and an input of mineral salts medium of
490 mL/d (described in Conner et al., in press). The initial inoculum for the enrichment
culture had been several different species of Thiobacillus (T. thioparus, T. denitrificans,
T. thiooxidans, and T. neopolitanus), sludge from both an aerobic waste water treatment
system and an anaerobic digester, and T. denitrificans strain F, which had been selected
for sulfide tolerance and used in prior experiments (Sublette, et al., 1996). The inoculum
was grown with gas feeds of methylmercaptan (MeSH) and H2S in order to select for
microorganisms able to metabolize sulfides and mercaptans. After growth on the feed
gases, the enriched culture was used to treat RSSC containing mercaptans, but the
treatment rate for the RSSC was 1/10 that predicted from calculations of the sulfide and
mercaptan content of the RSSC, therefore suggesting some other compounds were
present that inhibited growth. In the current study, the enrichment culture was first
allowed to colonize organic polymer beads with embedded powdered activated carbon
(DuPont BIO-SEP  beads) in the bioreactor during two periods of fed-batch operation
before being exposed to continuous treatment levels of RSSC. The result was extensive
microbial colonization of the beads, with a variety of cell morphologies seen, and a
distinct increase (five-fold) in the rate of RSSC processing over that obtained without the
beads, with the rate being limited by the need to avoid inhibitory levels of sulfates
(Conner et al, in press).

Current study

By the end of the period of continuous operation, microbial growth was abundant
on the walls of the column bioreactor (“wallgrowth”) as well as in the beads. Samples
were obtained from each site for analysis of the microbial communities by phospholipid
fatty acid analysis (PLFA) and DGGE (denaturing gradient gel electrophoresis) and for
identification of culturable aerobic heterotrophic microorganisms to identify the microbes
responsible for sulfur oxidation, ascertain whether or not microbes in the wallgrowth



were the same as those in the beads, whether the wallgrowth microorganisms were
contributing to treatment of the RSSC, and determine what physical parameters in the
bioreactor had a major impact on the species composition of the community. A brief
summary of a portion of the PFLA and DGGE results was reported in Conner et al. (in
press).

MATERIALS AND METHODS

Isolation and examination of culturable microorganisms

Samples of beads and wallgrowth were removed from the bioreactor and kept on
ice for a few hours until processed. All subsequent manipulations were performed
aseptically using autoclaved instruments and media. Beads were separated from the wall
growth and washed three times in isotonic saline (0.85% NaCl, pH 7.0) by low-speed
centrifugation, then a single bead was removed to a microfuge tube containing 100 uL
saline and crushed with a wooden pick. Separate series of ten-fold dilutions from 10-1 to
10-8 were made in saline for the wallgrowth biomass (“wallgrowth”) and for the crushed
bead (“bead”). 100 uL aliquots from the dilution series were spread onto Plate Count
Agar (PCA, Difco Inc., Detroit, MI) and onto mineral salts medium containing glucose as
a carbon source (GMA). Dilutions from the wallgrowth biomass were also spread onto
Malt Extract Agar (MEA, Difco Inc.) containing 500 ug/mL streptomycin to select for
fungi. All plates were incubated aerobically for three days at 30oC, the same temperature
as that of the bioreactor, before colony counts were made. Colonies selected for further
examination were purified by repeated streaking, then preserved by freezing at –80oC in
LB broth (Luria-Bertani, Difco Inc., Detroit, MI) containing 20% glycerol.

Light microscopy: Aliquots of material from the original wallgrowth and bead samples,
from the dilution series described above, and from the purified cultures were gram-
stained and examined under oil immersion at 1000x magnification.

DNA extraction and 16S rRNA gene sequencing

The PERFECTg DNA  kit (5 Prime→ 3 Prime) was used to purify genomic
DNA from cultures of the selected colonies grown overnight in LB broth, following the
manufacturer’s instructions. An initial 30 to 60 minutes incubation at 37oC with 100
ug/mL lysozyme was required to lyse gram-positive strains. Oligonucleotide primers
complementary to conserved regions of the eubacterial 16S DNA were used to amplify
approximately 1.46 kb of the 1.5 kb gene, corresponding to the region in E. coli between
bases #27 and #1492 (Johnson, 1994). Primers were synthesized by Oklahoma State
University Molecular Biology Core Facility (Stillwater, OK). Amplification was
performed in a Stratagene Robocycler , after an initial denaturation at 94oC (2 min.), for
30 cycles consisting of 94oC (1 min.) , 37oC (2 min.), and 72oC (2 min.), with a final
extension at 72oC for six minutes (Herrick et al., 1993). The PCR product was purified
and concentrated with Millipore  Ultrafree-MC (30,000 NMWL) filter packs, then
sequenced by The University of Tulsa DNA Sequencing Facility using the BigDye
PRISM  reagent cycle sequencing kit (PE Applied Biosystems) in an ABI 373 DNA
Sequencer. ABI software was used for collecting the sequence data (Data Collecting
Program Software, V 1.2) and calling the bases (DNA Sequencing Software, V. 3.3).



Sequences were aligned with Sequencher  (Gene Codes Corporation, Ann Arbor, MI),
then compared to the National Center for Biotechnology Information (NCBI) database
using BLASTN.

Phospholipid fatty acid analysis (PLFA) and denaturing gradient
gel electrophoresis (DGGE)

Samples of the wallgrowth biomass and beads were shipped on ice overnight to
Microbial Insights, Inc. (Rockford, TN). Lipids were extracted from the samples and
analysis performed as described in Guckert et al. (1985), with GC/MS used to analyze the
transesterified polar lipid fraction. After the samples were subjected to bead-beating to
release DNA from the cells, the DNA was extracted with chloroform, precipitated with
isopropanol, washed in 80% ethanol, dissolved in TE buffer then reextracted twice with
phenol/chloroform/isoamyl alcohol, followed by purification with glass milk (Gene
CleanTM). A 193 bp fragment (between E. coli bases #341 and 534) of the 16S rRNA
gene was amplified using the primers (5’ primer with a GC clamp) and amplification
conditions specified by Muyzer et al. (1993). DGGE was performed in a D-Code 16/16
gel system (Bio-Rad) set at constant temperature. DNA was extracted from prominent
bands seen in the DGGE gel, sequenced with an ABI automated DNA sequencer, and
compared with the NCBI database sequences as described for the cultured strains.

RESULTS AND DISCUSSION

Light microscopy

Samples from the wallgrowth appeared to consist largely of a mass of fungal
hyphae together with interspersed cocci and bacilli. Most of the single cells were gram-
positive rods of a range of sizes. Clusters of gram-negative rods, both long and short,
dominated the sample from the crushed bead. Mycelial growth in the bead was much less
abundant than in the wall-growth. Spores were seen in both samples but were rare.

PLFA analysis

The viable biomass in each sample, as estimated from pmol PLFA/g or mL, was
dominated by lipids characteristic of prokaryotes (bead: 1,111,076; wallgrowth: 351,504)
rather than that of eukaryotes (bead: 3,344; wallgrowth: 2,621). Cell # equivalents were
estimated to be approximately 2.8 fold higher in the bead than from the wallgrowth
(2.23x1010 vs. 7.98x109 cells/g or mL). Finer-scale structure of the microbial community,
obtained by analysis of signature lipids characteristic of certain groups of microbes,
revealed a variety of different groups, with monoenoic lipids characteristic of gram-
negative bacteria being the most abundant class in the beads (Table 1). Conditions in the
bioreactor appeared to be somewhat stressful for gram-negative bacteria, as measured by
the relatively high ratio of cyclopropyl to monoenoic fatty acids (beads: 4.31;
wallgrowth: 3.40; for the summed ratio of cy17:0/16:1w7c and cy19:0/18:1w7c--
summed ratios vary from 0.1 to 5, with higher numbers associated with the stationary
phase of growth and low rates of turnover) and increased proportion of trans fatty acids
(beads: 0.24; wallgrowth: 0.11, for the summed ratio of 16:1w7t/16:1w7c and



18:1w7t/18:1w7c—summed ratios greater than 0.1 are associated with stress from
starvation or toxicity).

DGGE and sequencing of 16S rRNA genes amplified directly
from extracted DNA

Eight prominent bands were seen after DGGE of the amplification reactions
(Figure 1). The band intensity was markedly different between the samples in most cases,
although these bands appeared to be present in both samples. Five prominent bands were
seen in the amplification reaction of DNA extracted from the beads, and three from DNA
extracted from the wallgrowth, two of which also appeared in the beads. DNA from eight
bands (5 prominent bands from the bead, one weak band from the bead, and one weak
and one prominent band from the wallgrowth) was extracted, sequenced and compared to
sequences present in the NCBI database. Sequences from seven of the eight bands had
greatest similarity to one of two gram-negative phyla (Bands 1, 7, 8—Cytophaga, which
are commonly found in water or sewage treatment plants; Bands 3, 4, 5, 6 are members
of the Proteobacteria, very broad range of habitats), while band 2 matched most closely to
the gram-positive plant pathogen Clavibacter michiganesis. Band 6 (97% identity to
Thiobacillus thioparus) was the only Thiobacillus sequence identified.

Culturable microbes

Fungal colonies were found on all three types of media, from both the bead and
wallgrowth samples, although in greater abundance from the latter samples (at 10-7

dilution on GMA, 10-6 on PCA, and at the highest dilution, 10-3, on MEA). Although an
exhaustive survey of the fungal growth was not attempted, microscopic examination of
several colonies allowed to form spores revealed the presence of the three common
genera Aspergillus, Penicillium, and Trichoderma. Bacterial colonies were also abundant
at fairly high dilutions from the bead and especially the wallgrowth samples (bead: 10-6

on GMA, 10-5 on PCA; wallgrowth: 10-6 on GMA, 10-7 on PCA). Seven colonies each
were selected from the bead and wall samples for further examination, giving a total of
seventeen strains after streaking for purification and streaking separately both members
of three colonies from the bead sample that originally consisted of two colony
morphologies (Table 2). Eleven of the strains were gram-negative and six gram-positive
after staining and microscopic examination, with endospores apparent in two of the
strains with very large gram-positive rod-shaped cells.

16S rRNA gene sequences at least 600 bp in length have been obtained for 13 of
the strains (Table 3). Of the six sequences from bead isolates, three show strong
similarity (98-99% identity) to Defluvibacter lusatiae (Rhizobiacae, α -2 subgroup of the
proteobacteria) and to Aquamicrobium defluvium, one has 95% identity to an unidentified
member of the Rhodobacter subgroup of the α proteobacteria and 90% identity to
Paracoccus alkaliphilus, a fifth has 96% identity to Hydrogenophaga (β proteobacteria),
and the sixth has 98% identity to Bacillus megaterium (gram-positive), the latter
identification is also supported by the large cell size and endospores seen on microscopic
examination. The origins and physiology of the close matches suggest that some of the
isolates may tolerate high pH levels and be involved in the transformations of the organic
sulfur compounds: D. lusatiae was isolated from activated sludge and is an alkaliphilic
chemoorganotroph which degrades chlorophenols and phenol at an optimal pH of 8.5 to
9.5, although it is active up to pH 11 (Lechner, et al., 1995; Fritsche, et al., 1999; Muller



et al., 1998); A. defluvium was isolated from activated sludge on thiophene-2-carboxylate.
It produces thiosulfate when grown aerobically, and elemental sulfur; and the
Hydrogenophaga was part of a consortium degrading sulfonated azobenzenes (Feigel and
Knackmuss, 1993; Bluemel et al., 1998).

In contrast, most isolates from the wallgrowth do not show strong affiliations
with known sulfur-transforming, hydrocarbon-degrading, or alkaliphilic strains, although
one strain has high similarity to Paracoccus alkenifer and another to Gordonia
hydrophobica, each of which was isolated from biofilters used in the treatment of waste
gas (Lipski, et al., 1998; Bendinger et al., in press)

Comparison of sequences of isolates from the bead and wallgrowth indicate that
these were distinct, but not completely separate habitats: very similar strains could be
found in both locations (e.g. 98% identical bases out of 1378 bp: W6G-1 and B4P-1B;
96% identical bases out of 606 bp: B3P-2 and W6P-1). Two distinct habitats, but with
some intermingling, was also implied by the presence of DGGE bands from the bead and
wallgrowth samples that migrated to the same place on the gel.

There are several indications that diversity within the bioreactor community was
restricted, such as a few strong bands in the DGGE, repeated isolation of very similar
strains and/or sequences from DGGE (Table 4), and sequences from DGGE that were
more similar to each other than to others in the database (Table 5). The attributes of
database strains similar to these isolates suggest that a key factor in the latter’s success
may have been the ability to tolerate alkaline conditions. If true, then future modifications
might include inoculation from alkaline soils, such as found in parts of the western USA,
and maintaining or allowing the reactor to run at somewhat higher pH levels (pH 8.5 to
9.5)
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Table 1. Bioreactor community structure as revealed by PLFA

Signature lipids (% total) Beads Wallgrowth
Gram+/SRB (TerBrSat) 22.2 33.3
Gram- (Monoenoic) 44.3 33.3
SRB (BrMonos) 1.7 3.5
SRB/Actinomycetes (MidBrSats) 2.9 2.6
General (Nsats) 28.6 25.3
Eukaryotes 0.3 0.7

PLFA: Phospholipid fatty acid analysis
SRB: sulfate-reducing bacteria
TerBrSat: Terminally Branched Saturates
BrMonos: Branched Monoenoics
MidBrSats: Mid-chain Branched Saturates
Nsats: Normal Saturates

Table 2. Characteristics of the selected bacterial strains

BEAD WALL
STRAIN GRAM RX COLONY STRAIN GRAM RX COLONY
NAME SHAPE COLOR NAME SHAPE COLOR
B1G-1A GRAM- CREAM W1G-1 GRAM- TAN

RODS RODS
B1G-1B GRAM+ ORANGE W1G-2 GRAM- APRICOT

COCCUS THIN RODS
B1G-2 GRAM- CREAM W6G-1 GRAM+ CREAM

RODS LARGE RODS
B4G-1A GRAM- TAN W5P-1 GRAM- YELLOW
SHORT RODS SMALL RODS
B4G-1B GRAM- ORANGE W5P-2 GRAM+ CREAM
SHORT RODS SMALL RODS
B3P-1 GRAM- YELLOW W5P-3 GRAM+ APRICOT
SMALL RODS THIN SMALL
B3P-2 GRAM- CREAM W6P-1 GRAM- TAN

RODS RODS
B4P-1A GRAM+ YELLOW-
LONG RODS ORANGE
B4P-1B
LARGE

GRAM+
RODS

TAN

B5P-1 GRAM- CREAM
SMALL RODS

Strain designations are coded as follows: origin of colony (“B”-bead, “W”-wallgrowth), dilution
(e.g. “1”-10-1, “6”-10-6), media (“P”-PCA, “G”-GMA), nth isolate from a given plate (“1”-1st

isolate, “2”-2nd isolate, “3”-3rd isolate), and A and B indicate the original colony was found to be
composed of two morphologically distinct types.



Table 3. 16S rRNA sequence similarity between bioreactor strains and NCBI sequences

Strain
(# bp sequenced)

NCBI sequence (% identical bases) Phylogenetic affiliations

B1G-2
(675 bp)

Defluvibacter lusatiae (98%)
SJA-53 (97%)
Aquamicrobium defluvium (97%)

α -2 proteobacteria (Rhizobiaceae)

B4G-1A
(1422 bp)

Defluvibacter lusatiae (99%)
SJA-53 (99%)
Aquamicrobium defluvium (97%)

α -2 proteobacteria (Rhizobiaceae)

B3P-1
(1059 bp)

Hydrogenophaga sp. (96%)
Aquaspirillum metamorphum (95%)

β proteobacteria (Comamonadaceae)

B3P-2
(1061 bp)

Unidentified bacteria 16S rRNA (95%)
Paracoccus alkaliphilus (90%) α proteobacteria (Rhodobacter group)

B4P-1B
(1451 bp)

Bacillus megaterium (98%) Gram-positive, low G+C

B5P-1
(1493 bp)

Defluvibacter lusatiae (99%)
SJA-53 (99%)

α -2 proteobacteria (Rhizobiaceae)

W1G-1
(1450+ bp)

Pseudomonas aeruginosa (99%)  γ proteobacteria

W1G-2
(1184 bp)

Pseudomonas fuscovaginae (94%)
P. mendocina, P. putida (95%)

γ proteobacteria

W6G-1
(1466 bp)

Bacillus megaterium Gram-positive, low G+C

W5P-1
(1450+bp)

Stenotrophomonas sp. (96%)
S. maltophilia (96%)

γ proteobacteria

W5P-2
(644 bp)

Gordonia hydrophobica (95%)
G. polyisoprenivorans (94%)

Gram+ (Corynebacterineaea)

W5P-3
(1344 bp)

Detolaasinbacter tsukamotoae (96%)
Leucobacter komagatae (95%)
Clavibacter michiganesis (95%)

Gram+ (Micrococcineae)

W6P-1
(722 bp)

Unidentified bacterium (94%)
Rhodobacter sp. (94%)
Marine bacterium (94%)
Paracoccus alkenifer (94%)

α proteobacteria (Rhodobacter group)

High-quality sequence data has not yet been obtained for B1G-1A, B1G-1B, B4G-1B, and B4P-
1A.



Table 4. Sequence comparisons among α -2 protobacteria

Strain B1G-2
(98%)1

B4G-1A
(99%)

B5P-1
(99%)

Band 3
(100%)

B1G-2
(675 bp)2

98%3 98% 90%

B4G-1A
(1422 bp)

454 bp4 99% 100%

B5P-1
(1493 bp)

454 bp 1411 bp 100%

Band 3
(150 bp)

120 bp 144 bp 138 bp

1 Highest % identity to any database sequence
2 Number of bp sequenced
3 % identical bases for the pair of sequences compared
4 Length (in bp) of sequence involved in the comparison

Table 5. Sequence comparisons among Cytophaga

DGGE
Band

Band 1 (91%)1 Band 7
(89%)

Band 8
(89%)

Band 1
(169 bp)2

92%3 91%

Band 7
(175 bp)

167 bp4 96%

Band 8
(173 bp)

161 bp 156 bp

1 Highest % identity to any database sequence
2 Number of bp sequenced
3 % identical bases for the pair of sequences compared
4 Length (in bp) of sequence involved in the comparison
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Figure 1. Denaturing gradient gel electrophoresis (DGGE) of PCR-amplified16S rDNA extracted from
Bead and Wall Growth. DNA was extracted from the prominent bands labeled 1-8 and sequenced. Closest
match (% identical bases) to sequences in the NCBI database are as follows:

Band 1: Chryseobacterium spp. (91%)
Band 2: Clavibacter michiganesis (96%)
Band 3: Rhizobium huakuii (100%)
Band 4: unclassified α proteobacterium (94%)
Band 5: Zoogloea ramigera (95%)
Band 6: Thiobacillus thioparus (97%)
Band 7: Bergeyella zoohelcum (89%)
Band 8: Bergeyella zoohelcum (89%)
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ABSTRACT
Phytoremediation is an alternative technology that could be used to remediate

petroleum-contaminated soil at many drilling rig sites. The goal of phytoremediation is to
enhance the biodegradation rate and to lower contaminant concentrations to acceptable
levels. A necessary prerequisite for phytoremediation is vegetation of the contaminated
soil. The objectives of the two greenhouse studies reported herein were to evaluate
germination, survival, and growth of alfalfa, bermudagrass, crabgrass, fescue, and
ryegrass in a crude oil-contaminated soil with and without amendments. Amendments
evaluated were inorganic fertilizer, broiler litter, paper mill biosolids, and hardwood
sawdust. Broiler litter significantly decreased seed germination, but increased shoot and
root biomass in the contaminated soil. Fescue and ryegrass had the highest germination
percentages. Ryegrass and crabgrass had significantly greater root length than did fescue
or alfalfa. Results from the study can be used to select plant species to establish at crude
oil-contaminated sites and demonstrate the benefits of adding soil amendments.



INTRODUCTION
Major causes of petroleum-contaminated soil are leaking storage tanks and

pipelines, land disposal of waste petroleum and oil, and accidental spills (Bossert and
Bartha, 1984). Techniques to remediate petroleum-contaminated soil include (1)
containment and isolation, such as chemical fixation, solidification, or transport to a
landfill, (2) excavation and treatment, such as incineration, soil-washing, or biotreatment
in a slurry reactor, and (3) in-situ treatment, such as phytoremediation, land farming, or
bioventing (Frankenberger, 1991). Bioremediation is the enhancement of naturally
occurring, biological processes in order to expedite the reclamation of contaminated soil
or water. Using natural soil processes to degrade and detoxify organic contaminants holds
promise as an effective and economical means of clean-up. Compared with other
remediation technologies, bioremediation is a less invasive, less expensive, lower
maintenance, and more natural means of remediating soil (Frankenberger, 1991). In
addition, bioremediation is applicable to large areas, is environmentally safe, and can
improve soil chemical and physical properties.

Although bioremediation has many advantages over other technologies, many
bioremediation strategies may not be practical in remote locations. One solution is to use
plants to stimulate the activity of contaminant-degrading microorganisms in the
rhizosphere soil. The rhizosphere is soil in contact with or in close proximity to and,
therefore, subject to the influence of living roots (Andersen et al., 1993). Microbial
numbers can be 5 to 100 times greater in rhizosphere soil than in non-rhizosphere (bulk)
soil (Atlas and Bartha, 1992). This increase in microbial numbers associated with plant
roots could possibly enhance the degradation of organic compounds (Madsen, 1991).
Nichols et al. (1997) found that bacterial populations in general, and hydrocarbon-
degrader populations specifically, were stimulated by growth of alfalfa (Medicago sativa
L.) and alpine bluegrass (Poa alpina L.) in the soil and by the addition of organic
chemicals to the soil. Plants and rhizosphere microorganisms offer a potentially important
strategy for in-situ treatment of petroleum hydrocarbons (Andersen et al., 1993).

Bioremediation using plants is commonly referred to as phytoremediation. The
use of plants to stimulate the detoxification and degradation of contaminants has a high
potential for public acceptance because it represents an effective, low-cost, low profile,
and low-maintenance alternative to other bioremediation technologies (Aprill and Sims,
1990; USDOE, 1994).

Any consideration of the effect of phytoremediation on contaminant degradation
must take into account the microbial communities associated with the rhizosphere.
Unfortunately, previous research has not quantitatively assessed the relative contribution
of specific plant species and rhizosphere microbial populations to the process of
bioremediation (Lee and Banks, 1993). As a result, the dynamics and function of
rhizosphere microbial populations and the influence of root exudates and rhizosphere
deposits have not been fully ascertained (Shimp et al., 1993).

Grass species have been suggested as effective plants for phytoremediating
hydrocarbon-contaminated soils (Aprill and Sims, 1990; Schwab and Banks, 1994).
Grasses have fibrous root systems, resulting in tremendous root length and surface area
measurements per unit volume of soil near the soil surface. A larger root surface area



should result in higher microbial populations in a vegetated soil compared to a non-
vegetated soil, potentially enhancing phytoremediation (Aprill and Sims, 1990).

The objectives of our studies were to evaluate (1) germination and (2) survival
and growth of alfalfa, bermudagrass, crabgrass, fescue, and ryegrass in a crude oil-
contaminated soil. The effects of inorganic fertilizer, broiler litter, paper mill biosolids,
and hardwood sawdust amendments on seed germination and plant growth were also
evaluated in the greenhouse study.

MATERIALS AND METHODS
Studies Conducted

Germination Study: Before plants can be established, it is necessary for the seeds
to germinate and survive in the contaminated soil. We addressed our first objective in a
study using five plant species germinated in crude oil-contaminated soil either
unamended or amended with inorganic fertilizer, broiler litter, paper mill biosolids, or
hardwood sawdust. To normalize seed viability differences, we also measured seed
germination in deionized water for each plant species.

Survival and Growth Study: Using information from the germination study, we
addressed our second objective in a 7-week greenhouse study. We monitored plant
survival, growth, and biomass production of the plant species. Because of low seed
germination for bermudagrass, we transplanted sprigs for the greenhouse study. The same
four amendments used in the germination study were evaluated in the survival and
growth study. Additionally, the oil-contaminated soil was covered with a 2.5-cm layer of
uncontaminated Captina silt loam soil to provide a more suitable environment for seed
germination and establishment (Fig. 1).

Soils

The crude oil-contaminated soil was collected from a storage tank area near El
Dorado, AR. The soil was sieved through a 2-mm stainless steel sieve and extensively
mixed using a cement mixer. A composite sample was collected and the plant available
nutrient content was determined using Mehlich 3 extractant and ICP analysis (Table 1).
Total C and N were determined with a Leco CN 2000®. The percent gravimetric moisture
for the contaminated soil as collected in the field was 9.5%.

Total petroleum hydrocarbon (TPH) levels in the contaminated soil were
obtained gravimetrically. Sodium sulfate was added to the soil and TPH was extracted
with methylene chloride using a modified version of the standard sonication method for
extraction of organic chemicals (Sawhrey, 1996). The supernatant liquid was then
decanted through approximately 10 g of sodium sulfate placed on #41 filter paper in a
glass funnel. The extraction procedure was repeated three times. The mixture was
sonicated at a pulse rate of one second on, one second off, with a setting of 10 for 1.5
minutes. Once the suspended clay particles had been allowed to settle, the supernatant
liquid was decanted through the filtration apparatus. When sufficient methylene chloride
had evaporated, the remaining extract was transferred into tared 250-ml beakers. The



remaining methylene chloride evaporated from the beakers and the TPH level was
determined on a gravimetric basis.

For the survival and growth study, oil-contaminated soil was covered with 2.5 cm
of uncontaminated Captina silt loam (fine-silty, siliceous, mesic Typic Fragiudults) that
was collected from the University of Arkansas Main Agricultural Experiment Station
farm. The Captina soil was sieved through a 2-mm stainless steel sieve and available
nutrient levels determined (Table 1).

Amendments

The soil amendments evaluated were inorganic fertilizer, broiler litter, paper mill
biosolids, and hardwood sawdust. The amendment rates and chemical analyses are given
in Table 2. The inorganic fertilizer amendment (13-13-13) rate was determined using soil
test recommendations of 90 kg/ha for N, P2O5, K2O based on recommendations for
pasture and forage establishment. The litter addition rate was calculated to add sufficient
N to yield a ratio of 25:1 for added N:crude oil C. Paper mill biosolids were applied at a
rate of 55.8 g/kg dry weight. The paper mill biosolids was secondary biosolids and
exhibited the typical high C/N ratio for such materials. The hardwood sawdust was
derived from oak. All amendments were applied on a dry weight basis.

Plants

Germination Study: Five plant species were evaluated for their ability to
germinate and grow in the oil-contaminated soil collected from the study site. The species
evaluated were alfalfa (Medicago sativa L., cultivar: Riley), bermudagrass (Cynodon
dacylon L., cultivar: Common), crabgrass (Digitaria sanguinalis, cultivar: Large), fescue
(Festuca arundinacea Schreb., cultivar: Kentucky 31), and ryegrass (Lolium multiflorum
Lam., cultivar: Marshall).

Seed germination was measured by placing 10 seeds of each plant species in each
of 4 replications in the contaminated soil and counting the number of seeds that exhibited
radical formation within 14 days of planting. Seed germination was also determined in
the absence of contaminated soil by incubating thirty seeds of each plant species in sterile
plastic petri dishes on filter paper saturated with deionized water. The petri dishes were
then placed in the greenhouse where periodic additions of deionized water were
necessary to maintain moist conditions. The maximum temperatures for the germination
test ranged from 28.9 to 30.6!C, with a mean of 29.6!C. The minimum temperatures
ranged from 19.4 to 21.1!C, with a mean of 20.5!C. After one week, the petri dish lids
were removed and the germinated seeds counted.

Survival and Growth Study: Because of the low germination of bermudagrass
seed, Tifway Bermudagrass sprigs were used for the growth study. The bermudagrass
sprigs were separated from a portion of sod obtained from Razorback Sod and Turf in
Robinson, Arkansas. All of the remaining plant species were seeded into the cone-tainers.
Ten seeds of alfalfa, crabgrass, fescue, and ryegrass were placed into appropriately
labeled cone-tainers and pushed just beneath the Captina soil surface. Individual
bermudagrass sprigs were washed with distilled water and the excess water removed with
a paper towel. The sprigs were then weighed and two sprigs were transplanted into each
cone-tainer.



The plants were harvested 7 weeks after planting. First, the shoots were cut at the
soil surface and total fresh weight determined. The number of individual plants in each
cone-tainer was also recorded. The shoots were then dried at 65°C to a constant weight.
Removal of the roots from both the uncontaminated Captina silt loam soil and the
contaminated soil plus amendment mixture required several steps. First, the cone-tainer
was inverted and tapped on a tray lined with aluminum foil. This allowed the entire
contents of the cone-tainer to be removed in one column. The Captina portion of the
column was removed from the contaminated soil plus amendment portion with a scalpel.
Special care was taken to cut all roots holding the two sections together, so no root
present in the Captina silt loam would be inadvertently analyzed with the roots removed
from the contaminated soil plus amendment portion of the column. Once the Captina
portion of the column was removed, it was agitated in a plastic beaker of distilled water
and poured over a 500-"m stainless steel sieve. The root and soil mass was washed with
distilled water until the soil had dislodged from the roots. The roots were blotted dry with
a paper towel and the fresh root weight determined. Roots were then removed from the
oil-contaminated soil with or without amendments with forceps. The roots were washed
with distilled water, blotted dry, and fresh root weight determined.

The fresh roots were stained with methylene blue and stored at 4!C until root
length could be determined. Root length was determined by a modified line intersect
method (Tennant, 1975). The roots were placed in a transparent rectangular dish that was
30 cm x 20 cm x 5 cm. The dish was placed over a grid of 1.0-cm x 1.0-cm squares. With
the aid of a magnifying glass, counts were taken on vertical and horizontal line
intersections on the grid. The roots were then dried to a constant weight at 65!C. All root
intersection counts were then multiplied by a constant, 0.7857, to obtain total root length
(cm).

Greenhouse Conditions

The cone-tainers™ used for the 7-week greenhouse study were constructed of
polypropylene and tapered slightly from top to bottom (Fig. 1). The cone-tainers had a
6.35-cm diameter at the top, 25.4-cm length, and 554-ml total volume. The bottom of
each cone-tainer had four openings to allow for discharge of excess liquid. Pyrex glass
wool was placed in the bottom of each cone-tainer to prevent soil loss. Four hundred
grams of dry weight equivalent of crude oil-contaminated soil was mixed with the
appropriate amount of inorganic fertilizer, broiler litter, paper mill biosolids, or hardwood
sawdust. The contaminated soil was covered with 55 g dry weight equivalent of
uncontaminated Captina soil.

Upon completion of seeding and sprigging, all cone-tainers received tap water
via a sprinkler system that irrigated for three minute intervals at 7:00 a.m. and 4:00 p.m
daily. No supplemental lighting was used during the greenhouse study that was
conducted from 15 July to 2 September 1999. Maximum and minimum temperatures
were recorded daily during the study. Average daily maximum temperatures ranged from
26.7 to 37.8!C with a mean of 29.4!C. Average daily minimum temperatures ranged
from 13.3 to 30.6!C with a mean of 22.0!C.



Statistical Design

The germination study design was a randomized complete block design with four
replications and the greenhouse study design was a randomized complete block design
with three replications. The analysis of variance was conducted with SAS (SAS
Institute, Cary, N.C.) software. Means were separated using a protected LSD based
upon p<0.05.

RESULTS AND DISCUSSION
Germination Study

Soil used in the greenhouse study had a TPH level of 7.9% and low levels of
plant available nutrients (Table 1). The site had been amended with hardwood sawdust
and the combination of crude oil contamination and sawdust resulted in the high organic
C content of the soil. The C/N ratio of the oil-contaminated soil was 136 or
approximately an order of magnitude greater than typical of uncontaminated soils. The
soil pH was slightly acidic, but not unacceptable for grass growth. The low sodium (Na)
and low electrical conductivity of the soil indicated that salt brine contamination of the
site was not a major concern. Analysis of the soil amendments is given in Table 2. Broiler
litter contained nutrient levels similar to reported values (Sims and Wolf, 1994).

Seed germination percentages in the oil-contaminated soil with or without
amendments showed that bermudagrass germination was significantly lower than alfalfa,
crabgrass, fescue, and ryegrass (Table 3). Percentage germination for the seeds in water
was 98, 100, 93, 95, and 100% for the alfalfa, bermudagrass, crabgrass, fescue, and
ryegrass, respectively. The control treatment of the unamended crude oil-contaminated
soil did not appear to reduce germination of fescue and ryegrass, but did reduce
germination for crabgrass, alfalfa, and bermudagrass compared to germination in water.
The results indicated that of the five species tested, only bermudagrass germination was
inhibited by over 25% in the unamended, contaminated soil. Rogers et al. (1996) reported
that soil amended with a mixture of organic chemicals at 0 or 4,000 mg/kg exhibited
alfalfa germination rates at 25!C of 90 and 34%, respectively. The authors suggested that
germination was inhibited by volatilization of toxic organic compounds.

The highest germination percentages were in the biosolids, fertilizer, and sawdust
treatments. Broiler litter significantly reduced germination. Reduced germination in the
broiler litter amended soil was most likely due to hydrolysis of uric acid and urea in the
litter that resulted in ammonia production, which has been shown to be toxic to seedlings
(Gale et al., 1991).

Survival and Growth Study

The oil-contaminated soil was covered with a 2.5-cm layer of uncontaminated
Captina silt loam soil (Fig. 1) which provided a more suitable environment for seed
germination and early growth. Soil samples collected following the greenhouse
incubation demonstrated the effect of adding the amendments (Table 4). Addition of
broiler litter resulted in significant increases in plant available P, K, Ca, Mg, Zn, and Cu.



The added litter was in excess of the amount required to provide sufficient N and P levels
for plant growth. Paper mill biosolids addition significantly increased the available Ca
level, but not to the level resulting from litter addition. Inorganic fertilizer was
commercially available 13-13-13 and the addition rate was based upon the initial soil
testing results and soil test recommendation for establishing cool season grasses.
Hardwood sawdust did not affect soil nutrient levels during the greenhouse study, but
reduced soil pH compared to the control.

From the soil test data following the 7-week incubation, it is apparent that the
traditional agronomic soil test calibration did not provide the nutrients required for plant
growth in oil-contaminated soils. Traditional soil testing calibration was developed to
provide sufficient available nutrients for optimum plant growth and yield in
uncontaminated soils. Soil containing crude oil must be amended with nutrient sources to
meet both plant needs and the requirements of the microbial population degrading the
organic contaminant. Russell (1992) suggests a target C/N ration of approximately 20/1
when cow or horse manure is used as a nutrient amendment. A C/N ratio of 60/1 may be
more appropriate when using broiler litter for enhancing remediation (Dibble and Bartha,
1979). Walworth et al. (1997) found that addition of N to oil-contaminated soil was best
predicted based upon soil water rather than soil, and identified an N concentration in soil
water of 2,000 mg N/kg soil water as optimum.

In P-deficient soils, plant root colonization by arbuscular mycorrhizae fungi is
enhanced (Gentry et al., 1999). As plant available P levels increase, mycorrhizal
colonization of the plant root decreases (Sylvia, 1998). Mycorrhizal fungi have been
shown to increase plant absorption of P in P-deficient soils and to enable plants to better
withstand plant moisture stress. Ectomycorrhizae fungi have been shown to increase PCB
degradation in the rhizosphere and are important in phytoremediation systems (Donnelly
and Fletcher, 1994). The role of endomycorrhizae fungi in phytoremediation has yet to be
elucidated.

In addition to the soil chemical effects resulting from amendment additions, there
was an obvious soil physical influence. The oil-contaminated soil was hydrophobic when
dry and water distribution and movement into the soil was impeded. Water management
in petroleum-contaminated soils can be problematic. In the current study, broiler litter,
paper mill biosolids, and hardwood sawdust amendments visibly increased moisture
absorption. Addition of organic amendments would reduce soil bulk density. We
observed that litter, biosolids, and sawdust amendments provided better moisture
availability and more desirable soil conditions for plant growth.

An important constraint on bioremediation of oil-contaminated soils can be
extremes in soil physical conditions (Liu and Suflita, 1993). Organic amendments such as
litter, biosolids, and sawdust can improve soil physical conditions and should enhance
germination, survival, and growth of plants.

The percentages of plants that germinated and survived the 7-week greenhouse
study were lowest for alfalfa and crabgrass (Table 5). Bermudagrass was transplanted and
not included in the statistical analyses of germination percentage, but bermudagrass
growth was not visibly different than any other plant species and all bermudagrass sprigs
survived and grew. Soil amendments did not significantly influence germination and
survival.



Plant shoot biomass production was significantly greater for crabgrass and
bermudagrass compared to fescue or alfalfa. Plant shoot biomass was significantly
greater in broiler litter-amended soil than the other amendments and control (Table 6).
Crabgrass grown in litter or biosolids-amended soil produced substantially more shoot
biomass than any other combination.

Plant root biomass production was significantly greater for bermudagrass,
followed by ryegrass and crabgrass which were greater than fescue and alfalfa (Table 7).
Broiler litter and paper mill biosolids amendments had the largest root biomass
production.

Phytoremediation should be enhanced if the plant root and associated rhizosphere
microorganisms contacted greater contaminated soil volume. Ferro et al. (1999) reported
enhanced rhizosphere biodegradation for pyrene, fluoranthene, and chrysene in a
greenhouse study. Root length is an indicator of potential rhizosphere soil volume and
was significantly greater in the paper mill biosolids amended soil than the unamended
control or soil amended with fertilizer or sawdust (Table 8). The biosolids amendment
resulted in high germination and survival (Table 5) and greater root length. Crabgrass had
the largest root length that was significantly greater than bermudagrass, fescue, or alfalfa.
Crabgrass was not different from ryegrass (Table 8).

CONCLUSIONS
Ryegrass, fescue, crabgrass, and alfalfa germinated and grew in a crude oil-

contaminated soil. The lowest germination rate of the five plant species evaluate was
bermudagrass. Broiler litter reduced germination of all species but, for the surviving
plants, resulted in increased plant growth based upon significantly greater shoot and root
biomass and root length. Paper mill biosolids also increased root length. Compared to the
unamended control, neither inorganic fertilizer or hardwood sawdust yielded significant
effects on plant growth. Organic amendments improved soil physical conditions and
increased moisture holding capacity. Plant establishment and growth were often
improved by addition of organic soil amendments. Bermudagrass had the greatest shoot
and root biomass production, but ryegrass and crabgrass exhibited the greatest root
length. If phytoremediation is to be successful, plants must be established, but the soil
chemical and physical conditions necessary for optimum contaminant biodegradation
must be based upon the ecology of the microorganisms degrading the target compounds.
In most cases, optimum conditions and plant species to grow have yet to be fully defined.
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Table 1. Chemical properties of the crude oil-contaminated soil and the Captina silt loam used in
the greenhouse study.                                                                                                                                 

Elec. ----------------Mehlich 3 Extractable----------------- Total Organic
pH Conduct. P K Ca Mg Na Zn Cu N C
                                                                                                                                                                   
1:1 umhos/cm --------------------------mg/kg-------------------------- --------%--------

Crude Oil-Contaminated Soil
5.9 34 2 16 140 12 20 1.5 0.6  0.1 10.2

Captina Silt Loam
6.1 48 19 59 533 30 5 1.0 0.9  0.1 1.2
                                                                                                                                                                   

Table 2. Amendments used in the greenhouse study to evaluate plant growth in crude oil-
contaminated soil.                                                                                                                                      
Amendment Rate* Moisture N P K C

content**

                                                                                                                                                                 
g/kg --%-- -------------------------%*-------------------------

Inorganic Fertilizer 0.35 0.0 13.0 5.7 10.8 0.0

Broiler Litter 71.5 18.2 4.2 1.7 2.8 34.2

Paper Mill Biosolids 55.8 55.4 0.6 0.1 0.0 24.1

Hardwood Sawdust 26.4 29.5 0.1 0.0 0.1 44.9
                                                                                                                                                                 
*Dry weight basis
**Wet weight basis



Table 3. Percentage germination for five plant species in oil-contaminated soil treated with five
amendments.                                                                                                                                               
Plant Species Control Fertilizer Litter Biosolids Sawdust Mean
                                                                                                                                                                 

--------------------------------------------%--------------------------------------------
Alfalfa 77.5 82.5 32.5 92.5 90.0 75.0 b*

Bermudagrass 30.0 57.5 45.0 60.0 30.0 44.5 c

Crabgrass 75.0 80.0 55.0 90.0 90.0 78.0 ab

Fescue 95.0 95.0 55.0 92.5 90.0 85.5 ab

Ryegrass 90.0 100.0 42.5 100.0 97.5 86.0 a

         Mean 73.5 b 83.0 ab 46.0 c 87.0 a 79.5 ab
                                                                                                                                                                
*Means in the column or row followed by the same letter are not significantly different at the 5%
level.

Table 4. Chemical properties of the crude oil-contaminated soil and the Captina silt loam
following the 7-week greenhouse study.                                                                                                  

Elec --------------------Mehlich 3 Extractable--------------------
Treatment pH Conduct. P K Ca Mg Na Zn Cu
                                                        .                                                                                                          

1:1 umhos/cm ------------------------------mg/kg-----------------------------

Crude Oil-Contaminated Soil

Control 5.9 ab* 38 b 2 b 20 c 339 c 28 b 14 b 3.4 c 1.4
b

Inorganic Fertilizer 5.5 c 54 b 4 b 35 b 357 c 25 b 14 b 4.1 bc 1.6
b

Broiler Litter 6.0 a 234 a 305 a 81 a 1,190 a 135 a 20 a 31.5 a 8.1
a

Paper mill Biosolids 5.7 bc 72 b 6 b 34 b 513 b 35 b 17 ab 5.2 b 1.9
b

Hardwood Sawdust 5.6 c 38 b 2 b 24 bc 379 c 29 b 14 b 3.9 bc 1.4
b

Captina Silt Loam

Covered Surface 6.3 133 19 59 731 42 28 1.6 0.9
of All treatments
                                                                                                                                                                   
*Means in a column for the oil-contaminated soil followed by the same letter are not significantly
different at the 5% level.



Table 5. Percentage of the five plant species in oil-contaminated soil with five amendments that
germinated and survived in the 7-week greenhouse study.                                                                     

Plant Species Control Fertilizer Litter Biosolids Sawdust Mean
                                                                                                                                                                

--------------------------------------------%--------------------------------------------
Alfalfa 62.5 52.5 42.5 80.0 67.5 61.0 b*

Bermudagrass 100.0 100.0 100.0 100.0 100.0 100.0**

Crabgrass 65.0 67.5 52.5 60.0 67.5 62.5 b

Fescue 60.0 85.0 62.5 75.0 82.5 73.0 ab

Ryegrass 62.5 95.0 77.0 85.0 80.0 80.0 a

       Mean 62.5 75.0 57.3 75.0 74.4
                                                                                                                                                                 
*Means in the column followed by the same letter are not significantly different at the 5% level.
**Bermudagrass was transplanted and thus not included in the statistical analysis.

Table 6. Plant shoot biomass produced by five species grown in oil-contaminated soil with five
amendments during the 7-week greenhouse study.                                                                                  
Plant Species       -----------------------------Soil Amendments------------------------------
                              Control          Fertilizer            Litter          Biosolids          Sawdust            Mean   
                             -------------------------mg dry weight/cone-tainer-----------------------
Alfalfa 24.0 14.7 32.5 62.7 37.7 35.1 c*

Bermudagrass 52.5 126.5 382.7 175.6 65.4 160.6 a

Crabgrass 60.3 82.2 481.7 404.1 84.7 222.6 a

Fescue 25.8 48.0 104.5 133.4 28.3 69.4 bc

Ryegrass 52.0 82.2 368.8 146.4 52.9 140.5 ab

      Mean 44.3 c 72.3 c 274.0 a 184.5 b 53.8 c
                                                                                                                                                                 
*Means in the column or row followed by the same letter are not significantly different at the 5%
level.



Table 7. Plant root biomass produced by five species grown in oil-contaminated soil with five
amendments during the 7-week greenhouse study.                                                                                  
Plant Species        ------------------------------Soil Amendments----------------------------

Control Fertilizer Litter Biosolids Sawdust Mean
                                                                                                                                                                  
                              -------------------------mg dry weight/cone-tainer-----------------------
Alfalfa 9.0 2.4 19.0 27.7 12.8 14.2 c*

Bermudagrass 75.7 95.3 164.0 141.1 86.8 112.6 a

Crabgrass 25.8 25.8 187.7 111.4 16.2 73.4 b

Fescue 25.7 42.4 37.4 40.0 30.0 35.1 c

Ryegrass 30.6 70.3 143.7 94.0 51.5 78.0 b

       Mean 33.3 b 47.2 b 110.3 a 82.9 a 39.5 b
                                                                                                                                                                  
*Means in the column or row followed by the same letter are not significantly different at the 5%
level.

Table 8. Root length produced by five species grown in crude oil-contaminated soil with five
amendments during the 7-week greenhouse study.                                                                                
Plant Species        --------------------------Soil Amendments---------------------------

Control Fertilizer Litter Biosolids Sawdust Mean
                                                                                                                                                                  
                              -----------------------------cm/cone-tainer----------------------------

Alfalfa 298 203 924 483 318 445 d

Bermudagrass 940 2,235 2,128 2,686 1,680 1,934 bc

Crabgrass 1,545 2,826 7,114 7,906 1,272 4,133 a

Fescue 1,106 1,562 825 1,522 937 1,190 cd

Ryegrass 1,370 2,994 2,225 5,737 2,554 2,976 ab

Mean 1,052 c 1,964 bc 2,643 ab 3,667 a 1,352 bc
                                                                                                                                                                 
*Means in the column or row followed by the same letter are not significantly different at the 5%
level.



Figure 1. A 2.5-cm layer of uncontaminated Captina silt loam soil was added to the surface of the
oil-contaminated soil for the study.

2.5 cm uncontaminated
Captina silt loam (55 g dry soil)

22.9 cm crude oil-contaminated
soil (400 g dry soil)



POTENTIAL FOR USING PHYTOREMEDIATION
TO TREAT SE CONTAMINATED REFINERY

WASTE WATERS
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ABSTRACT
Selenium contamination in oil refinery wastewater is of growing concern for the

petroleum industry in the Bay area of California. Oil refineries discharge 1500-5000 gallons of
stripped sour water and biotreated effluent per minute, creating Se contamination in the water and
consequently in the sediments. Recent advances in phytoremediation technologies have found
economical and effective means of treating wastewater contaminated with both inorganic and
organic contaminants. Phytoextraction has been suggested as a possible solution to remediating
Se contaminated wetlands. A study was conducted at the INEEL to examine the practicality and
optimization of phytoremediation of Se contaminated wastewater with high sulfate and nitrate
concentrations. Initial greenhouse studies verified uptake and sequestering of Se from simulated
refinery wastewater streams by wetland aquatic and terrestrial plants. Solution Se concentrations
were reduced to < 50 ppm in a period of 30-60 days. Subsequent work investigated the role of
algae in Se availability. Single cell species of algae were investigated and the fraction of Se
retained by the algae surface and bound within the algal biomass were quantified. Variables
responsible for bioavailability of Se were investigated and eH was determined to be the
predominant controlling factor for availability to both higher plants and algae. It is suggested that
further investigations of microbial transformations and volatilization of Se under wetland
conditions could contribute to the development of a model of biological Se cycling in wetland
communities. Such a model would be a useful decision making tool for determining treatment
designs specific for wastewater streams common to the petroleum industry.



INTRODUCTION
Selenium in Refinery Wastewater

Selenium is of concern to the petroleum industry due to the occurrence in and need for
removal form refinery wastewater (Safonova et al., 1999). Selenium discharge is a particular
problem to California oil refineries because of the existing soil Se contamination problems
created by agricultural practices. Six refineries in the Bay Area of California in particular have
relatively high concentrations of Se in the stripped sour water (SSW) and Biotreater Effluent
(BE). These are the points in a refinery wastewater treatment system form which Se would most
likely be removed. Samples were collected and analyzed from the six Bay Area Refineries for Se
species (Brown and Caldwell, 1994). Selenium concentration in SSW ranged from 170 to 4870
ug/L total Se. At four of the refineries, selenocyanate accounted for virtually all of the selenium
in SSW. The other refinery SSW waste streams contained other dissolved selenium species.
Neither selenate, selenite, neutral-volatile selenium, nor acid-volatile selenium was detected in
any SSW sample. Se concentrations in BE samples ranged from 11 to 300 ug/L total selenium
with selenite as the predominant species (54% to 97% total SE) in the BE samples. Selenate was
detected in one refinery sample.

Many iron-based treatment processes have been developed for removing trace metals
from wastewater, including removal of Se. Shell Oil and others are still using an iron
precipitation technology to remove Se from wastewater streams. While effectively decreasing Se
concentrations to below discharge limits, this technology is expensive and results in large
volumes of Fe sludge which is difficult to handle. The process is considered most effective for
BE since selenite is the predominant Se species in most refinery Biotreater Effluents and has been
shown to adsorb strongly to the surface of iron hydroxide. Iron processes, however, have been
found to be ineffective for treating SSW, which is attributed to the fact that SSW contains
selenocyanate rather than selenite. The Western States Petroleum Association (WSPA) conducted
a study to develop iron treatment methods that are more effective for removing selenium form
SSW, the primary source of refinery wastewater systems, and to decrease sludge volumes through
recycle and reuse, and to chemically treat sludge to meet land disposal restrictions (Brown and
Caldwell, 1995). The study recommended that iron coprecipitation be considered for pilot testing,
recognizing refinery specific issues that should be addressed including sludge treatment and
disposal which continues to be a significant draw back to the technology.

Phytoremediation of Selenium

Wetland designs for treatment of refinery wastewater have been proposed which take
advantage of the ability of wetland plants to aid in treatment through phytoremediation. Chevron
Oil discharges effluent to wetlands that appear to be effective in reducing Se concentration
entering the soil and ground water. Wetland design or modification of wetland parameters for
treatment of Se appears to be most promising where discharge to constructed wetlands or
discharge ponds already occurs. Further work, however, is needed to verify the fate of Se in these
wetland systems and provide the basis for informed remediation decisions.

Phytoremediation can be defined as the engineered use of green plants to remove, contain
or render harmless environmental contaminants including heavy metals, trace elements, organic
compounds, and radioactive compounds in soil, sediments, or water. Phytoremediation of metals
can occur via three mechanisms. Phytoextraction is the direct removal of metals by plants and can
occur in soil or aquatic systems. Phytoextraction takes advantage of the selective uptake,



translocation, bioaccumulation and contaminant storage/degradation abilities of the plant. Metal
accumulating plants often concentrate the metals from the soil into the above ground biomass
which significantly reduces the waste volume requiring treatment and disposal. Metal tolerant and
metal accumulating plant species may demonstrate different mechanisms of dealing with the
accumulated metal, including volatilization. Roots of plants grown in polluted effluents may
absorb, precipitate and/or concentrate the toxic metals from solution in a process known as
rhizofiltration. Thirdly, plants that are tolerant to heavy metals may be used to reduce the
mobility of metals in soils thereby minimizing their migration through the soil profile into the
ground water, a process known as phytostabilization.

Phytoremediation strategies for metal pollutants offer the advantages of reduced cost,
reduced waste volume through concentration, as well as stabilization of the contaminants.
Estimated costs for using phytoextraction to remediate one acre of soil range form $60000 to
$100000, a 75% reduction from traditional dig and haul methods. Plants used in rhizofiltration
technologies may remove as much as 60% of their dry weight as toxic metals, significantly
reducing the management and disposal costs for hazardous waste.

Recent research has demonstrated the ability of plants to concentrate a variety of heavy
metals, including selenium (Se) in their biomass. Most work has demonstrated the process in
greenhouse studies or documented naturally occurring metal tolerant plants growing in
contaminated areas. For example, selenate and selenite uptake and translocation have been
demonstrated in crop plants such as bean (Phaseolus vulgaris) and has been shown to be sensitive
to respiratory inhibitors (Arvy, 1993). Both four-wing saltbush and sweet clover have been shown
to accumulate moderate amounts of selenium when grown in seleniferous soils, and the presence
of mycorrhizal associations enhanced plant uptake of selenium (Wanek, Vance, and Williams,
1995). Plants tolerant to heavy metals are common, but generally do not accumulate large enough
quantities in their biomass to significantly reduce soil concentrations. Some plant species,
however, called hyperaccumulators, have been shown to concentrate extremely high levels of
metals in their leaves and shoots. Common ragweed has been shown for example, to be a good
absorber of lead in soil. Other hyperaccumulators have been found to have concentrations of
nickel in excess of 25% dry weight (Hazardous Waste News, 1993). Work conducted at Rutgers
Research Center (Air and Water Pollution Report, 1993) identified plants that concentrate lead
and chromium as much as 95 fold above the soil concentration. Species of Astragalus (common
milk vetch or loco weed) are known hyperaccumulators of Se, and pose a threat of Se poisoning
to grazing animals. The shoots of primary Se accumulating plant species such as Astragalus
bisulcatus can accrue Se to several thousand micrograms per gram of dry weight (Bell, Parker,
and Page, 1995).

Of interest to the petroleum industry is metal removal from concentrated saline solutions.
Biotreater Effluent may have concentrations of chloride greater than 100 mg/L and sulfate greater
than 1000 mg/L. Se in saline soils and aquatic systems has become a focus of intensive research
because of the large volumes of saline irrigation drainage water enriched with Se that has
accumulated in the Kesterson Reservoir and other impoundments in the San Joaquin Valley,
California. Retana et al (1993) demonstrated that salt tolerant grasses could accumulate arsenic,
selenium, and molybdenum from highly saline, metal laden soils. Baneulos et al. (1993)
developed phytoremediation strategies to reduce soil Se to non-toxic levels using certain Se
accumulating Brassica species native to semi-arid and arid saline regions.



Selenium in Aquatic Systems

The chemical species of dissolved selenium identified from surface waters in the San
Joaquin and Imperial Valleys of California include the inorganic species selenate and selenite,
nonvolatile organic selenides including seleno amino acids and demethylselenonium ion, and the
volatile methylated forms dimethyl selenide and dimethyl diselenide. Laboratory studies
demonstrated that the nonvolatile dimethtylselenonium ion can be transformed into volatile
dimethyl selenide at neutral pH, providing a pathway for the in situ production of dimethyl
selenide in natural waters. The outgassing of dimethyl selenide may be an important removal
mechanism for dissolved selenium from aqueous systems (Cooke and Bruland, 1987).

Plant uptake of Se in an aquatic system is influenced by the oxidation-reduction status of
the sediments underlying ponds. Drying of ponds leads to more aerobic conditions and an
increase in oxidation number enhances mobility and bioavailability of Se (Amrhein et al., 1993).
Aquatic plants may further contribute to the removal of Se in an aquatic system through
production of volatile Se species and subsequent release to the atmosphere. Terry et al. (1995)
demonstrated that marsh plants are especially effective at converting selenium into gaseous forms
that are easily dispersed, and the conversion occurs primarily in the roots.

In addition to higher plants, algae and microorganisms in aquatic systems may
significantly effect the Se cycle and subsequently the removal efficiency of a constructed
wetland. Concentration at which Se becomes toxic to algae varies with algal species, for example
Chlorella vulgaris exhibited better tolerance to selenate than Phormidium foveolarum (Tripathi
and Pandey, 1985). Selenium is recognized as an essential element for the growth of some algae,
yet depending upon the species of algae and the concentration or bioavailability, selenium may be
toxic and adversely affect growth (Vymazal, 1994). Wehr et al. (1985) demonstrated that the
planktonic alga Chrysochromulina breviturrita has an absolute requirement for Se in axenic
culture and is capable of utilizing several forms of Se including selenite, selenate, and
dimethylselenide. In fact this was believed to be the first reported utilization of dimethylselenide
as a Se source by any organism. Further, in a study of the effect of selenium on algae, it was
found that a sublethal quantity of selenite improves the growth of a variety of unicellular marine
algae (Gennity et al., 1985). Algal populations in pond systems may actually act as agents which
actively assist in removal of pollutants. Filamentous Spirogyra and benthic Chara demonstrated
removal of uranium and molybdenum from solution in laboratory studies (Brierley et al., 1980).
Further, these studies indicated that death and decay of the algae in association with pond
sediment did not result in return of cell bound uranium and molybdenum to the water. This
suggests that algae may act as biofilters for accumulation of pollutants or agents for adsorption
and/or absorption of soluble pollutants. It is therefore prudent to investigate the role of algae in a
wetland system designed for removal of Se.

Objectives

The objective of this study was to investigate the efficiency of Se removal by primary
wetland plant and algal species under high chloride and sulfate concentrations exhibited in
refinery wastewater streams. Further, it was an objective of this research to investigate effect of
parameters such as pH and eH that could be controlled in a wetland discharge design on the Se
removal efficiency of the system.



Methods and Materials
Hydroponic greenhouse studies were conducted to evaluate rhizofiltration and

phytoextraction capabilities of cattails (Typha latifolia), a primary wetland community plant
species compared to known Se hyperaccumulating species of Astragalus. Laboratory studies were
conducted to evaluate the Se binding efficiency of two unicellular algal species, the freshwater
Chlorella sp. and the marine alga Nannochloris sp.

Stripped Sour Water and Biotreater Effluent samples were obtained from a refinery in the
Bay Area, California and analyzed by atomic absorption spectrometry for nitrate, sulfate, total Se
(as selenate), and chloride concentrations. Neither the SSW or the BE had detectable levels of
nitrate. Average concentration of Se in SSW was 644 ug/L and in BE was 179 ug/L. SSW sulfate
and chloride concentrations averaged 1.8 mg/L and 23.3 mg/L respectively. BE sulfate and
chloride concentrations averaged 1937 mg/L and 168 mg/L respectively. For all hydroponic and
algae experiments, brine solutions were prepared in the lab to simulate the Se, Cl, and SO4
concentrations observed in the actual SSW and BE solutions.

Plant Rhizofiltration and Phytoextraction Studies

Small (average height 17 cm.) cattail plants (Typha latifolia) were obtained from a
commercial supplier. Two species of Astragalus, A. racemosus and A. bisulcatus were germinated
from seed in the laboratory and transferred to hydroponic cultures after radicle emergence.

All plants were cultured in 9 L containers with 8 L of solution. Plants were suspended in
the containers with floating lids covered in foil to minimize light penetration into solution. Cattail
cultures contained 5 plants per container and Astragalus cultures contained 8 plants per container.
All solutions were aerated continuously to ensure oxidizing conditions and maintenance of Se in
the selenate form.

Solutions for hydroponic growth studies were prepared using a basal nutrient solution
with addition of Na2SeO4, (NH4)2SO4, and NaCl as needed to simulate SSW or BE waste
streams. Table 1 represents the matrix of treatments. All treatments were triplicated.

(Note: An error was made in preparation of the cattail BE treatment. A 10 fold increase in
Se (as selenate) compared to actual BE samples was added originally to the hydroponic
containers and not detected until the first sampling and analysis of the solutions. In order to
accurately determine the uptake from solution, the solution was not replaced with the correct
concentration of Se and the plants were allowed to grow in this solution throughout the course of
the experiment.)

Hydroponic growth studies were conducted in a greenhouse with temperature and light
controls. The following conditions were maintained throughout the growth experiments:

Temperature: 25 +/- 0.5 ° C day and night
Humidity: 65 +/- 3 %
Light: 16 hr days/8 hr nights.

Astragalus treatments were maintained for 12 weeks, and cattail treatments were
maintained for 10 weeks. Samples were collected from solution each week and analyzed by
atomic absorption with a graphite furnace for Se and salts concentration. Solution volume and



basal media and salt concentrations were maintained with addition as needed. At the conclusion
of the experiments, plants were harvested, washed in deionized water, the plant tops and roots
separated, air dried, weighed, ground and analyzed by atomic absorption spectrometry for Se
concentration. No additional Se was added to the cattail experiments during the 10 week growth
period. Sodium selenate additions were made to the Astragalus SSW treatments to restore the
initial concentration at day 57 after a decrease in initial concentration of nearly 10 fold was
detected. Sodium selenate additions were made to the Astragalus BE treatments at days 20 and 57
to restore the initial concentration after a decrease in initial concentration to near 50 ug/L was
detected.

Algae Se Binding Studies

Stock cultures of Chlorella sp. and Nannochloris sp. were obtained from culture
collections and grown on standard Chu culture media in direct sunlight. Transfer cultures were
made regularly to increase algal biomass and stock cultures were maintained. Chlorella was
selected because of its potential metal binding capability indicated in literature and Nannochloris
was selected because it typically grows in a more marine environment and is thought to have
higher tolerance to brine solutions. Once sufficient algal biomass was produced Se binding
experiments were conducted.

The objective of the first experiment was to evaluate Se binding by both Chlorella and
Nannochloris in simulated SSW under conditions (eH and pH) expected at discharge. Table 2
represents the treatments for this experiment. Simulated SSW was prepared as in the plant uptake
experiments.

The testing protocol incorporated abiotic and biological controls along with selenium
biological treatments. The analytical objectives were to measure the concentration of selenium in
the original solution, the amount of selenium that was loosely attached to the cells, and the
amount of selenium that was actively sorbed into the biomass.

Five milliliter test volumes were used. For the abiotic control the volume included 4-ml’s
of selenium solution plus 1-ml of sterile Chu media. The biological control contained 4-ml’s of
Chu media plus 1-ml of cell suspension. The selenium/biological treatment contained 4-ml’s of
selenium solution plus 1-ml of alga cell suspension. Dry weight measurements were taken of the
algal suspension.

After a two-hour exposure, time tubes were centrifuged for 15 minutes at 3500 rpm. The
supernatant was removed from the tubes and placed in clean, sterile tubes. The volume was
replaced with sterile phosphate buffer and the cell pellet was re-suspended in the solution. After a
five minute contact time, these tubes were centrifuged for 15 minutes at 3500 rpm’s. The
phosphate buffer supernatant was removed from the tube and placed in clean, sterile tubes, and
refrigerated until analysis. One milliliter of concentrated hydrochloric acid was added to each
tube containing a cell pellet and the mixture was vortexed to re-suspend the pellet.

All samples were handled and analyzed on a graphite furnace in accordance with
Standard Methods for the Examination of Water and Wastewater Analysis, (1989, 17th edition).

A second set of experiments was performed in a similar manner as above using Chlorella
and Nanochloris to evaluate the effect of pH on selenium binding. Alga suspensions were
introduced into simulated SSW or Chu culture media adjusted to pH 4, 6, and 8 (standard units).
Abiotic controls of SSW or Chu media were run and all treatments were performed in triplicate.



RESULTS
Plant Rhizofiltration and Phytoextraction Studies

Selenium concentrations in the hydroponic solutions with Astragalus plants decreased
with time for both species of Astragalus and for both the simulated SSW and simulated BE
treatments (Figures 1 and 2). Initial concentration of simulated BE Se was 180 ug/L. When
growing in BE, both species demonstrated similar decreases in solution concentration of Se
(Figure 1). Decrease in solution Se concentration appeared more rapid during early and late
growth stages, following the initial and final additions of Se. Final Se concentration was less than
50 ug/L for both species.

Initial Se concentration in the simulated SSW was 640 ug/L. The lowest solution Se
concentration was observed after 57 days of Astragalus growth. Solution concentrations did not
fall below 100 ug/L. A rapid decrease to under 350 ug/L Se was observed in the last 20 days of
growth following an addition of Se to the initial concentration of 640 ug/L (Figure 2).

A. bisulcatus plants demonstrated poor growth in both the control treatments and BE
treatments. Plants were chlorotic or dead by the end of the experiment. Dry weight of plant tops
was significantly greater in the SSW treatments compared to the control or BE treatment (Table
3). A. racemosus plants exhibited chlorosis and some die off in all treatments. Dry weight of plant
tops was lower in the BE treatment compared to the SSW treatment and control which were not
significantly different. Dry weight of plant tops for A. bisulcatus was significantly higher in the
SSW treatment compared to dry weight of plant tops for A. racemosus in the SSW treatment.

Initial concentrations of Se in the cattail experiments were 1600 ug/L and 640 ug/L for
the simulated BE and SSW treatments respectively. Solution Se concentration decreased to less
than 100 ug/L by day 73 in both the BE and SSW treatments (Figure 3). A rapid decrease
occurred in the BE treatment during the first 14 days of cattail growth, followed by a decrease in
rate of Se loss.

Cattail plants did not show any visible signs of Se toxicity in either treatment. Average
dry weight of roots and plant tops was not significantly different between treatments (Table 3).
Dry weights of cattail roots and tops were at least an order of magnitude higher than dry weights
of Astragalus roots and tops with the exception of A. bisulcatus tops.

Concentration in the plant biomass of roots and tops of Astragalus plants is presented in
Figure 4. A. racemosus roots and tops concentrated significantly more Se per gram dry weight
from SSW than from BE. Concentration of Se in roots and tops of A. bisulcatus was not
significantly different between BE and SSW treatments. Concentration of Se in both roots and
tops of A. racemosus was significantly higher than A. bisulcatus only in the SSW treatments.

Total uptake of Se by Astragalus was calculated as the concentration of Se in ug/g dry
weight X dry weight and averaged for each treatment (Figures 5 & 6). Total removal of Se by
Astragalus roots was not significantly different between species but nearly an order of magnitude
higher in the SSW treatment compared to root removal from the BE treatment for both species.
Similarly, uptake of Se to the plant tops was not significantly different between Astragalus
species, but significantly higher in the SSW treatments compared to the BE treatments.



Concentration of Se in biomass of cattails is presented in Figure 7. Cattails, unlike
Astragalus, had higher concentrations of Se in both roots and tops of plants from the BE
treatments compared to SSW treatments. Concentrations of Se were greater in roots compared to
plant tops for both SSW and BE treatments. In general, plant concentrations of Se in cattail roots
was comparable to that of Astragalus plants and plant concentrations of Se in cattail tops was
generally lower than that of Astragalus plants.

Total plant uptake of Se for cattails was calculated as for Astragalus and is presented in
Figure 8. The relationship of total uptake between roots and tops and between SSW and BE
treatments was similar to that of Se concentration in biomass. In general, total uptake by cattail
roots and tops in both SSW and BE treatments was an order of magnitude higher than total uptake
by either Astragalus species.

Algae Se Binding Studies

Initial Se concentration in the simulated SSW was 640 ug/L and pH was near neutral.
Following 2 hours of exposure to the simulated SSW, no Se was detected in the algae biomass for
either Chlorella or Nannochloris. Surface bound selenium was detected in both algae following
the 2 hours exposure. No significant difference in Se binding capacity was detected.
Approximately 2.5% of the initial Se in solution was accounted for in the surface bound fraction
for both algae as determined through analysis of the phosphate buffer rinse solution (Figure 9).

Following this preliminary test, both algae were exposed for 2 hours to simulated SSW
with pH adjusted to 4, 6, and 8.. A small fraction of the initial Se in solution was detected in the
biomass bound fraction of Chlorella at pH 8 (less than 0.5%), however, no biomass bound Se was
detected at pH 4 or pH 6. The highest surface bound Se was detected at pH 6 for Chlorella. More
than twice as much surface bound Se was detected for the pH 6 treatment compared to t pH 8
(Figure 10).

Similarly, biomass bound Se was detected in Nannochloris exposed to SSW at pH 8 but
no biomass bound Se was detected at pH 4 or 6. Again, surface bound Se was highest at pH 6.
Nearly twice as much was removed from the solution by surface binding at pH 6 than at pH 4
(Figure 11).

In all of the algae binding studies conducted, a mass balance for Se was not be achieved.
In all cases, when algae was added to the SSW, the amount of Se remaining in solution decreased
by amounts larger than what could be accounted for with the buffer rinse (surface bound) or acid
digestion (biomass bound) Se.

Discussion
Plant Rhizofiltration and Phytoextraction Studies

Total uptake of Se by Astragalus plants was not significantly different between species
although a higher concentration was observed in the tops of A. racemosus. This can be attributed
to the lower total biomass for the A. racemosus plants. In general biomass production was poor in
the Astragalus plants and is probably attributable to both the general plant growth patterns of
Astragalus which are small herbaceous terrestrial plants, and their inability to tolerate the unique
aquatic, saline conditions. This resulted in relatively low total removal of Se in spite of the ability



of Astragalus to accumulate high concentrations. All Astragalus plants appeared to do better in
general (growth and uptake of Se) in SSW treatments. This may be due to the Se requirements for
growth and the lower Cl and SO4 concentrations compared to BE. As expected
hyperaccumulators, in SSW, most Se removal occurred as phytoextraction to the above ground
plant parts. Astragalus were not effective in rhizofiltration, a result of the lower concentration of
Se in the roots and the low root biomass.

Cattails on the other hand, performed better than expected in terms of plant biomass
production and Se accumulation under high Cl, SO4, and Se concentrations. This was especially
evident for the BE treatment in which initial concentration of Se was 1600 ug/L combined with
sulfate and chloride concentrations of 37 mg/L and 168 mg/L respectively. No decrease in
biomass production or visible signs of toxicity were observed. While Se concentrations in cattail
biomass were not high enough to be categorized as hyperaccumulation, the concentration
combined with the high biomass production resulted in much greater overall removal of Se from
solution. Higher removal from BE compared to SSW can probably be attributed to the increased
initial concentration of Se in the BE solution, and therefore, greater availability of Se. These
results suggest that because cattails are suited to the aquatic environment and exhibit tolerance to
the brine conditions of refinery waste water, they may indeed be better suited for phytoextraction
purposes than expected. In addition, cattails exhibited rhizofiltration capabilities that could be
capitalized upon in a wetland remediaiton strategy. The combination of high root biomass
production, and unusually high Se concentration in the roots resulted in removal of 3 % and 1.7%
Se from the BE and SSW respectively.

The plant studies suggest that wetland community plants may play a significant role in
remediaiton of Se from refinery wastewater streams, however consideration to conditions must be
given. Plants that are tolerant to brine conditions are likely to produce higher quantities of
biomass which is important to the overall reduction in Se. Plants that produce significant root
mass may be considered for Se removal, but this suggests a root harvesting strategy will be
needed. It is important to note that the hydroponic solutions demonstrated significant reduction in
Se with time that can not be accounted for in the plant biomass. The continued aeration of the
hydroponic solutions ensured that oxidizing conditions were maintained. It is likely that while
these conditions increased plant uptake they also contributed to volatilization and precipitation. It
is also worthy to note that while every effort was made to eliminate light penetration into the
hydroponic containers, significant algae growth was observed in all treatments. The actual Se
binding by algae in the hydroponic experiments was not investigated and may have been a sink
for unaccounted Se.

Algae Se Binding Studies

The algae binding studies suggest that the fresh water Chlorella sp. performed slightly
better than the marine algae Nanochloris sp. at removing Se from simulated refinery wastewater
during short exposure times. Differences in surface binding cannot be attributed to biomass
production as in plant uptake studies because the same mass of algae was used for all studies.
Longer term exposure studies are recommended for future investigations in order to determine the
affect of brine solutions on growth and biomass production by the algae. Effect of pH on Se
binding by algae suggests that a near neutral pH is optimum for surface binding of Se to the algal
biomass. While some uptake, or biomass bound Se, was detected at pH 8, total surface bound plus
biomass bound Se was less than surface bound alone at pH 6. Again, longer exposure tests would
be prudent to determine if a shift in biomass bound/surface bound Se ratio occurs with longer
exposure as would be found in a wetland situation.



CONCLUSIONS
The domestic petroleum industry spends $1.5 billion each year on environmental

programs. The API (American Petroleum Institute) estimates that this figure will increase to $7
billion if all pending federal an state regulations are fully implemented. Disposal and treatment of
production brines rich in dissolved zinc, lead, selenium, mercury, radium, boron, arsenic, and
hydrocarbons is a major environmental problem facing the industry.

Information from successful wetland construction by oil refineries and data in the
literature on Se accumulation and volatilization by aquatic plants suggest that a wetland
phytoremediation technology is feasible for treating the biotreated stripped sour water discharged
by California oil refineries. It is essential that any newly created wetland be designed to prevent
the disastrous impacts to wildlife as seen in the Kesterson Reservoir and Tular Lake Basin of the
San Joaquin Valley of California. A phytoremediation technology must both prevent movement
of Se in the soil and groundwater and prevent Se entrance into the food web.

Initial studies with cattails demonstrated that cattails do not concentrate Se in the tops to
the great extent that the terrestrial Se accumulator Astragalus does, however, the large plant size
and ease of growth in wetland conditions, resulted in overall higher Se removal from solution.
Cattail also demonstrated the ability to withstand high initial Se concentration and effluent
loading. Cattails also demonstrated a high concentration of Se in the roots and a high biomass of
root/algae association. Rhizofiltration by this association may be contributing to Se
immobilization. Additional investigations demonstrated that aquatic algae are capable of binding
Se from solution under the unusual brine conditions of refinery wastewater. Algae binding
appears to be most efficient under the oxidative and neutral pH conditions that would be
encountered with wastewater discharge.

Prototype designs for phytoremediation of refinery wastewater must consider: effluent
discharge rates and Se concentrations; other nuisance compounds in the effluent; optimal plant
community and plant density for Se removal, immobilization, and volatilization; and wetland
design and construction to discourage wildlife, maximize Se removal rates, minimize evaporation
and Se concentration, and minimize Se infiltration. This study investigated only biological
removal of Se through rhizosphere/algae binding and plant uptake. Other biological removal
mechanisms such as volatilization were not investigated and Se losses due to non-biologically
mediated chemical reactions were not included. However, these studies do suggest that the
variables eH and pH are important if determining bioavailability of Se in wetland situations.
Further these studies validate the potential importance of the biological community in wetland
remediaiton strategies. It is suggested that further investigations of microbial transformations and
volatilization of Se under wetland conditions are necessary to contribute to development of a
model of biological Se cycling in wetland communities. While aquatic chemistry of Se is
somewhat well studied, no comprehensive model of Se cycling that includes biological
components exists for the complex wetland system. Such a model would prove to be a valuable
decision making and remediation planning tool.
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Table 1. Plant Uptake Experimental Design

Plant Treatment
 A. racemosus Control-

basal media only
SSW
650 ug/L Se
2 mg/L SO4
24 mg/L Cl

BE
180 ug/L Se
1950 mg/L SO4
168 mg/L Cl

A. bisulcatus Control-
basal media only

SSW
650 ug/L Se
2 mg/L SO4
24 mg/L Cl

BE
180 ug/L Se
1950 mg/L SO4
168 mg/L Cl

Typha latifolia Control-
basal media only

SSW
650 ug/L Se
2 mg/L SO4
24 mg/L Cl

BE
1800 ug/L Se *
1950 mg/L SO4
168 mg/L Cl

Table 2. Algae Se Binding Experimental Design

Algae Treatment
Chlorella sp. Abiotic Control

(Simulated SSW, No
Algae)

Se Treatment
(Simulated SSW +
Algae)

Biotic Control
(Chu Culture Media
+ Algae)

Nannochloris sp. Abiotic Control
(Simulated SSW, No
Algae)

Se Treatment
(Simulated SSW +
Algae)

Se Treatment
(Simulated SSW +
Algae)

Table 3. Average total dry weight (g) of plants in each replicate of each treatment in hydrponic growth
studies.

Plant Part Treatment
Control Biotreater Effluent Stripped Sour Water

A. bisulcatus roots .13 g .03 g .85 g
A. bisulcatus tops .43 g .33 g 1.9 g
A. racemosus roots .14 g .02 g .13 g
A. racemosus tops .24 g .13 g .21 g
Cattail roots 6.7 g 7.5 g 6.1 g
Cattail tops 5.4 g 5.3 g 7.5 g



Figure 1. Se concentration of hydroponic solution during growth of Astragalus in simulated Biotreater
Effluent.

Figure 2. Se concentration in hydroponic solution during Astragalus growth in simulated stripped sour
water.
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Figure 3. Se concentration of hydroponic solution during growth of cattails in simulated refinery waste
water.

Figure 4. Concentration of Se in plant biomass of Astragalus plants grown in simulated refinery waste
water and harvested at 12 weeks.
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Figure 5. Total plant uptake (ug Se) of Se by Astragalus bisulcatus after 12 weeks growth in simulated
refinery waste water.

Figure 6. Total plant uptake of Se (ug Se) by Astragalus racemosis after 12 weeks growth in simulated
refinery waste water.
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Figure 7. Concentration of Se in plant biomass of cattail plants grown in simulated refinery waste water
and harvested at 10 weeks.

Figure 8. Total plant uptake of Se (mg Se) by cattail plants grown in simulated refinery waste water for 10
weeks.
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Figure 9. Selenium removal from simulated SSW by Chlorella sp. and Nanoclhoris sp.

Figure 10. Selenium removal by Chlorella sp. from simulated SSW at pH 4, 6, and 8.
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Figure 11. Selenium removal by Nannochloris sp. from simulated SSW at pH 4, 6, and 8.
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TECHNICAL BASIS FOR CURRENT SOIL
MANAGEMENT LEVELS OF TOTAL

PETROLEUM HYDROCARBONS

Wayne A. Hamilton and H. James Sewell (Shell Exploration & Production Company)
George Deeley (Equilon Enterprises LLC)

ABSTRACT
Under some circumstances, upstream oil operations have resulted in release of
hydrocarbons to soil. Historically, the industry managed waste disposal and spills and
complied with regulations. Over the years, a soil management guidance value of 1%
TPH was developed. Initially applied empirically, this value later found support in
detailed research studies. Early research focussed on hydrocarbon impacts to plants
and groundwater resources plus crude oil biodegradability. Application of the 1%
guidance was found to be very successful for the concerns for which it was developed.
Recent literature seems to support the 1% TPH guidance value for the protection of
plants and groundwater resources. Continuing examination of other human and
ecological scenarios are ongoing and will further address the applicability of the 1%
TPH guidance or develop appropriate tools for developing site-specific TPH values
for such issues as human toxicity and ecotoxicity.



PETROLEUM HYDROCARBONS WITHIN
EXPLORATION & PRODUCTION WASTES

This paper provides a technical and historical review of the one percent
hydrocarbon guidance value for land management of E&P wastes. This guidance
value was originally intended to reflect the amount of oil that may be added, on a one-
time basis, to soil with little or no long-term impact. The purpose of the paper is to
present and review the justification for this soil hydrocarbon guidance value. In
addition, we briefly looked at the recent literature to see how it supports or disputes
the one percent criteria. Lastly, we compare the results of one percent guidance value
with the endpoints defined for site evaluation based on risk assessment.

The one percent hydrocarbon guidance value was based on two criteria. The
first was the impact of hydrocarbons on plant life and the second was hydrocarbon
mobility to groundwater. The mobility and biodegradability of petroleum
hydrocarbons were found to be important factors for evaluating the guidance value
(1).

Crude oil from a producing formation or diesel added to oil-based drilling
mud are the chief sources of petroleum hydrocarbons in E&P wastes (2). Historically,
gross analysis of petroleum hydrocarbons within a waste has been reported as oil and
grease (O&G), total petroleum hydrocarbon (TPH), or total organic carbon (TOC). Oil
& Grease was primarily used as a measure for E&P wastes prior to the 1990’s, with
TPH becoming predominant since that time. Oil & Grease is determined by
gravimetric analysis of a solvent extract, TPH is determined by gas chromatography or
infrared analysis of a solvent extract, and TOC is analyzed by wet oxidation of a
sample. There are various themes to each of these methodologies that result in
different reported values. In the past, the results for weathered or heavy crude oils
have been shown to compare favorably and have been used interchangeably (2).
However, as a greater variety of crude oils have been analyzed, this relationship seems
less certain. For example, work by Salinitro et al. (3) compared three crude oils using
TPH-IR, TPH gravimetric and Oil and Grease and found the results to be significantly
different. The Oil and Grease and TPH-IR results varied two times for heavy oil, three
times for medium crude and six-fold for light oils.

Note: This paper is part of an integrated session that was assembled to
address the key technical aspects of risk-based decision making at exploration and
production sites. These include assessments of the risks that are posed by total
petroleum hydrocarbon, metals, polynuclear aromatic hydrocarbons, and benzene. To
obtain a more comprehensive understanding of these various aspects of the risk-based
process for E&P sites, the reader is encouraged to obtain and review the other papers
of this session.



PERCEPTION OF PETROLEUM
HYDROCARBON AS AN

ENVIRONMENTAL ISSUE
Prior to the early 1980’s, drilling wastes were handled in a manner designed to

meet the agreement with the landowner, protect surface water, and meet aesthetic
requirements. Closure of a site often consisted of drying and burying the waste
materials, and contouring the surface. The landowner was either paid for surface
damages or the area reclaimed (4). Major impacts to soils and crops were usually
attributed to excess salts (5,6). Regulations were primarily concerned with the quality
of effluent reaching surface water. These water quality effluent requirements were
generally met with conventional separators and equipment (7). Effects of diesel oil to
plants were considered less severe and of shorter duration than salt damage. Oil was
skimmed from wastewater to meet effluent requirements. But once on the soil, oil was
considered non-harmful and easily biodegradable (8). In the remote production areas,
aesthetic requirements were met when the landowner was satisfied that the site was
returned to original use. The human and ecological risk technical basis was not
developed until the late 1980’s and therefore not used in the development of Non-
hazardous Oilfield Waste (NOW) (9).

Since 1980, the Resource Conservation and Recovery Act (RCRA) has been
in effect for all but a few exempt wastes. The exemptions include wastes associated
with the exploration, development, and production of crude oil or natural gas (10).
This exemption is still in effect. The exemption broadly states that oil and gas wastes
should not be regulated as hazardous waste if they are being managed under existing
regulatory programs in a way that adequately mitigates or prevents harm to the
environment. Therefore, it has been up to states and local governments to determine
adequate management requirements for oil field waste, including oil-containing waste.

A landmark study performed by Freeman and Deuel (11) integrated the
available information into a comprehensive set of guidelines for managing drilling
fluid wastes. With an emphasis on protection of groundwater and plant/biological life
in wetland and upland areas, 309 drilling waste fluid pits were successfully closed in
Louisiana. Extractable oil and grease guidelines of from 1% to 10% by weight in soil
were suggested depending upon the physical setting. Surface applied waste
management was designed to reach a final concentration of less than 1% oil and
grease in soil. As a result of this work, the State of Louisiana was at the forefront of
establishing regulations that specifically defined environmental standards (12). Early
regulations (13) required the protection of surface water from oil field waste. Oil field
wastes were not defined. It was the Louisiana regulation of 1986 that clearly defined
NOW and set requirements for oil and grease in soil, along with other components.
Landfarming of drilling pit contents required a final oil and grease content of the
waste/soil mixture to be less than or equal to one percent dry weight: burial of the
mixture onsite required a final oil and grease concentration of less than or equal to
three percent (9).



CURRENT STATE SOIL
CLEANUP STANDARDS

There is a wide range of soil TPH cleanup standards and regulations in the
United States. The TPH soil cleanup standard ranges from 100 to 20,000 ppm or 0.01
to 2.0 percent. Texas, Louisiana, Colorado and Michigan use a 10,000 ppm (one
percent) cleanup level. Oklahoma uses 20,000 for a one-time landspreading of waste.
New Mexico uses cleanup level based on ranking criteria such as groundwater depth,
wellhead distance, and landuse.

The existence of these various regulations can be attributed to one of three
origins:

1. Use of the historically developed 1% TPH for protection of plants and
water resources.

2. Use of TPH numbers from other regulations such as underground storage
tank rules.

3. Current development of more comprehensive risk based evaluations.

The historically developed 1% TPH is the focus of this paper. This guidance
was developed to respond to the needs of society and the oil industry. The use of other
regulations has at times caused problems because of unwarranted stringency and
difficulty in compliance. For example, underground storage tank limits as low as 100
ppm TPH in soil were developed to deal with light hydrocarbons such as gasoline.
Where these regulations have been applied to E&P materials, technical discussions
between regulator and industry experts have resulted in the application of justifiable
TPH limits. Cooperative technical exchange resulted in New Mexico guidelines of up
to 0.5 % TPH in soil (14) and Utah guidelines of up to 1% TPH in soil (15). The
current development of more comprehensive risk based evaluations is a natural
extension of the existing process to include more than just plant and water resource
exposure scenarios.

PETROLEUM HYDROCARBON
IMPACT ON SOILS & PLANTS

Deuel (16) reviewed the literature and expertise that was used in determining
the 1% petroleum hydrocarbon loading in soil. The review indicated that at “…1% or
less of mixed hydrocarbon, little or no (plant) yield reduction is expected based on
existing information.” Also, where the loading was exceeded, say between 1 to 5%
petroleum hydrocarbon in soil, the site recovered after one growing season (16). This
recovery was the result of hydrocarbon “assimilation” by the soil, which is a
combination of biodegradation, evaporative loss, and soil binding.

There have been a number of explanations for petroleum hydrocarbon impact
to soil and plants. Early work (17) made the distinction between acute and chronic
plant injury, and biophysical and biochemical effects. Petroleum hydrocarbons could



exert a direct toxic effect by dissolving plant tissue. Poor growth was attributed to
suffocation of the plants caused by exclusion of air by the oil or exhaustion of oxygen
by increased microbial activity. Also, there may be interference with plant-soil-water
relationships, and toxicity from sulfides and excess available manganese produced
during the decomposition of the hydrocarbon (18). Baker (19) also implicated damage
to cell membranes, reduced transpiration rate, increase in respiration rate, and
inhibited translocation. The severity of the effects depends upon the constituents and
amount of oil, on the environmental conditions, and on the species of plant. A
distinction has been made by deOng et al. (20) between rapid or acute injury caused
by light oils, and slow or chronic injury resulting from heavy oils. Direct toxicity to
plants of low levels (<1%) of petroleum hydrocarbons in soil also has received little
emphasis because of practical experience. That is, low levels of petroleum
hydrocarbon have been placed directly on plants as inert carrier of pesticides while
high levels of petroleum hydrocarbons are employed in complete elimination of
weeds.

Plice (21) captured the essence of much early work:

“The damage that oil does is due mostly to the prevention of the plant
from obtaining sufficient moisture and air and from ramifying its
roots: very little is due to toxicity, as such.”
“Crude petroleums are converted to soil organic matter by bacteria
and fungi.”
“…the organic matter improves soil physical conditions.”

Thus, the development of the 1% petroleum hydrocarbon in soil guidance
value directly addressed the issue of toxicity to plants. If this amount of petroleum
hydrocarbon in soil is reached, along with acceptable salt and pH levels, there should
not be significant reductions in plant yield, thus meeting landowner requirements.

More recent studies confirm the earlier studies on plant growth and
germination for heavy or weathered crude oil. However light or fresher crude oil may
be found to require more stringent guidance. Chaineau et al. (22) found that the
phytoavailability of complex mixtures of low Kow hydrocarbon is negligible, even
when the soil pollution is as high as 1%. Phytotoxicity was found to be greater for low
molecular weight and aromatic hydrocarbon and varied greatly with hydrocarbon
concentration in the soil and plant species. Salanitro et al. (3) found a similar
molecular weight relationship. Residual TPH in which germination was not affected
(<4 to 27% reduction) in bioremediated soils (10 months treatment) varied from 7,000
to 10,000, from 8,200 to 8,600, and from 1,000 to 1,200 mg/kg for the heavy,
medium, and light oily soils, respectively.

Current understanding of toxicity issues suggests that soil toxicity
considerations may expand beyond plant toxicity alone. Other potential ecotoxicity
and human toxicity issues are now being examined. For example, studies are
examining earthworm survival (23) or TPH fractionation/risk assessment (24,25).



PETROLEUM HYDROCARBON
IMPACT ON GROUND WATER RESOURCES
Lack of Free Hydrocarbon Mobility

The 1% TPH in soil guidance value has been considered sufficient to
eliminate concern for free hydrocarbon mobility through soils. This can be supported
by observations made concerning mobility of non-aqueous liquid (NAPL)
hydrocarbon through soil. If sufficient hydrocarbon is released to a soil, the
hydrocarbon will penetrate the soil until a non-mobile level is reached. The deeper the
hydrocarbons penetrate the subsurface the lower the concentrations until the
hydrocarbon no longer moves (26). The 1% TPH in soil guidance value was selected
to be below the minimum level required for hydrocarbon mobility. Therefore, having
the guidance value of 1% TPH in soil prevents movement of the hydrocarbons toward
groundwater receptors.

Researchers have confirmed hydrocarbon migration not to be a problem at
low oil percentages. Raymond et al. (27) found by adding approximately two percent
oil to the top 15 centimeters of soil that 99% remained within the top 20 centimeters
after one year. With hydrocarbon loading rates of 3 to 13 percent per year, there was
no significant oil migration below the zone of incorporation. Brost and Devaull (28)
tried to determine a conservative NAPL concentration in unsaturated soil below which
NAPL will be immobile. The values for residual amount of hydrocarbon remaining in
soil were determined after the soil was saturated with hydrocarbons and then allowed
to drain. Brost and Devaull found a wide range in residual soil concentrations that may
be attributable to experimental method variability, soil types variation, unique
chemical properties and measurement difference. In summary, Brost and DeVaull
determined the residual non-mobile saturation for middle distillates and fuel oils to
range from 0.8 to 1.7%.

Limited Hydrocarbon Leaching

When oil enters the soil as a liquid there is natural separation of hydrocarbons.
This separation process is the result of exposure to a multiphase environment, i.e, soil
phase, vapor phase, water phase, and the oil phase itself. There is a tendency for the
oil to redistribute itself. The higher molecular weight compounds are generally less
mobile and stay near the source location, while the lighter weight compounds migrate
deeper into the subsurface because of greater aqueous solubility (21). Biodegradation
of these compounds may also play a role in preventing transport to groundwater.
Webster and Loehr (29) studied the rate of release for six soils containing petroleum
hydrocarbons. Their work indicated soil hydrocarbons containing slightly to
moderately weathered diesel range organics were more available for release when
compared to weathered crude oil. Therefore, hydrocarbons at exploration and
production sites having similar soils and crude oil characteristics should be expected
to be unavailable for release.



A mathematical model was developed by the API (30) to characterize the
leaching of land disposed waste. The VADSAT model was used to predict the fate and
transport of selected organic components contained in exploration & production
associated waste. The modeling considered various input scenarios that included: a) a
variety of hydrogeological characteristics, b) four chemicals (benzene, toluene, ethyl
benzene, and xylenes,), c) six waste types, d) different disposal scenarios, e) included
infiltration and biodegradation and f) 500 and 1500 feet well receptor locations. The
percent oil content varied with the different waste type. The waste management
scenarios assumed average oil content from 1 percent for landspreading/burial to 2.5
percent for road spreading. There were 1,144 VADSAT computations for the various
hydrogeological and waste scenarios described above. All VADSAT calculations
show insignificant groundwater contamination at the receptor locations.

Therefore, the one percent hydrocarbon guidance level is justifiable, for
weathered and heavy crude oils, from a lack of mobility and leaching to a groundwater
receptor.

Biodegradation

Through the years biodegradation of petroleum hydrocarbons has been well
documented in the literature and bioremediation is recognized as a cost-effective
method to treat soils and other E&P wastes containing petroleum hydrocarbons.
Biodegradation of petroleum hydrocarbons is a selective removal of certain
hydrocarbon compounds (alkanes, alkenes, aromatics, and polars), that are
metabolized by indigenous soil microbes. The petroleum hydrocarbons are converted
to carbon dioxide, water, and biomass. Many factors have been identified that affect
both the kinetics and the extent of hydrocarbon removal. These include soil properties
such as pH, temperature, moisture, aeration, and nutrient status; hydrocarbon
characteristics; and the ecology of the microbial populations present in the soil.

Studies and reviews in the literature have documented the initial petroleum
hydrocarbon loading rates and the extent of soil hydrocarbon biodegradation. An
industry review, prepared for the API (31), of land treatment practices indicated that
70-90% of oily sludge hydrocarbons was removed from surface soils having loading
rates of 10,000 – 50,000 mg/kg. Loehr et al. (32) studied the treatability of an oily
sludge in field plots in a silty loam soil and demonstrated that 60-70% of the initial oil
and grease (20,000-55,000 mg/kg) hydrocarbons were biodegraded within 2-3 years.
Studies have demonstrated that degradative processes attenuate the more mobile,
light-end aromatic and water-soluble petroleum hydrocarbon leaving the more
recalcitrant hydrocarbons in the surface with little potential for contaminate migration.
Huesemann and Moore (33) showed that 93% of the saturate and 79% of the aromatic
hydrocarbon compounds having carbon numbers in the range of C10-C44+ were
degraded in a sandy soil containing weathered Michigan crude oil (medium API
gravity) with an initial concentration of 30,000 mg/kg TPH. The study also indicated
that the polar fraction was resistant to microbial metabolism and did not degrade
during the 5.5 month long test.

Work by Huesemann (34) on the limits and extent of TPH remediation in
different soils showed that 90 % of the alkanes and monocyclic saturates and 50-70%



of the aromatic compounds (<C44) were degraded. Salanitro (3) points out that the
significance of this work is that overall bioremediation effectiveness was dependent
upon hydrocarbon types present and was not affected as much by soil type, nutrient
fertilizer addition, microbial populations, or treatment conditions. It was also shown
that saturate and aromatic compounds with polycyclic structures were most resistant to
removal by enhanced soil biotreatment methods. One factor for the apparent
recalcitrance of petroleum hydrocarbon fractions may be due to lack of bioavailability.

Salanitro et al. (3) indicated that hydrocarbon bioremediation in artificially
weathered oily soil (initial 4,000-27,000 mg/kg TPH) had first-order removal rates in
which 50-75% and 10-90% of the TPH were degraded in 3 – 4 months. The study also
showed that after bioremediation, petroleum hydrocarbons in oily soil decreased from
70 – 90%, from 40 – 60% and from 35 – 60% for those carbon number species in the
range of C11 – C22, C23 – C32, and C35 – C44 respectively. The treated soils had
1,000 to 8,600 mg/kg residual hydrocarbons as TPH and the remaining petroleum
hydrocarbons may be bound or unavailable to be degraded further. In a pilot study
designed to determine the fate of hydrocarbon constituents during land treatment of
soil impacted with fresh Michigan crude oil (3.1 wt % TPH), results indicated that
biodegradation was the primary pathway for TPH removal, accounting for 94%
removed in one year (35).

McMillen et al. (36) published their findings on the soil biodegradability of
seventeen crude oils. Their work indicated a correlation between hydrocarbon
degradation and crude oil gravity. Crude oils with >30 API gravity are easily
biodegraded while API gravity < 20 will be slow to degrade.

The 1% TPH soil management guidance seems to be supported by both earlier
and more recent investigations of petroleum hydrocarbon biodegradation. Lower
levels of cleanup, although achievable in some situations, would be difficult to achieve
at sites containing residual weathered petroleum hydrocarbons.

RISK BASED CORRECTIVE ACTION (RBCA)
Within the last ten years, technical methods have been developed to determine

soil and groundwater corrective action needs on a site-specific basis. The risk based
corrective action process is one of those methods defining “how clean is clean”.

The risk based corrective action process that is described by American Society
of Testing Materials (ASTM) is one of the latest methods to facilitate optimal
corrective action needs. The RBCA process is a tiered decision making approach for
site assessment, risk assessment, and site management. In risk based corrective action,
assessment, remediation and monitoring are incorporated with the USEPA
risk/exposure assessment practices. The ultimate work product or corrective measures
are then rational, consistent, defendable, and cost effective. Most importantly, the
methodology ensures protection of human health and beneficial use of the
environment.



One of the key concepts to understanding the RBCA process is that a
demonstrated chemical exposure pathway must exist before there is a risk. Hence,
when there is no pathway for a chemical of concern (COC) to a person or
environmental receptor there is no impact. This no impact situation occurs regardless
of the chemical toxicity.

The RBCA process is based on a three tier structure. Each tier of the
assessment and remediation is designed for site specific conditions and risks. Each tier
from one to three requires more information and computation intensive than the prior
tier. Therefore, moving from one tier to the next requires additional site data and is
more analytical complex. The most important point to keep in mind is that the level of
protection remains the same at each tier.

A risk based Tier 1 Look-Up Table contains calculated risk based screening
levels (RBSLs) for a specific COC. The RSBL is defined for the COC and site
conditions. The Look-Up Table is used to determine a quick COC concentration level
or justification for additional site specific work and progression to Tiers 2 and 3. The
Look-Up Table RBSLs are calculated for various site exposure scenarios. The RBSLs
site scenarios generally include for the COC the exposure to soil, groundwater and
vapor. Other potentially significant exposure scenarios must be considered.

The Total Petroleum Hydrocarbon Criteria Working Group (TPHCWG) has
developed and published a method for establishing risk-based screening levels that are
protective of human health. The TPHCWG is guided by a steering group of industry,
government and academia members. The group goal was to address the disparity of
state regulatory cleanup standards for different hydrocarbon contaminants. The
TPHCWG methodology addresses non-carcinogenic risks for hydrocarbon mixtures.
As published, the methodology does not address carcinogenic risks.

McMillen et al. (25) reported RBSLs for 48 crude oils from around the world.
The RBSLs were based on a modified TPH Criteria Working Group methodology that
included hydrocarbons greater than C35. The RBSLs were presented for both adult
residential and commercial exposure scenarios that include following pathways:
groundwater soil leaching, soil volatilization to outdoor air and direct surficial soil
contact. The residential TPH non-carcinogenic RBSLs for the 48 crude oils ranged
from 21,000 to 39,000 ppm. Carcinogenic compounds were not addressed in the
report.

CONCLUSIONS
1. The historical one percent TPH soil management guidance value appears to be

justifiable for the concerns for which it was developed, i.e., plants and
groundwater resources.

2. Recent literature seems to support the one percent TPH guidance value for the
protection of plants and groundwater resources.



3. Continuing examination of other human and ecological scenarios are ongoing and
will further address the applicability of the 1% TPH guidance or develop
appropriate tools for developing site-specific TPH values. These studies include
ecotoxicity (23) or TPH fractionation/risk assessment (24). Also, GRI and API
(37) and PERF (25) are studying general risk approaches.
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ABSTRACT
Regulators often require that Total Petroleum Hydrocarbons (TPH) in soil be measured to

ensure compliance with clean-up criteria that have been established for soils impacted by crude
oil. However, the lack of a standardized, scientifically defensible procedure for interpreting TPH
has resulted in arbitrary criteria ranging from 100 to 20,000 ppm (mg/kg) TPH in soil. In the past,
TPH regulations and guidance have not considered a technical approach that incorporated risk to
human health. Recent efforts by the TPH Criteria Working Group (TPHCWG) have established
procedures to derive human-health Risk-Based Screening Levels (RBSLs) for refined petroleum
products. More recently, RBSLs for crude oils and exploration/production wastes have been
addressed by a joint industry effort through Petroleum Environmental Research Forum (PERF)
Project 97-08. As part of this effort, the TPHCWG methodology was modified to include the high
molecular weight compounds that are present in many crude oils. A total of 70 crude oils were
characterized for aliphatic and aromatic hydrocarbon fractions within equivalent carbon number
ranges. Appropriate toxicity, fate, and transport values were determined for compounds greater
than carbon number C35. Upon project completion, a risk-based screening method will be
available for evaluating TPH at oil exploration and production sites.



INTRODUCTION
In the United States, most oilfield wastes generated at upstream sites are exempt from

Subtitle C of the Resource Conservation and Recovery Act, and are instead regulated by state
agencies. A review of upstream TPH regulations in North America indicates that the regulations
are highly variable, ranging from 100 to 20,000 mg/kg soil. The TPH regulations for some of the
major oil producing states and provinces are shown in Table 1. Most of these regulations are not
based upon an evaluation of the risk that TPH may pose to human health or the environment.
However, a few states (e.g., Texas, Colorado, Wyoming, and New Mexico) do incorporate some
broad risk concepts for determining appropriate TPH limits by evaluating site-specific conditions
such as depth to groundwater, and proximity to residential areas, etc.

The State of Colorado has established different TPH limits for sensitive sites (1000
mg/kg) and non-sensitive sites (10,000 mg/kg). They define sensitive areas as those areas
vulnerable to potential significant groundwater impacts and areas subject to concentrated human
or wildlife use, such as: parks, recreation sites, urban or suburban areas, and wildlife refuges. (1,
2) New Mexico uses ranking criteria based on the general site characteristics “to determine their
relative threat to human health, fresh waters and the environment.” The ranking criteria include
depth to groundwater, distance from wellhead to water sources, and distance to surface water
body. (3)

Evaluating the potential risk of TPH in the environment based on the actual composition
of the petroleum mixture is a fairly new technology that has not been incorporated into regulatory
guidelines until quite recently. Only one state, Michigan, has changed their TPH regulations for
upstream sites based upon the composition of crude oils. In 1997, the Michigan Department of
Environmental Quality changed the TPH regulatory limit for upstream sites from 250 mg/kg to
10,000 mg/kg based upon a risk evaluation of the crude oils produced in their state. (4)

Several states, including the major oil-producing states of Texas and Louisiana, have
incorporated the concept of risk into establishing TPH limits based on hydrocarbon composition
for their downstream sites (other states include Alaska, Massachusetts, Ohio, and North
Carolina).  Louisiana has recognized that some hydrocarbon fractions may pose no significant
risk to human health, but high levels of TPH may still be of aesthetic concern. As a result,
Louisiana has proposed an upper limit of 10,000 mg/kg at all sites. (5)

This review of upstream regulations indicates that there is a real need to develop a risk
basis for TPH regulatory limits, particularly for crude oils and their associated wastes at E&P
sites. To accomplish this goal, a technically sound approach for determining potential risk of
crude oils based on their composition must first be developed, and then this risk-based approach
to assessment and management must be accepted by upstream environmental regulators.

This paper is part of an integrated session that was assembled to address the key technical
aspects of risk-based decision making at exploration and production sites. These include
assessments of the risks that are posed by total petroleum hydrocarbon, metals, polyaromatic
hydrocarbons, and benzene. To obtain a more comprehensive understanding of these various
aspects of the risk-based process for E&P sites, the reader is encouraged to obtain and review the
other papers of this session.



RISK-BASED CORRECTIVE
ACTION (RBCA)

Risk-Based Decision Framework

The Risk-Based Corrective Action (RBCA) process developed and described by the
American Society for Testing and Materials (ASTM) is one example of a risk-based
environmental management process. (6) RBCA is a tiered decision-making framework for
managing petroleum release sites, and it has been applied primarily to downstream underground
storage tank (UST) sites. The general RBCA framework can be modified to meet the
requirements of various regulatory entities and can be applied to all types of environmental
exposures, including those associated with upstream activities.

In RBCA, decisions related to resource allocation, urgency of response, target cleanup
levels, and remedial measures are made based on current and reasonably anticipated potential
future risks to human health and environmental resources. Corrective action may be achieved by
reducing contaminant concentrations, but it may also involve reducing the potential for exposure
through application of institutional controls, point-of-use water treatment, and the natural
attenuation of contaminants.

The RBCA process is based on considerations of risk and exposure. For any particular
substance to pose a risk, there must be a demonstrated exposure pathway between a person or
environmental receptor, and the substance of concern. Without exposure, there can be no risk
regardless of the toxicity of the substance. The RBCA process incorporates the sequence of
exposure/risk assessment activities prescribed by the USEPA. (7)

1. Hazard Identification
2. Dose-Response Assessment
3. Exposure Assessment, and
4. Risk Characterization

To meet the requirements of site assessment, risk assessment, and corrective action;
RBCA relies on a multidisciplinary approach of hydrogeology, toxicology, environmental
science, and environmental engineering. The RBCA process uses a tiered approach, in which
assessment and remedial activities are appropriately tailored to site-specific conditions and risks.
This flexibility allows RBCA to be more technically defensible, protective, and cost-effective
than traditional approaches under which all sites conform to uniform standards and procedures.

The RBCA process is implemented on three Tiers of possible activities. The user
generally begins at the first Tier and then progresses to higher Tiers, if warranted. By progressing
through each Tier, the activities of subsequent Tiers become more focused and efficient. This
process is illustrated in Figure 1.

As part of Tier 1, sites are classified based on information collected from historical
records, a visual inspection, and site assessment data. The user is required to identify contaminant
sources, obvious environmental impacts, the presence of potentially impacted people,
environmental resources, and potentially significant transport pathways. Appropriate immediate
actions are taken and multiple sites prioritized.



A Tier 1 “Look-up Table” containing Risk-Based Screening Levels (RBSLs) for specific
chemical contaminants is used to determine whether site conditions satisfy criteria for a quick
regulatory closure, or whether conditions exist that warrant a more site-specific evaluation of
corrective action goals. RBSLs are chemical-specific concentrations in environmental media that
are considered protective of human health. RBSLs for groundwater, soil, and vapor
concentrations may be presented in the “Look-up Table” for a range of site descriptions and types
of contaminant sources. These values are applied consistently from site to site, but may change as
new methodologies and parameters are developed. These levels are established based on realistic
exposure scenarios and the latest scientific data available.

If the concentration of the chemical of concern at the site is below the RBSLs for all
complete and potentially complete exposure pathways, then no further action is warranted. For
concentrations above RBSLs, progression from Tier 1 to Tiers 2 and 3 allows the user to
determine site-specific target levels (SSTLs) that are appropriate for the site in question. A
decision to proceed with corrective action or to move to Tier 2 or 3 may partially depend upon
resource availability, cost-effectiveness, and/or safety issues.

The TPHCWG has developed procedures for deriving total petroleum hydrocarbon
(TPH) RBSLs  for refined petroleum products (8).  The more recent development of TPH RBSLs
for crude oils in PERF Project 97-08 is a continuation of that effort. These projects represent the
first efforts to incorporate complex mixtures of hydrocarbons as a whole into the RBCA process.

TPHCWG Methodology for Calculating RBSLs for Petroleum Products

The TPHCWG has devised and published a method for deriving TPH RBSLs for
petroleum products that are protective of human health. TPH RBSLs are based on the potential
for hydrocarbons to cause non-cancer adverse health effects. RBSLs based on the concentrations
of specific carcinogens in petroleum products (e.g., benzene and benzo[a]pyrene) are considered
separately.

The TPHCWG was guided by a steering committee consisting of representatives from
industry, government, and academia. (8) Their goal was to address the large disparity among
cleanup requirements being used by states to regulate sites contaminated by fuels and other
refined petroleum products. Similar methods for deriving TPH RBSLs have also recently been
adopted by Texas and Louisiana and incorporated into their environmental management programs
for downstream sites. (5, 10)

A key difficulty in establishing RBSLs for refined products is the fact that petroleum
consists of several thousand individual hydrocarbons and other compounds, each with a unique
set of physical and chemical characteristics including volatility and solubility. Only about 250 of
these compounds have been specifically identified, and it is impossible to analyze all of the
specific constituents in most petroleum products.  The TPHCWG chose to use a fractionation
approach for assessing the composition of petroleum, and they identified 13 TPH fractions based
on equivalent carbon number range (e.g., >C8-10, >C10-12). An analytical technique based on gas
chromatography (GC) techniques and EPA SW-846 methods for separating hydrocarbons into the
fractions was developed. First, the diluted petroleum materials and extracts are passed through a
silica gel chromatography column to separate the saturate and aromatic hydrocarbons per a
modified EPA Method 3630. The aliphatic and aromatic fractions are analyzed separately by gas
chromatography, and quantified by summing the signals within each of the 13 specified
equivalent carbon number ranges.



Equivalent carbon ranges are related to the boiling point of a chemical normalized to the
boiling point of the n-alkanes or its retention time in a gas chromatographic column. For example,
benzene contains six carbons and has a boiling point of 80ºC. Based on benzene's boiling point
and its retention time in a boiling point GC column, its equivalent carbon number is 6.5. (8) In
other words, the boiling point and retention time of benzene are similar to an n-alkane with a
carbon number between 6 and 7.

The 13 equivalent carbon number fractions were chosen by grouping those hydrocarbons
that have similar fate and transport properties, such as solubility and vapor pressure. Each fraction
has no greater than an order of magnitude difference in its modeled environmental behavior as
shown in Table 2 for five properties: solubility, vapor pressure, carbon-water sorption coefficient,
Henry’s Law Constant, and soil to water leaching factor. The TPHCWG approach treats aromatic
and aliphatic fractions separately, because the fate, transport, and toxicity properties of equivalent
carbon range fractions of aliphatics and aromatics can be very different. Figure 2 illustrates this
point for solubility. (8)

Toxicity criteria were developed for the equivalent carbon number fractions by
conducting a thorough literature review of all the data available on pure compounds, refined
products, and specific petroleum fractions. The toxicity criteria developed are expressed as oral
reference doses (RfD) in mg/kg/day or as reference concentrations (RfC) in mg/m3 for inhalation
exposure and are provided in Table 3. Reference doses are estimates of daily exposure to the
human population, including sensitive subgroups, that are unlikely to pose a significant risk
during a lifetime. In some cases, identical toxicity values were assigned to different fractions.
This is due to the similarity of toxicity findings across fractions, or was due to the limitations in
the toxicity literature. (Note that the RfD for the C6-7

 aromatic fraction is the RfD for toluene,
even though toluene is not present in this fraction. An RfD for benzene, the only constituent in
the C6-7

 aromatic fraction, was not available to the TPHCWG at the time of their original analysis.
A peer-reviewed RfD is expected to be available from EPA within the next few months, and it is
likely that the RfD for the C6-7 aromatic fraction will need to be reconsidered at that time.)

Procedures for deriving TPH RBSLs were developed by incorporating the fractionation scheme,
fate and transport properties, and toxicity criteria developed for the equivalent carbon number
fractions into the ASTM RBCA framework. The TPHCWG used risk assessment approaches and
assumptions that were consistent with those outlined in the ASTM standard.(6). Briefly, RBSLs
were developed by summing the Hazard Quotients (HQs) for the 13 equivalent carbon number
fractions. The Hazard Quotient for any given fraction is the ratio of the level of exposure of that
fraction over a specified time period to the reference dose assigned to that fraction. The sum of
the individual Hazard Quotients, is called the Hazard Index and it is set equal to one (HI=1). The
HQ for each equivalent carbon number fraction was calculated by taking the weight of the
fraction times the total TPH (mg/kg) and dividing by the RBSL of the fraction.

PERF 97-08
RBSL DEVELOPMENT FOR CRUDE OILS

RBSLs for crude oils and E&P wastes are being addressed through PERF 97-08. This
work requires a detailed understanding of crude oil composition and slight modifications to the
risk assessment procedures developed previously by ASTM and the TPHCWG.



Crude Oil Composition

RBSLs for petroleum mixtures are directly related to the composition of the mixture.
Since all refined petroleum products are made from crude oils, it is not surprising that crude oil
composition covers the range of constituents found in fuels. However, even more important for
determining RBSLs, is the fact that crude oil composition varies greatly. Differences in
composition are reflected in the API gravity values for crude oils, and API gravity values for
crude oils produced in the U.S. range from approximately 9 to 50º. (11) For example, heavy API
gravity oils (<20º API) have higher concentrations of asphaltenes and resins than do light API
gravity oils (>30º API). As a precursor to establishing RBSLs for crude oils, it is essential to
understand the nature and composition of crude oils as described in the following paragraphs.

Crude oil is composed almost entirely of the elements hydrogen and carbon, in the ratio
of approximately 1.85:1. Minor elements (sulfur, nitrogen, and oxygen) constitute less than 1
percent to as much as 7 percent of some crude oils. (12) Open-chained molecules with single
bonds between carbon atoms are called alkanes. Cycloalkanes are alkanes in a ring. The terms
saturated and aliphatic hydrocarbons are also used to describe this group of compounds. More
familiar terms used by petroleum geologists to describe these structures are paraffins for alkanes,
and naphthenes for cycloparaffins or cycloalkanes. Aromatics are comprised of one or more
unsaturated rings. Benzene contains one such ring, while polyaromatic hydrocarbons contain 2 or
more rings (e.g., phenanthrene has 3 unsaturated rings). All crude oils contain aromatics;
however, several refined petroleum products do not contain aromatics (e.g., mineral oils and
some oils developed for drilling muds).

Hydrocarbons comprise the majority of the components in most crude oils and are the
compounds that are primarily, but not always, measured as TPH. The non-hydrocarbons (the
nitrogen, sulfur, and oxygen containing compounds) are relatively minor in most refined
products, but tend to be present in higher concentrations in whole crude oils.

Crude oils and their products are often characterized in terms of boiling range and
approximate carbon number. Petroleum products can be classified by their distillation
temperature, or boiling point ranges, which is also an indication of the carbon number range of
each fuel. Figure 3 shows boiling points and carbon ranges for six common crude oil products.
(13) The composition (in terms of refined petroleum products and compound classes) of a 35º
API-gravity oil is shown in Table 4. (14)

The crude oils from which fuels are distilled contain compounds having carbon numbers
ranging from C1 to C45+. This characteristic can be observed by analyzing crude oils and fuels by
gas chromatography. The power of gas chromatography lies in its ability to reliably resolve small
compositional differences in mixtures. Gas chromatography traces or fingerprints give an
indication of the carbon number range for the total petroleum hydrocarbons within a sample.
Figure 4 illustrates the distinctive gas chromatography fingerprints of gasoline, diesel, and two
crude oils. Normal paraffins elute in a "picket fence" type pattern and are evident in the Widuri
crude from Sumatra. A diesel fuel signature is narrower than that of crude oils containing
hydrocarbons in the approximate range of C10 to C24, while the gasoline fingerprint contains only
hydrocarbons <C12. The SJV crude oil from California is dominated by a "hump" or unresolved
complex mixture (UCM) of hydrocarbons that are difficult for a gas chromatograph to separate.
This “hump” is indicative of prior biodegradation of hydrocarbons occurring in the oil reservoir.
This is a common characteristic for many heavy crude oils with low API gravity values.



Characteristics of Crude Oils in This Study

The 70 crude oils in this study were selected to cover a wide range of API gravity values,
geographical locations, and were contributed by Chevron (33 oils), Exxon (15 oils), Shell (17
oils), and Unocal (5 oils). Figure 5 illustrates the sampling locations for the 70 crude oils
analyzed, with 30 of these oils being from North America. The API gravity for these crude oils
ranges from 8.8º to 46.4º.

One of the goals of this study was to analyze enough crude oils so that the calculated
RBSLs would be representative of all the crude oil types produced around the world. Crude oils
from around the world exhibit a wide range in molecular composition. However, if crude oils are
classified on the basis of aliphatic, aromatic and non-hydrocarbon abundance, then the range in
compositional variation is limited due to the similarity in organic matter types forming crude oil
and predictable compositional changes that occur during crude oil alteration. To illustrate this
point, Tissot and Welte (1978) plotted the composition of 636 crude oils from around the world
and showed that crude oil compositions fell in a narrow band extending from thermally mature
crude oils, enriched in aliphatic hydrocarbons, to biodegraded crude oils, with low amounts of
aliphatic hydrocarbons. For this study, crude oils were analyzed that are representative of the
range that exists for global crude oils. This is shown in Figure 6, where the composition of crude
oils from this study are overlain on the global distribution for crude oils from the Tissot and
Welte study.

Modifications to the TPHCWG Fractionation Scheme

Many refined products can be readily characterized using the gas chromatography
method developed by the TPHCWG. Most of the hydrocarbons in fuels such as gasoline, jet fuels,
and diesel can be detected by gas chromatography analysis, so that >90 percent of these products
are detectable by GC. In contrast, as little as 35 percent of some heavy crude oils can be detected
by GC analysis. Therefore, the TPHCWG methodology had to be modified to accurately assess
the potential risk of crude oil contaminated sites to human health.

The previously published version of the TPHCWG methodology for calculating RBSLs
does not include hydrocarbons greater than carbon number 35 (C35). (8) This is appropriate for
most refined products such as gasoline and diesel. However, some crude oils with very low API
gravity values contain as much as 50 to 60 percent C35+. Therefore, the TPHCWG analytical
methodology was modified so that hydrocarbons up to C44 could be fractionated and detected by
gas chromatography. Fate and transport as well as toxicity characteristics for the C35-44 and C44+
fractions were then evaluated. For those hydrocarbons between C35-44, a very conservative
approach was taken and they were assigned the characteristics of the corresponding aliphatic or
aromatic C21-35 fraction.

For the heaviest fraction, C44+, a literature review for toxicity data was conducted. This
fraction (>C44) is sometimes called the vacuum residuum, since it contains the compounds
remaining after vacuum distillation of a crude oil. The amount of vacuum residuum in 800 crude
oils from the United States is shown in Figure 7. (15) The vacuum residuum fraction of a crude
oil is comprised of very large molecules (those boiling above 600ºC) that are not well
characterized as to their compositional make up, but it is known to contain a mixture of aliphatics,
aromatics, metals, and asphaltenes. This fraction is also enriched in heteroatoms (nitrogen, sulfur
and oxygen containing compounds). (16) Because of the complex nature, limited mobility, and



the small amount of published toxicity data on this fraction, a decision was made to evaluate it as
a single fraction, rather than trying to separate it into its aliphatic and aromatic components.
Toxicity and fate and transport values were then selected for this single fraction.

Only two 28-day dermal toxicity studies on vacuum residuum have been published. (17)
There are no oral toxicity data available on this heavy fraction of crude oil. Since the U.S.
Environmental Protection Agency has not traditionally accepted oral reference doses (RfDs)
based on dermal data, the toxicity values for the C44+ fraction were set at an oral RfD of 0.03
mg/kg/day (the toxicity of pyrene), which should be a very conservative value. The dermal RfD
was set at 0.8 mg/kg/day based on the results of the published dermal toxicity data. Some of the
fate and transport characteristics of the C44+ fraction as well as the C21-44 fraction are provided in
Table 2.

To determine the mass of vacuum residuum in crude oil, three approaches were
considered: (1) using the known amount of vacuum residuum present in a crude oil as determined
by distillation; (2) estimating the amount of vacuum residuum from the API gravity; and (3)
assuming that all material not accounted for by gas chromatography is vacuum residuum. The
first method is probably the most reliable, but distillation data are not always available and may
be costly to obtain. The second method using API gravity is a rough approximation using the
slope of the line in Figure 7, so that y = -1.253x + 69.32. This equation has a R2 value of 0.66.
The third method is probably the least reliable, but may be an acceptable approach if neither
distillation or API gravity data are available.

Modifications to RBSL Calculation Procedures

The RBSL calculations followed the general approaches and algorithms used by the TPHCWG
and in the ASTM “Standard Guide for Risk-Based Corrective Action applied at Petroleum
Release Sites.”(6) The variables and the specific values used to estimate exposure are presented
in Table 5 and these are also generally consistent with those presented in the ASTM standard;
however, a few modifications have been made to better reflect current risk assessment practices.
Recent scientific data and regulatory guidance suggest that revision of some of the default values
is appropriate. Two variables, the relative dermal absorption factor (RAFd) and the skin
adherence factor (M), were updated to better reflect more current state and EPA default values. In
the absence of chemical-specific information, an RAFd of 0.1 and an M of 0.2 mg/cm2 were
assumed for all organic chemicals. (5, 19, 20, 22, 25, 26)  These values are consistent with
current federal and state guidance, as shown in Table 6.

RBSLs were derived for two land use scenarios: residential and non-residential. The
potential exposure pathways considered include direct contact with contaminated soils
(inhalation, ingestion, and dermal contact), consumption of groundwater impacted by
contaminant leaching from site soils, and inhalation of volatiles in outdoor air.

Residential RBSLs published previously (6, 8, 21) did not include potential exposures
during childhood in the example calculations. Residential RBSLs should include the potentially
higher overall exposure levels that people may experience during childhood. Exposure parameters
for residential sites presented in Table 5 include childhood specific ingestion and dermal
exposure parameters. These parameters are consistent with current risk assessment practice and
with state and federal regulatory guidance. (7, 18, 19, 20, 25)



The commercial exposure scenario, as defined in the ASTM guidance, was reevaluated as part of
this analysis and was found to be protective of other exposure scenarios that may be more directly
applicable to E&P operations. For example, the ASTM commercial scenario was found to be
adequately protective for recreational, as well as commercial, land uses. RBSLs derived for adults
in a commercial setting, as defined by ASTM, were equal to or lower than those derived for
adults and children in a recreational setting. Recreational receptors in this case were assumed to
be on site for a full two-week vacation period every year for 30 years or were assumed to be on
site four hours per day, two days per week, nine months per year for 30 years. Based on this
finding, the commercial exposure scenario is referred to as a non-residential (commercial and
recreational) use in this analysis.

RBSLS FOR REFINED PRODUCTS
AND CRUDE OILS

Non-residential RBSLs were developed as described above for 70 crude oils.
Additionally, five products made from crude oil (gasoline, baby oil, mineral oil, diesel, and
Vaseline®) and eleven associated wastes were analyzed. The modified TPHCWG fractions were
determined for all these petroleum materials and the data were used to calculate RBSLs. The
modifications to the fractions take into consideration those hydrocarbons that cover the entire
range of hydrocarbons that may be present in crude oil (<C6 through >C44).

The RBSLs presented in the following sections are all based on the non-residential land
use scenario, which is likely to be the most common land use scenario for many E&P sites
(considering both current and reasonably anticipated future land use).  Because of the overall
higher exposure potential at residential sites, and the potential for additional exposure pathways
to be present, it would generally be prudent to consider collecting at least some site-specific
information prior to developing Tier 1 RBSLs for residential sites. For these reasons, RBSLs for
residential sites are not presented in this paper.

All RBSLs are in units of mg-TPH per kg-soil (mg/kg). “RES” (residual saturation) is
used to indicate that concentrations in excess of saturation would be required to cause an
exposure equal to or in excess of the designated target of HQ=1. (This concept applies only for
the leaching to groundwater and volatile exposure pathways.)

RBSLs for Products

The RBSLs calculated for some products refined from crude oil (gasoline, diesel, mineral oil,
baby oil, and Vaseline®) are shown in Table 7. The limiting exposure pathway for gasoline is
leaching to groundwater, and the non-residential RBSL for this pathway is 1,800 mg TPH/kg soil.
For all the other products, the limiting exposure pathway is surficial soil contact. The non-
residential surface soil RBSL for baby oil is 610,000 (or 61.0%), for mineral oil the value is
890,000 mg/kg (or 89%), and for Vaseline® it is 1,000,000 mg/kg (or 100%). The calculated
RBSLs for mineral oil and Vaseline® validate that the assumptions used for the exposure
pathways and for the toxicity and fate parameters are extremely conservative, since these
products are known to be safe for human contact and/or ingestion. Mineral oil and Vaseline®
contain only high molecular weight aliphatic compounds and no aromatic hydrocarbons (the more
toxic and water soluble hydrocarbons), thus they should have high RBSL values. In contrast,
gasoline, which is composed of hydrocarbons mainly ranging from C5 to C10 and containing



aromatic hydrocarbons including benzene (2.7 weight percent for this particular sample), has the
lowest RBSL. Diesel which contains approximately 30 percent aromatics, and very low levels of
benzene, has an intermediate RBSL of 53,000 mg/kg.

RBSLs for Crude Oils

Non-residential TPH RBSLs for each of the crude oils are plotted versus their API
gravity in Figure 8. For the non-residential scenario, the only pathway posing a significant risk to
human health is direct contact with contaminated soil (soil ingestion, inhalation of soil particles,
and dermal contact). Leaching to groundwater and volatilization to outdoor air are not exposure
pathways of concern for crude oils at non-residential sites because only the light aromatic
fractions are capable of causing an exposure equal to or in excess of a HQ=1 for these exposure
pathways. The other equivalent carbon fractions are either not soluble or volatile enough to cause
an exposure of concern.

The non-residential surficial soil RBSLs are greater than or equal to 42,000 mg-TPH/kg-soil as
shown in Figure 8. The highest RBSLs were 84,000 and 85,000 mg/kg, which were obtained for
three very waxy crude oils containing high amounts of the larger molecular weight aliphatic
hydrocarbons (these hydrocarbons are the least toxic.) While there does not seem to be a good
correlation between calculated RBSLs and API gravity, the data are plotted in this manner to
illustrate the range of RBSLs obtained and the diversity of crude oil types analyzed.

RBSLs for Associated Wastes

Wastes from two different production areas, plus soil samples from three sites were
analyzed for their equivalent carbon fractions. The analytical results were then used to calculate
RBSLs for each waste and the results are shown in Table 8. The non-residential RBSLs for the
associated wastes are compared to those of the crude oils produced at the five sites.

For Field #1, the RBSLs for tank bottoms, soil from an old spill site (oily soil), and oiled road
material are shown in comparison to the crude oil RBSL. This oil has an API gravity of 32.3º and
is a waxy/paraffinic oil. The RBSLs for the wastes are similar to, or higher than, the crude oil
RBSL. The highest RBSL was calculated for the oiled road, because this sample was much more
waxy than the crude oil. For Field #2, the RBSLs for cyclone separator sludge and slop oil are
shown in comparison to that of the crude oil. This crude oil is a heavy oil, which has an API
gravity of 19.4º. The RBSLs for the wastes are higher than that of the crude oil, largely due to the
loss of volatile aromatic hydrocarbons in the wastes.

Oil impacted soil was collected at three different producing oilfields (Field #3-5) in the
United States. These samples were analyzed, along with crude oil from each field, for their
equivalent carbon number fractions. Table 8 lists the non-residential RBSLs for each of these
samples. The oily soil samples yield consistently higher RBSLs compared to the parent crude oil
from the field. As with the wastes from Fields #1 and #2, the higher RBSLs for the oily soils are
due to the loss of volatile aromatic hydrocarbons from the soil. The trend is for E&P wastes (tank
bottoms, oiled road material and oily soils) to have higher RBSLs than their parent crude oils.
Therefore, the crude oil RBSLs should be conservative for E&P wastes applied to soil.



CONCLUSIONS
As part of PERF Project 97-08, a great deal of data on the composition of a wide variety

of crude oils from around the world has been acquired. This information has been used to
calculate TPH RBSLs based upon the specific composition of each crude oil. The goal of this
work is to build a credible, technical basis for establishing TPH regulations at E&P sites that will
be protective of human health. Considering the general conservativeness of the RBSLs that were
developed, a generic screening level of 10,000 mg/kg, the TPH regulatory limit adopted by
several states, is extremely conservative and would be protective of non-residential exposure
scenarios for non-carcinogenic impacts at E&P sites. Since the crude oils analyzed to date reflect
the composition of all crude oils produced around the world, there is no need to routinely analyze
E&P site soils by a detailed fractionation analytical technique. Also, the RBSLs for E&P wastes
were shown to be similar to, or higher than the RBSL for fresh crude oil within a given
production field. Therefore, there appears to be no reason to perform the costly TPHCWG
analytical method at every E&P site, if a 10,000 mg/kg screening level for TPH is acceptable to
local regulators and other stakeholders. This suggests that an E&P site can be adequately
managed using generic TPH analyses, (e.g., EPA method 8015, Texas 1005, or other TPH
measurements) and then comparing these results to the Tier 1 RBSL values presented in Figure 8.

The RBSLs reported in this paper are applicable to single spill incidents or single
applications of waste to land. These RBSLs should be used with caution at sites receiving
multiple application of wastes (e.g., landfarms), since hydrocarbons recalcitrant to biodegradation
may build up in the soil over time. This may result in elevated levels of high molecular weight
aromatic hydrocarbons. Further research is required to characterize and generate RBSLs for these
sites.
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Table 1. Summary of TPH regulations.

State/Province
TPH Regulatory Limit
(mg/kg Soil) Comments

Colorado 10000
1000

Non-Sensitive
Sensitive

Louisiana 10000 Landtreatment of NOW
Michigan 10000 Was 250 mg/kg
New Mexico 100; 1000; 5000 Site Dependent
Oklahoma 20000 Landspreading of E&P Wastes (1 Time Only)
Texas 10000 Railroad Commission Rule 91
Wyoming 1000 to 10000 Site by Site Basis
Alberta 1000

NOW = Non-Hazardous Oilfield Waste
RRC = Railroad Commission

Table 2. Fate and transport characteristics of TPH fractions (based on equivalent carbon
number). (8)

Solubility
(mg/L)

Vapor
Pressure
(Atm)

koc
(cm3/g)

H
(cm3/cm3)

LFsw
(mg/L)/
(mg/kg)

Aliphatic Fractions
C5-6 3.6E+01 3.5E-01 7.94E+02 3.40E+01 6.25E-03
>C6-8 5.4E+00 6.3E-02 3.98E+03 5.10E+01 1.73E-03
>C8-10 4.3E-01 6.3E-03 3.16E+04 8.20E+01 2.51E-04
>C10-12 3.4E-02 6.3E-04 2.51E+05 1.30E+02 3.26E-05
>C12-16 7.6E-04 4.8E-05 5.01E+06 5.40E+02 1.64E-06
>C16-44 1.3E-06 7.6E-06 1.00E+09 6.40E+03 8.26E-09
Aromatic Fractions
C6-7 1.8E+03 1.3E-01 8.12E+01 2.25E-01 9.00E-02
>C7-8 5.2E+02 3.8E-02 2.34E+02 2.70-01 3.37E-02
>C8-10 6.5E+01 6.3E-03 1.58E+03 4.90-01 5.16E-03
>C10-12 2.5E+01 6.3E-04 2.51E+03 1.40-01 3.28E-03
>C12-16 5.8E+00 4.8E-05 5.01E+03 5.40E-02 1.64E-03
>C16-21 5.1E-01 7.6E-06 1.58E+04 1.20E-02 5.21E-04
>C21-44 6.6E-03 4.4E-09 1.26E+05 6.80E-04 6.56E-05
Vacuum Residuum >C44 1.0E-04 NA 5.01E+05 4.10E-08 1.65E-05

koc = Carbon-Water Sorption Coefficient
LFsw = Leaching Factor From Soil to Water
H = Henry’s Law Constant
NA = Not Applicable



Table 3. Toxicity criteria for TPH fractions. (8)

Equivalent Carbon
Number Range Oral RfD (mg/kg/Day) Inhalation RfC (mg/m3)
Aliphatic
<C6
>C6-8

5.0 18.4

Aromatic
C6-7 (Benzene)
>C7-8 (Toluene)

0.2 0.4

Aliphatic
>C8-10
>C10-12
>C12-16

0.1 1.0

Aromatic
>C8-10
>C10-12
>C12-16

0.04 0.2

Aliphatic
>C16-35

2.0 NA

Aromatic
>C16-35

0.03 NA

Table 4. Composition of a 35° API-gravity crude oil. (12)

Molecular Size Volume Percent
Gasoline (C5-C10) 27
Kerosene (C8-C12) 13
Diesel Fuel (C13-C17) 12
Heavy Gas Oil (C19-C25) 10
Lubricating Oil (C20-C45) 20
Residuum (>C40) 18

Total 100

Molecular Type Weight Percent
Paraffins 25
Naphthenes 50
Aromatics 17
Asphaltics 8

Total 100



Table 5. Default factors used in calculating carcinogenic RBSLs. (17, 18)

Definition Units Symbol
Residential
Default Value

Non-
Residential
Default Value

Ingestion Rate, Soils– Residential mg/Day IRsoil 200 50
Inhalation Rate – Residential m3/Day IRsoil 15 20
Ingestion Rate, Water – Residential L/Day IRsoil 1 1
Body Weight – Residential kg BW 15 70
Exposure Frequency Days/Yr EF 350 250
Exposure Duration Years ED 6 25
Averaging Time Years AT 6 25

Table 6. Summary of dermal absorption factors and skin adherence values used by regulatory agencies.

Chemical Dermal Relative Absorption Factor (RAFd)
Organics 0.10 (18, 20, 22)

0.10 (for Non-PAH) (19)
Polyaromatic Hydrocarbons 0.15 (19)

0.20 (24)
Volatile Organic Compounds 0.10 (25)
Semi-Volatile Organic Compounds 0.1 (5, 23)

Skin Adherence (M) mg/cm2

All Chemicals 0.2 (5, 20, 22, 26)
1.0 (19)
0.08 for Adults & 0.3 for Children (18)

Table 7. TPH risk-based screening levels based on specific hydrocarbon composition.

Non-Residential Scenario
Leaching to GW
(mg/kg)

Outdoor Vaporization
(mg/kg)

Surficial Soils
(Wt %)

Gasoline 1,800 RES 5.1
Diesel RES RES 5.3
Baby Oil RES RES 61.0
Mineral Oil RES RES 89.0
Vaseline RES RES 100.0



Table 8. Non-residential RBSLs for crude oils and their associated wastes.

Field #1
Leaching to GW
(mg/kg)

Outdoor
Vaporization
(mg/kg)

Non-Residential
Surficial Soils
(Wt %)

Crude Oil RES RES 8.2
Tank Bottoms RES RES 8.4
Oily Soil RES RES 7.6
Oiled Road
Material

RES RES 9.6

Field #2
Crude Oil RES RES 5.2
Cyclone Separator
Sludge

RES RES 5.9

Slop Oil RES RES 6.1

Field #3
Crude Oil RES RES 6.3
Oily Soil RES RES 10.0

Field #4
Crude Oil RES RES 6.4
Oily Soil RES RES 7.7

Field #5
Crude Oil RES RES 6.1
Oily Soil RES RES 7.5



RISK-BASED CORRECTIVE ACTION PROCESS

INITIAL SITE ASSESSMENT
Collect general data on site

Emergency Response

TIER 1 ASSESSMENT
Compare contamination to generic RBSLs

TIER 2 ASSESSMENT
Refine study, generate site-specific SSTLs

Compare contamination to SSTLs

TIER 3 ASSESSMENT
Further refine study and SSTLs

Compare contamination to SSTLs

Final Corrective
Action

Assess need for ongoing
monitoring program

NO FURTHER ACTION

Emergency
Response
Needed?

Satisfy

Yes

Exceed

Satisfy

Satisfy

Corrective
action

feasible?

No

Corrective
action

feasible?

Exceed

No

Exceed

Yes

Yes

No

Figure 1. A RBCA flowchart illustrating tiers and decision points.



Figure 2. Solubility vs. equivalent carbon number for aromatics and aliphatics. (8)

Figure 3. The boiling point ranges and carbon ranges for six common crude oil products. (11)



Gasoline Widuri Crude Oil

Diesel SJV Crude Oil

Figure 4. Gas chromatography fingerprints of  gasoline, Widuri crude, that is enriched in normal alkanes
that appear as a "picket fence" type signature, a diesel fuel and a SJV crude oil that has a "hump" that
represents a large UCM. Units are Intensity (mV) vs. Time (minutes).
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Figure 5. Number of crude oil samples (70 total) analyzed by the geographic region from which they
originated. (13)
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Figure 7. The yield of vacuum residuum in 800 crude oils produced in the United States. (15)
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ABSTRACT
All crude oils contain trace quantities of naturally occurring metals, however,

few data have been published on the specific metal content of crude oils. In this study, the
metals concentrations in 26 crude oils from North America, South America, the North
Sea, the Middle East, and Far East Asia were determined. The crude oils represent both a
range of geographical production areas and a range of crude oil types, with the oils
having API gravity values ranging from 12° to 46°. The concentrations of 18 metals were
determined, and the potential human health risks associated with the metals were
evaluated, assuming standard exposure scenarios. The potential for ecological impact was
also evaluated by comparing the metal concentrations to ecological soil screening level
benchmarks. The results indicate that many metals are present at such low levels that
there is no need to consider them as chemicals of concern for purposes of site
characterizations and risk assessments at sites where accidental and/or historical crude oil
releases have occurred.



INTRODUCTION
Metals and semi-metals are commonly found in the environment (metals and

semi-metals are simply referred to as “metals” herein). They are present in the rocks, soil,
and organic matter that are the building blocks for the earth. Some metals (e.g.
chromium, selenium, and zinc) are essential to life and must be supplemented as trace
elements in the diets of humans and animals. However, adverse health effects may be
produced in people or environmental receptors when they are exposed to metals at certain
concentrations and under certain exposure conditions. For example, millions of people
inhabiting iodine-deficient soils in eastern Africa are susceptible to goiter, while Itai-Itai
disease in China is attributed to soils contaminated by cadmium-containing wastes (1).
Some metals, such as arsenic, cadmium, chromium, and nickel, have been shown to
produce cancer in people under some exposure conditions. Some metals have been shown
to produce adverse reproductive and/or other types of health effects in people (e.g., lead,
cadmium, mercury) and other animals (e.g., mercury, selenium). As such, metals are
often considered chemicals of concern for environmental site assessments.

The chemical species of a metal is important in determining a metal’s toxicity.
For example, the inorganic form of arsenic is believed to be the carcinogenic form, while
the organic forms are not. Also, hexavalent chromium is carcinogenic, while trivalent and
elemental chromium are not. Therefore, knowledge of the specific form of metal in an
environmental sample (e.g., an oil, waste, and/or soil) is important for accurate risk
evaluation. Although it is well known that different chemical forms of the same metal
have different toxicities, and there is a need for speciation of metals, the analytical
methodologies commonly employed do not readily distinguish these forms. Risk
evaluations for metals then are usually based on the very conservative assumption that
any metal detected in a sample is in a form that may produce toxicity. This then often
results in an overestimation of the potential risks posed by metals in environmental
samples.

Metals are natural components of crude oil. The chlorophyll molecule in
decomposing vegetative matter loses magnesium during crude oil formation, and it is
replaced by vanadium or nickel. The amounts of these two metals in crude oils are well
documented and their relative abundance can be used to identify the source and age of
crude oils (2). However, there is little published information on metals in crude oils that
may be of concern to human health and the environment. The metals content of drilling
muds has been investigated by the EPA (3). Drilling muds contain elevated levels of
some specific metals such as barium. The American Petroleum Institute (API) has also
analyzed drilling muds and other E&P wastes (e.g., tank bottoms and produced sand) for
metals (4).

This study seeks to gain a more thorough understanding of the types and
concentrations of metals in crude oils through a joint industry effort (the Petroleum
Environmental Research Forum). In this study, we have not attempted to identify the
species of metals in crude oils. Commonly employed analytical methodologies were
used, and it was then assumed that the metals detected were in a form that may produce
toxicity for risk evaluation purposes, consistent with standard risk assessment practice.
Therefore, as discussed above, the risk evaluation for the metals detected in this study is
conservative. The technical information obtained in this study is needed by regulators,



risk assessors, and site managers to implement risk-based decisions at crude oil impacted
sites.

This paper is part of an integrated session that was assembled to address the key
technical aspects of risk-based decision making at exploration and production sites. These
include assessments of the risks that are posed by total petroleum hydrocarbon, metals,
polyaromatic hydrocarbons, and benzene. To obtain a more comprehensive
understanding of these various aspects of the risk-based process for E&P sites, the reader
is encouraged to obtain and review the other papers of this session.

Regulations & Risk Assessment

Louisiana is currently the only state that routinely requires the analysis of metals
in E&P wastes. The La29B regulatory limits for metals are provided in Table 1 (5). These
regulations are not risk-based values. In 1995, the API developed risk-based guidance
levels for metals to be used in the land management of E&P wastes based upon the
assumptions and calculations developed by the EPA for land application of sewage
sludge (6,7). Both the API and EPA evaluated 14 different exposure pathways of concern
for ecological and human health. The API’s maximum soil concentrations for 12 metals
are shown in Table 1. However, to date, no state has adopted the API metals guidance
into regulatory criteria.

In the absence of specific state regulations for metals, comparison of metals
concentrations to the API criteria or to Louisiana’s regulatory levels may be useful. In
some cases, a risk assessment of metals has been required by local regulators to
determine whether metals in soil impacted by crude oil spills might pose a risk to human
health or the environment. This can be very difficult to do because it is often impossible
to conclusively differentiate metals that may be naturally present in soils, from those that
may have originated from a crude oil spill, or from other sources.

Risk assessments generally follow a tiered approach and Figure 1 illustrates one
tiered risk assessment approach, commonly referred to as the Risk-Based Corrective
Action (RBCA) process (8). In the first tier of the RBCA process, metals concentrations
in soil may be compared to generic “Tier 1” screening levels. These screening levels are
often derived by state or federal regulatory agencies using very conservative exposure
assumptions. There are currently no Tier 1 screening levels developed by regulators
specifically for upstream sites, but U.S. EPA has developed Soil Screening Levels (SSLs)
(9) and Preliminary Remediation Goals (PRGs) (10) for evaluating potential human
health effects at Superfund sites. SSLs and PRGs do not address potential impacts to
ecological receptors. The SSLs and PRGs for metals are provided in Table 1.

SSLs are risk-based screening levels that can be used to identify sites, or
individual areas within sites, that do not require further action or study under the
Superfund program. SSLs are based on human health considerations under a residential
land use scenario and are derived from standardized equations combining very
conservative exposure assumptions with EPA critical toxicity criteria. Sites at which soil
concentrations are below SSLs are unlikely to pose a significant risk of adverse health
effects and do not require further investigation.

PRGs are similar to SSLs in that they are risk-based tools for evaluating and
remediating contaminated sites under Superfund. They represent chemical concentrations



in environmental media (soil, water, and air) that are considered protective of humans,
including sensitive groups, over a lifetime. PRG concentrations can be used to screen
contaminants in environmental media, trigger further investigation, and serve as initial
screening goals for remediation projects. Chemical concentrations above PRGs do not
automatically mean that a site must be cleaned up to ensure public health, but they do
suggest that further evaluation of the potential risks posed by site contaminants may be in
order.

PRGs differ from SSLs in that they are based on a larger number of potential
exposure pathways, they have been developed for a larger number of chemicals, and they
have been derived for residential and industrial land use scenarios. When using PRGs for
screening purposes, residential concentrations are normally used to allow maximum
beneficial uses of a property. Industrial concentrations may be appropriate for use on a
site-specific basis, especially when the end land use for the property is known and it is
expected to remain or become industrial.

The US EPA’s SSLs and PRGs focus on common human exposure pathways and
may not consider all pathways that could be encountered at a particular site. The SSLs
and PRGs presented in Table 1 are based on human exposure pathways involving direct
contact with contaminated soil and they focus on incidental ingestion, dermal contact,
and inhalation of vapors or soil particles containing the contaminants of potential
concern. They are derived by combining current EPA toxicity values with “standard”
exposure factors and they correspond to fixed levels of risk (i.e., either a one-in-one
million (1x10-6) cancer risk or a non-carcinogenic hazard quotient of one).

Ecological soil screening levels, or benchmarks, have been developed by groups
in North America and Europe. These may be considered Tier 1 screening levels to be
used in a RBCA-like process for evaluating potential risks to environmental receptors.
Ecological SSLs are chemical concentrations in soil below which it is unlikely that the
chemical of potential concern would pose an unacceptable risk to ecological receptors.
As with human health based PRGs and SSLs, chemical concentrations above ecological
SSLs do not mean that a site must be cleaned up, but they do suggest that the chemical(s)
of potential concern should be further evaluated in an ecological risk assessment.

Ecological SSLs may be specific to a particular type of ecological receptor such
as plants, invertebrates, or microbial communities, and they may be specific to a
particular type of land use. The lowest ecological benchmarks available from published
sources are shown in Table 1. Sources for ecological soil benchmarks include the Oak
Ridge National Laboratory (ORNL) soil benchmarks for soil and litter invertebrates (e.g.,
earthworms), heterotrophic soil microbial communities, and terrestrial plants(11,12);
Canadian Council of Ministers of the Environment (CCME) remediation criteria for
agricultural land-use (13); and the Dutch National Institute of Public Health and
Environmental Protection (RIVM) Ecotoxicological Intervention values (14).

In any risk evaluation for metals it is critical to consider the background levels of
metals in soils. A thorough investigation of the concentrations of metals in
uncontaminated background soils in the United States has been reported by the U.S.
Geological Survey (15). The mean values reported for metals in soils in the United States
are also provided in Table 1.



LABORATORY PROCEDURES
Twenty-six crude oils were analyzed for 18 metals that may pose a risk to human

health or the environment. Figure 2 illustrates the geographic locations from which the
crude oil samples were obtained. The metals content was determined by Florida Institute
of Technology researchers as described below.

For all metals except mercury and selenium, a 1 gram aliquot of each crude oil
was weighed into a glass digestion flask and sealed with a glass watch cover. The
samples were moved to hotplates and then digested with concentrated, high-purity
sulfuric acid (H2SO4), nitric acid (HNO3), and hydrogen peroxide. A separate digestion
was performed for selenium, with 1 gram sub-samples of each crude oil and high-purity
HNO3 as the only oxidizing acid. For mercury determinations, a 0.1 gram sub-sample of
each crude oil was weighed into a glass digestion tube and oxidized with concentrated,
high-purity HNO3 and H2SO4. Once the crude oil digestions were completed, the samples
were placed in graduated cylinders, diluted to 10 ml with reagent water rinses of the
digestion tubes and stored for analysis in 15 ml polyethylene bottles.

Crude oil Standard Reference Materials (SRMs) with trace metal concentrations
certified at environmental levels do not exist; therefore, additional crude oil sub-samples
were weighed and then spiked with the elements of interest. Acid digestion was selected
for crude oil decomposition rather than ashing techniques for two reasons: (1) the lower
temperatures used during acid digestion were less likely to cause the loss of volatile
elements, and (2) the risk of sample contamination was less.

Metal concentrations of the digested crude oil samples, spiked samples and
blanks were determined by one of four methods: flame atomic absorption spectrometry
(FAAS), graphite furnace atomic absorption spectrometry (GFAAS), inductively coupled
plasma-mass spectrometry (ICP-MS) or cold-vapor atomic absorption spectrometry
(CVAAS). Concentrations of zinc (Zn) were measured by FAAS using a Perkin-Elmer
Model 4000 AAS. Cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu),
molybdenum (Mo), nickel (Ni) and vanadium (V) concentrations were determined by
GFAAS with a Perkin-Elmer Model 4000 AAS utilizing a HGA-400 graphite furnace and
AS-40 autosampler. A Perkin-Elmer Model 5100 AAS with HGA-600 graphite furnace
and AS-60 autosampler was used to measure concentrations of silver (Ag), arsenic (As),
beryllium (Be) and selenium (Se) by GFAAS. Concentrations of barium (Ba), lead (Pb),
antimony (Sb), tin (Sn) and thallium (Tl) were measured by ICP-MS using a Perkin-
Elmer ELAN 5000 spectrometer. Crude oil mercury (Hg) concentrations were
determined by CVAAS using a Laboratory Data Control Model 1235 Mercury Monitor.

RESULTS
The concentrations of metals in each crude oil tested are presented in Table 2. A

summary of the data, including the method detection limits, is provided in Table 3. The
method detection limits for the metals were 6 to 1,000 times lower than the suggested
EPA reporting limit for soils.



The crude oils contained very low levels of most of the metals. The mean values
for the oils were less than 1.5 mg/kg of oil for all metals, except nickel, vanadium, and
zinc. Beryllium was not detected in any of the crude oils. Only one oil from the San
Joaquin Valley in California contained mercury above detection limits. Thallium was
detected in only 3 of the oils, and arsenic was detected in only 7 of the 26 crude oils. The
predominant metals: nickel, vanadium, and zinc had mean values of 19.7, 62.8, and 2.9
mg/kg, respectively.

Human Health Risks

One way of evaluating the potential health risk associated with metals in crude
oils is to assume that crude oil has been spilled on soil and that people might come into
direct contact with the impacted soil. The potential health risk can then be evaluated by
comparing the concentrations of the metals in the impacted soil to the screening levels
presented in Table 1. As described above, direct human contact with contaminated soil
under this type of scenario is the basis for the U.S. EPA SSLs and PRGs presented in
Table 1.

The concentrations of each metal in crude oil, as presented in Table 2, were
compared to the SSLs and PRGs shown in Table 1. This comparison indicates that for 25
of the 26 crude oils, the metals concentrations in the oils did not exceed any SSL or PRG
for any metal. Only one of the oils contained any metal at a concentration greater than its
PRG or SSL, and that metal is arsenic. For this one oil, the crude oil concentration in soil
that would result in an arsenic concentration below the SSLs and PRGs would be 666,666
mg/kg, or 66.7%.

Therefore, it is highly unlikely that metals in soil from a single crude oil spill
incident or single application of oil would result in a significant risk to human health.
Sites that have received multiple applications of oil or oil-contaminated soils, e.g., a
landfarm site, would require further study. If crude oils are spilled that have not been
previously characterized or are believed to differ in composition from those analyzed
here, metal analysis of site soils from the spill may be warranted. Also, E&P wastes may
contain higher concentrations of some metals than their parent crude oils due to corrosion
processes, chemical additives, or metals in produced water, and more data may be
required to evaluate their risks.

Ecological Risks

The concentrations of metals in the 26 crude oils were compared to ecological
SSLs to evaluate the potential need for performing ecological risk assessments at crude
oil spill sites. As shown in Table 4, 20 metals do not exceed the lowest ecological SSL
even in the pure oil. Only chromium, mercury, molybdenum, nickel, tin, and vanadium
are present at levels that would limit the amount of crude oil in soil. For all metals except
vanadium, maximum crude oil concentrations of 60,000 mg/kg (6%) in soil would result
in maximum metals concentrations below their respective ecological SSLs.

Vanadium is the limiting metal for many of the crude oils. For the crude oil
containing the highest level of vanadium (370 mg/kg), the maximum concentration of
crude oil in soil that would not exceed the lowest vanadium SSL is 5400 mg/kg. A
maximum concentration of 10,000 mg/kg (1%) crude oil in soil would be protective for



all oils, except for those from Central and South America. For the North American crude
oils analyzed (which contained as much as 120 mg/kg vanadium), 16,000 mg/kg or 1.6%
crude oil would not exceed the lowest vanadium ecological SSL.

The lowest ecological SSL for vanadium is a benchmark derived by Oak Ridge
National Laboratory and it is based on effects in terrestrial plants. It is possible that this
benchmark is overly conservative, since it is almost 30-fold lower than the average
background concentration for vanadium in U.S. soils. Therefore, it is unlikely that
vanadium would pose a significant risk to ecological receptors even at concentrations
exceeding 1% crude oil in soil.

Based on our comparison of metal concentrations in crude oils to ecological
SSLs, it is clear that there is no need to routinely perform ecological risk assessments for
metals at sites contaminated by crude oil spills and/or historic releases. It may be
necessary to perform a screening risk assessment to determine if site-related metals could
potentially be of ecological concern at those sites for which other ecological pathways
and receptors are important (e.g., wildlife, aquatic organisms) or at sites that have
received multiple applications of oil.

CONCLUSIONS
Twenty-six crude oils were analyzed and found to contain very low levels of

metals. Evaluation of the human health risk associated with soil containing crude oil
showed that the potential risk was not significant at total oil concentrations in soil well
above current clean-up standards of 10,000 mg/kg, measured as total petroleum
hydrocarbons (TPH), used in many states. The amount of metals in 10,000 mg/kg TPH
would also be protective of soil invertebrates, plants, and soil microbial communities.
Vanadium may be of ecological concern only in some heavy crude oils from Central and
South America.

It is apparent that acceptable levels for crude oil in soil based on the potential
human health effects of metals are well above those that would be expected to produce
unacceptable aesthetic effects. Overall, this indicates that the low levels of metals in
crude oils are unlikely to be a major risk management consideration at crude oil spill
sites.
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Table 1. Comparison of metals regulations and screening levels with mean concentrations in U.S.
soils.

U.S. EPA Region IX
PRG (mg/kg)La 29B

(mg/kg) Residential Industrial

U.S.
EPA

Generic
SSL

(mg/kg)

API
Guidance

Level
(mg/kg)

Lowest Eco SSL6

(mg/kg)

Mean
U.S. Soil
Conc. ref. 8
(mg/kg)

Antimony NA 30 750 31 NA 5 ORNL-P 0.48
Arsenic 10 0.38 3 0.4 41 10 ORNL-P 5.2
Barium 20,0001

40,000
100,000

5200 100,0007 5500 180,000 500 ORNL-P 440

Beryllium NA 150 3400 0.1 NA 4 CCME-A 0.63
Boron NA 4900 96,000 NA 2 mg/L2 0.5 ORNL-P 26
Cadmium 10 37 930 78 26 3 CCME-A ND
Chromium
 (Total)

500 210 450 270 15003 0.4 ORNL-E 37

Cobalt NA 3300 29,000 NA NA 20 ORNL-P 6.7
Copper NA 2800 70,000 NA 750 60 ORNL-E 17
Lead 500 400 1000 400 300 50 ORNL-P 16
Mercury 10 22 560 NA 17 0.1 ORNL-E 0.058
Molybdenum NA 370 9400 NA 374 2 ORNL-P 0.59
Nickel NA 1500 37,000 1600 210 30 ORNL-P 13
Selenium 10 370 9400 390 1005 1 ORNL-P 0.26
Silver NA 370 9400 390 NA 2 ORNL-P ND
Thallium NA 5.2 130 NA NA 1 ORNL-P

CCME-A
ND

Tin NA 45,000 100,000 NA NA 2 CCME-A .89
Vanadium NA 520 13,000 550 NA 2 ORNL-P 58
Zinc 500 22,000 100,000 23,000 1400 50 ORNL-P 48

PRG = Preliminary Remediation Goal
SSL = Soil Screening Level
NA = Not Available

1 Louisiana 29B values for wetlands, uplands, and commercial landfarming facilities.
2 A hot water soluble method for extraction of boron is recommended (Carter, 1993, Soil Sampling and Methods of
Analysis, Boca Raton: Lewis Publishers, pp. 91-94). The guidance for boron is based on the soluble concentration
with units of mg/L rather than the total concentration (mg/kg).
3 The chromium value given in the EPA PRGS and SSLs are based on a combination of chromium (VI) and
chromium (III), while the API assumed that all chromium in soil would be chromium (III).
4 Under certain conditions this level of molybdenum may not be protective of grazing livestock. These conditions
are alkaline soils under arid and semi-arid conditions with deficient levels of copper in the soil.
5 The potential for plant uptake of selenium may be high in alkaline soils under arid or semi-arid conditions. Plants
that accumulate selenium metal in such soils may pose a threat to grazing animals. If elevated levels of selenium are
found in the waste, safeguards should be taken to limit this exposure pathway.
6 Sources of lowest ecological benchmarks are: ORNL-P = screening benchmark to protect terrestrial plants 12;
CCME-A = CCME remediation criteria for agricultural land-use13; ORNL-E= screening benchmark to protect
earthworms 11.
7 PRGs for relatively less toxic inorganic contaminants are set at a ceiling limit of 100,000 mg/kg. These values are
not risk based and represent a U.S. EPA Region IX policy decision. Health risk based PRGs for these metals would
be higher than 100,000 mg/kg.



Table 2. Amount of metals in crude oils. Data are in mg/kg oil.

API
Gravity Ag As Ba Be Cd Co Cr Cu Hg

Africa #1 35.0 0.07 0.19 N.D. N.D. 0.006 0.44 0.035 0.031 N.D.
Africa #2 37.1 0.11 N.D. N.D. N.D. 0.003 N.D. 0.021 0.023 N.D.

Africa #3 37.8 0.15 N.D. N.D. N.D. 0.014 N.D. 0.369 0.058 N.D.
Africa #4 33.3 0.09 N.D. 0.054 N.D. 0.026 0.38 0.124 0.083 N.D.
Asia 46.4 0.11 N.D. 0.032 N.D. 0.016 N.D. 0.067 0.069 N.D.
Central America 20.9 0.07 0.17 0.002 N.D. 0.005 0.11 0.211 0.031 N.D.
Indonesia #1 19.4 0.16 N.D. 0.189 N.D. 0.020 0.69 1.43 0.052 N.D.
Indonesia #2 32.3 0.14 0.57 0.041 N.D. 0.008 0.38 0.667 0.147 N.D.
Indonesia #3 31.9 0.23 0.09 0.036 N.D. 0.010 0.30 0.869 0.098 N.D.
Middle East #1 32.5 0.14 N.D. N.D. N.D. 0.006 N.D. 0.074 0.024 N.D.
Middle East #1* 32.5 0.14 N.D. N.D. N.D. 0.007 N.D. 0.079 0.028 N.D.
Middle East #2 33.5 0.16 N.D. N.D. N.D. 0.016 N.D. 0.016 0.046 N.D.
North America #1 29.3 0.17 N.D. 0.003 N.D. 0.005 0.02 0.248 0.048 N.D.
North America #2 36.1 0.30 N.D. 0.018 N.D. 0.015 0.02 0.111 0.133 N.D.
North America #3 40.8 0.10 N.D. N.D. N.D. 0.007 0.02 0.033 0.050 1.56
North America #4 39.2 0.11 N.D. 0.368 N.D. 0.006 N.D. 0.022 0.079 N.D.
North America #5 22.6 0.13 N.D. 0.087 N.D. 0.006 1.13 0.864 0.173 N.D.
North America #5* 22.6 0.15 N.D. 0.090 N.D. 0.007 1.08 0.874 0.165 N.D.
North America #6 40.7 0.20 N.D. 0.011 N.D. 0.005 N.D. ND 0.059 N.D.
North America #7 28.1 0.15 N.D. 0.036 N.D. 0.003 N.D. 0.167 0.046 N.D.
North America #8 13.3 0.28 0.19 0.206 N.D. 0.013 0.81 0.398 0.148 N.D.
North America #9 43.4 0.21 N.D. N.D. N.D. 0.003 N.D. 0.095 0.012 N.D.
North America #10 30.7 0.19 0.23 0.006 N.D. 0.011 N.D. 0.329 0.241 N.D.
North America #11 26.0 0.09 N.D. 0.014 N.D. 0.006 1.33 0.379 0.234 N.D.
North Sea 19.5 0.05 0.19 0.124 N.D. 0.005 0.67 0.069 0.055 N.D.
South America #1 12.0 0.08 N.D. 0.015 N.D. 0.010 0.27 0.117 0.068 N.D.
South America #2 19.2 0.14 N.D. N.D. N.D. 0.016 0.16 0.088 0.026 N.D.
South America #3 16.2 0.18 N.D. 0.095 N.D. 0.009 0.22 0.214 0.071 N.D.

N.D. = Not Detected
* = Duplicate Analysis



Table 2 (Continued). Amount of metals in crude oils. Data are in mg/kg oil.

API
Gravity Mo Ni Pb Sb Se Sn Tl V Zn

Africa #1 35.0 0.49 3.20 0.008 N.D. 0.05 2.72 N.D. 0.13 4.06
Africa #2 37.1 0.50 0.33 0.010 0.001 0.03 0.11 N.D. 0.47 2.30

Africa #3 37.8 0.60 0.87 0.014 N.D. N.D 0.81 N.D. 1.3 3.23
Africa #4 33.3 0.43 7.28 0.018 N.D. 0.02 1.50 N.D. 0.91 2.50
Asia 46.4 0.58 0.08 0.009 N.D. 0.04 9.66 N.D. 1.2 4.81
Central America 20.9 4.01 53.5 0.008 0.036 0.23 1.23 N.D. 320 0.58
Indonesia #1 19.4 0.85 24.1 0.025 0.010 0.04 3.26 N.D. 1.4 0.63
Indonesia #2 32.3 0.41 9.39 0.028 0.005 0.04 0.44 N.D. 1.2 6.04
Indonesia #3 31.9 0.41 4.62 0.015 0.010 0.03 1.30 N.D. 0.15 1.28
Middle East #1 32.5 0.47 4.32 0.009 0.008 0.08 0.90 N.D. 21 2.61
Middle East #1* 32.5 0.45 4.48 0.011 0.011 0.08 0.91 N.D. 21 2.61
Middle East #2 33.5 0.87 4.32 0.025 0.019 0.14 2.41 N.D. 7.2 4.21
North America #1 29.3 0.41 12.3 0.024 0.003 0.12 2.33 N.D. 33 2.30
North America #2 36.1 0.31 4.30 0.101 0.002 0.27 0.42 N.D. 20 3.70
North America #3 40.8 0.35 5.09 0.005 N.D. 0.06 0.31 N.D. 1.0 8.42
North America #4 39.2 0.48 2.28 0.045 0.005 0.04 2.43 0.004 4.6 3.96
North America #5 22.6 0.54 50.4 0.006 0.013 0.52 0.27 N.D. 45 3.54
North America #5* 22.6 0.53 51.8 0.005 0.012 0.52 0.27 N.D. 44 3.70
North America #6 40.7 0.62 0.30 0.035 0.012 0.05 0.54 0.004 0.44 2.04
North America #7 28.1 0.31 14.1 0.038 0.004 0.12 0.11 N.D. 40 2.89
North America #8 13.3 0.71 55.9 0.111 0.010 0.44 0.11 N.D. 100 0.59
North America #9 43.4 0.41 0.05 0.005 0.001 N.D 0.14 N.D. 0.36 N.D.
North America #10 30.7 0.53 9.97 0.069 0.009 0.13 0.49 0.002 0.66 10.9
North America #11 26.0 1.91 57.8 0.018 0.017 0.31 2.26 N.D. 120 3.39
North Sea 19.5 0.78 6.87 0.018 0.001 0.13 0.04 N.D. 42 1.10
South America #1 12.0 1.29 93.0 0.022 0.055 0.46 0.08 N.D. 370 N.D.
South America #2 19.2 0.71 36.4 0.020 0.028 0.24 0.18 N.D. 250 0.66
South America #3 16.2 0.97 50.3 0.149 0.022 0.43 1.45 N.D. 250 N.D.

N.D. = Not Detected
* = Duplicate Analysis



Table 3. Summary of metals content in 26 crude oils. The data are in mg/kg oil, unless otherwise
noted.

Ag As Ba Be Cd Co Cr Cu Hg
Mean 0.15 0.06 0.052 N.D. 0.010 0.27 0.270 0.081 0.06
Minimum 0.05 N.D. N.D. N.D. 0.003 N.D. N.D. 0.012 N.D.
Maximum 0.30 0.57 0.368 N.D. 0.026 1.3 1.43 0.241 1.56
Detection Frequency
(# per 26 Oils)

26 7 19 0 26 16 25 26 1

Method Detection Level 0.010 0.080 0.001 0.005 0.002 0.010 0.005 0.010 0.010
 Suggested EPA
Reporting Limit

0.1 0.5 1 0.1 0.2 0.2 0.5 0.5 0.06

Mo Ni Pb Sb Se Sn Tl V Zn
Mean 0.77 19.69 0.032 0.011 0.16 1.37 0.000 62.75 2.92
Minimum 0.30 0.05 0.005 N.D. N.D. 0.04 N.D. 0.13 N.D.
Maximum 4.0 93.0 0.149 0.055 0.52 9.66 0.004 370.0 10.9
Detection Frequency
(# per 26 Oils)

26 26 26 21 24 26 3 26 23

Method Detection Level 0.020 0.020 0.001 0.001 0.02 0.010 0.002 0.020 0.080
Suggested EPA
Reporting Limit

0.2 1 1 1 1 --- 1 0.5 1

N.D. = Not Detected



Table 4. Comparison of lowest ecological benchmarks with the maximum concentrations found in
26 crude oils.

Chemical
Lowest Eco Benchmark (a)

(mg/kg)
Max Reporting Value

(mg/kg oil)
Antimony 5 ORNL-Plant 0.055
Arsenic 10 ORNL-Plant 0.567
Barium 500 ORNL-Plant 0.368
Beryllium 4 CCME-Agricult. <0.005
Cadmium 3 CCME-Agricult. 0.026
Chromium 0.4 ORNL-Earthworm 1.43
Cobalt 20 ORNL-Plant 1.33
Copper 60 ORNL-Earthworm 0.241
Lead 50 ORNL-Plant 0.149
Mercury 0.1 ORNL-Earthworm 1.56
Molybdenum 2 ORNL-Plant 4.01
Nickel 30 ORNL-Plant 93
Selenium 1 ORNL-Plant 0.52
Silver 2 ORNL-Plant 0.296
Thallium 1 ORNL-Plant

CCME-Agricult.
0.004

Tin 2 CCME-Agricult. 9.66
Vanadium 2 ORNL-Plant 370
Zinc 50 ORNL-Plant 10.9

(a) Sources of lowest ecological benchmarks are: ORNL-Plant = screening benchmark to protect
terrestrial plants13; CCME-Agricult. = CCME remediation criteria for agricultural land-use14;
ORNL-Earthworm = screening benchmark to protect earthworms12.



RISK-BASED CORRECTIVE ACTION PROCESS
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they originated.
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ABSTRACT
Polyaromatic hydrocarbons (PAHs) are of environmental concern because a few

of them have been found to be mutagenic and/or carcinogenic at some dose levels in
laboratory studies. For this reason, 16 PAHs are on the U.S. Environmental Protection
Agency's Superfund Amendments and Reauthorization Act (SARA) Priority Pollutant
list. PAHs consist of two or more fused benzene rings in linear, angular, or clustered
arrangements. There are many sources of PAHs in the environment, with incomplete
combustion of fuels (including wood, coal and oil) being a major source of low
concentrations of PAHs worldwide. PAHs also occur naturally in crude oils and therefore
may be present at crude oil spill sites and in some types of E&P wastes.  Other
environmental sources of PAHs include natural oil seeps, spills of refined petroleum
products, and wood preservatives, such as creosote.

Exxon Production Research, Chevron Research and Technology, and Shell
Development Company, participated in a joint industry effort through the Petroleum
Environmental Research Forum Project 97-08, have analyzed 60 crude oils, plus
exploration and production (E&P) wastes and site soils from across the world.
Information regarding PAH content and concentration are compared to the composition
of some refined products, creosote, and combustion sources. The potential risk to human
health from PAHs in crude oils is also addressed. Preliminary assessments were
conducted to determine the concentrations of these crude oils in soil for which human
health risk from PAH exposure would meet risk-screening criteria. The PAH
concentrations determined from these assessments were compared to total petroleum
hydrocarbons (TPH) cleanup criteria targets of 10,000 ppm, as used by several states. For
all oils tested, the cleanup standard of 10,000 ppm was protective of human health with a
considerable safety factor.



INTRODUCTION
Polyaromatic hydrocarbons (PAHs) are ubiquitous in the environment and result

from both naturally-occurring and man-made sources. PAHs can be formed whenever
organic substances are exposed to high temperatures. Some PAHs also are synthesized by
several species of plants and bacteria (1). The largest single source of PAHs to the
environment is likely the residential burning of wood (2). Combustion of fossil fuels is
also a major source, with others including volcanoes, agricultural burning, asphalt roads,
and forest fires (2). In the home, PAHs can be found in tobacco smoke, grilled and
smoked foods, wood-burning fireplaces, meat, processed or pickled foods, and beverages.

Most of the direct releases of PAHs are to the atmosphere, and most of these are
associated with particulate matter. Settling of the particulates allows PAHs to be
redistributed to other environmental media, such as soil and water. PAHs are found in
relatively high concentrations at certain types of industrial sites, particularly in
contaminated soils at manufactured gas plants (MGP) and wood-treatment facilities.
Creosote, a common wood preservative, is a distillate of coal tar (distilled from coal at
high temperatures in the absence of oxygen), and contains higher concentrations of PAHs
than many other substances (3).

At sufficient dose levels, laboratory studies show that some PAHs cause adverse
health effects including cancer and reproductive difficulties in animals. People exposed
for long periods of time to mixtures of chemicals that include PAHs also can develop
cancer (2). Therefore, PAHs have been identified as chemicals of potential environmental
concern, and PAHs known to cause adverse effects have been placed on the EPA priority
pollutant list.

The structures of the 16 PAHs currently on the U.S. EPA's Priority Pollutant list
are shown in Figure 1. Selected physical-chemical properties for these PAHs are given in
Table 1. Boiling points range from 217° to 542°C and aqueous solubilities of pure solids
range from 0.00026 to 31 mg/L. Multicomponent partitioning of PAHs between crude oil
and water is considered in the calculations assessing potential exposure via the water
pathway using Raoult’s Law. Since all of these PAHs are solid in standard operating
temperatures normally encountered at upstream sites, a correction of the fugacity was
required. This was done by making the Raoult’s Law calculations using the solubility of
the hypothetical pure liquid PAHs in water, shown in Table 1, rather than the actual solid
solubility.

PAHs occur naturally in crude oils. While crude oils and their associated wastes
contain PAHs, there are few published data on the amounts of priority pollutant PAHs in
E&P wastes. The American Petroleum Institute analyzed crude-oil-containing soils and
tank bottoms for chrysene, naphthalene, phenanthrene, and 1-methyl naphthalene (7). In
1994, the U.S. EPA’s Office of Solid Waste sampled crude oil tank bottom wastes and
analyzed them for semi-volatile organics including naphthalene, phenanthrene, fluorene,
and chrysene (8). Neither of these studies examined the entire suite of priority pollutant
PAHs in E&P wastes. However, their results indicate that the distribution pattern and
concentrations of PAHs in crude oils probably differ in many respects from those found
in soils containing PAHs from manufactured gas plant (MGP) and wood-treating
facilities.



Except for California, states do not require analysis of PAHs in wastes or soils at
E&P sites. However, at some E&P sites, PAHs have been included in site
characterization and risk assessment activities. This study seeks to gain a more thorough
understanding of the types and concentrations of priority pollutant PAHs in crude oils
and their associated wastes through a joint industry effort (the Petroleum Environmental
Research Forum). The ultimate goal of this project is to improve site and risk
characterization activities for E&P sites by developing human health Risk-Based
Screening Levels (RBSLs) for crude oils and E&P wastes based upon the specific
composition of the oils, including their PAH content. RBSLs represent chemical
concentrations in environmental media (soil, water, and air) that are considered protective
of human health. They are conservative estimates incorporating large margins of safety.
As such, they should not generally be considered cleanup goals for individual sites
without first evaluating their appropriateness on a site-specific basis.

This paper is part of an integrated session that was assembled to address the key technical
aspects of risk-based decision making at E&P sites. These include assessments of the
risks that are posed by total petroleum hydrocarbon, metals, polyaromatic hydrocarbons,
and benzene. To obtain a more comprehensive understanding of these various aspects of
the risk-based process for E&P sites, the reader is encouraged to obtain and review the
other papers of this session.

ANALYTICAL METHODOLOGY
Sixty crude oils were analyzed for the 16 priority pollutant PAHs. The crude oils

were sampled from 33 Chevron, 15 Exxon, and 12 Shell production sites around the
world. Figure 2 illustrates the sources of the crude oils, by geographic region. The crude
oils were selected based on their diversity in API gravities and compound classes. The
goal was to analyze a diverse group of oils that would represent the range of crude oil
types produced around the world. In addition to the 60 crude oils, ten oily wastes (tank
bottoms, sludges, etc.), and six oil-containing soils also were analyzed for their PAH
content.

Using pentane, a dilution was prepared for each crude oil to obtain an
approximate concentration of 5 mg/ml. Each dilution was then spiked directly with the
following surrogates; naphthalene-d8, acenaphthene-d10, phenanthrene-d10, and
benzo[a]pyrene-d12. Extracts were obtained from wastes and soils using either methylene
chloride or pentane as the solvent. The diluted crude oils and extracts were then passed
through a silica gel chromatography column to separate the aromatic hydrocarbons using
modified EPA Method 3630. Pentane was used to elute the saturate fraction, methylene
chloride:pentane (50:50) was used to elute the aromatic hydrocarbons. The aromatic
fraction was concentrated and spiked with the following internal standards; chrysene-d12
and fluorened10.

To determine the concentrations of selected PAHs, the concentrated extracts and
diluted crude oils were analyzed by gas chromatography/mass spectrometry (GC/MS)
operated in the selected ion monitoring (SIM) mode using a modified EPA Method 8270.
A five-point calibration, an Instrumental Reference Material (NIST IRM 1491), and an
oil reference standard (Alaska North Slope crude oil) were analyzed at the beginning of
each instrumental sequence. All instruments were calibrated with analytical standards



prior to the analysis of the samples. Target analyte concentrations of the 16 priority
pollutant PAHs were calculated versus the internal standard compound and were
corrected for recovery efficiency of the surrogate compounds. The recovery of the
surrogate compounds was calculated relative to the internal standards added to the
samples prior to instrumental analysis.

PAH CONTENT OF ANALYZED SAMPLES
The range and mean concentration of each of the priority pollutant PAHs as well

as the detection frequency for each PAH, is provided in Table 2. Naphthalene,
phenanthrene, fluorene, chrysene, pyrene, benzo[b]fluoranthene, and
benzo[k]fluoranthene occurred in >95% of the crude oils tested. Anthracene,
fluoranthene, dibenz[a,h]anthracene and indeno[1,2,3-cd]pyrene were less frequently
present (40% of oils contained anthracene and fluoranthene, and <7% contained
indeno[1,2,3-cd]pyrene). Acenaphthylene was not detected in any of the 60 crude oils.

A significant potential health concern resulting from exposure to PAHs is their
potential for carcinogenicity, which is structure dependent. Three-ring PAHs, including
anthracene and fluorene, have not been shown to cause cancer in laboratory animals (2).
On the other hand, there are seven 4-to 6-ring PAHs (shown in bold type in Table 2) that
are carcinogenic in laboratory animals (2). Of the PAHs shown to be carcinogenic,
chrysene was found at the highest concentrations in crude oil (its mean concentration was
28.5 mg/kg oil). The mean concentrations in crude oil of the other carcinogenic PAHs
range from 5.5 mg/kg oil for benz[a]anthracene, to <0.5 mg/kg oil for
benzo[k]fluoranthene and indeno[1,2,3-cd]pyrene. The mean concentration of
benzo[a]pyrene was 2.0 mg/kg oil.

Table 3 compares the PAH content of soils from contaminated creosote
production and gas works sites (10,11) with the concentrations of PAHs found in the ten
E&P wastes (sludges/tank bottoms) and six crude oil-containing soils that were analyzed
as part of this study. The concentration of PAHs in E&P wastes clearly was markedly
lower than in site soils affected by creosote or MGP operations. Furthermore, the
distribution of the individual PAHs differ markedly, with E&P wastes containing very
small amounts of 4-, 5-, and 6-ring PAHs, compared to the other waste types.

These differences in PAH concentration and distribution are also illustrated in
Figure 3, which compares the mean value for each PAH by geographical region with
some common fuels, carbon black, and coal tar (creosote). Concentrations of the priority
pollutant PAH concentrations in the crude oils tested are two orders of magnitude lower
than concentrations in creosote. Figure 3 also shows that the concentrations of 4-6 ring
PAHs are higher, on average, in crude oils produced in Indonesia and Africa, compared
to the oils produced in North America. Further analysis of this phenomenon revealed that
those oils with higher concentrations of 4-6 ring PAHs are from lacustrine (lakebed)
source rocks in Indonesia and Africa. In addition, the highest concentrations of 4-6 ring
PAHs were present in those lacustrine source oils that had been biodegraded in the oil
reservoir, as shown in Figure 4. Lacustrine source crude oils are rare in North America.



RISK-BASED SCREENING LEVELS FOR
CRUDE OILS

Risk-Based Screening Levels (RBSLs) were derived for the crude oils examined
in this project, based on their PAH contents. The RBSL calculations followed the general
approaches and algorithms used in the ASTM “Standard Guide for Risk-Based
Corrective Action applied at Petroleum Release Sites" (ASTM, 1995). The slope factors
for the carcinogenic PAHs are provided in Table 4. The units of the slope factor are
expressed as (mg/kg/day)-1 and relate a given environmental intake to the risk of
additional incidence of cancer above background (15). Several modifications were made
to the procedures outlined in the ASTM standard guide to better reflect current risk
assessment practices, as described previously (16).

The results of the RBSL calculations are shown in Figure 5. The potential
exposure pathways considered include direct contact with contaminated soils (inhalation,
ingestion, and dermal contact), consumption of groundwater affected by contaminant
leaching from site soils, and inhalation of volatiles in outdoor air. In all cases direct
contact with contaminated soil was the pathway associated with the highest risk.

The residential exposure scenario used in this analysis included childhood
exposures and specifically considered the potentially higher overall exposure levels that
people may experience during that lifestage. Age-adjusted procedures were used for
deriving the RBSLs, and a summary of the default parameters used in calculating the
RBSLs is provided in Table 5. The algorithms used are the same as those used by U.S.
EPA in deriving Preliminary Remediation Goals (17) and Soil Screening guidance levels
(18). Many state agencies also use the same basic procedures and algorithms.

The commercial exposure scenario, as defined in the ASTM guidance, was
reevaluated for this analysis and was found to be protective for other exposure scenarios
that may be more directly applicable to E&P operations. RBSLs were determined for a
number of relevant exposure scenarios and compared with the commercial exposure
scenario. The ASTM commercial scenario was found to be adequately protective for
recreational, as well as commercial, land uses. RBSLs derived for adults in a commercial
setting, as defined by ASTM, were equal to or lower than those derived for adults and
children in a recreational setting. Recreational receptors in this case were assumed to be
on site for a full two-week vacation period every year for 30 years, or were assumed to be
on site four hours per day, two days per week, nine months per year for 30 years. Based
on these findings, the commercial exposure scenario is referred to as a non-residential use
scenario in this analysis.

RBSLs were calculated based on the concentrations of the seven carcinogenic
PAHs: benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and dibenz[a,h]anthracene. They are expressed
in terms of the Total Petroleum Hydrocarbon (TPH) content of the individual crude oils,
and represent the amount of TPH in soil that would result in a cancer risk of 1 in 100,000
(1x10-5) from the PAHs of concern. This target risk level used in the calculation is the
same as that recommended by ASTM. It is also the midpoint of the acceptable risk range
(1x10-6 to 1x10-4) set by U.S. EPA for evaluating contaminated sites under Superfund



(19), it has also commonly been adopted by regulatory agencies in many states as the
target risk level of concern for environmental programs.

The residential RBSLs for 53 of the crude oils are shown in Figure 5, plotted
versus API gravity. The lowest RBSL is 30,000 mg TPH per kg of soil well above a
10,000 mg/kg cleanup target. Seven of the 60 crude oils resulted in RBSLs of NA, or
>100% TPH, and therefore are not shown in Figure 5.

CASE STUDY - CALIFORNIA
Five California crude oils ranging in API gravity (the standard American

Petroleum Institute method for specifying the density of crude petroleum) from 13.3º to
40.8º are shown in Table 6 and are used for the following case study. These oils are
representative of Monterey-type crude oils, or roughly 80% of the oil produced onshore
in California. The TPH RBSLs for these crude oils are shown in Table 6. As discussed
previously, these RBSLs are expressed as the amount of TPH in soil that would result in
a cumulative cancer risk of less than 1 in 100,000 (1 x 10-5) based on PAH content.
RBSLs calculated for these five oils suggest that PAHs in crude oil would not pose a
significant health risk at residential sites for crude oil levels up to 77% in soil. It is
recognized that, although such high levels of crude oil in soil would be protective of
human health, it may not be appropriate from an aesthetic view point, or possibly from an
ecological viewpoint.

As a chemical-specific way of evaluating the potential health risk, the PAH
contents of the five crude oils were compared to the U.S. EPA Region IX’s Preliminary
Remediation Goals (PRGs). PRGs are risk-based tools for evaluating and remediating
contaminated sites derived by the U.S. EPA and are presented in Table 7. As with
RBSLs, PRGs represent chemical concentrations in environmental media (soil, water,
and air) that are considered to be protective of human health, including sensitive groups,
over a lifetime. Chemical concentrations above PRGs do not automatically mean that a
site must be cleaned up to ensure the safety of the public health. Rather, this condition
indicates that further evaluation of the potential risks posed by site contaminants may be
in order. PRGs focus on common human exposure pathways and may not consider all
pathways that could be encountered at a particular site. For example, they do not consider
exposure to indoor air from soil gas or ingestion via plant, meat, or dairy products. PRGs
are derived by combining current EPA toxicity values with “standard” exposure factors
and they correspond to fixed levels of risk (i.e., either a one-in-one million (1x10-6)
cancer risk, or a noncarcinogenic hazard quotient of one).

The PRGs presented in Table 7 are based on human exposure pathways involving
direct contact with contaminated soil. Pathways considered include incidental ingestion,
dermal contact, and inhalation of vapors or soil particles containing the contaminants of
potential concern. U.S. EPA presents two types of PRGs; one each for residential and
industrial land use scenarios. When using PRGs for screening purposes, residential
concentrations are normally used to allow maximum beneficial uses of a property.
Industrial concentrations may be applicable on a site-specific basis, especially when the
end land use for the property is known, and is expected to remain or become industrial.



Table 8 shows the PAH content of the five crude oils used to compare with
California PRG's. The concentrations of each of the PAHs were compared to the PRGs to
determine the corresponding oil concentration in soil that would result in PAH levels that
would be above any single PRG. The calculated oil concentration for the individual PAH
yielding the lowest allowed oil concentration was reported. Using this type of analysis,
acceptable crude oil levels in soil ranged from 2.3 to 14.4 percent. These values are lower
than those suggested by the RBSLs presented in Table 6, but still well above 1% cleanup
criteria. It should be remembered that PRGs correspond to a target cancer risk level of
1x10-6.

These levels would apply to situations involving a single oil spill incident or
single application of oil. Sites that have received multiple applications of crude oil or oil-
contaminated soils, e.g. a land farm site, would require additional consideration. If crude
oils are spilled that are believed to be different in composition, or which have not been
previously characterized, PAH analysis of site soils from the spill may be warranted.

The California EPA (Cal-EPA) routinely relies on slightly different exposure and
toxicity parameters than those used to derive the Region IX PRGs. When Cal-EPA slope
factors and absorption assumptions are substituted into the equations used to derive
PRGs, adjusted screening values that are generally about half as large as the Region IX
PRGs are calculated. Corresponding screening levels for total crude oil in soil are
reduced by half accordingly.

CONCLUSIONS
Sixty crude oils were analyzed and found to contain very low levels of priority

pollutant PAHs. Screening of the human health risk associated with soil containing crude
oil showed the risk from PAH concentrations was not significant at TPH concentrations
below as well as above 10,000 ppm, the current TPH clean-up standards in many states.

Even considering the potential impact of using Cal-EPA parameters, it is
apparent that acceptable levels for crude oil in soil based on the potential human health
effects of PAHs are well above those that would cause a soil to be visibly oily. Overall,
this indicates that the low levels of PAHs in crude oils are unlikely to be a major risk
management consideration at crude oil spill sites. This constitutes compelling evidence
that routine analyses for PAHs in E&P wastes and site soils are unnecessary.
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Table 1. Names and selected physical-chemical properties of PAHs. (Ref. 4,5,6)

PAH bpa °°°°C
Aqueous

solubility of pure
solid (mg/L)

Aqueous
solubility of pure
subcooled liquid

(mg/L)

logb Kp

Vapor
Pressure

(torr at 200C)

Naphthalene 217 31 103.23 3.37 4.92x10-2

Acenaphthene 279 3.8 19 4.33 2.0x10-2

Acenaphthylene 265 16.1 73.094 4.07 2.9x10-2

Anthracene 340 0.045 4.59 4.45 1.96x10-4

Phenanthrene 340 1.1 4.07 4.46 6.80x10-4

Fluorene 293 1.9 11.875 4.18 1.3x10-2

Fluoranthene 295 0.26 5.26 5.33 6.0x10-6

Benz[a]anthracene 400 0.011 0.275 5.61 5.0x10-9

Chrysene 448 0.0015 0.1545 5.61 6.3x10-7

Pyrene 360 0.132 1.015 5.32 6.85x10-7

Benzo[a]pyrene 496 0.0038 0.1265 6.04 5.0x10-7

Benzo[b]fluoranthene 481 0.0015 0.0384 6.57 5.0x10-7

Benzo[k]fluoranthene 480 0.0008 0.0615 6.84 5.0x10-7

Dibenz[a,h]anthracene 535 0.0005 0.125 5.97 1.0x10-10

Benzo[ghi]perylene 542 0.00026 0.0866 7.23 1.0x10-10

Indeno[1,2,3-cd]-
pyrene 530 0.062 1.55 7.66 1.0x10-10

abp = boiling point.
blogKp = logarithm of the soil:water partition coefficient.



Table 2. PAH content of 60 crude oils. All data are reported in mg/kg oil.

PAH Minimum Maximum Mean Detection Frequency
Naphthalene 1.2 3700 422.9 60
Acenaphthene nd 58 13.9 48
Anthracene nd 17 3.4 24
Phenanthrene nd 916 176.7 59
Fluorene 1.4 380 73.6 60
Benz[a]anthracene nd 38 5.5 40
Fluoranthene nd 26 3.9 24
Chrysene 4 120 28.5 60
Pyrene nd 82 15.5 58
Dibenz[a,h]anthracene nd 9.2 1.0 28
Benzo[a]pyrene nd 7.7 2.0 45
Benzo[b]fluoranthene nd 14 3.9 60
Benzo[k]fluoranthene nd 7 0.46 56
Indeno[1,2,3-cd]pyrene nd 1.7 0.06 4
Benzo[ghi]perylene nd 9.6 1.53 38
PAHs in bold font have been shown to be carcinogenic in laboratory animals. (Ref. 9)
nd = below detection limits.

Table 3. Mean PAH concentrations present in creosote, gas works, sludges/tank bottoms
and E&P Soils.

PAH
Creosote

Production
Meana (mg/kg)

Gas Works
Meanb

(mg/kg)

Sludges/tank
bottoms Mean

(mg/kg)

E&P soils
Mean (mg/kg)

Naphthalene 1313 --- 44.00 0.183
Acenaphthylene 33 2 0.29 0.017
Acenaphthene --- --- 6.51 0.733
Fluorene 650 225 21.09 0.455
Anthracene 334 156 2.22 0.214
Phenanthrene 1595 379 55.53 1.429
Fluoranthene 682 2174 2.31 0.283
Pyrene 642 491 5.42 0.869
Benz[a]anthracene --- 317 2.98 0.393
Chrysene 614 345 12.16 1.385
Benzo[b]fluoranthene --- 260 1.74 0.199
Benzo[k]fluoranthene --- 238 0.28 0.061
Benzo[a]pyrene --- 92 0.97 0.119
Indeno[1,2,3,-cd]pyrene --- 207 0.20 0.024
Dibenz[a,h]anthracene --- 2451 0.65 0.094
Benzo[ghi]perylene --- --- 0.73 0.176
aRef. (10)
bRef. (11)



Table 4. Slope factors for carcinogenic PAHs.

PAH Oral Slope Factor
(mg/kg/day)-1

Inhalation Slope Factor
(mg/kg/day)-1

Benz[a]anthracene 0.73b 0.31b

Chrysene 0.0073b 0.0031b

Benzo[b]fluoranthene 0.73b 0.310b

Benzo[k]fluoranthene 0.073b 0.031b

Benzo[a]pyrene 7.3a 3.10c

Indeno[1,2,3-cd]pyrene 0.73b 0.31b

Dibenz[a,h]anthracene 7.3b 3.10b

aRef. (13), bRef. (14), cRef. (17)

Table 5. Default factors used in calculating carcinogenic RBSLs. (Ref. 17 and 18)

Definition Units Symbol Default Value
Age adjusted ingestion factor,
soils

(mg-yr/kg-day) IFSadj 114

Age adjusted inhalation factor m3/day InhFadj 11
Age adjusted ingestion factor,
water

(L-yr/kg-day) IFWadj 1.1

Dermal absorption factor --- RAFd 0.15
Soil Adherance Factor (mg/cm2) M 0.2
Exposure Frequency – residential days/yr EFr 350
Averaging time – carcinogens years ATc 70
Target risk level --- TR 10-5

Table 6. TPH RBSLs calculated on the basis of carcinogenic PAHs in each oil.

Crude Oil API°°°° gravity Residential RBSL
(mg/kg)

Non-residential RBSL
(mg/kg)

Cymeric 40.8 130,000 700,000
KLM-SJV 22.6 770,000 NA
SJV heavy 13.3 NA NA
Ventura

Pipeline 26.0 260,000 NA

Wilmington 15.0 310,000 NA
NA= Not applicable, indicating that >100 % TPH would be required in soil to create adverse
risk.



Table 7. U.S. EPA Region IX PRGs for residential and industrial sites. (mg/kg soil)

PAH Region IX
residential PRG

Region IX
industrial PRG

Naphthalene 55 190
Acenaphthylene 2600 28,000
Anthracene 14,000 220,000
Fluorene 1800 22,000
Benz[a]anthracene 0.56 3.6
Fluoranthene 2000 27,000
Chrysene 56 360
Pyrene 1500 26,000
Dibenz[a,h]anthracene 0.056 0.36
Benzo[a]pyrene 0.056 0.36
Benzo[b]fluoranthene 0.56 3.6
Benzo[k]fluoranthene 5.6 36
Indeno[1,2,3-cd]pyrene 0.56 3.6

Table 8. PAH content (in mg/kg oil) for 5 California oils.

PAH API°°°° gravity
40.8

API°°°° gravity
22.6

API°°°° gravity
13.3

API°°°° gravity
26

API°°°° gravity
15

Naphthalene 1200 270 7.8 380 46
Acenaphthylene 27 17 15 16 14
Anthracene nd nd nd 7.9 nd
Fluorene 170 52 20 48 22
Benz[a]anthracene nd nd nd 3.6 nd
Fluoranthene nd nd nd nd 3.5
Chrysene 29 21 10 12 6
Pyrene 15 19 14 7.9 10
Dibenz[a,h]anthracene 1.1 nd nd nd 1.2
Benzo[a]pyrene 2.4 nd nd 1.2 nd
Benzo[b]fluoranthene 3.1 6.2 3.9 3 3.4
Benzo[k]fluoranthene nd nd nd nd nd
Indeno[1,2,3-cd]pyrene nd nd nd nd 0.43

* 2.3% 9.0% 14.3% 4.7% 4.7%
*The % oil in soil that would not exceed PRG concentrations of PAHs. The following formula was used:
TPH acceptable (mg TPH/kg soil)=PRG (mg PAH/kg soil)*(106 mg oil/kg oil)/ C oil (mg PAH/kg oil).
nd= below detection limits.



Naphthalene Acenaphthylene Acenaphthene Fluorene

Anthracene Phenanthrene Fluoranthene Pyrene

Benz[a]anthracene Chrysene Benzo[b]fluoranthene Benzo[k]fluoranthene

Benzo[a]pyrene Indeno[1,2,3-cd]
pyrene

Dibenz[a,h]anthracene Benzo[ghi]perylene

Figure 1. Chemical structures of the priority pollutant polyaromatic hydrocarbons.
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Figure 2. Number of crude oil samples (60 total) analyzed by the geographic region from which
they originated.
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Figure 3. Distribution fingerprints of tested crude oils (mean values for each geographic region) in
comparison to some common fuels, carbon black, 1% coal tar, outdoor dust from Logan airport,
and 1% creosote. Carbon black and coal tar data are from Ref. (12).
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Figure 5. Carcinogenic residential RBSLs based on the content of PAHs in the crude oils,
expressed as mg of TPH per kg of soil, versus API gravity. Seven of the crude oils resulted in
RBSLs = NA. Not Applicable (NA) indicates that >100% TPH (1,000,000 mg/kg) would be
required in soil for a significant risk to occur.
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ABSTRACT
Regulators often require that Total Petroleum Hydrocarbons (TPH) be measured for soils

impacted by crude oil. However, many upstream regulations do not specifically require benzene
analyses, nor are benzene cleanup levels set for many E&P sites. In this study, we have measured
the amount of benzene present in 69 crude oils, 14 condensates, and some E&P site soils. These
data are compared to benzene levels in gasoline and other fuels. Human-health Risk-Based
Screening Levels (RBSLs) for crude oils, condensates and soils were developed for three
exposure pathways: soil leaching to groundwater, outdoor air volatilization, and direct contact
with soil (ingestion, inhalation, and dermal contact). In some cases benzene leaching to
groundwater may be the limiting pathway of concern, and in some cases outdoor air volatilization
may be the limiting pathway. The RBSL results indicate that benzene may be of concern for fresh
spills of some types of crude oils (typically those which contain more than 300 mg benzene per
kg of oil) and for condensates. Benzene concentrations in weathered E&P site soils analyzed to
date indicate that the levels are often so low as to pose no significant risk to human health via
benzene leaching to groundwater. Site conditions and oil/waste types under which benzene risk
may need to be considered will be summarized.   



INTRODUCTION
Benzene is commonly found in the environment from both human activities and natural

processes. Benzene was first discovered in 1825 and isolated from coal tar in 1849, while today it
is made mostly from petroleum sources. Benzene is used by industry to make other chemicals
such as ethylbenzene for plastics manufacture, cumene for resins, and cyclohexane for nylon and
synthetic fibers. In addition, it is used to manufacture rubber, lubricants, dyes, pharmaceuticals,
and pesticides. (1) Natural sources of benzene in the environment include volcanoes, forest fires,
and crude oil seeps.

Benzene (C6H6) is a flat six-carbon ring in which the fourth bond of each carbon atom is
shared throughout the circle. For simplicity, the ring can be shown as an inner circle, which
indicates that the fourth bond’s unpaired electrons are constantly oscillating between all carbon
atoms in the ring. All aromatic hydrocarbons contain at least one benzene ring. (2)

People may come into contact with benzene through inhalation, ingestion, or dermal
contact. Most people are exposed to a small amount of benzene every day, mainly via inhalation
of vapors from commercial products such as glues, paints, cigarette smoke, and vehicle exhaust.
People who work and/or live near industries that make, use, or store products or waste materials
that contain benzene may be exposed to higher concentrations of benzene than the general
population. Adverse health effects may be produced in people exposed to benzene at certain
concentrations and under certain exposure conditions.

Benzene is a known human carcinogen. In workers, long-term exposure to high
concentrations of benzene in air has been shown to cause cancer of the blood forming organs. In
laboratory animals, benzene has been shown to produce several types of cancer following oral or
inhalation exposure. There are still questions concerning both the mechanisms of benzene
carcinogenesis and the most appropriate models for developing human risk estimates. These
issues are actively being studied and debated in the scientific community. In addition to cancer,
benzene is also known to produce other adverse health effects; again principally on the blood
forming organs, although neurological and reproductive effects may also be of concern. (1)

Benzene occurs naturally in most crude oil, is a byproduct of oil refining processes, and
occurs in liquids produced with natural gas (condensates). To date, little information has been
published on the benzene content of crude oils. The Total Petroleum Hydrocarbon Criteria
Working Group (TPHCWG) reported an average benzene concentration of 1600 ppm in eight
crude oils (Volume 2). (3) Benzene levels in four condensates were reported to range from 1500
to 36,000 ppm. (4) Some benzene levels in crude oil are available from Environment Canada’s
database. (5) The benzene content for 32 oily soils from exploration and production (E&P) sites
was published by the American Petroleum Institute. (6)

Most upstream regulatory programs do not routinely require benzene analysis of E&P site
soils and do not routinely set benzene regulatory limits. For such sites, regulators do not routinely
require soils to be analyzed for benzene (e.g., Texas, and Louisiana). Programs in California,
New Mexico and Michigan are exceptions and do require benzene analyses at E&P sites. Most
regulatory programs do require that Total Petroleum Hydrocarbons (TPH) be measured at E&P
sites and do set TPH-based regulatory limits.

This report presents the results of a joint industry effort to improve site and risk
characterization activities for upstream sites. As part of Petroleum Environmental Research



Forum (PERF) project 97-08, benzene levels in 69 crude oils and 14 condensates were
determined. The data were then used to develop TPH risk-based screening levels that could be
applied at E&P sites. This paper is part of an integrated series of papers that was assembled to
address the key technical aspects of risk-based decision making at exploration and production
sites. These include assessments of the risks that are posed by total petroleum hydrocarbon,
metals, polyaromatic hydrocarbons, and benzene. To obtain a more comprehensive understanding
of these various aspects of the risk-based process for E&P sites, the reader is encouraged to
obtain and review these related papers.

ANALYTICAL METHODS
Sixty-nine crude oils and fourteen condensate samples were analyzed for volatile

aromatic hydrocarbons, including benzene, toluene, ethylbenzene, and xylenes (BTEX) using
purge and trap gas chromatography coupled with mass spectrometry (GC/MS). Samples were
analyzed following a procedure based on U.S. Environmental Protection Agency Method
8260A.(7) A measured amount of oil is extracted with methanol and a portion of the methanol
extract is diluted to 5 mL with reagent water. An inert gas is bubbled through this solution in a
specifically designed purging chamber at ambient temperature. The purgeable compounds are
effectively transferred from the aqueous phase to the vapor phase. The vapor is swept through a
sorbent column where the purgeables are trapped. After purging is completed, the sorbent column
is heated and backflushed with the inert gas to desorb the purgeable compounds onto a gas
chromatographic column. The gas chromatograph is temperature-programmed to separate the
purgeable compounds that are then detected with a mass spectrometer. System performance is
monitored with the use of surrogate and internal standard compounds. Each oil/soil was spiked
with the following surrogates; dibromofluoromethane, toluene-d8, and 4-bromofluorobenzene. For
the analysis, a portion of the soil/oil is spiked with the internal standard compounds;
pentafluorobenzene, 1,4 difluorobenzene, chlorobenzene-d5, and 1,4 dichlorobenzene-d4.
Concentrations of target compounds (BTEX) are quantitated against the internal standards and a
five-point calibration curve.

ANALYTICAL RESULTS
Figure 1 illustrates the sample locations for the 69 crude oils and 14 condensates.

Condensates are defined as those hydrocarbons which are in the gas phase under reservoir
temperatures and pressures, but which form liquids and gas at the surface. (8) As a general rule of
thumb, condensates have API gravity values greater than 45 to 50º. The API gravity range for the
crude oils in this study is 9 to 46o, and condensates range from 45 to 70º. While all of the samples
were analyzed for BTEX as discussed above; only the benzene values are presented in this paper.
Benzene is typically considered to be a chemical of potential concern at petroleum release sites,
particularly in some fuels, and its carcinogenic nature requires an analysis of whether it is a risk
driver at crude oil release sites. (Toluene, ethyl benzene, and xylenes are not considered
carcinogens and are therefore considered in calculating non-carcinogenic TPH RBSLs.)

As shown in Table 1, the highest observed concentration of benzene in the crude oils was
5900 mg/kg of oil or 0.59 wt. %, and the mean concentration of benzene in the crude oils was
1,340 mg/kg. Two of the crude oils contained less than 1.4 mg/kg benzene (the detection limit for
the analytical method). In general, higher API gravity crude oils and condensates tend to contain



more benzene as shown in Figure 2. The condensates contained more benzene than the crude oils,
with the maximum concentration being 35,600 mg/kg of condensate (3.56 wt. %). The mean
concentration of benzene for the 14 condensates was 10,300 mg/kg. So, there is roughly 10 times
more benzene on average in the analyzed condensates than in crude oils. However, the correlation
between API gravity and benzene concentration is not strong enough to allow API gravity to be
used to estimate the benzene content in previously unanalyzed crude oils and condensates.

In comparison to crude oils and condensates, gasoline (those gasolines unregulated for
specific content) can contain as much as 4.9 volume percent benzene. Federal reformulated
gasoline can contain up to 1.3 volume percent benzene, and in California, gasoline can contain up
to 1.2 volume percent benzene. (9) An average benzene concentration of 1.9 wt. percent for 124
gasoline samples has been reported. (3) Other fuels contain less benzene as shown in Table 2.
Diesel was found to have an average benzene concentration of 290 mg/kg or 0.029 wt. percent,
lubricating and motor oils have an average concentration of 960 mg/kg benzene, and JP-4 jet fuel
has an average concentration of 4,700 mg/kg benzene. (3)

RBSLS FOR CRUDE OILS
Risk-Based Screening Levels (RBSLs) were derived for 69 crude oils and 14

condensates. In general, RBSLs are risk-based tools for evaluating contaminated sites. They
represent chemical concentrations in environmental media (soil, water, and air) that are
considered protective of human health. They are very conservative estimates incorporating large
margins of safety and, as such, they should not generally be considered cleanup goals for
individual sites without first evaluating their appropriateness on a site-specific basis. The RBSL
calculations followed the general approaches and algorithms used in the ASTM “Standard Guide
for Risk-Based Corrective Action applied at Petroleum Release Sites. (10) Development of TPH
RBSLs has been described previously (See references 3 and 11 for discussions of the TPH
fraction approach to risk assessment) and in a companion paper presented in these proceedings.
(12)

The RBSLs were derived for a non-residential land use scenario, which is likely to be the
most common land use scenario for many E&P sites (considering both current and reasonably
anticipated future land use). The potential exposure pathways considered include direct contact
with contaminated soils (inhalation, ingestion, and dermal contact), consumption of groundwater
impacted by contaminant leaching from site soils, and inhalation of volatile compounds in
outdoor air emanating from subsurface vadose zone soil. In determining RBSLs, the non-
carcinogenic risk associated with the various petroleum fractions in the materials tested and the
carcinogenic risk associated with the PAHs and benzene in the materials were considered for each
of these three pathways. In companion papers, RBSLs for crude oils based on the non-
carcinogenic risk associated with the various petroleum fractions (12) and the carcinogenic risk
associated with PAHs (13) were determined. Those studies determined that the lowest non-
residential TPH RBSLs were greater than 10,000 mg/kg for crude oils from around the world.
However, the carcinogenic risk associated with benzene in the oils was not addressed. This paper
assesses the impact of including the benzene present in these oils on the TPH RBSLs.

In this paper RBSLs expressed in terms of the TPH content of the individual crude oils
were calculated, based on the benzene levels measured in the various oils. They represent either
the amount of TPH in soil that would result in a target cancer risk due to benzene of 1 in 100,000
(1x10-5), or the amount of TPH in soil that would result in a non-carcinogenic hazard index of 1.



The latter becomes important at low benzene concentrations in crude oils, and it takes into
consideration the composition of the petroleum mixture as a whole. The target risk levels used in
this analysis are the same as those recommended by ASTM. They have been adopted by many
state regulatory agencies as target levels of concern for environmental programs.

The non-residential TPH RBSLs for 67 crude oils and 14 condensates are shown in
Figure 3; the crude oils are represented by the closed symbols and condensates by the open
symbols. Figure 3 indicates that TPH RBSLs are approximately 60,000 mg/kg for crude oils with
benzene concentrations less than 300 mg/kg. These RBSLs are the same as those reported in a
companion paper (12) for the same crude oils. At these low levels, benzene is not the limiting
compound in determining TPH RBSLs. Instead, TPH RBSLs are limited by the composition of
the petroleum material as a whole and the limiting exposure pathway is direct contact with
impacted surficial soils. At concentrations less than 300 mg/kg in oil, the benzene levels are so
low that, even if free-phase oil were present, the benzene concentration would not be sufficient to
exceed the 1x10-5 target risk level for any exposure pathway. This limiting concentration was
determined by using Raoult’s law for residual hydrocarbon mixtures in the calculations of the
RBSLs.

At concentrations above 300 mg/kg in crude oils and concentrates, benzene is the limiting
compound in determining the TPH RBSL and the limiting exposure pathway becomes leaching to
groundwater. At benzene concentrations greater than 300 mg/kg, the RBSL for TPH in soil can
be determined from the following equation:

swbenzeneo

benzenew
TPHs LFw

RBSL
RBSL

,

,
, =                                                   (1)

where:

RBSLs,TPH = risk-based screening level for TPH in soil (mg/kg-soil)
RBSLw,benzene = risk-based screening level for benzene in water

   (0.0987 mg/L-water)
wo,benzene = weight fraction of benzene in oil (mg-benzene/mg-oil)  
LFsw = leaching factor for benzene from soil to groundwater

   (0.090 kg-soil/L-water)

(Note: The contributions to carcinogenic risk associated with PAHs were also included in the
calculations, but in all cases, they did not contribute significantly to the overall risk. The
calculations used in this paper for PAHs are consistent with those reported in reference 13.)

The leaching factor was calculated according to (10) as:
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where:   

ρs = soil bulk density (1.7 g-soil/cm3-soil)
θws = volumetric water content in vadose zone soils (0.12 cm3-w/cm3-soil)
ks = soil-water sorption coefficient for benzene (0.813 cm3-w/g-soil)
H = Henry’s law constant for benzene (0.225 cm3-w/cm3-air)
θas = volumetric air content in vadose zone soils (0.26 cm3-air/cm3-soil)
Ugw = groundwater Darcy velocity (2500 cm/year)
I = infiltration rate of water through soil (30 cm/year)
L = length of source area parallel to groundwater flow direction (1500 cm)
δgw = groundwater mixing zone thickness (200 cm)

Values used were the Tier 1 values in Tables X2.6 and X2.7 of ASTM E 1739. (10) These values
yield a leaching factor for benzene = 0.090 kg-soil/L-water.

The RBSLw,benzene value of 0.0987 mg/L for benzene was determined from the following
equation:   

EDEFIRSF
yrdATBWTRRBSL
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c
w ***

/365***=                                        (3)

where:

TR = target excess individual lifetime cancer risk (10-5)
BW = adult body weight (70 kg)
ATc = averaging time for carcinogens (70 years)
SFo = oral cancer slope factor for benzene (0.029 [mg/kg-day]-1)
IRw = daily water ingestion rate (1 L/day)
EF = exposure frequency (250 days/year)
ED = exposure duration (25 years)

Values used were the commercial/industrial (non-residential) Tier 1 values in Tables X2.4 and
X2.7 of ASTM E 1739. (10)

The curves in Figure 3 indicate that TPH RBSLs are reduced to below 10,000 mg/kg soil
for oils that contain levels of benzene > 300 mg/kg. Of the 69 oils for which benzene levels were
measured, a total of 25 had benzene levels < 300 mg/kg oil. All 14 of the condensates had levels
greater than 300 mg/kg oil.

Comparison of RBSLs for Fresh Crudes on Soil With RBSLs for Actual
Crude Oil Impacted Soils

The benzene concentrations shown in Figures 2 and 3 correspond to values for fresh
crudes. However the composition of oil can change as weathering of the oil occurs in soils. This
effect is illustrated in Table 3 with three cases of crude oil impacted soils. For these three cases,
soil samples were obtained from sites where pipeline or wellhead leaks occurred, and the leaks
were still occurring at the time of sampling. The soil samples were taken at depths greater than
one foot below the surface either by boring or trenching and were taken in such a way as to
minimize volatilization losses.



Table 3 shows that the benzene concentrations in the oil (as measured by TPH) are
significantly less than those in the corresponding fresh oil. This is likely the result of weathering
following the initial contact of oil with soil. This has a significant impact on the TPH RBSLs. For
example for Soil A, the TPH RBSL based on the benzene content of the fresh oil increases from
390 mg/kg to over 75,000 mg/kg when the actual composition of benzene in the TPH is
considered. For Soil B, the TPH RBSL increases from 910 to 3,500 mg/kg when the actual
benzene content is considered.

In addition to the cases shown in Table 1, twenty-nine soils from E&P sites were
analyzed as part of an API study and all contained on average less than 300 mg benzene/kg
residual oil. (6) The 29 samples included soils sampled near gas line leaks, condensate spills, and
crude oil spills. The sites were selected as worst case scenarios, and thus were taken from the
sites of active leaks, many of which had free-standing oil and very high oil concentrations (as
high as 52.6% oil and grease). The samples were analyzed for both volatiles (BTEX) and oil and
grease. Figure 4 illustrates the concentration ranges and mean values for benzene and oil in soil
for the 29 samples. The figure also shows the concentration of benzene on an oil concentration
basis. The data show that only three soils contain concentrations of benzene in oil greater than
300 mg/kg. Since these samples were considered to be worst case examples of oily soils observed
at E&P sites, this data set indicates that benzene may rarely be a problem in actual site soils at
E&P sites.

Sensitivity of TPH RBSLs to Attenuation of Benzene in Groundwater

It is important to stress that the RBSL values shown in Figure 3 and Table 3 do not
consider such important factors as dispersion and degradation of benzene in groundwater. Both
dispersion and degradation of benzene in the environment can be significant as has been
demonstrated by extensive laboratory studies, and well-monitored field sites contaminated with
petroleum hydrocarbon mixtures containing benzene. (14, 15)  An example calculation that
illustrates the impact of attenuation from a source to a downstream groundwater receptor on TPH
RBSLs is presented below.

Figure 5 shows the potential impact of benzene attenuation in groundwater on the
RBSLs. This was accounted for by incorporating a dilution attenuation factor in groundwater
(DAFgw) that represents the ratio of the concentration in groundwater at the source to that at a
downstream receptor. The TPH RBSL based on benzene leaching to groundwater can then be
calculated as:   
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, =                                         (4)

where RBSLw now applies to ingestion of groundwater at the downstream receptor.

The DAFgw was calculated using the following equation (16):
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where:

x = distance from groundwater source to receptor (15000 cm)
u = groundwater interstitial velocity (Ugw/θs)
θs = saturated zone porosity (0.38)
λ = first order degradation constant (0.003 day-1)
Sw = groundwater source width (15000 cm)
Sd = groundwater source thickness (200 cm)
αx = longitudinal dispersivity (0.1*x)
αy = transverse dispersivity (0.33*αx )
αz = vertical dispersivity (0.05*αx)
erf = error function

Values for the various parameters used to calculate a DAFgw that are illustrative of
attenuation in groundwater are shown in parentheses above. The value for the first order
degradation rate constant, λ, represents an average value observed from analysis of several sites
with BTEX plumes (14). Values for the interstitial groundwater velocity were determined from
the Darcy velocities used in the calculations for the leaching factor, LFsw, in Equation 2 adjusted
for a typical saturated zone porosity. The thickness of the groundwater source was taken as the
same as the groundwater mixing zone depth to also be consistent with the leaching factor
calculation. The width of the groundwater source was chosen to be representative of a large
impacted area at an E&P site and results in a conservative estimate of the dilution due to
dispersion in the transverse direction. A distance to a potential downstream receptor of 15,000 cm
(approximately 500 ft) was assumed to be representative of E&P sites. (6) Note that Equation 5 is
valid for only infinitely thick aquifers. For large distances, x, the contribution to the DAF due to
dispersion in the vertical direction will be less than that suggested by the last error function term
in Equation 5. For x = 15,000 cm, this term was substituted with Sd/B, the ratio of groundwater
source thickness to saturated zone thickness, and represents the maximum dilution that can occur
at distance x due to dispersion in the vertical direction. A saturated zone thickness, B, of 960 cm
(minimum value in VADSAT hydrogeologic data base (6)) was used for these calculations. The
values for the various dispersivities were taken from Conner. (17)

Incorporating the values presented above into Equation 5 yields a DAF = 42. This DAF
value was then used in Equation 4 to assess the impact that degradation and dispersion of benzene
in groundwater can have on TPH RBSLs as shown in Figure 5. One can see that for oils that
contain concentrations of benzene for which benzene leaching to groundwater is limiting with
respect to risk, attenuation due to biodegradation and dispersion can significantly increase the
TPH RBSLs.

An additional curve is shown in Figure 5. This curve represents TPH RBSLs that are
limited by inhalation of benzene that emanates from subsurface soils due to volatilization and
diffusion. Calculations for the inhalation of benzene in outdoor air above subsurface soils were
based on Tier 1 equations and parameter default values presented in the ASTM RBCA guidelines
(10). This pathway constrains the TPH RBSLs when attenuation of benzene in groundwater
occurs. Even considering this constraint, it is evident that attenuation of benzene in groundwater
can yield TPH RBSLs that are greater than 10,000 mg/kg for a majority of the “fresh” crude oils
considered in this project.   

It should also be emphasized that in addition to degradation in groundwater, benzene will
significantly degrade as it is transported through the vadose zone (6). This has not been



considered in the curves shown in Figures 3 and 5. This will have additional impact on the TPH
RBSLs with respect to both leaching of benzene to groundwater and volatilization to outdoor air.
Moreover, for those oils that have high benzene concentrations, weathering of the subsurface
soils will change the concentrations of benzene in the subsurface soils as described in the
previous section and as indicated in Table 3. This will also produce directionally higher TPH
RBSLs for soils impacted by crude oils and condensates. If the benzene and TPH contents for a
particular soil impacted by a crude oil or condensate are known, Figure 3 provides an estimate of
the TPH RBSLs for that soil. More detailed calculations can be performed using tools that
incorporate more information on the TPH composition and molecular weight, and on the various
parameters that determine the impact of attenuation of benzene in groundwater and in the vadose
zone.   

CONCLUSIONS
Benzene concentrations in crude oils ranged from non detected (<1.4 mg/kg oil) to 5,900

mg/kg oil with a mean concentration of 1,340 mg/kg oil. The condensates contained more
benzene than the crude oils, with the maximum concentration being 35,600 mg/kg of condensate
(3.56%). The mean concentration of benzene for the 14 condensates was 10,300 mg/kg.
Therefore, there is roughly 10 times more benzene, on average, in the analyzed condensates than
in crude oils. In general, higher API gravity crude oils and condensates tend to contain more
benzene as shown in Figure 2.

An analysis of Tier 1 RBSLs indicates that crude oils or condensates with benzene
concentrations < 300 mg/kg do not pose a significant risk to human health via leaching to
groundwater, or vaporization to outdoor air. For crude oils and condensates, RBSLs will be
limited by direct contact with surficial soils and the lowest TPH RBSLs calculated for a non-
residential setting is approximately 40,000 mg/kg soil. Approximately one-third of the 69 crude
oils (25 of 69 oils) contained less than 300 mg/kg benzene, and of those crude oils with an API
gravity less than 20º, only one contained >300 mg/kg benzene. All of the condensates had
benzene concentrations exceeding the 300 mg/kg value.

Based on research results in the laboratory and field studies conducted at UST sites, Tier
1 assumptions used to calculate benzene RBSLs can be overly conservative. Natural attenuation
has been observed at many UST sites, therefore dispersion and biodegradation should be
accounted for in calculations of RBSLs.

Benzene concentrations > 300 mg/kg reduce RBSLs significantly in inverse proportion to
the benzene concentration, if attenuation is not considered. Under these conditions, risk is limited
by leaching to groundwater. The second most important pathway is volatilization from subsurface
soils to outdoor air.   

It is important to determine the benzene content of particular crude oils and condensates
produced at a location, since the concentration cannot be adequately predicted by API gravity.
However, weathering of oil impacted sites will reduce the concentration of benzene in TPH as
illustrated in the soil case study and by the API data. This weathering will result in higher TPH
RBSLs than those based on fresh crude oil or condensate compositions. In order to determine the
potential impact of benzene on acceptable TPH levels at sites, it will be essential to consider
factors such as the actual concentration of benzene in the TPH for a weathered soil, as well as
attenuation of benzene due to biodegradation and dispersion in groundwater. Future work in this



area will incorporate additional fate and transport factors not considered in this paper, such as
biodegradation and volatilization of benzene in the vadose zone. Additional human exposure
parameters that are characteristic of E&P sites will also be evaluated.
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Table 1. Concentrations of benzene in crude oils and condensates analyzed in this study.

# of Samples

API
Gravity

Range (º)

Mean
Concentration

of Benzene
(mg/kg Oil)

Median
Concentration

of Benzene
(mg/kg Oil)

Minimum
Concentration

of Benzene

Maximum
Concentration

of Benzene

# of
Non-

Detects
69 Crude Oils 8.8 – 46.4 1,340 780 ND* 5900 2

14 Condensates 45 – 70.1 10,300 6400 1470 35,600 0

ND = Non-detect, with the detection limit being 1.2 mg benzene/kg oil.

Table 2. Concentrations of benzene in some refined products as reported by the TPH Criteria Working
Group. (4)

# of Samples Fuel

Average Benzene
Concentration
(mg/kg Oil)

Minimum
Concentration of

Benzene

Maximum
Concentration of

Benzene
124 Gasoline 19,000 16,000 23,000

4 Diesel 290 2.6 1,000
237 Lubricating &

Motor Oils
960 590 960

107 JP-4 4,700 4,700 5,000

Table 3. Concentrations of benzene in oil and TPH, and the effect on TPH RBSL in soil.

Soil Oil

Benzene
Concentration in

Fresh Oil
(mg/kg Oil)

TPH RBSLs
Based on Fresh

Oil Composition
(mg/kg Soil)

Measured
Benzene

Concentration
in TPH

(mg/kg TPH)

TPH RBSLs
Based on Actual

Composition
(mg/kg Soil)

Soil A Crude Oil 2800 390 1.2 75,000
Soil B Crude Oil 1200 910 310 3,500
Soil C Crude Oil 1300 840 <15 100,000



Figure 1. Sample locations for the crude oils and condensates (12 of the condensates were from the U.S.
lower 48 states).
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Figure 2. Benzene concentrations versus API gravity for 61 crude oils and 14 condensates (API gravity
data were unavailable for 8 crude oils).
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ABSTRACT
Dual-phase extraction (DPE) is an effective remediation technology for the

recovery of phase-separated hydrocarbon (PSH) and the treatment of soil and
groundwater that has been impacted by petroleum hydrocarbon. DPE involves the
removal of PSH, vapor, and groundwater from wells using vacuum pump(s). The
extracted liquids and vapors are separated at surface for treatment and final disposition.
The technology is typically used on sites where multi-phase impacts are to be addressed,
where an aggressive approach is required, and where soil properties are conducive to this
technology.

During the latter half of 1997, DPE feasibility tests were performed at leaking
petroleum storage tank (LPST) sites in South Texas where some form of corrective action
was required to meet risk-based site-specific target levels (SSTL). The purposes of the
pilot tests were to determine if the technology was capable of meeting the SSTL and to
gather the information necessary for the design of a full-scale system. This paper presents
the pilot test methodology, a summary of the results of the tests and site-specific
conditions at each location. In particular, the analysis of the results will be presented and
their application in the development of corrective action plans will be discussed.



INTRODUCTION
This paper has been prepared to provide a summary of the dual phase extraction

(DPE) feasibility tests undertaken by Applied Petroleum Technologies Ltd. (APT) and
Jacques Whitford Environment Limited (JWEL) at six convenience store sites in South
Texas. The DPE feasibility tests were completed as part of the Texas Natural Resource
Conservation Commission (TNRCC) leaking petroleum storage tank (LPST)
program. Previous work undertaken at the site included the delineation and
characterization of the hydrocarbon impacted soil and groundwater present at the sites as
well as human health risk assessments (Plan B Assessments) to establish the site specific
target levels (SSTL) to be achieved for each site.

The major points to be covered in this paper are as follows:

•  The layout of the equipment used for the completion of the feasibility tests;
•  The methodology employed for the collection of the data in the field;
•  The methodologies used for the data analysis;
•  A general summary of the results obtained at each site; and
•  How the data was used in the preparation of corrective action plans (CAP’s)

for each site;

BACKGROUND
DPE is also referred to as high vacuum multi-phase extraction (HVME),

bioslurping(1), air induction(2) or double phase vacuum extraction(3). The United States
Environmental Protection Agency (USEPA)(4) describes the technology as “an in-situ
technology that uses pumps to remove various combinations of contaminated
groundwater, separate-phase petroleum product, and hydrocarbon vapor from the
subsurface.” It is also noted by the USEPA that several variations of the technology exist
but the technology can be grouped into two categories, one that uses a single pump for
extraction and the other that uses more that one pump for extraction. The DPE
technology that was evaluated for the six sites by JWEL and APT was the single pump
method.

All six sites were operating retail convenience stores at the time of the pilot tests.
Each site was registered as a LPST site under the TNRCC LPST program. As part of the
state program, the extent the hydrocarbon impact was defined to the SSTL’s that were
developed through either human health risk assessments (known as Plan B assessments)
or through TNRCC site screening methods. Details on the SSTL’s and the media to be
treated at the six sites are provided in Table 1.

METHODOLOGY
The first step in the completion of the pilot tests was a review of the available

information on the site geology, hydrogeology and contaminant distribution in order to



determine the number and location of extraction wells and/or monitoring points that
would be required for the test. Ideally, an existing monitor well that was screened across
the zone to be treated and located in the core of the contaminant plume was used as the
extraction point during the pilot tests. As well, the location and construction of existing
monitoring wells was reviewed in order to determine if they would be suitable for use a
monitoring points during the pilot tests. The minimum requirement for monitoring points
was to have three monitoring points at five, ten and fifteen feet distance from the
extraction well for clayey soils and ten, twenty and thirty feet for sandy soils. If the
existing monitoring well network at the sites did not meet this minimum requirement then
the required monitoring points or extraction wells were installed. In addition, if the
impacted zone to be treated crossed two stratigraphic units, then dual completion
monitoring points and/or extraction points were installed within each respective zone.

The actual field studies were completed with the use of small scale portable DPE
system that comprised of a high vacuum pump (either liquid ring or rotary vane), an
inline air liquid separator and a liquid transfer pump as indicated on Figure 1.

The DPE extraction well was set up as indicated on Figure 2. The well head
completion included a “slurp” tube, air bleed valve, and vacuum gauge. The air bleed
valve was used to control the well head vacuum as indicated by the well head vacuum
gauge. A separate bleed valve with a vacuum gauge was used on the “slurp” tube to
control the vacuum applied to the slurp tube.

Typically the slurp tube was set slightly below the PSH water interface for sites
where PSH removal was a SSTL or below the zone of contaminated soil to be treated on
sites with only groundwater and/or soil SSTL.

During the pilot tests the extracted liquids were transferred to a temporary
storage tank on site for subsequent disposal. The extracted air stream was treated with
activated carbon prior to discharge to the atmosphere.

Prior to the startup of the pilot tests, the initial water and PSH levels as well as
the static vacuum levels were recorded for the extraction well, monitoring points and
monitoring wells at the site.

Each pilot test consisted of applying various vacuum pressures on the well head
and “slurp” tube and monitoring the response in the surrounding monitoring points.
These measurements were used to determine the radius of influence (ROI) at the selected
vacuum pressures. The site-specific ROI data was used to develop the CAP design for
each site. The initial vacuum was typically set at 20 inches of water at the well head and
ten inches of mercury on the “slurp” tube for sandy soils. In clayey soils, the initial
vacuum on the well head was set at 50 inches of water with ten inches of mercury on the
“slurp” tube.

During the pilot tests the induced vacuum and water and/or PSH levels in each
monitoring points were recorded on the half-hour. The monitoring at the extraction well
was undertaken every half hour and involved the measurement of the airflow from the
ground, well head vacuum, “slurp” tube vacuum and vapor concentration in the extracted
and treated air stream. The pilot tests were run until the applied vacuum pressures in the
monitoring points were stable for two readings. Once each test was complete the quantity



of PSH and/or liquid extracted during the test was measured in the temporary storage
tank. In cases where no PSH was recovered, groundwater samples were retained in order
to determine groundwater treatment requirements for the full-scale system. As a
minimum, two to three applied vacuum pressures were tested at each site.

The analysis of the data collected from the pilot tests involved the following steps:

1. The applied “slurp” tube vacuum pressures were compared with the PSH and
groundwater extraction rates to see if an increase in PSH and/or groundwater had
occurred.

2. The applied well head vacuum pressures and the stable induced vacuum pressures
in the monitoring points were analyzed graphically with respect to distance in order
to determine the practical pneumatic radius of influence (ROI). For each test, a cut-
off induced vacuum pressure of 0.05 inches of water or the lowest observed
monitoring point vacuum was used to establish the practical ROI.

3. The practical pneumatic ROI was compared to the applied vacuum for each vacuum
pressure tested in order to determine if the increase in applied vacuum pressure
provided a proportionate increase in ROI. (ie, did the increase in applied vacuum
pressure provide a justifiable increase in the ROI).

4. The volatilization rate for each test was determined from the vapor concentrations
in the untreated air stream and the measured air-flow from the extraction well.
Again, the volatilization rates were compared with the applied vacuums to see if a
justifiable increase in the volatilization rate was achieved with the increased applied
vacuum.

5. An optimum well head and slurp tube vacuum was selected from the above analysis
as the pneumatic design parameters. If the data indicated a ROI of less that ten feet
or a low volatilization rate, then it was concluded that the technology would not be
applicable for the site and further analysis of the pilot test data was not undertaken.

6. The total time (in hours) for each pilot test and the total volume extracted was used
to determine a liquid flow rate (Q) for each test.

7. Distance draw-down graphs were prepared from the water level data obtained in the
monitoring points during the test.

8. The distance draw-down graphs and the total flow rates were used to determine the
required slurp tube settings based on the SSTL. For sites where the SSTL required
PSH recovery, the slurp tube setting was based on creating a foot of draw-down
within 30 days at the distance set by the pneumatic ROI. For sites where the SSTL
required soil and/or groundwater remediation, the slurp tube setting was based on
dewatering the zone of contaminated soil within 30 days at the distance set by the
pneumatic ROI. (ie, the draw-down or “slurp” tube depth required at the well head
to expose the petroleum contaminated soil that would be affected by the vacuum
extraction). In cases where the hydraulic influence was determined to be practically
less than the pneumatic ROI, then either the extraction well spacing was based on
the hydraulic ROI or the use of dewatering wells was evaluated.



9. Once the hydraulic and pneumatic ROI was determined, the number of wells
required to treat the zone of contamination above the SSTL was determined.

10. The conceptual system design was based on the number of required wells multiplied
by the airflow, liquid flow, vapor concentration and dissolved groundwater
contamination levels from the test well. For example, if five wells would be
required to treat the contaminated area based on the pneumatic or hydraulic ROI,
and air was extracted from the test well at 30 cubic feet per minute (cfm) with a
vapor concentration of 5000 ppm and groundwater was extracted from the well at a
rate of 1 gallon per minute (gpm) at a total concentration of 135 mg/l total BTEX.
Then the conceptual system design was based on handling 150 cfm air with a vapor
concentration of 5000 ppm and 5 gpm groundwater at a concentration of 135 mg/l
total BTEX.

RESULTS
The results of the six pilot tests are summarized in table 3. The table indicates the

ranges of vacuum pressures tested, the ranges of pneumatic and hydraulic ROI achieved,
airflow and liquid flow rates, hydrocarbon removal rates as well as conceptual system
design parameters.

Based on the above results, DPE was selected as the appropriate technology for
remediation at four of the six sites. Natural attenuation was recommended at the two sites
where the results of the pilot tests were not favorable. The above information has been
used at two of the sites for full-scale system design and the DPE systems at these sites are
expected to be operational in the year 2000. The remaining two sites are currently being
evaluated in order to determine if DPE technology will be used at the sites.

CONCLUSIONS
Of the six pilot tests conducted by JWEL and APT in 1997, two sites have been

selected for full-scale implementation of the technology. Two more are currently being
evaluated in order to determine if the technology will be applied and the remaining two
sites have shown that DPE would not achieve the SSTL. In general, the sites that had
hydrocarbon impacted clayey soils with soil and/or groundwater SSTL’s exhibited poor
DPE pilot test results and therefore DPE was not recommended for these sites. DPE was
recommended at the sites where the pilot tests indicated a good pneumatic response and a
significant removal rate.

Currently, APT is investigating the use of and internal combustion engine (ICE)
unit as a replacement for the liquid ring pump and thermal oxidizer system. The
advantages to this approach appear significant due to the ICE system’s portability, low
maintenance and the ability to destruct vapor phase hydrocarbon by using it as a fuel
source to run the ICE. The use of the vapor stream as a fuel source provides significant
cost savings because costly vapor treatment is not required and the electrical consumption
is significantly reduced.
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Table 1 Media to be Treated and SSTL’s

Site Location Media to be Treated SSTL
Site A Corpus Christi Phase-separate hydrocarbon

(PSH),

soil

groundwater

PSH removal
Soil
20 mg/kg
ethylbenzene
40 mg/kg toluene
85 mg/kg xylenes
Groundwater
20 mg/l benzene
2 mg/l
ethylbenzene
20 mg/l toluene
8 mg/l xylenes

Site B Corpus Christi PSH

soil

groundwater

PSH removal
Soil
12.3 mg/kg
benzene
63 mg/kg toluene
55 mg/kg xylenes
Groundwater
12 mg/l toluene
14 mg/l xylenes

Site C Hidalgo PSH PSH removal
Site D Mercedes PSH PSH removal
Site E San Benito soil

groundwater

Soil
12 mg/kg benzene
19 mg/kg
ethylbenzene
47 mg/kg toluene
30 mg/kg xylenes
Groundwater
20 mg/l benzene
2 mg/l
ethylbenzene
9 mg/l toluene
10 mg/l xylenes

Site F Port Isabel PSH

soil

groundwater

PSH removal
Soil
12.3 mg/kg
benzene
35 mg/kg
ethylbenzene
75 mg/kg toluene
75 mg/kg xylenes
Groundwater
20 mg/l benzene
2 mg/l
ethylbenzene
11.5 mg/l toluene

The specific details on the soil and groundwater characteristics within the zone of
hydrocarbon impact to be treated are provided in Table 2.



Table 2 Soil and Groundwater Characteristics

Site Location Soil Groundwater
Site A Corpus Christi Silty to sandy clay

overlying sand. Impacts
are located one foot
above and one foot
below the water table.

13 to 14 feet
below grade
with a
moderate
hydraulic
conductivity
(1.6 ft/day)

Site B Corpus Christi Silty sand over sand.
Impacts are located six
feet above and one and a
half feet below the water
table.

12 to 17 feet
below grade
with a
moderate
hydraulic
conductivity
(5.8 ft/day)

Site C Hidalgo Sand and silt over
clayey silt. Water table
is within sand and silt
stratigraphy.

25 to 26 feet
below grade
with a
moderate
hydraulic
conductivity
(2.4 ft/day)

Site D Mercedes Sand 20 to 22 feet
below grade
with a
moderate
hydraulic
conductivity
(14.7 ft/day).

Site E San Benito Silty clay. Impacts are
located two to six feet
below water table.

Seven to ten
feet below
grade with a
low hydraulic
conductivity
(0.14 ft/day).

Site F Port Isabel Clayey silt. Impacts are
located six to seven feet
below water table.

One to eight
feet below
grade with a
low hydraulic
conductivity
(0.14 ft/day).



Table 3 DPE Pilot Test Result Summary

Site and Location Vacuum
Pressures

Tested

ROI Air, liquid and
hydrocarbon removal

rates
(per well)

Conceptual System
Design Parameters

Site A
Corpus Christi

14 to 204
inches of
water at well
head, 9 to 19
inches of
mercury on
the slurp
tube.

20 to 40 feet
pneumatic

10 to 13 cfm pneumatic
0.1 gpm hydraulic
>45 to >35 lbs of
hydrocarbon per day

17 well system operating
at 102 inches of water
well head vacuum with 10
inches of mercury slurp
tube vacuum. DPE system
to be capable of handling
220 cfm with a vapor
concentration >25 % and
two gpm groundwater
with 135 mg/l total
BTEX. Initial
hydrocarbon removal rate
is estimated at 190 lbs per
day.

Site B
Corpus Christi

10 to 68
inches of
water at well
head, 9 to 15
inches of
mercury on
the slurp
tube.

17 to 35 feet
pneumatic

12 to 20 cfm pneumatic
1 gpm hydraulic
>42 to>70 lbs of
hydrocarbon per day

Six well system operating
at 20 inches of water well
head vacuum with 10
inches of mercury slurp
tube vacuum. DPE system
to be capable of handling
120 cfm with a vapor
concentration >25 % and
six gpm groundwater with
135 mg/l total BTEX.
Initial hydrocarbon
removal rate is estimated
at 100 lbs per day.

Site C
Hidalgo

15 to 68
inches of
water at well
head, 12 to 19
inches of
mercury on
the slurp
tube.

10 to 35 feet 6 to 30 cfm pneumatic
0.5 gpm hydraulic
>21 to >104 lbs of
hydrocarbon per day

Three well system
operating at 30 inches of
water well head vacuum
with 10 inches of mercury
slurp tube vacuum. DPE
system to be capable of
handling 60 cfm with a
vapor concentration >25
% and 1.5 gpm
groundwater with 50 mg/l
total BTEX. Initial
hydrocarbon removal rate
is estimated at 50 lbs per
day.



Site and Location Vacuum
Pressures

Tested

ROI Air, liquid and
hydrocarbon removal

rates

Conceptual System
Design Parameters

Site D Mercedes 20 to 313
inches of
water at well
head, 12 to 19
inches of
mercury on
the slurp
tube.

10 to 35 feet 6 to 30 cfm pneumatic
0.5 gpm hydraulic
>21 to >104 lbs of
hydrocarbon per day

Two well system
operating at 30 inches of
water well head vacuum
with 10 inches of mercury
slurp tube vacuum. DPE
system to be capable of
handling 50 cfm with a
vapor concentration >25
% and 2 gpm groundwater
with 50 mg/l total BTEX.
Initial hydrocarbon
removal rate is estimated
at 50 lbs per day.

Site E
San Benito

40 to 300
inches of
water at well
head, 12 to 19
inches of
mercury on
the slurp
tube.

Pneumatic
ROI was less
than 10 feet.

12 to 18 cfm pneumatic
1 gpm hydraulic
3 to >40 lbs of
hydrocarbon per day

System not proposed due
to poor results from pilot
test.

Site F
Port Isabel

20 to 313
inches of
water at well
head, 12 to 19
inches of
mercury on
the slurp
tube.

Pneumatic
ROI was less
than 10 feet.

11 to 15 cfm pneumatic
0.2 gpm hydraulic
1 to 2 lbs of hydrocarbon
per day

System not proposed due
to poor results from pilot
test.



Figure 1. DPE Schematic(4)



Figure 2 Well Head Schematic4
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ABSTRACT
The challenge - design a multi-technology remedial system to aggressively and

simultaneously treat petroleum constituents in soil and groundwater, and be pre-designed
to effectively operate at multiple sites. There were two initial sites; both are active
pipeline pump stations located in northern Illinois. The products of release consisted of
unknown quantities of diesel, gasoline, and jet fuels, with free phase product conditions
observed at one site. The areas of impact ranged from 0.7 to 2.7 acres with off-site
mitigation of impact required at both locations. The sites have similar geology, with one
having vertical fractures within the water bearing glacial till zone causing preferential
pathways. Technologies chosen were; vacuum enhanced groundwater extraction, soil
vapor extraction, and soil flushing using infiltration galleries, with design considerations
for future augmentation of the system for bio-enhancing chemical injection. Groundwater
effluent treatment was designed to meet both surface discharge and re-injection criteria.
The entire system is successfully controlled using a PC platform with remote telemetry.
System construction began at the larger of the two sites in October 1997, with system
start-up in late January 1998.



INTRODUCTION
The intend of this paper is to show how multi-technologies were integrated

together to create a remedial system to aggressively mitigate petroleum products released
to the subsurface. (1) The design was not merely for one system at one site, but for a
system adaptable for multi-site applications. The challenge was to seamlessly combine
multi-technologies together with the flexibility to add or subtract technologies as needed.
The goal was to achieve and/or maintain cost efficiencies in construction, operation,
maintenance, and modifications made to meet changing site conditions at the first site for
carry-over to the second site.

It is not the intent of this paper to present a technical discussion of design
elements for the various technologies being utilized. This is a demonstration of “hands-
on” approach to design, implementation, and operation, which also sought direct “hands-
on” involvement of the site owner. The partnership and interaction between the site
owner and the remediation contractor was essential to the success of this project. By
relying on the strengths of various individuals and organizations, the goals and challenges
of this project are being successfully achieved.

THE SITES
Geographical Settings

Site “A”, which is currently under remediation, is the location of the Explorer
Pipeline (EPL) Decatur Station, located along County Road 1900E, Christian County,
Illinois. The subject site generally consists of a square-shaped parcel of land
approximately 3.9 acres in size. The site includes a control building and pipeline
pumping equipment located within a fenced enclosure. An electrical substation and a
radio tower are also located on the subject property. The site is bordered by County Road
1900E to the west, agricultural fields to the north, south, and east. Adjacent property
usage within a one-mile radius of the site includes agricultural fields with a few scattered
rural residences. Reference Attached Figure 1 for site layout.

Site “B” is the current location of the EPL Chatsworth Station, located near the
intersection of County Road 3500E and 200N, Livingston County, Illinois. The subject
site generally consists of a rectangular-shaped parcel of land approximately 6.47 acres in
size. The subject property includes a control building and pipeline pumping equipment
located within a fenced enclosure. An electrical substation and a radio tower are located
on the property. The site is bordered by County Road 3500E to the east, County Road
200N to the south, and agricultural fields to the north and west. Agricultural fields are
located east and south of the subject site across County Road 3500E and 200N,
respectively. Adjacent property usage within a one-mile radius of the site includes
agricultural fields with a few scattered rural residences. Reference Figure 2 for site
layout.

Geological History

Site “A” is situated in a physiographic province of Illinois referred to as the
Springfield Plain. The Springfield Plain is characterized by the presence of an Illinoian



age glacial till plain, which at the location of the subject site, does not appear to have
undergone significant erosion/dissection. The subject site and immediately surrounding
areas are of low relief. The direction of primary drainage across the site could not be
visually estimated.

The subject site and surrounding area is underlain by approximately eight feet of
loess, a wind-blown glacial sediment consisting predominantly of clayey silt. The loess is
underlain by the Radnor Till Member of the Glasford Formation, an Illinoian age glacial
till generally described as a mostly gray, compact, silty till with a little gravel, sand and
silt in some places. The Radnor Till, as observed in soil borings drilled for monitoring
well installation, consisted of gray silty clay with trace sand. The total thickness of
glacially derived unconsolidated sediments overlying bedrock at this site is likely on the
order of one hundred to two hundred feet.

The Radnor Till is likely underlain by bedrock of the Pennsylvanian age Bond
Formation. The Bond Formation generally consists of a high percentage of limestone and
calcareous clays and shales and may locally contain minor siltstone and sandstone beds.
Gray shales constitute the greatest portion of the formation; however, thick channel
sandstones may be present locally. (2)

Site “B” is situated in a physiographic province of Illinois referred to as the
Bloomington Ridged Plain. The Bloomington Ridged Plain is characterized by prominent
glacial topography typical of late Wisconsinan glaciation. This topography generally
consists of numerous rough-surfaced morainic ridges that may be fifty to one hundred
feet high, one to two miles wide and continuous for fifty to one hundred miles. Morainic
ridges are generally separated by inner-morainic areas with more subdued, undulating
topography; commonly described as swell-swale or rolling topography. The subject site is
located on the Gifford Moraine, a Woodfordian-age terminal glacial moraine. The
direction of primary drainage across the site was visually determined to be in a westerly
direction.

The subject property is underlain by approximately three feet of loess, a wind-
blown glacial sediment consisting predominantly of clayey silt. The loess is underlain by
the Snider Till, a member of the Wedron Formation; a Wisconsinan-age glacial till
described as a gray silty clayey till which generally exhibits a coarse blocky structure
(Lineback 1979). The blocky structure of the Snider Till generally produces higher in-situ
permeabilities and hydraulic conductivities than observed in other Wisconsinan-age
glacial till deposits. The Snider Till is likely underlain by older silt and glacial till
deposits (Wisconsinan through Illinoian).

The total thickness of glacially derived unconsolidated sedimentary materials
underlying the site likely ranges between two hundred and four hundred feet.
Unconsolidated materials blanketing the site and surrounding areas are likely underlain
by bedrock of the Pennsylvanian age Carbondale Formation. The Carbondale Formation
consists of interbeded sandstone, limestone, shale and coal units. (3)

Hydrogeologic Conditions

In General, groundwater at Site “A” was encountered at depths ranging between
seven and fourteen feet below ground surface. Shallow groundwater below the facility



appears to flow in a radial direction north to northeast from the site. The results of
hydraulic conductivity testing indicated conductivities in a range between 7.1 x 10-6

centimeters per second (cm/sec) and 1.3 x 10-5 cm/sec. However, these hydraulic
conductivity values did not appear consistent with the actual impact plume migration rate
that has occurred. Test pits were excavated on-site revealing the glacial till unit (clay
diamicton) underlying the site was highly fractured, resulting in significant secondary
permeability. This condition was not reflected in the above-referenced hydraulic
conductivity testing due to apparent smearing of the fractures during soil boring
advancement and/or borings placed between fracture sets.

Site “B” groundwater was encountered at depths generally ranging between three
and one half and four feet below ground surface. Shallow groundwater below the facility
appears to flow in a general southwesterly direction. The hydraulic conductivity values
obtained from on-site testing were in the range of 4.7 x 10-6 and 2.0 x 10-5 cm/sec.,
respectively. It should be noted that an approximate twelve inch gravelly sand lense was
encountered in one of the monitoring wells tested, which likely resulted in the apparent
discrepancy observed for hydraulic conductivity values obtained.

Berg Classification

In Illinois, sites are additionally assessed for their relationship to groundwater
and the associated groundwater hazard posed by the site. (4) The subject sites and
surrounding one (1) mile radii is mapped by Berg, et al. (Plate 1, Potential for
Contamination of Shallow Aquifers from Land Burial of Municipal Wastes) as occurring
within Area E. Berg describes Area E as being characterized by uniform, relatively
impermeable silty or clayey till or other fine-grained materials extending from the land
surface to more than fifty feet in depth. Berg states that sites with characteristic Area E
geology exhibits a low potential for contamination of underlying aquifers.

TECHNOLOGY OVERVIEW
Development

The rudimentary technologies for remediating petroleum hydrocarbons have been
around for years. Whether it is a simple pump and treat system, soil vapor extraction
(SVE), or one of the newer in-situ bio-remediation enhancement applications, empirical
data exist to aid in system design. As such, full-scale pilot testing is not usually necessary
based on a cost to benefit ratio.

Terracon has a long history in remediation design, implementation, and operation.
We have compiled empirical data on the performance of various remedial technologies,
including hybrid systems that have and are operating in the geological matrix of central
United States were our case study sites reside. The remedial technologies selected were
developed from Terracon’s experience on what has work well on other similar sites.
Basic geological and hydrogeologic data was collected during the assessment phase of
the projects.

Initially the sites were assessed and corrective action measures were developed
separately. EPL was not under regulatory mandate to cleanup these sites. However, EPL



elected to enroll in the Illinois Site Remediation Program (SRP), a voluntary cleanup
program, as a means to obtain regulatory closure for each site while maintaining control
over how and when cleanup would be implemented. Under the program EPL requested
and was granted approval to conduct remediation at the two sites consecutively rather
than concurrently. This was the catalyst that bought the two sites together. By using the
flexibility of the SRP, EPL and Terracon tailored an approach for the cleanup of one site
while monitoring the other. Approval from the regulators was granted because the plan
detailed the remediation of both sides up front, using the same system components
providing a significant capital cost saving measure. EPL also provided the assurance that
the technologies employed would aggressively mitigate the first site in a manageable time
frame. A detailed monitoring plan for the second site was made part of the remedial
plans, with EPL’s assurance that if conditions changed at Site B, requiring immediate
corrective actions, such actions would be implemented.

Soil Mitigation

Impacted soil at both Sites would be treated using soil vapor extraction (SVE)
technology. In addition, the soils within the smear zone, which are found to be the major
contributor to impact re-leaching to the groundwater, would be mitigated by taking
advantage of groundwater remediation lowering the shallow groundwater table to expose
the soils to SVE. The exposed semi-saturated soils will begin to dry creating air channels
to form, thus expanding the area of influence for vapor extraction.

In addition to SVE, soil flushing will also be used to mitigate soil impact. Soil
flushing removes residual chemical constituents trapped in soils. Soil flushing can occur
naturally through surface water infiltration (i.e. rainfall). To enhance this process a
network of infiltration galleries was designed. The galleries are located within the capture
zone of groundwater extraction system, creating a closed-loop. The infiltration system
can also be used to introduce bio-remedial nutrients, oxygenaters, and/or oxidizers if
needed, to enhance the natural biodegradation process.

Groundwater Remediation

Impacted groundwater will be extracted and treated above grade at both sites.
The groundwater extraction will be accomplished using jet pump technology. The
principle of jet pumping is using one fluid to entrain another. Specifically, stored
untreated extracted water will be forced through a series of jet pumps, also called
eductors, under high pressure. As the high-pressure water stream passes through the
eductor, suction (vacuum) is created and fluids in the trench are drawn up the lift tube
and carried off (entrained) with the high-pressure return stream. The return stream of
fluids flow back to the treatment building for processing. As long as there is water
pumping through the eductor, a vacuum will be maintained in the lift pipe. As the area
becomes dewatered, water and/or air will be drawn up the suction tube, thus creating a
self priming pumping system without the need of expensive water level control sensors.
Another advantage of the eductor system is the ability to bury it and forget (i.e.
maintenance free). This was critical for each site do to groundwater impact off-site and
the adjacent property owners desire to continue to grow crops on the land without the
need to plant and work around surface structures (i.e. manholes and vaults) typical of
conventional groundwater extraction methods. The eductor system also had cost saving



advantages over electrical submersible pumps due to the on-site requirements for wiring
to meet explosive rating classifications.

To improve groundwater extraction efficiencies, vacuum was added to the
technology matrix. Compared to conventional groundwater extraction systems, a
groundwater extraction process, which uses and/or is enhanced by vacuum increases
hydraulic conductivity (flow) from the well by one to three times. The increase in flow is
caused by the creation of a negative pressure gradient near the recovery well; overcoming
the capillary forces, which tend to hold the water trapped in the soil voids. This
breakdown of capillary tension also causes a deepening or flattening of the cone of
depression and over time creates a larger radius of influence. (5) However, empirical data
has indicated that while the enlarged area of influence is maintained, the higher flow rates
diminish over time as the area of influence stabilizes.

As outlined above, one technology can be piggybacked on to another to make a
third. By sharing components cost savings are achieved over buying individual
component for each technology. Sizing of the various components required forethought
as to how each technology was going to interact with each other.

BEST VALUED REMEDIAL DESIGN
Under Illinois regulatory programs, corrective active plans (CAPs) are not

required to include detailed plans and specifications. As such, CAP’s can be presented in
a conceptual format. This allows flexibility in the implementation of the proposed
technologies including procurement of capital equipment, construction methodologies,
and fabrication of the system. Changes can readily be made without the need for costly
revisions and addendums typical of detailed plan and specification packages and/or re-
submittals to regulatory authorities for approval. EPL and Terracon choose to work under
a CAP to provide the flexibility necessary to accomplish the multi-site design.

How does such a process come together? The answer is Best Valued Remedial
Design (BVRD). (6) BVRD blends traditional engineering design, design build (DB),
quality base selection (QBS), and cost control concepts and practices together.
Specifically for these projects Terracon, the design professional and EPL the site owner
became the first members of the BVRD matrix. The conceptual CAP was driven just a
much by EPL goals and objectives which included continuous operations, minimal
disruption to adjacent landowners, cost control, and minimization the time required for
the remediation as site specific geology, hydrogeology, and environmental concerns. As
the design and implementation process proceeded, site specific system components, were
applicable and/or feasible, took into account EPL current and future facility needs. An
example was the design and positioning of the remediation building, which will be used
in the future for operations and maintenance. The remedial sites, being Department of
Transportation (DOT) regulated facility, added additional implementation requirements
for contractors working on the site. EPL, having extensive construction experience and
lists of approved contractors was also involved in selection of construction methodology
alternatives and QBS for construction contractors.

Terracon took responsibility for QBS selection of the remedial system installer,
which mainly focused on experience in logic control systems applicable to custom multi-



technology applications. The remedial contractor would also be the prime contractor,
responsible for subcontractor contracting and coordination. Terracon took on the role of
design engineer/construction manager and eventually the system operator.

Once the remedial contractor was selected, they were also brought into the
BVRD matrix. Terracon, together with EPL and the remedial contractor worked through
final construction and implementation methodologies. Each alternative was analyzed for
its effectiveness and then cost. Once the team worked through construction and
implementation methods, remedial technologies, and developed a subcontractor list, the
remedial contractor with over-sight from Terracon prepared a detailed project cost
proposal for EPL. This process included demonstrating QBS and/or cost competitive
pricing of major remedial components and subcontractor services. One aspect of
subcontractor selection was the goal to hire local contractors, specifically the electrical
subcontractor. Low cost was not seen as important as having local support for the system,
as these sites are in rural areas and are not manned by EPL on a full time basis.
Additional cost savings for EPL were achieved through separate contracting, avoiding
contractor mark-ups, and establishing cost procurement limits where vendor invoices
would be direct billed to EPL over set amounts.

As presented above BVRD was an essential element in the success of this
project, it does not work for all projects and requires the development of a partnership
which fosters trust between all the project stakeholders. As an environmental design
professional, BVRD requires the consideration of non-technical elements during the pre-
design and design stages of the project, which can assist in the over-all effectiveness of
the design and generate possible life cycle cost savings.

THE SYSTEM
Site “A”

Site “A” was selected for active remediation first, based on level impact and
associated risk factors. As indicated earlier, this site presented a unique hydrogeologic
problem from secondary permeability generated from fractures in the water bearing soils.
The installation of dual phase recovery wells as originally planned was deem unfeasible
due to the probability of either not intersecting fractures and/or having the fractures
sealed off during well installation. Other methods had to be selected, through BVRD the
team considered other alternatives such as directional horizontally drilled wells and
different types of trench recovery systems.

For site “A” a trench recovery system was selected as the most effective
approach. Through construction costing of two different construction methodologies,
continuous trenching, and conventional excavation, conventional trench excavating was
the most economical. This remained true even considering potential problems that can be
encountered in digging trenches into groundwater tables. The change from recovery wells
to recovery trenches also required re-evaluation of the groundwater extraction
methodology. The remedial contractor was responsible for presenting the innovative
approach for groundwater extraction using jet-pumping technology that was employed at
this site. Another example of how BVRD benefited the project design.



Contractor Selection

Terracon selected JNC Limited (JNC), Davenport, Iowa as the general remedial
system installer for the remedial system. JNC was responsible for the procurement of
system components and on-site installation/fabrication. The remedial system’s
programmable logic controller was manufactured by Mississippi Valley Liquid System
(MVLSI), a wholly owned subsidiary of JNC Limited. JNC contracted with and was
responsible for subcontractors who performed site excavating activities, building
construction, and electrical installation services.

Subcontractors were selected based on experience in their respective fields,
proximity to the site, availability, and cost;

•  Excavating - Bodine Excavating - Decatur, Illinois
•  Electrical - Hart Electric - Decatur, Illinois
•  MGC Construction - Decatur, Illinois

The on-site contractors, as well as Terracon employees followed Department of
Transportation (DOT) facility safety and drug testing protocols and were pre-qualified
and/or approved to work at/on EPL facilities within “safety sensitive areas”.

Soil Mitigation Technology

Impacted soils present above and below the shallow groundwater table are being
treated by lowering the shallow groundwater table to a maximum depth of approximately
eleven (11) feet below ground surface (bgs) and using soil vapor extraction (SVE)
technology. The depth of extraction was based on site geology and shallow groundwater
elevations. Vacuum is applied to each recovery trench through a series of horizontally
installed perforated piping embedded in the top portion of the recovery trench granular
backfill. The horizontal piping consisting of alternating sections of perforated and non-
perforated sections with the longer recovery trench runs having two (2) separate vacuum
lines to help balance and uniformly distribute the vacuum applied to the soils. The
vacuum is applied to the recovery trenches by three (3) positive displacement blower
units. Each unit will have the capacity to generate approximately ten (10) inches of
mercury (Hg) at an air flow rate on the order of three hundred (300) cfm. The blower
units are connected to a combination manifold and mist/particle separator. The manifold
system will allow for multiple zone operation and allow one or more blowers to be used
on a given zone.

As stated earlier, soil-flushing technology will also be employed using
infiltration galleries and/or cyclic operation of the groundwater extraction system. The
design criteria used for sizing the infiltration galleries was based on physicochemical
properties of soil (Freeze and Cherry, 1979, and Krishnayya et al, 1988), and anticipated
flow rates from the groundwater extraction system. The required square feet (sqft) of
seepage area need for the projected GPD was determined using an estimated percolation
rate for the site and design criteria set by Illinois Administrative Codes. The infiltration
system can also be retrofitted for the introduction of bio-remedial nutrients, oxygenaters,
and/or oxidizers.



Groundwater Mitigation Technology

Impacted Groundwater is extracted and treated above grade. The groundwater is
extracted through a series of extraction trenches. The placement of extraction trenches
was based on design assumptions and the areal extent of soil and groundwater impact.
The extraction network consists of six (6) extraction trenches, connected to form six (6)
operational zones. The psychical mechanics of groundwater extraction is accomplished
using jet pump technology. The principle of jet pumping consists of using one fluid to
entrain another. Specifically, stored untreated extracted groundwater is forced through a
series of jet pumps, called eductors, under high pressure. The eductors, which are spaced
along each recovery/eductor trench, have suction or lift tubes suspended in the center of
the trench to withdraw groundwater to the specified depth (i.e. approximately eleven [11]
feet bgs). As the high-pressure water stream passes through the eductor, suction (vacuum)
is created and fluids in the trench are drawn up the lift tube and carried off (entrained)
with the high-pressure return stream. The return stream of fluids flow back to the
treatment building for processing. As long as there is water pumping through the eductor,
a vacuum will be maintained in the lift pipe. As the trench becomes dewatered, water
and/or air will be drawn up the tube, thus maintaining a self-priming pumping system.

The groundwater extraction system is operated on a continual basis. However,
the different recovery/eductor trenches can be activated in a cyclic manner (also known
as pulsing the system). As mentioned above, the individual operation zones will allow for
various remedial disciplines to be used in the mitigation of the dissolved groundwater
impact.

Free Phase Separated Product Recovery

The jet pump technology employed for groundwater extraction is a total fluids
process, and as such, free phase separated product (FPSP), if present, will be recovered as
part of the groundwater extraction. In addition, negative pressure produced through the
vacuum enhanced system will aid in the recovery of FPSP by overcoming the capillary
forces, which tend to hold the FPSP trapped in the soil voids. Soil flushing activities will
help the recovery of FPSP as well. FPSP is separated and collected in the oil/water
separator. Accumulated product will be periodically transferred to the pump station’s
trans-mix tank, which stores other petroleum products handled by this facility.

Due to the SVE system (vacuum enhancement) being employed at this site, FPSP
drawn to the recovery trenches may become vaporized. During early stages of site
mitigation, the SVE system will not be used due to the possibility of high concentrations
of petroleum vapors being present in the exhaust stream of the blowers. These
concentrations could exceed permissible discharge limits and require off-gas treatment.
As impact levels are reduced, the SVE system will be gradually phased in so permissible
discharge limits are not exceeded.

Landfarming

Included in the CAP was a proposal to landfarm soils on site including excess
soils from excavated trenches. State approval was obtained and contaminated soils were
successfully landfarmed on site. In general, the landfarming consisted of the following
activities:



•  Excavated soils were spread approximately six (6) to eight (8) inches thick
over a designated area in the southwest quadrant of the subject property (i.e.
east and south of the main facility compound);

•  Soils were periodically aerated using earth-moving equipment following
spreading activities.

•  The soils were periodically sampled to assess the progress of soil treatment.

System Controller

What makes multi-technology applications work, are programmable logic
controllers. The MV2100 Control System, manufactured by MVLSI, Davenport Iowa
was selected to handle the complex operational and alarm sequences planned for this
system. The MV2100 control system is custom built for each remedial system. Though
each system is customized, MVLSI uses standardized components, board layouts, and
communication software to make it easier to operate, maintain, and troubleshoot multiple
systems. The system includes motor controls, control relays, alarms, sensors, and
monitoring/metering equipment. The system uses analog and I/O input/output boards in a
standard PC configuration. The system’s logic program is written using Boolean
expression in the form of Boolean functions and operators. A windows based
communication program is used for remote telemetry. The remote telemetry screen is
identical to the on-site display screen, including operational commands, which simplifies
training. Data is down loaded as a common delineated file for easy data manipulation.
Arrays of alarm/monitoring sensors are incorporated into the system to prevent the
discharging of non-treated groundwater to the environment. A Radio Shack Autodialer
has been interrogated into the alarm sequence to call system operators in the event of a
system upset.

The MV2100 control system has also allowed us to equip the remedial building
with sensors to warn of hazardous conditions (i.e. explosive vapors). The sensors are also
interrogated into a system which will activate ventilators to evacuate vapors in the
building and if vapor levels continue to rise will shutdown the remedial system and
electric power. This allows us to fabricate the system without the need for an explosion
proof system, except for the building ventilation fan. The control system is housed in a
sealed cabinet with an outside, air supplied blower to maintain a positive air pressure
within the cabinet. This hazardous condition monitoring system greatly reduces initial
installation costs and exhibits long term savings when system maintenance and
modifications issues are considered.

Operational Sequencing

The dual phase extraction zones and infiltration galleries operate on a cyclic
basis. Cyclic operation of the various remedial components are based on system
performance, engineering judgment, and the results of periodic analytical testing.
Changes in the cyclic operation are made manually, using electronically operated valving
controlled by the logic controller. The logic controller is programmed to prevent an
improper operational sequence from being performed, such as the filling of an infiltration
gallery without having a down-gradient extraction zone in operation for fluid recapture.



Extracted water and air are separated, with the air stream being directly
discharged to the atmosphere and the water processed through the groundwater treatment
system. The entire process is controlled through liquid level and flow sensors wired to the
logic controller. Treated groundwater is discharge to either a surface drainageway or the
infiltration galleries depending on how the sequences selected for the extraction and
infiltration gallery zones. FPSP is processed manually on an as needed basis.

Construction/Operating Permits

Although the CAP was approved a number of permits still had to be acquired and
access to adjacent property was obtained. In order to construct and operate the remedial
system, the following permits were obtained form various divisions of the IEPA:

•  IEPA Division of Water Pollution Control Construct/Operate permit.
Permit No.1997-EA-4377
Expiration Date - September 30, 2002

•  IEPA Air Division Construction permit.
Application No. 97070046
I.D. No. 021808AAB
Expiration Date - December 4, 2002

•  IEPA National Pollutant Discharge Elimination System (NPDES) surface
drainage discharge permit.
Permit No.IL0072311
Expiration Date - January 31, 2003

•  IEPA Wastewater Operator Certification Program - Bureau of Water
Service Agreement Approved between EPL and the
Class K-WR system operator(s).
FSP# G-3540-A
Expiration Date - April 30, 1999

•  Off-Site Property Access was obtained for the Gordon farmstead by EPL.

Construction

The following is a generalized sequence of construction events that took place for
installation of the remedial system:

•  Major remedial system components were ordered by JNC starting in late
September 1997.

•  A pre-construction meeting was held on-site, October 1, 1997.

•  Site preparation work began on October 22, 1997, which included fence
removal, landfarm area set-up, and system layout.



•  Excavation of infiltration galleries, eductor trenches, and connecting pipe
corridors followed. Underground piping installation and backfilling
operations were performed concurrently with excavating activities.
Underground component work was completed by Mid-November 1997.

•  Excavated soils were initially stockpiled near the excavations and later
transferred to the Landfarming area.

•  Building construction and interior remedial component work was performed
during the period of late November 1997 through the end of January 1998.

•  System troubleshooting and trial batch runs were started on January 28,
1998.

•  Completion of expanded system startup testing protocols was completed in
May 1998.

•  
Remedial Operations

Following construction, receipt of regulatory agency operational permits, and
before direct surface discharge and/or injection of treated effluent, a trial batch test was
performed. The trial batch test consisted of running the remedial system at design
parameters and containerizing the effluent generated by the system. During system
testing, influent (IF) and effluent (EF) water samples were collected and analyzed.
Effluent discharge that did not meet effluent quality parameters was retreated following
modifications to the treatment system to correct effluent quality problems. Once design
and effluent discharge criteria were met, the system was restarted and operated
continually with direct effluent discharge to either the infiltration galleries and/or the
surface drainage outfall.

As part of operational permit requirements for the startup of a treatment system,
sampling of the effluent waters was conducted twice per week followed by weekly
sampling over a three (3) month period.

Construction/Startup Follow-up Issues

During system trouble shooting and system startup, problems were identified in
the eductor system. The eductor system for Trench 1 and 2 failed to maintain adequate
operating pressure and shortly after system startup, the eductor system in Trench 3 and 6
failed to return water. Due to a very wet spring and summer, repairs to these systems
could not be performed in a timely manner. Auxiliary pumping equipment was installed
in Trench 1 and 6 to dewater the site while repairs were made. As of this reporting date
Trench 2 remains off line. It was discovered that the schedule 80 PVC 3/8-diameter
threaded transition connection on several eductor assemblies had broken. The exact cause
for the breakage is unknown. The eductor assemblies were retrofitted to accept a steel
threaded connector where repairs were needed.

Problems were also found and remedied concerning effluent water quality out of
the air-stripping tower. Terracon and JNC could not isolate a specific cause for the poor



effluent quality. The final solution was the installation of a larger blower unit. This new
blower exceeds tower design modeling by 150 to 200 percent.

Other problems and/or modifications that were made to the system were as
follows:

•  Infiltration gallery conductance type water level control probes required
replacing with mechanical and/or pressure type control devices when it was
discovered the facilities in-ground cathodic protection system caused
interference with the conductance signals to the control panel.

•  Additional water filters/strainers were required on the eductor system due to
higher than anticipated suspended solids in the groundwater.

•  Auxiliary carbon units were added to the effluent discharge stream from the
air stripper due to higher than anticipated naphthalene levels recorded in the
influent groundwater. This also required modifications to the air stripper
transfer pumping system to handle the higher flow pressures through the
carbon vessels.

•  Mechanical water level control probes were replaced with conductance type
devices in the oil/water separator and air stripping tower sumps to overcome
rapid fouling problems caused by poor groundwater quality.

•  Additional water flow meters were installed and/or repositioned to better
record and monitor system flow rates.

•  To simplify maintenance of the eductor system, modifications were made to
the eductor piping and SVE vacuum lines inside the building to utilize these
components for backflushing of the eductor system.

•  With the second time loss of extraction trench #1, the infiltration gallery
sump well installed in extraction trench #1 was retrofitted initially with an
above ground centrifugal pumping system. This pumping system later
changed over to a submersible unit.

SYSTEM PERFORMANCE SUMMARY
System Components

The remedial system began full time operation on February 19, 1998. The major
system components include the following:

•  Six (6) recovery/eductor trenches with SVE enhancement;
•  Three (3) infiltration galleries;
•  One (1) silt and oil/water separator;
•  Two (2) batch tanks;
•  One (1) counter air flow stripping tower;



•  Three (3) auxiliary carbon polishing units (no longer in-service or on-site);
•  One (1) discharge holding tank;
•  One (1) effluent discharge water distribution system; and
•  One (1) programmable logic controller with remote telemetry and an

automatic message dialer unit that sends out a pre-recorded message to three
(3) locations informing system operators of an operational upset alarm.

Untreated groundwater, stored in the two (2) batch tanks, is used for the eductor
(i.e., jet pump) feed water. Treated groundwater is discharged either to the permitted
infiltration galleries or through an existing public drainage way under an NPDES permit.
Off-gas from the groundwater air stripping tower and SVE system is vented, untreated to
the atmosphere, as allowed under the operating permits. FPSP, if collected, is temporarily
stored within an approved petroleum aboveground storage tank for disposal by EPL.
Reference Figure 3 for Site A remedial flow diagram and Figure 4 for system component
layout.

System Operators

Treatment system operation is under the direct and active field supervision of a
certified, Class "K-WR", Industrial Treatment Plant operator(s) in accordance with State
of Illinois Rules and Regulations, Title 35, Subtitle C, Chapter 1, Part 312. The Class "K-
WR" operators for this system are Mr. James R. Buckhahn and Mr. John W. Cameron.
The system operators can from time to time utilize local contractors that were involved in
the system installation to perform emergency site visits for system-upset response or
other conditions requiring a quicker response. During such an event, the system operator
can be remotely monitoring and/or controlling system operations. The ability to use the
local contractors is a direct benefit of the BVRD process.

Operational Monitoring and Maintenance

Terracon system operators perform and/or supervise personnel in the operational
monitoring and maintenance (O&M) of the remedial system. O&M includes at a
minimum weekly remote monitoring and twice per month (i.e. bi-monthly) site visits.
During site visits required sampling of treatment waters is performed as well as routine
system component maintenance. On a quarterly basis, in conjunction with a bi-monthly
site visit, groundwater monitoring well network gauging and analytical sampling will
occur. The O&M schedule may be modified in the future based on system performance
and/or regulatory guidelines. Additionally, EPL personnel have assisted with monitoring
and maintenance between site visits by the system operators.

System Performance

Remedial system process flow rates for the individual operating systems are
routinely collected from on-site or remote telemetry monitoring. This data is used to
evaluate system operational performance and in the preparation of required regulatory
submittals (e.g. NPDES monthly reports).

Through the period ending July 31, 1999, approximately 4,860,000 gallons of
water have been extracted and treated at this facility. Approximately 4,840,000 gallons of
treated water have been discharged to the surface drainage way via Outfall 001 with



approximately 21,715 gallons of water being re-injected through the infiltration gallery
network. The shallow aquifer is yielding on average approximately 10,500 gallons of
water per day. This represents a flow of approximately 1.5 times more than the
anticipated long-term yield. It is our opinion that the higher yields may be due to the
fractures in the glacial till unit (clay diamicton) underlying the site, resulting in an
apparent significant secondary permeability. These water filled fractures were observed
in a test pit excavated near MW-4 following the 1995 assessment activities (reference
CAP, June 5, 1997). As such, it has been difficult to maintain a draw-down of the water
table to sufficient depths to use of the infiltration gallery system.

The SVE system has only been run for two (2) – one (1)-hour test runs (October
29 and December 15, 1998) due to the sustained high groundwater table across the site. It
is anticipated with future system modifications and season drop in water table elevations
this fall, the SVE system can be run.

The remedial system has been operational for a total of approximately 525 days.
During this reporting period the system has been operational approximately 91% of the
time. Overall, the system has been operational approximately 84% of the time, inclusive
of system maintenance, troubleshooting activities, and system upsets. Reference Figure 5
for a graphical depiction of influent concentrations over time.

Treatment System Analytical Results

Discharges from the groundwater treatment system have been in compliance with
permit limitations since the system has been operational. Overall, influent concentrations
have dropped 92% since start of remedial operations.

Site Monitoring

Water level measurements and analytical samples are obtained from the
monitoring well network on a quarterly basis. Selected recovery/eductor trenches are also
sampled as part of site monitoring activities.

Changes have been observed in constituent concentrations in the site monitoring
wells from pre-remedial activities. In general, average concentrations of dissolved
petroleum constituents (BTEX) have shown an approximately 45% reduction from pre-
remedial conditions. When Naphthalene is included in the calculations the percent overall
reduction is 22%. The significant difference between the overall percent reduction when
Naphthalene is added is due to a 2 to 3 times increase in concentration for this compound
following system startup. Reference Table 1 for average monitoring well analytical
results over time.

Keeping it Running

No matter how simplistic or complex a remedial system is, if it does not run it
can not do its job in mitigating the site. A well-maintained system is the first critical step
in keeping a system running. If money was never an issue, this would not be a problem,
however, operational costs are typically scrutinized and are cut to the bare bones.
Optimization of maintenance expenditures requires some forethought that is enhanced by
the BVRD process, which helps bring those less technical issue to the board in the



design/implementation phase. Additionally, experience and the knowledge of the
designer as well as the ideas of all the stakeholders are incorporated into the system's
design and installation. Examples of implemented forethought can be as simple as
installing quick disconnect fittings at pumps or installing additional pipe and valving to
backflush various system components. On a multi-technology system, making alternate
uses of equipment can also greatly expedite routine maintenance functions. At Site “A”,
additional piping and valving was added to the groundwater treatment system transfer
pump and the SVE system to use these pumps for backflushing of the eductor system.
Multi-technology systems also have another hidden asset to get the system running. As
mentioned earlier, extraction trench #1 became inoperable when another break occurred
in the eductor piping. Since extraction trench #1 was designed with an infiltration gallery
sump, it was a simple retrofit to make it into an extraction well to dewater the trench until
the eductor piping could be repaired. The retrofit also included some minor programming
changes to allow the new extraction well to work automatically.

Just keeping a system running is not always sufficient. Changing or unanticipated
site conditions often require changes in the system to optimize remedial efforts. Multi-
technical systems are ideally suited to meet changing remedial needs of a site. At Site
“A” the higher than anticipated groundwater flow caused by the fractures in the water
bearing soils required changes to accelerate groundwater extraction rates. This is being
accomplished by switching out some pumping equipment and installing a larger
submersible pump to extraction trench #1. The cost for this modification will be small
relative to the over-all life cycle cost. All of the replacement equipment, except for the
submersible pump in extraction trench #1, were sized, keeping in mind the additional
equipment needed for Site B’s remedial system.

SITE “B”
Site “B” has been monitored on a yearly basis as per protocols established in the

regulatory approved CAP. Monitoring has not indicated the need to accelerated remedial
activities at this time. Deactivation of Site “A’ may occur by the end of 2000. With the
CAP in place, EPL has the flexibility to start construction of on-site components at Site
“B” any time between now and deactivation of Site “A” since the design work has
already been completed.

Site “B” will use recovery wells with infiltration galleries rather than extraction
trenches. The recovery well network will include twenty-five (25) dual phase extraction
wells connected to form five (5) operational zones. A series of three infiltration galleries
will be installed within the radius of influence of the dual phase recovery wells, creating a
closed-loop system. Groundwater will be extracted using the same jet pump technology
as at Site “A”. The groundwater treatment system, vacuum pumps, control manifolds, and
programmable controller will be moved from Site ”A” to Site “B”.

We will use the knowledge obtained from Site “A” in improving installation and
operational practices for Site “B”. One such lesson will be the way the eductors are
installed. Installation techniques will be changed for the eductors to avoid the breaking
pipe problems, which have plagued Site “A”.



SUMMARY
Multi-technologies can be effectively combined together to aggressively mitigate

impacted sites. The key component to the integration of multi-technologies is the
programmable logic control. Through BVRD you can also design and implement a cost-
effective system for the life cycle of the system while developing a trust with all parties
involved. When you design a system, use empirical data, why re-invent the wheel, and
think long term utilizing the collective knowledge of all the stakeholders. The design
should include maintenance considerations and flexibility for change as it is more likely
then not, that changes to the system will need to be made. In the final analysis, can your
system adapt?
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Table 1. Average Monitoring Well Analytical Results

Compounds Pre-remedial Active Remediation
Date 8/16/95 10/9/96 6/9/98 9/22/98 12/15/98 7/15/99

Benzene 1996 1939 1313 1410 1086 1127
Toluene 2078 130 574 408 381 313
Ethylbenzene 1186 408 588 548 330 457
Total Xylenes 2881 913 1900 1782 1224 1433
Naphthalene  --------- 50 111 153 88 85

Reductions* Overall Overall Overall Overall
Benzene 33% 28% 45% 43%
Toluene 48% 63% 65% 72%
Ethylbenzene 26% 31% 59% 43%
Total Xylenes 0% 6% 36% 24%
Naphthalene -124% -207% -76% -71%

BTEX&N -3% -16% 26% 22%
BTEX 27% 32% 51% 45%

LEGEND
Reductions - Overall, are based on average chemical compound concentrations obtained from selected sampling points
during a given sampling event as compared to the average concentration
between the two pre-remedial sampling events, without Naphthalene.
Reductions - Period, represents changes in concentrations between sampling events.
Negative percentages (-#%), indicates a rise in concentration for a given compound, either Overall or for the Period.



Figure 1. Site “A” Remedial Layout



Figure 2. Site “B” Remedial Layout



Figure 3. Site “A” Remedial Flow Diagram



Figure 4. Site “A” Remedial Layout
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ROLE OF EVAPORATION IN DEGRADING
THE “OIL LAKES” OF KUWAIT

BuFarsan, Ahmed and Barker, Colin, Geosciences Department, University of Tulsa,
Tulsa, OK 74104, USA

ABSTRACT
Oil Spills are degraded by aerobic bacteria, water washing, evaporation, and

oxidation. In the absence of water the first two of these processes cannot operate. This is
the situation in the low rainfall environment of the Kuwaiti desert where oil lakes still
persist 8 years after the initial spills. The oils contain longer chain n-alkanes but have lost
light ends, and evaporation appears to be the dominant degradation mechanism. We have
simulated evaporation of Kuwaiti oil (from Burgan field) at temperatures from 20 to 50
°C, and at various air flow rates. Compositional changes monitored by gas
chromatography show losses of volatile components (<C8), including alkanes, aromatics,
and naphthenes. Normal alkanes are lost more rapidly than other hydrocarbon types with
the same carbon numbers. Evaporation increases viscosity and density leading to
compositional stratification. It seems likely that a devolatilized “skin” forms, protecting
the underlying oil and decreasing the rate of evaporation. Oils degraded by evaporation
show final compositions similar to those observed in the residual oil lakes.



INTRODUCTION
As a consequence of the 1991 Iraqi invasion of Kuwait considerable quantities of

oil were spilled in the desert. Nine years later large “oil lakes” still remain and show only
relatively minor natural degration. Oil in the southern “oil lakes” was derived from the
giant Burgan oil field to the east. Gas chromatographic analysis of Burgan oil (Figure 1)
shows the presence of light ends and a smooth distribution of normal alkanes up to
approximately nC32. In contrast, oils from the southern lakes show a lack of compounds
with less than about 14 carbon atoms, but abundant long chain n-alkanes (Figure 2).
Pristane/nC17 and phytane/nC18 ratios remain essentially the same as in the Burgan
crude oil Comparison of these compositional differences permit inferences about the
degradation processes operating in the Kuwait desert.

Natural oil spills can be degraded by several different processes, the most important
being bacterial degradation, water washing, evaporation, and photooxidation. Aerobic
bacteria degrade oils when water, oxygen and nutrients are present, and remove
compound types in a well-documented sequence starting with n-alkanes 1,2. The bacteria
cannot live in the oil and require an aqueous phase. Liquid water is also needed for water
washing to be effective. This degradation mechanism removes the most soluble
components, which are the gasoline range hydrocarbons, especially the aromatics 3,4.
Average rainfall in the Kuwait desert is only 155 mm/year 5 and there are no standing
bodies of water. It seems unlikely that either biodegradation or water washing has had a
major role in the degradation of Kuwait oils. In addition to being very dry the desert is
extremely hot with temperatures reaching >50 °C (>122 °F) in the summer months. This
suggests that evaporation is likely to be an important process in modifying the
composition of surface oil spills in the desert. Evaporation has been simulated in
laboratory experiments.

Oil samples were collected from wells producing from the Burgan oil field and
stored in sealed glass containers. Samples from the “oil lakes” were only taken from the
edges because of the danger of unexploded ordnance under the lakes themselves. These
samples were also stored in sealed glass containers.

EVAPORATION WEIGHT-LOSS
EXPERIMENTS

Evaporative losses from crude oils were investigated using the simple apparatus
shown in Figure 3. Air from a Gast Model 1398 compressor was passed over the free
surface of the oil sample and weight and composition monitored as a function of time.
Temperature was controlled at 20, 30, 40, or 50 °C by an external water bath, and air
velocity controlled with a valve and monitored with a ratometer to give flow rates of 20,
50, and 100 ml/min.

The rate of evaporative loss is initially rapid but decreases with time6. A typical
example for the Burgan crude oil (Figure 4) shows this initial rapid weight loss and the
subsequent decrease with time. In this particular example illustrating changes at 25 °C
and 100 ml/min, 13.07% is lost in the first 8 hours and 25.68% is lost after 200 hours
when the experiment was terminated. At higher temperatures both the initial rate of loss



and the percentage loss after is 200 hours is higher. Figure 5 compares weight loss
through time for the Burgan oil at 25, 30, 40, and 50 °C, and Table 1 summarized weight
losses after various time intervals for the four temperatures used in the experiments. Not
surprisingly, evaporative losses are greater at higher air flows.

COMPOSITIONAL CHANGES DURING
EVAPORATION

Based on the results of the weight loss studies, airflow rates were kept constant at
100 ml/min for the determination of compositional changes and temperature controlled at
20, 30, 40, or 50 °C. The apparatus shown in Figure 3 was also used to investigate
compositional changes as evaporation progressed. 100 µl oil samples were removed at
intervals with a hypodermic syringe, diluted 2:1 with methylene chloride, and analyzed
gas chromatographically. Analyses were carried out using a Hewlett Packard HP 5890A
with a HP G1875AA Chemstation and data handling system for data acquisition and data
analysis (integration, quantification, and reporting). A 30m, Rtx-1 Restek glass capillary
column, 0.25mm in diameter with a 25µm film thickness operating with a 100;1 split
ratio was used for all the analyses. After an initial hold at 30 °C for 15 minutes, the oven
was programmed to 325 °C at 2 °C/min with a final hold of 10 minutes. Gasoline range
compounds and normal alkanes were identified by their relative retention times compared
with authentic standards. Quantitation was based on integrated peak areas.

For all combinations of temperature and air flow rate used in the laboratory
experiments the smaller more volatile compounds were lost most rapidly. For molecules
with more than approximately 15 carbon atoms there was no loss, even after 200 hours,
which was the longest experimental run. This presented a convenient way of quantifying
evaporative loss by using a long chain alkane as an effective internal standard. Normal-
c31 was selected. The choice was a compromise between reasonable peak size for a long
chain and the fact that nC30 had a close eluting peak (see, for example, Figure 1). Ratios
of (peak area of gasoline range hydrocarbon)/(peak area of nC31) were used to follow the
progress of evaporation. Figure 6, for example, shows the decreasing concentration of
toluene with time at 30 °C for an air flow of 100 ml/min. This curve has the shape expect
if Henry’s Law controls the amount of the compound in the vapor phase and the vapor is
removed at uniform time intervals. The more volatile a compound in the oil, the higher its
vapor pressure and the more rapidly it is lost. since vapor pressure closely parallels
boiling point, the low boiling point compounds are lost preferentially from the oil during
evaporation.

Vapor pressure increases with temperature and as a consequence evaporation
occurs more rapidly at higher temperatures. This trend is illustrated by the rates of
evaporation for toluene at 24, 30, 40, and 50 °C shown in Figure 7. Similar trends were
observed for the other individual compounds and for total weight loss described in the
previous section.

For a particular number of carbon atoms, different compound types have
different vapor pressure at a given temperature, and so evaporative loss depends on
compound type. For example, in compounds with seven carbon atoms, the C7 normal
alkane is lost more rapidly than the methylcyclohexane, which is in turn lost more rapidly



than the aromatic toluene. A similar evaporation trend of normal alkanes > naphthenes >
aromatics is also seen for the six carbon compounds.

PHYSICAL CHANGES DURING
EVAPORATION

The physical characteristics of degraded oil can be important in controlling its behavior
in the natural system. Density and viscosity are particularly significant and we have
documented changes in these properties as the Burgan oil lost light ends by evaporation.
The analytical procedures for determining density and viscosity need larger volumes than
those required for gas chromatography, and evaporation experiments were carried out
with 17ml Burgan oil samples at a room temperature of 25 °C. These samples were
periodically stirred during the evaporation to ensure homogeneity. Separate samples were
used for each of the different percentages evaporated. Viscosity was determined with a
cone and plate viscometer and density obtained with a hydrometer. The decreasing API
gravity (increasing density) for the evaporating oil is shown in Figure 8, and measured
values for density and viscosity are summarized in Table 2.

DISCUSSION
Laboratory simulations with the Burgan crude oil have shown that evaporation

leads to the loss of light ends, with the normal alkanes being lost more rapidly than other
compound types. While gasoline range compounds are eventually removed completely,
larger molecules remain. The composition of the degraded oil sin the southern “oil lakes”
of Kuwait is consistent with evaporation as the dominant process. Preliminary
experiments with aerobic bacteria have shown that they readily remove long chain n-
alkanes from the Burgan oil, suggesting that biodegradation has not played a significant
role. Laboratory studies of water washing using the apparatus described by Lafargue and
Barker3 demonstrated the preferential removal of gasoline range hydrocarbons from the
Burgan crude oil, but for a given carbon number water washing removes aromatics
preferentially whereas evaporation removes n-alkanes. In the oil from the desert the
gasoline range hydrocarbons have been completely removed so it is not possible to use
these differences to recognize the specific degradation mechanism. However, with an
average rainfall of only 155 mm/year, water washing does not seem to have been a major
factor.

Evaporation removes volatile compounds from the surface of the oil lakes so that
the top layer of the oil becomes denser (lower API gravity) (see Figure W). While this oil
film would be expected to sink it appears to stay in place because of the increase in
viscosity that occurs. Although more confirmation is needed, results from laboratory
experiments and field observation suggest that a surface “skin” forms on the oil lakes,
protecting them from subsequent evaporative loss. This is consistent with the observation
that more than 30 percent of the oil evaporates at high temperatures in the laboratory
experiments, but after more than 8 years in the hot, dry desert environment much less
than 30 percent of the oil has been lost.



Although the evaporation experiments have stressed the Burgan crude oil from Kuwait,
similar results have been obtained for a Venezuelan oil from the Bolivar Coastal Fields
and it seems likely that many of the conclusions from the reported studies have wide
applicability. This could be of significance in tracing pollutants to their source. For
example, an oil from an open storage tank may have experienced considerable
evaporative loss before being spilled into an aqueous system where other processes,
notably water washing and biodegradation, are effective. These effects need to be
documented in correlating an oil spill to its original source.
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Table 1.  Percentage weight loss from Burgan oil, Kuwait, at selected temperatures and
times with an flair flow of 100 ml/min.

Temperature
°C

8 hours Time
104 hours 200 hours

25 13.07 20.47 25.68
30 14.40 21.59 25.74
40 16.76 26.77 31.86
50 17.06 29.91 36.60

Table 2.  Changes in density, API gravity, and viscosity of the Burgan crude oil with
progressing evaporation.

Temperature
°C

8 hours Time
104 hours 200 hours

Original oil 0.876 30 65.3
12.9 0.893 27 120.4
20.0 0.904 25 132.5
30.0 0.922 22 300.5



Figure 1.  Gas chromatogram of oil from the Burgan Oilfield, southeast Kuwait. Carbon
numbers of selected normal alkanes are shown.



Figure 2.  Gas chromatogram of an oil sample taken from the edge of one of the southern
“oil lakes”, Kuwait. Carbon numbers of selected normal alkanes are shown.



Figure 3.  Schematic flow diagram of the system used for the evaporation experiments.



Figure 4.  Cumulative evaporative weight loss (squares) and residual weight (diamonds)
for the Burgan crude oil at 25 °C and an air flow of 10 ml/min.



Figure 5.  Cumulative percent loss from Burgan crude oil at 25, 30, 40, and 50 °C with
an air flow of 100 ml/min. (cross – °50 C; circle – 40 °C; square – 30 °C; diamond – 25
°C)



Figure 6.  Percent toluene remaining in the Burgan crude oil as a function of time for
evaporation at 30 °C and an air flow of 100 ml/min.



Figure 7.  Percent toluene remaining in the Burgan crude oil as a function of time and
temperature for an air flow of 100 ml/min. . (diamond – °30 C; square – 40 °C; circle –
50 °C)



Figure 8.  Decreasing API gravity with progressing evaporation of the Burgan crude oil.
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ABSTRACT
On May 4, 1998 a leak ocurred in a 24" Diameter Hydrocarbon Pipeline in

Southern Mexico. The pipeline was quickly repaired but due to intermitent climate
conditions the remediation of the contaminated area was delayed until November.

During this period several options were considered for the remediation of the
area and the use of  Ecoterra resulted in the preferred process.

The remediation began on November 25, 1998 with the taking of samples,
analyzing same for TPH and determining and programming the amounts of material and
the procedures.

The actual remediation was performed on December 10 and the sampling began
on December 28.

By January 11, 1999, the area's TPH had been reduced by 85%. By March 10 the
reduction of TPH in individual areas sampled varied from 85% to 100%.

The remediation was complete by mid April when the area's TPH was reduced to
Federal Bureau's minimum acceptable limits.



Ecoterra is a natural material. its organic components are humic substances found
in nature throughout the entire food chain and are humic components of the earth. it
functions in a wide variety of natural processes such as degradation of organic matter,
chelation of metals, stimulation of microbial activity and it possesses many soil
remediating characteristics. also, once it enters the food chain, it contains biological as
well as pharmaceutical properties.

This paper presents the performance, from initial impact study through end
results, of a recent, in situ, soil remediation performed in mexico with ecoterra.

A leak ocurred in a 24” oil pipeline in southern mexico in march of 1998
contaminating a sizeable amount of surrounding area. the leak was repaired inmediately;
the impact study was assigned to a governamental petroleum institute in late september
and the actual remediation was initiated in december.

Impact Study…

The institute followed the ecological damage evaluation guidelines set forth by
the federal ecological protection agency, department of ecological audits, in what
concerns phase 1, chapter vi: report of incident to profepa clause a) evaluation of
ecological damage as a base for their study. some of the report’s specifics are:

- Define and correlate the geohydrological   characteristics of the area
under study with the contaminant dispersion to define the flow
tendency.

- Determine the volume of contaminated material by topographical
and bathymetrical methods.

- Establish the contaminants space distribution characteristics, both
horizontal and vertical, emphasizing the stratification of the total
hydrocarbon concentrations

- Determine if the contaminated soil from the affected area is
considered dangerous or not in accordance with norms: norm-052-
ecol/93 and norm-053-ecol/93 aplicable to the cretib code (solely as
reference for the contaminant’s qualitative characterization)

Excerpts From Impact Study’s Results

The study determined the leaked oil’s flowpath to be in a southwest to southeast
direction from the point of the leak in a stratus 1.0 meters average width and a depth
averaging from 2.0 to 3.0 meters, this latter not perceptible from the surface.

15 sample holes, to depths of 1-3 meters, were dug; samples were taken and
analyzed. the results showed the soil to be of a sandy loam texture, its having an average
ph of 8.5, a 40-50% porosity and its being semi permeable.



The total area evaluated was 1242 square meters of which 465 square meters
were found to be contaminated. the total volume of soil to be remediated was calculated
to be 455 cubic meters and the global tph concentration was found to be approximately
22,250 ppm.

Job Program and Performance

The job program called for us to take soil samples for analysis in order to verify
the tph and ph of the soil requiring remediation.

Based on the total volume of contaminated soil and its % tph, the amount of
required materials was to be determinated.

A tractor-backhoe and pick and shovel were to be required for soil movement-
removal around and within the contaminated area. once the desired depth was reached
(uncontaminated soil depth), alternating layers of soil and ecoterra, which physically has
the appearance of fine, damp dirt, were to be placed and blended. in this particular case,
hay, for its microbial content and fertilizer, for its nitrogen content were to be added.

Once all was blended and in place, the area was to be wetted down with water
and left for the remediation process to take place.

The program called for the first sample to be taken the first week after
placement… afterwords, samples were to be taken every 15 days for analysis to
determine when the required % tph was reached.. in this case it was 2,000 ppm due to it
being an industrial area.

It should be noted here that the remediation of a hydrocarbon contaminated soil
takes an average of 60 days to reach the limits normally required in the oil industry

Our first samples were taken on november 25, 1998 and sent to the lab for
analysis. these tests showed varied tph concentrations ranging from 9,300 to 24,000 to
29,000 to 34,000 which were more or less in line with the global figure given in the
impact study.

The job was performed on december 10, 1998.

The sampling was taken as close to the program as possible with the results being
as per the attached graph.

Ecoterra, by nature, contains available carbon and other organic stimulants as
source of energy for the indigenous microbes in the soil. the addition of nitrogen
accelerates this stimulation of these microbes. this increase in microbic activity causes
hydrocarbon remediation. added to this is the natural chemical reaction and/or catalistic
activity that takes place in ecoterra’s ability to fractionate the contaminating hydrocarbon
into sugars and fatty acids.

Ecoterra, containing the concentrated organic acid that is common in soil humus,
utilizes a natural process in its ability to fractionate hydrocarbons and stimulate microbial
activity.



The slight deviations from the program in the taking of samples was mainly
caused by weather conditions. it will also be stated that as can be seen on the sample
concentration graphs, a concentration of less than the required 2,000 ppm could have
been reached much sooner than the six month period taken, once again, this was mainly
due to inaccesibility and weather conditions.

Once the remediation concentration had been reached and the customer had been
satisfied, on july 12, we proceeded to take nine additional samples as shown on the noted
drawing (four from the remediated area and the other five from adjacent areas that had
not been contaminated by hydrocarbon from the pipeline leak).

The samples were taken in the presence of a governmental authority
representative and were submitted to a recognized/approved soil, plant & water
laboratory in the state of tabasco in southern mexico for analysis of the samples in what
concerned their soil properties and to determine if there was any variation existing in the
soil properties that may have been caused by our remediation process in comparing the
remediated soil samples with the non-contaminated soil samples (control).

The results of these test are shown on the noted table (please note that samples #s
2,3,4,&5 were the samples taken from the remediated area) and following are excerpts
from the lab report.

INTRODUCTION

Soil fertility for the development of plants can be defined as a function of the
soil’s physical, chemical and microbiological properties: for which clasification criteria,
that define their quality, for each one of these properties can be found in international
publications.

These soil properties can be modified by anthropogenic effects, which brings as a
consequence that they lose their capacity to proportion the optimum conditions for the
development of plants.. nevertheless, it is possible to correct these alterations by a
technology known as soil remediation.

This report defines the quality of the in situ remediation process with ecoterra
performed by o jeito s.a. de c.v. at an area that was affected due to anthropogenic effects
(hydrocarbon spill) and is based on a lot of nine soil samples sent by them to the soil,
plant and water laboratory of the tabasco campus –graduate school college; where the
analysis were run on their physical and chemical properties and the interpretation of same
and the comparison of results made.



PHASES AND SECTIONS OF THESE TESTS AND REPORT

- materials and methods
- results
- interpretation of results

control areas
remediated area

- homogeneity of results
control areas
remediated area

- comparison of results
- comparison by class
- statistic comparison
- conclusion

the latter two section state:

STATISTIC COMPARISON

The statistic analysis did not show any significant differences between the values
of each parameter of the remediated area and the control areas.

CONCLUSION

Based on the class comparison of each parameter quantified, the statistic analysis
realized to identify significant differences in the measured variables of each area and the
photographic evidences (photographs annexed) of the process of restoration of the
affected area that were presented by o jeito; it is concluded that the quality of in situ
remediation with ecoterra is excellent due to its having recovered the soil’s original
properties and thusly, to the favoring of the natural development of plant life in the
remediated area..





Table No. 1.  Results of Soil Remediation with Ecoterra in Mexico

Table No. 2. Additional Samples
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ABSTRACT
Argonne National Laboratory (ANL) has conducted research involving acoustic

cavitation (sonication) combined with advanced oxidation techniques for several applications for
the oil and natural gas industry. Acoustic cavitation involves the application of high intensity
sound waves (having strong oxidation potential) to a liquid phase. Microbubbles form which
grow to a critical size (on the order of a few angstroms) which then implode. At the collapsing
bubble interface, temperatures in the order of ~5,000o K and pressures on the order of 500 to
1,000 atmospheres have been estimated, while the bulk solution stays near ambient. This creates
conditions that are very effective for cleaning industrial equipment. This process can be enhanced
by the combination with other advanced oxidation techniques such as ozone injection, vapor
stripping, and/or the addition of hydrogen peroxide.

ANL has conducted research into mineral scale removal using this advanced acoustic
cavitation technique. Barium sulfate (BaSO4) scale was used as the surrogate scale. During these
tests, ANL was able to break up scale with as large as 5/8-in thickness. Preliminary results to
date indicate that better than 90% of surrogate scale was removed, after a 15-min application of
sonication (20 kHz) at 20 W/cm2. Additional research (for the textile and forest products
industries) conducted at ANL included the removal of solidified polyethylene from spinnerette
heads and polypropylene from scaled glassware (for application to spinnerette heads). In these
applications, the removal of the solidified waste form reached nearly 100% using sonication
techniques. The sound waves effectively chiseled the waste forms from the equipment, breaking
the scale into many, many fine particulates, effectively forming a slurry of the original solid
"hockey-puck-like" monolith. The acoustic cavitation effectively scoured the equipment surface
free of the solidified waste form.



ANL is currently investigating the use of this advanced acoustic cavitation technique to
remove paraffin build-up from production wells and lateral piping in the field. FNI, ANL, and
Nicor Technologies are currently examining the possibility of using this technique to remediate
blocked or plugged underground natural gas storage wells. Other potential applications of this
advanced acoustic cavitation technique being studied include: disablement and neutralization of
land mines and unexploded ordinances, in-situ removal of chlorinated solvents (volatile organic
compounds) from groundwater, enhanced oil/water separation, development of a hand held
device for decontamination and decommissioning of buildings, and removal of oil and cutting
lubricants from scrap aluminum.

ANL has been researching the combination of acoustic cavitation (sonication) with
advanced oxidation (air, oxygen, ozone, and hydrogen peroxide) techniques for the past five
years. Furness-Newburge, Inc. (FNI) has been working with the foundry industry to solve
environmental emissions problems and optimize sand/clay/binder reuse for the past eight years.
ANL and FNI joined forces in May of 1998 to begin examining the synergies of their
independent work efforts and focus on new applications for the joint technology interests. The
following text summarizes these efforts by application and give a brief summary of the approach.

Groundwater and Soil Remediation

ANL has been investigating an integrated (sonication coupled with vapor stripping)
system in a current project funded by the U.S. Department of Energy's (DOE’s) Environmental
Management Science Program (EMSP) to partially degrade and/or destroy volatile organic
compounds (VOCs). An experimental pilot-scale, in-well system is being designed and installed
in a high-bay area at ANL. ANL and its industrial partner, FNI, are fabricating the test system for
the pilot demonstrations.

Preliminary laboratory-scale results obtained from the EMSP project indicate the system
is capable of partially degrading and destroying VOCs. The combination of sonication and vapor
stripping can remove up to 97% of the chlorinated solvents with a 5-10 minute contact time.
ANL believes that this system can destroy chlorinated solvents and petroleum hydrocarbon
contaminants at a very high rate with minimum contact time.

ANL is currently working on a research project to determine the efficiency and
economics of employing an integrated (acoustic cavitation combined with advanced oxidation)
treatment system to destroy/remove hydrocarbons at levels encountered in contaminated
groundwater at oil refineries. The objective of this effort is to conduct a pilot-scale demonstration
of an integrated treatment system that couples in-well sonication and in-well vapor stripping
augmented with ozone/hydrogen peroxide to effectively treat groundwater contaminated with
petroleum hydrocarbons [e.g., polyaromatic hydrocarbons (PAHs), benzene, toluene,
ethylbenzene and total xylenes (BTEX)]. This treatment scheme enables the contaminated water
to be treated in well (i.e., below grade), thereby minimizing the regulatory concerns and
economic issues associated with pump-and-treat technologies.



ANL and FNI have had discussions with personnel at McClelland Air Force Base in
California; Warren Air Force Base in Cheyenne, Wyoming; and Badger Army Ammunition Plant
in Wisconsin about the groundwater problems at their respective sites. These sites have typical
groundwater problems with contamination due to chlorinated solvents such as
1,1,1-trichloroethane (TCA), trichloroethylene (TCE), dichloroethane (DCA), chloroethylene
(DCE), carbon tetrachloride, vinyl chloride, and dinitrotoluene (DNT).

Scale Removal for the Oil and Gas Industry

Radioactive Scale (Naturally Occurring Radioactive Materials-NORM)

Within DOE's Gas Research Program, the management of naturally occurring radioactive
materials (NORM) in natural gas production is a high priority environmental research area.
Petroleum production NORM is generated in three waste streams: scale, sludge, and produced
water. Scale and sludge accumulate primarily in water-handling equipment, such as pipelines,
tubing, pumps, filters, oil/water separators, and storage vessels.

The purpose of this project is to examine a new technology involving
sonication/dissolution aimed at treating naturally occurring radioactive materials (NORM) waste.
Barium sulfate (BaSO4) scale was used as the surrogate waste for this study. This project
investigated the sonication/dissolution of NORM wastes. During the first part of this study,
barium sulfate (BaSO4) scale was formed in glass beakers; the BaSO4 scale was spiked with
various non-radioactive co-contaminant forms such as strontium and cesium. The strontium and
cesium used in these studies were of the non-radioactive form. Future activities involve the
sonication/dissolution of BaSO4-scale containing radium.

Barium-sulfate scale (potentially contaminated with radioactive materials) is a common
byproduct of oil and natural gas production. The baseline technology for removing this scale
from industrial equipment involves using a proprietary dissolver operated at a solution
temperature of 190 to 200oF at pH ~13. A decrease of 20 to 30oF as a result of sonication would
be extremely beneficial and would be more cost effective than the current operations for
removing barium sulfate scale. This project also will determine whether the combination of
sonication techniques coupled with the use of chelating agents could effectively remove NORM-
type scale from industrial equipment. The focus of this study is to determine whether sonication
techniques can enhance the dissolution of BaSO4 scale either using sonication alone or using
sonication in conjunction with chelating agents (such as ethylenediaminetetraacetic acid (EDTA),
citric acid, etc.). The objective of this project is to determine whether sonication alone or using
sonication in conjunction with chelating agents can enhance the dissolution of BaSO4 scale.
Preliminary results are shown in Fig. 1.

Mineral Scale (Within Production and/or Storage Wells, Laterals, and Equipment)

FNI, ANL and Nicor Technologies are currently examining the possibility of utilizing
sonication to locate and remediate underground natural gas storage well damage. The diagnostic
portion of the research effort will utilize a high frequency transponder and a receiver to locate the



damaged areas within the underground storage well. Once the problem area has been located, the
actual remediation of the damage to the underground storage area will be conducted using sonic
transducers contained within the same small (coffee cup size) unit used to locate the problem
area. The acoustic waves generated by these transducers will actually break up any scale,
inorganic precipitate, organic or hydrocarbon residue, fouling or plugging caused by either
particulates or bacteria.

The use of sonic waves to locate, size, and identify objects is well known, mature
technology. Sonication has also been shown to break up mineral scale and other scaling/fouling
build-up within natural gas and oil field piping/wells. This project proposes to adapt sonication
for the detection and remediation of damaged underground natural gas storage wells. Initially a
"surrogate" underground storage well environment would have to be created in the lab. Both the
locating and remedial functions of sonication would be tested in the "surrogate" storage well
created in the lab. The ability of the sonicator to break-up the various types of blockages
(inorganic, organic/hydrocarbon, and fouling/plugging caused by particulate and bacteria) will be
tested in the lab. Additionally, more tenacious types of scale will be tested to determine the
limits/capabilities of the various power intensities and frequencies used in the first year's efforts.
The field test partner, Nicor Technologies, will provide fouled/scaled tubing from actual
underground storage wells. If the proposed system can remove the actual scale/fouling from the
tubing provided, an actual down-hole “pre-field test” can be conducted in an actual observation
well (located within a storage reservoir system) as the final test of the system prior to beginning
the actual field trials scheduled as part of the second phase of activities.

Process Optimization within the Foundry and Steel Industries

In the production of iron castings, molten iron is poured into a "green" sand mold
comprised of sand, clay, powdered coal, water, and organic binders. The heating of the coal and
other organics in the mold during casting causes the release of volatile organic compounds
(VOCs) such as benzene. In order to reduce these emissions, advanced oxidants (AO) were
introduced as a "sand additive" to these molds by way of a SonoperoxoneTM (SP) system that
uses ozone, hydrogen peroxide, and sonication. This SP/AO-containing water replaces ordinary
water as a mold ingredient. These SonoperoxoneTM systems have been operating at more that four
working foundries for the last 1 to 4 years.

Records from these foundries have shown reductions in VOCs and benzene emissions
after installation of the SonoperoxoneTM system. FNI is working with the Pennsylvania State
University to test and evaluate the emissions from green sand and green sand components using
thermogravimetric analysis (TGA). In these TGA tests, sand samples were heated under nitrogen;
and mass losses were tracked to determine the amount and temperature where emissions occur.
Two full-scale foundry lines running the same casting types in parallel have been compared: one
using AO/SP and one not using this AO/SP. Over a full year of operation, the AO foundry's sand
had consistently lower mass losses that would translate into lower VOC emissions. In addition,
pilot-scale casting trials were conducted on molds whose only difference was that one mold used
this AO treated water and the other mold used ordinary water. Mold autopsies and TGA tests



characterized the effect of AO on these emissions during the casting event, and generally found
emission reductions with water containing AO.

Compaction and Stabilization of Wastes for Recycle/Reuse

The current disposal option of choice by the steel and foundry industry involves sending
metal fines/particulates (called "swarfs") to either a landfill or to a scrap metal yard. Included in
these wastes are manufacturing process "swarfs" (metallic particulates from grinding, polishing,
honing, etc.); pollution control wastes (e.g., baghouse wastes and other pollution control
residues); and mill scale or slags. Even though the landfills accept these wastes, the landfill
owners recognize that these are really undesirable wastes, due to their tendencies to rapidly
oxidize and create spot flare-ups (fires). Because of these problems, the steel industry often pays
premium to dispose of the swarfs at a landfill. The "swarfs" typically contain high metallic
content (>40% iron and other recyclable metals such as nickel, copper, etc.), and, therefore, have
some intrinsic recyclable/reuse value. The handling of these metallic wastes (particulate and
other solid forms) is difficult. By packaging these metallic wastes into a more manageable form,
value is created where only cost existed before. These wastes need to be converted into a
different form so that they can either be recycled or formed into a marketable byproduct.

This project investigates the use of various chemical-binding agents, used either singly or
in combination with one another, in order to form dense, hard recyclable forms of the metallic
particulates. The objective of this phase of ANL's work with Solvent Systems International, Inc.
(SSI) is to "optimize" the compressive strengths of the newly formed by-products. ANL and SSI
will examine how the additives (binders) can by combined with advanced oxidation techniques
(including sonication) in order to maximize the compressive strengths of the recycled by-
products.

FUTURE APPLICATIONS
The following two topic areas are applications that are not fully developed and need

further study to bring them into the prototype/field testing phases of development.

Decommissioning and Decontamination of Buildings

The objective of this approach is to demonstrate the potential of multiple advanced
oxidation delivery systems to deactivate viruses and kill bacteria in biological systems and to
render less toxic in chemical warfare agents. The proposed delivery systems of advanced
oxidants are as follows: (1) Foams or foamed gels with the bubbles containing advanced oxidants
and the bubble wall structure designed in such a way to extend the stability of the advanced
oxidants, such as UV/ozone/high humidity gases used to generate the microbubble structure (i.e.,
lamellae) in a foam or foamed gel; (2) Gas phase delivery of advanced oxidants in the form of
high humidity, UV-irradiated ozone containing gas and/or the same device used as a recirculating
biological or chemical destruction system; (3) Advanced oxidant containing steam-cleaning
system for decontamination of buildings, rooms, or laboratories, or other structures containing



chemical or biological agents. This would involve the use of advanced oxidants in the water used
to generate steam. This would be a synergistic approach in that the steam in and of itself could be
used to sterilize the bacteria, spores, viruses, or other microorganisms in a biological system
directly and then due to the heat more rapidly decompose the toxic “skeleton” (i.e., the
potentially more toxic daughter byproducts of biological death). In a chemical system employing
an A/O steam decontamination approach, the A/O steam tends to speed chemical dissociation of
the chemical agent. The potential use of reactive metals such as vanadium, titanium, and iron
could further enhance A/O steam decontamination when finally irradiated with ultraviolet light.
This creates a scenario of advanced oxidation chain reactions that have already been verified by
the scientific/technical community familiar with advanced oxidation systems. The end state will
be a building, facility, or site that is completely reusable, non-toxic, steam-cleaned, and in terms
of public perception, “sterilized.” A fourth objective would be in the creation of an advanced
oxidant decontamination device to be used for hospital workers caring for victims of biological
terrorism. A downdraft or side-draft device would capture the bacterial aerosol from breathing
and coughing of a victim and kill the organism and hence deny a pathway for disease
propagation.

The proposed approach to the problem of decontaminating chemically and biologically
contaminated surfaces by deactivating viruses and killing bacteria in biological systems and
rendering chemical warfare agents less toxic is unique because: (1) each sub-element of the
proposed system has a proven technical basis in other applications; (2) the delivery system can be
deployed in a simple manner: and (3) the project team has both a strong scientific research and
development track record and proven industrial successes.

Conventional treatment of solid structures generally includes chemical extractions such as
with steam cleaning systems or chelating agents, and render to rubble contaminated structures.
The approach being offered has the ability to completely remove the chemical or biological
agents, and thereby enable the structure to once again be used. The technology of advanced
oxidation has already been proven by the scientific community to kill pathogens and dissociate
chemicals. What is being proposed is a focused expansion of existing technology into a
technology that is adaptable, flexible, portable, and applicable to chemical and biological agents
by relatively low-tech delivery systems and maintainable, reliable, and already proven
components. Current approaches using advanced oxidation are already being used in extremely
large-scale applications such as drinking water treatment and reduction of air pollutants such as
benzene and other VOCs in the foundry industry.

Disablement and Neutralization of Ordinances/Land Mines/Explosives

The objective of this approach is to demonstrate the potential of multiple advanced
oxidation delivery systems to deactivate viruses and kill bacteria in biological systems and to
render less toxic in chemical warfare agents. The proposed delivery systems of advanced
oxidants are as follows: (1) Foams or foamed gels with the bubbles containing advanced oxidants
and the bubble wall structure designed in such a way to extend the stability of the advanced
oxidants, such as UV/ozone/high humidity gases used to generate the microbubble structure (i.e.,
lamellae) in a foam or foamed gel; (2) Gas phase delivery of advanced oxidants in the form of



high humidity, UV-irradiated ozone containing gas and/or the same device used as a recirculating
biological or chemical destruction system; (3) Advanced oxidant containing steam-cleaning
system for decontamination of buildings, rooms, or laboratories, or other structures containing
chemical or biological agents. This would involve the use of advanced oxidants in the water used
to generate steam. This would be a synergistic approach in that the steam in and of itself could be
used to sterilize the bacteria, spores, viruses, or other microorganisms in a biological system
directly and then due to the heat more rapidly decompose the toxic “skeleton” (i.e., the
potentially more toxic daughter byproducts of biological death). In a chemical system employing
an A/O steam decontamination approach, the A/O steam tends to speed chemical dissociation of
the chemical agent. The potential use of reactive metals such as vanadium, titanium, and iron
could further enhance A/O steam decontamination when finally irradiated with ultraviolet light.
This creates a scenario of advanced oxidation chain reactions that have already been verified by
the scientific/technical community familiar with advanced oxidation systems. The end state will
be a building, facility, or site that is completely reusable, non-toxic, steam-cleaned, and in terms
of public perception, “sterilized.”

This approach provides a very versatile compact transportable and low-tech
decontamination family of processes that can be tailored to specific applications and locations
such as targets of terrorism, triage centers, and extended care facilities. The operational personnel
will require minimal training and relatively standard personal protective equipment. The
maintenance personnel would require a slightly higher level of training but certainly not beyond
what is considered normal and prudent in our relatively high-tech society. The transient nature of
advanced oxidation would also help to allay fears of long-term decontamination residuals, such
as would be found in chlorine or other long-term potential high-risk chemical approach to
chemical decontamination.

This approach focuses on the exact goals and needs of the current climate of terrorism
because: (1) it focuses on a unique solution to the problem of decontaminating chemically and
biologically contaminated surfaces by deactivating viruses and killing bacteria in biological
systems and rendering chemical warfare agents less toxic; (2) each sub-element of the proposed
system has a proven technical basis in other applications; (3) the delivery system can be deployed
in a simple manner; and (4) the project team has both a strong scientific research and
development track record and proven industrial successes.

Conventional treatment of solid structures generally includes chemical extractions such as
with steam cleaning systems or chelating agents, and render to rubble contaminated structures.
The approach being offered has the ability to completely remove the chemical or biological
agents, and thereby enable the structure to once again be used. The technology of advanced
oxidation has already been proven by the scientific community to kill pathogens and dissociate
chemicals. What is being proposed is a focused expansion of existing technology into a
technology that is adaptable, flexible, portable, and applicable to chemical and biological agents
by relatively low-tech delivery systems and maintainable, reliable, and already proven
components. Current approaches using advanced oxidation are already being used in extremely
large-scale applications such as drinking water treatment and reduction of air pollutants such as
benzene and other VOCs in the foundry industry.



In summary, seven different applications of combing advanced acoustics (sonication)
with advanced oxidation techniques have been presented. At least three of these applications
have direct linkages to oil and gas industry applications: (1) mineral scale removal (paraffins,
underground storage well remediation, improving performance of stripper wells, etc.); (2)
radioactive scale removal (NORM); and (3) groundwater and soil remediation (e.g., at oil or gas
processing plants). Two other applications have been discussed that have applications in the steel
and foundry industries (process optimization and compaction/stabilization of wastes for
recycle/reuse). Finally two more futuristic application in the decommissioning and
decontamination (D&D) areas (disablement/neutralization of ordinances and D&D of buildings)
have been presented as areas that need more development work. ANL is working closely with
their industrial partners (FNI, Nicor Technologies, and Solvent Systems, Inc.) in all of these areas
to further advance the technology of combing acoustic cavitation with advanced oxidation
techniques.



Figure 1 Preliminary results of barium sulfate removal using sonication.
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AN ALTERNATIVE APPROACH FOR THE
TREATMENT OF PROCESSING WASTES BEING

DEEP WELLED
By Ralph E. Beeman, James M. McDade and Joseph H. Reitberger

ABSTRACT
The DuPont Victoria Plant is completing an environmental improvement program to

cease deep well injection of liquid waste streams. The waste streams go through pretreatment and
recycling steps, are biologically treated, and through a constructed wetlands before entering the
Guadalupe River. A portion of the biosolids is being land applied. The program is expected to
reduce the Plant EPA toxic release inventory (TRI) by over 90%. Nitrate, the major portion of the
TRI, is biologically treated through denitrification. The anoxic reactor removes up to 99% of
carbonaceous loading and 100% of nitrate-nitrogen loading. Unlike standard anoxic reactors, we
intentionally inject air into the anoxic reactor, which removes carbon dioxide. The environmental
program returns 3 million gallons/D of water to the Guadalupe River, recycles 250 million
lbs./day of organic compounds, lowers the TRI of the Plant, demonstrates excellent water quality
and stewardship to the community, and provides additional wildlife habitat.



INTRODUCTION
The DuPont Plant in Victoria Texas (DuPont-Victoria) is completing a major voluntary

environmental improvement program to cease deep well injection of liquid waste streams. The
Plant produces nylon intermediates and specialty chemicals from cyclohexane and other
hydrocarbon based resources. For cooling and manufacturing process purposes water is obtained
from the Guadalupe River. Cooling water is returned to the river, but manufacturing process
water, which contains dilute amounts of process impurities, has previously been deep welled.

 Recognizing business viability factors, changing public and regulatory perception of
deep welling, and that water has become a valued resource, DuPont and its Plants’ initiated a
voluntary program to look at waste alternatives, including recycling, for about three decades. At
the DuPont-Victoria site various pretreatments were required before the wastewaters were
compatible with biotreatment and wetland applications. DuPont has invested over $100 million to
implement a program to exit deep welling and return clean water to the Guadalupe River.

Nitrate and nitrite are major components in nylon unit processes and are listed on EPA
toxic release inventory (TRI). Deep welling these substances is considered a reportable emission.
To remove the nitrate and nitrite, as well as other substances, DuPont Victoria has constructed
and started up a biological waste system using a modified Ludzack-Ettinger biological
wastewater treatment reactor design. Currently, the system receives up to 13,000-lbs./D nitrate-
nitrogen (NO3-N) and 2000-lb./D nitrite (NO2-N), and up to 100,000-lbs./D carbonaceous waste
(COD).

To biologically degrade these components in the wastewater treatment system nitrate-
reducing (anoxic) conditions are established. Along with the loss of carbonaceous material, the
concentration of nitrate and nitrite are typically reduced to non-detect levels in the effluent.
Influent carbonaceous material is largely low molecular weight mono and dicarboxylic acids,
resulting from the manufacture of adipic acid. These compounds are readily biologically oxidized
to produce carbon dioxide. The resulting concentrations of carbon dioxide would cause acidity
and generate the need for caustic addition to the reactor. To remove the carbon dioxide, air is
injected into the anoxic reactor. Not only does the air act to strip out carbon dioxide, but also the
oxygen provides an alternate electron acceptor. The level of air addition is at a controlled rate to
minimize the level of dissolved oxygen (DO) in the anoxic reactor, DO and redox are typically
controlled at <0.5 ppm and –250 mV.

Denitrification is thought to be inhibited with the entrance of oxygen into anoxic system;
however, the results presented here do not agree with this observation. Our work suggests that as
long as the dissolved oxygen uptake rate (DOUR) exceeds the DO availability that denitrification
can continue unobstructed. We conclude that the ability to remove carbon dioxide from the
anoxic reactor with air is a more financially and environmentally desirable solution than adding
caustic. By removing the carbon dioxide rather than adding caustic we obtain water containing
less total dissolved solids (TDS), resulting in higher quality water to our wetland, Guadalupe
River and the environment.

The overall environmental program returns 3 million gallons per day of water, which
would have been deep welled, to the wetlands for reuse downstream, and recycles about 250,000
lbs. per day of organic to alternate products or fuels. Additionally, the program provides
additional wildlife habitat, educational benefits, visual demonstration of water quality and the
demonstration of environmental stewardship to the community.



BIOTREATMENT AND WETLANDS DESCRIPTION
AND LABORATORY METHODS

As in most industrial systems, pretreatment of the wastewater was necessary before
biotreatment could successfully occur (Figure 1). The resulting wastewater studies identified that
approximately 250,000 lbs./D of waste materials could either be recovered or recycled and did
not have to proceed for biotreatment. Pretreatment studies also identified where metals, such as
copper, had to be removed from the process system before proceeding with the water stream to
biotreatment. The remaining materials were suitable for biotreatment with the high-quality water
stream from biotreatment suitable for direct discharge to the Guadalupe River. DuPont
constructed a wetland to help with polishing the biotreatment effluent water and as a buffer
between the biotreatment Plant and the River. Solids from the Plant were envisioned to be land
applied or land filled.

The biological wastewater system is a modified Ludzack-Ettinger design having
duplicate parallel lines (Figure 2). Design flows approximates 2000 gpm with a system loading of
225,000 lbs./D (COD) carbonaceous materials along with 20,000 NO3-N and 2,500 lbs./D NO2-
N. Each line is composed of a 1.2 million-gallon steel tank, which serves as the anoxic
biotreatment reactor, followed by one 4.4 million-gallon tank, which serves as the aerobic reactor
and a 1.3 million-gallon clarifier. A recycle line from the aerobic to the anoxic mixes the tanks
having a typical ratio of 4:1 the forward flow and from the clarifier to the anoxic with a recycle of
1:1 the forward flow. Both the anoxic and aerobic tanks have the ability to be sparged with air,
and are considered constantly stirred tank reactors. Waste sludge is removed through the clarifier
recycle line and placed into a 0.6 million gallon sludge storage tank which feeds either the land
application project or is pressed and sent to a landfill. At design rates the hydraulic retention time
is about 5 days, with a 25-day sludge retention time. To help cool the line temperature a mixed
liquor-cooling tower is used to reject heat from the system.

The high quality water stream from the clarification unit serves as the sole continuous
feed source to the wetland. The DuPont constructed wetland is a 53-acre clay lined facility
consisting of five- 1 acre cells, Stage I; followed by two- 10 acre cells, Stage II; and a wildlife
habitat facility of 28 acres. All flow through the wetland is gravitational flow. Biotreatment
effluent flows from the clarifier to the flow splitter box and into five separate Stage I cells
controlled by knife gates. In Stage I water flows through 3 shallow marsh zones and three deep
zones before being collected by separate discharge structures and placed into one or both Stage II
cells. In Stage II water flows through 3 shallow marsh zone and 3 deep zones before being
collected by separate discharge structures and transported to the habitat zone. In the habitat zone
the water flows in a sinuous fashion through both deep and shallow zones before being
discharged to the Guadalupe River.

Laboratory measurements of Total Organic Carbon have been made by injecting a sample
into O I Analytical Machine, Model 1010 (OI Analytical, P.O. Box 9010, College Station, TX).
Carbonaceous Oxygen Demand is performed using the Hach COD system with DR/890
Colorimeter (Hach Company, P.O. Box 608, Loveland, CO). Ion chromatographic measurements
for nitrate and nitrite were performed on a Dionex DX-100 instrument (Dionex Corporation, 1228
Titan Way, P.O. Box 3603, Sunnyvale, CA 90488-3603) using a normal phase column, AS4A-
SC, 0.5 ml loop, with a 1.8 mM sodium carbonate and 1.7 mM sodium bicarbonate buffer, in



connection with a conductivity meter. All other testing was performed in accordance with
Standard Method for the Examination of Water and Wastewater (1).

RESULTS
The composition of Nylon Intermediates wastewater at the DuPont Victoria plant consists

largely of monobasic and dibasic acids, as well as large quantities of nitrate and nitrite acids.
Because of pH (<1.0) it is considered a hazardous waste. The use of a modified Ludzack-Ettinger
biological wastewater treatment reactor design allows nitrate and nitrite to serve as electron
acceptors while carbonaceous materials serve as the electron donors during biodegradation.
Carbonaceous waste (COD) loading to the biotreatment facility averaged about 57,000 lbs. /day,
and the TOC loading averages 13,300 lbs./D during March through August 1999. COD values
ranged from loading spikes of up to 100,000 lbs./D to a low of 6800 lbs./D (Figure 3). The COD
minimums were associated with Plant shutdown operations occurring due to Hurricane Brett that
hit the Texas coast in late August. The TOC values ranged from loading spikes of up to 23,000
lbs./D to minimums of 2800 lbs./D due to an operational shutdown and turnarounds of the Plant
equipment (Figure 4).

Total nitrogen loading to the biotreatment facility averaged 4870 lbs./D during that same
period. This can be further subdivided into nitrogen from nitrate, which averaged 4195 lbs./D and
nitrogen from nitrite, which averaged 675 lbs./D. Loading spikes of 12,900 lbs./D and a minimum
of 400 lbs./D have been observed of nitrogen as nitrate(Figure 5), while spikes as high as 2040
lbs./D to levels of non-detect have been observed of nitrite as nitrogen at the biotreatment facility
(Figure 6). Both lows observed were due to an operational shutdown and turnarounds of the
Plant. On average, this gives an influent COD to nitrogen ratio of about 12 to 1.

The anoxic reactor’s performance on COD loading removal was generally above 90%, as
can be seen from Figure 7. Nitrite and nitrate removal was virtually 100 % removed from the
influent wastewater in the anoxic reactor. Similarly, the TOC loading removal for the anoxic
reactor was above 96% for the same time period (Figure 8). It should be noted that both nitrogen
and carbonaceous materials were being removed while the anoxic reactor was being sparged with
between 1200 to 1800 cfm of air. Nitrate and nitrite removal was efficient with removal
efficiencies never below 99.80% removal (Figures 9 and 10).

The dissolved oxygen in the anoxic reactor always remained non-detectable at less than
0.5 ppm and the redox electrode averaged lower than –150 mV. Clearly, dissolved oxygen was
used as fast as it was being brought in to the anoxic reactor. Even with the introduction of air
through air injection into the anoxic, the dissolved oxygen was consumed more rapidly than it
could be replenished. The microbial floc was capable of removing oxygen, nitrate or nitrite in the
anoxic reactor simultaneously. Hence the DOUR was greater than the DO.

The carbonaceous materials, mono and dicarboxylic acids, biodegrade producing carbon
dioxide. This production of carbon dioxide results in acidity which would potentially lower the
pH of the anoxic reactor. The reactor acidification could result in the loss or significant reduction
of biological activity if it were to remain untreated, since both aerobic and anoxic
microorganisms enjoy maximum activities near pH 7. To control the pH effectively caustic was
initially placed into the system. However, the addition of caustic, as NaOH, produces salts and
higher TDS in the effluent making the effluent waters less environmentally desirable. The
injection of air to strip carbon dioxide was successfully used stabilize the pH near 7. Air injection



in the anoxic reactor acts to remove carbon dioxide and the presence of oxygen acts as an
alternate electron acceptor

To illustrate how air can be used to remove carbon dioxide from the anoxic reactor we
selected two 24-hour time periods with comparable conditions and loadings (Table 1). The first
time period demonstrates the caustic usage when no air was being injected, while the second
compares the conditions when air injection was being applied. Both test periods showed no
detectable nitrate or nitrite breakthrough from the anoxic reactor. Both had similar pH, no
detectable DO, redox measurements of about –150 mV, and similar biomass amounts.

During first period a total of 2580 gallons of 25% caustic sodium hydroxide was used to
neutralize the anoxic reactor without any air injection. This resulted in higher alkalinity and a
greater salt concentration in the effluent water. In contrast, with air injection at 1400 cfm, the
resulting caustic usage was reduced by greater than one-half and the alkalinity was reduced by
about one-third. The lower salt load makes the effluent water more environmentally desirable and
the addition of air is cost effective. We conclude that denitrification can continue in the presence
of the air injection as long as DOUR is greater than DO in the anoxic reactor.

The aerobic reactor’s performance was equally effective at continuing the COD removal.
Between the anaerobic and aerobic reactors more than 98% of the carbonaceous waste loading
was degraded in the system (Figure 11). Nitrate and nitrite removal stayed above 99.90% removal
with the occasional production of nitrate or nitrite associated with minor digestion events (Figure
12). Growth, which was measured by Mixed Liquor Total Suspended Solids (MLTSS) and Mixed
Liquor Volatile Suspended Solids (MLVSS), averaged 4420 and 3860 mg/L, respectively, for the
aerobic reactor and the ammonia levels averaged 1.41 mg/L in the aerobic reactor (data not
shown). The higher values are evidence of the biomass digestion, which was occasionally present.
Nitrate and nitrite were almost completely eliminated to levels that were typically non-
detectable. Effluent waters from the biotreatment system had a COD and TOC approximating of
200 lbs./day or 100 lbs./D, respectively. Water enters the DuPont Wetland for further polishing.

The wetland effluent COD and TOC displays a 99% removed when compared to
corresponding measure at the Plant influent, and 15% and 18% respectively, when compared with
the biotreatment effluent. Filtration of the wastewater through the wetlands is also occurring and
the MLTSS and MLVSS of the wetland effluent averages 30 and 20 ppm, respectively. This is a
reduction of 71% and 58% when compared to Biotreatment Plant effluent (data not shown).
Nitrate and nitrite were at non-detect levels in the wetland’s effluent, and ammonium-nitrogen
levels averaged less than 1 ppm. Biological oxygen demand (BOD) measured at this point is
always less than 16 ppm (Figure 13), with a corresponding maximum mass loading of 300 lbs./D
and an average of 40 lbs./D. The maximum and average mass loading represents less than 10 %
of our NPDES EPA permit limit.

The biosolids that are produced from the biotreatment facility are being used in a DuPont
experimental beneficial reuse program or taken to a landfill (Figure 1). In the land application, the
biosolids are being taken from the sludge storage tank using a TerraGator and subsurface injected
to several DuPont owned fields. The biosolids are an excellent source of nutrients, including
nitrogen, which is a macronutrient needed for plant growth. Additionally, the biosolids meet or
exceed the EPA exceptional quality metals in sludge, and application follows the EPA 503 rules
for sludge disposal (2).

The land application fields are planted with Coastal Bermuda grass, which are then
periodically cut and baled for hay. Total Kjeldahl Nitrogen (TKN) of the biosolids ranges



between 7-12% on a dry weight basis in the biosolids, which is typical for many biosolids (3). In
five and one half months of operation, we land applied 506,000 dry lbs. of biosolids at agronomic
application rates and made 983,000 lbs. of hay.

DISCUSSION
The DuPont Victoria Biotreatment has begun receiving and treating some, but not all, of

the DuPont Victoria Nylon Intermediate Plant waste streams. Biotreatment has received about
one half the hydraulic flow and one half the organic loading of the design basis. As more Plant
waste streams become amenable through pretreatment they will be removed from deep welling
and incorporated in to the Biotreatment system.

Antidotal information predicts successful denitrification of influent COD to Nitrogen
(COD/N) ratio at 4-5 to 1. The DuPont Victoria site has a 12 to 1 ratio and is successfully
completely denitrifying the wastewater. Our performance at removing the carbonaceous and
nitrate in the waste streams has been exceptional and exemplary. Removal efficiencies for
carbonaceous, nitrate and nitrite approach 100% and are far better then the EPA permit
requirements. Additionally, our results compare favorably to published literature from similar
wastewaters (4).

Biological denitrification is reported as sensitive to oxygen (3,5,6,7,8). Entrance of
oxygen, through the injection of air, into the anoxic reactor is perceived to inhibit denitrification,
a priori. Hence, air injection into the anoxic biological reactor or zone is not considered in any
conventional biological wastewater treatment engineering designs (3,9). These designs include:
Bardenpho, anaerobic “oxic” (A/O), anaerobic/anoxic/”oxic” (A2O), the Virginia Initiative Plant,
combined state nitrification/denitrification, and conventional oxidation ditch engineering designs.
Our design having air injected directly into the anoxic biological reactor is novel. And we have
demonstrated that oxygen and denitrification can occur simultaneously in the same reactor. We
theorize that air injection into the anoxic will not change denitrification activity unless the DO
exceeds the DOUR activity.

Up to 81,000 lbs./D of carbon dioxide are produced from biodegradation of the organic
wastes, which would produce an acid in the wastewater. The removal of the gaseous carbon
dioxide through air injection into the anoxic reactor, as a replacement for caustic, is also novel
and we know of no other biological nitrogen removal process that practices this technology. Air
injection and removal of the carbon dioxide has cut our anticipated caustic addition by at least
50% and produces effluent waters which are more environmentally desirable, since it does not
contain the sodium from caustic addition. Certainly, this solution is far superior to adding caustic
based upon financial consideration. We have successfully practiced air injection into the anoxic
unit for the past year.

Besides further polishing of the biotreated wastewater, the DuPont constructed wetland
serves as a community demonstration. Plants, birds, fish, mammals and other wildlife have all
been observed in the wetlands, in 100% biotreatment effluent wastewater, without overt diseases
or injuries, which serves to further document the quality of the water. Additionally, we have an
educational community program in the wetlands, jointly funded with Victoria Independent School
District, and over 2500 students have visited the DuPont wetlands and learned about its wildlife.
Local, state and national bird watching organizations have observed over 150 species of birds at
this site.



EPA considers a properly managed beneficial biosolids reuse program to pose less risk to
human health and the environment than other disposal options, including landfilling (2). We have
begun an experimental land application of biosolids at the DuPont-Victoria site and have made
983,000 lbs. of Coastal Bermuda hay. At design load, the Plant is expected to produce
approximately 29,000-lbs./D dry weight of biosolids and could produce up to 2,200 tons/yr. of
Coastal Bermuda grass on approximately 800 acres, if the experimental program is expanded.
Alternatively, these biosolids would be pressed and placed into a landfill taking up precious
landfill space. To insure the environmental safety of beneficial reuse via land application, we
have developed and are conducting an extensive risk assessment of the land application program
(10).

Environmental excellence is a core value at DuPont. As part of the DuPont environmental
commitment we have demonstrated that hazardous aqueous waste process streams, which were
being disposed of by deep welling, can have parts recycled or reused and the remainder sent to
biotreatment for final disposal. From biotreatment the water can be safely returned to a river for
further downstream usage and the biosolids can be used for land application. Since inception of
the biotreatment facility, we have returned over 360 million gallons of water for downstream use
and produced over a million lbs. of Coastal Bermuda grass from the biosolids. We have
successfully demonstrated the quality and polishing of our effluent in a wetland and teamed with
the community to produce a hands on teaching facility.
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Table 1. Comparison of caustic usage with and without air injection into the Anoxic Reactor.

Measurement No Air Injection With Air Injection

Rate of Air Injection (cfm) None 1400
Caustic Usage (gallons) 2580 1061
Alkalinity (ppm) 1529 1079
Anoxic Nitrate Effluent (ppm) <1 <1
Anoxic Nitrite Effluent (ppm) <1 <1
Anoxic Dissolved Oxygen (ppm) <1 <1
Anoxic Redox -186 -155
pH (s.u.)  7.21 7.11
TSS/VSS (mg/L) 4540/4260 4910/4650
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Figure  10.  The percent removal of nitrite from the Anox ic  Reactor.
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ABSTRACT
In the summer of 1996, the City of Santa Monica ceased pumping from it’s

Charnock well field due to contamination by Methyl tertiary Butyl Ether (MTBE). One
of the potential source locations for the contamination was approximately 2700 feet (823
m) from the Charnock well field. This paper discusses the plausibility of two alternative
migration pathway scenarios from a potential source area to the well field, relative to the
first arrival and maximum concentration arrival of MTBE, using a combination of
advective (pathline) and advective-dispersive transport modeling. Advective transport
modeling with MODPATH indicated that advective travel time from the source area to
the well field was 5.6 years.

The first pathway scenario was leakage of dissolved or free-phase contaminants
from the uppermost shallow Unnamed Aquifer through a thin, silty aquitard, and into the
underlying Silverado (production) Aquifer. The second pathway scenario was migration
of free-phase and dissolved contaminants from the Shallow Unnamed Aquifer into the
silverado Aquifer via two cross-screened monitoring wells, which were installed at the
site approximately 1 year after the release.

The two migration pathway scenarios were evaluated using a 2-dimensional
advective-dispersive transport model. For the first migration pathway, arrival of MTBE at
a concentration of 10 µg/L would occur at 3.0 years, which is within the first-arrival
travel time available for this pathway. The arrival time of 4.3 years for an MTBE
concentration of 600 µg/L is in general agreement with the estimated range of available
travel times (4.0 to 4.2 years) for arrival of the maximum MTBE concentration at the
well field. For the second migration pathway, the first arrival of MTBE at 10 µg/L occurs
after 3.0 years, and the 600 µg/L concentration arrives after 4.4 years. These arrival times
are substantially longer than the 2.0 and 2.6 years available between installation of the
cross-screened wells and the arrival the 10 and 600 µg/L MTBE concentrations,
respectively at the well field.

The results show that it is plausible that contamination at the well field was due
to migration of MTBE-contaminated groundwater by seepage through the underlying
aquitard to the Silverado Aquifer. Simulated travel times for both first arrival and
maximum MTBE concentrations in the well field are within the range of available travel
times to the well field. The results also show that the time available since the installation
of monitoring wells cross-screened between the Shallow Unnamed and Silverado aquifers
was not sufficient to account for the observed breakthrough in the well field.



The first arrival of MTBE (10 µg/L) from advective-dispersive transport
modeling occurs in 3.0 years, or only 46% of the advective travel time of 5.6 years.

INTRODUCTION
In the summer of 1996, the City of Santa Monica ceased pumping from it’s

Charnock well field due to contamination by Methyl tertiary Butyl Ether (MTBE). Forty-
five potential sources of the MTBE contamination were identified, including 43
underground storage tank (UST) sites and two refined product pipelines. Thirty-three of
the potential sites were considered priority sites due to their proximity to the well field
and evidence of release.

MTBE has been used as a gasoline additive in southern California, particularly in
premium unleaded fuel, since about 1987 to 1990, depending on the supplier. MTBE use
in gasoline became widespread on November 1, 1992. Consequently, the range of
maximum travel time from a source area to the well field is approximately five to eight
years, from the first use of MTBE gasoline to the first arrival of MTBE at the well field.
For individual sources, this travel time may be further constrained by site specific
conditions related to the first use of MTBE gasoline, the release of such gasoline from
USTs, and the degree of on-site containment of the release.

One of the potential source locations that included several priority sites was
approximately 2700 feet (823 m) from the Charnock well field, within the Charnock
hydrogeologic sub-basin. This paper discusses the evaluation of migration mechanisms
from the source location to the well field by means of numerical modeling of
groundwater flow and transport.

The objective of this study was to evaluate the plausibility of two alternative
migration pathway scenarios using a combination of advective )pathline) and advective-
dispersive transport modeling. The two modeling approaches allow comparison of the
average groundwater and contaminant travel time with the travel time for the first arrival
of MTBE, and arrival of the maximum concentration observed as the well field. The two
pathways represent different mechanisms with differing time available for contamination
to reach the well field.

Hydrogeologic Setting

Figure 1 shows the location, regional geology and groundwater sub-basins of the
Charnock well field and vicinity. The well field and the candidate source area are located
in the Charnock sub-basin of the Santa Monica groundwater basin. The Charnock sub-
basin is 5.6 miles (9.0 km) long by 1.25 miles (2.0 km) wide, with the long axis trending
northwest to southeast. The sub-basin is bounded by the Charnock Fault on the
southwest, the Overland Avenue Fault on the northeast, the Santa Monica Mountains to
the northwest, and the by the Ballona Escarpment and West Coast Basin to the southeast.
The two faults are considered barriers to groundwater flow in Pleistocene-age and older
sediments (DWR, 1961; Poland et al., 1959).

Figure 2 shows the generalized hydrostratigraphic sequence in the Charnock sub-
basin. The main aquifer is the silverado Aquifer of the San Pedro Formation (Lower



Pleistocene). All production wells in the Charnock well field are completed in the
Silverado Aquifer. The aquifer is up to 350 feet (107 m) thick, and overlain by the San
Pedro Aquitard, an aquitard of variable thickness (0 to 15 feet; 0 to 4.6 m) and texture
(clay, silt or fine sand). Above the aquitard is an unconfined aquifer referred to as the
Shallow Unnamed Aquifer (Upper Pleistocene to Holocene) which is up to 92 feet (28.0
m) thick. Although natural groundwater flow was from the Santa Monica Mountains in
the north to the Ballona Escarpment in the south, during periods of groundwater
production (from the 1930s t 1996) all groundwater flow in the Silverado Aquifer within
the sub-basin was directed toward the pumping wells.

Site Description

The Charnock well field is located in the City of Los Angeles, approximately 3.5
miles (5.6 km) east of the Pacific Ocean (Santa Monica Bay), and 4 miles (6.4 km) south
of the Santa Monica Mountains (Figure 1). Five production wells (#13, #15, #16, #18 and
#19; Figure 3) were used to supply up to 8.6 million gallons per day (32,508 m3/day).

MTBE was first detected in groundwater from the Charnock well field on August 29,
1995, at concentrations of 95 and 8.2 µg/L in wells #13 and #19, respectively. On March
15, 1996, a maximum concentration of 610 µg/L was detected in well #19. On June 13,
1996, all wells in the well field were shut down.

The priority source area that is the subject of this evaluation of migration pathways
includes at least four UST sites located approximately 2700 feet (823 m) to the southeast
of the well field (Figure 2). A release of 11,000 gallons (48,455 L) of MTBE gasoline
was documented from inventory records at one of the four service stations in this source
area. The release occurred between December 1991 and March 1992. During site
assessment drilling in August 1993, two monitoring wells were installed that perforated
the aquitard between the Shallow Unnamed and Silverado Aquifers. These monitoring
wells were screened across the aquitard, providing a conduit for flow from the Shallow
Unnamed Aquifer into the Silverado Aquifer, due to the head difference between the two
units.

EVALUATION OF MIGRATION PATHWAYS
There are two principal migration pathways for MTBE and petroleum

hydrocarbons to migrate from the point of release in the Shallow Unnamed Aquifer
beneath the source areas, into the Silverado Aquifer and subsequently to the Charnock
well field. The two pathways are illustrated schematically in Figure 2. The first is
migration of dissolved or free-phase contaminants from the Shallow Unnamed Aquifer
through the San Pedro aquitard in an area where it is thin and silty, and into the Silverado
Aquifer. The second is migration of free-phase and dissolved contaminants from the
Shallow Unnamed Aquifer into the Silverado Aquifer via the cross-screened monitoring
wells at the site.

One of the major differences between the two migration pathways is the time
available for MTBE to reach well #19. In the first scenario, (leakage through the
aquitard), once gasoline reaches the water table in the Shallow Unnamed Aquifer, MTBE
dissolution is expected to be rapid, creating a source of contaminated groundwater in the



Shallow Unnamed Aquifer. Travel from Shallow Unnamed Aquifer through the aquitard
is expected to occur over a period of days or weeks. Thus, contamination may reach the
Silverado Aquifer within weeks or months of the release. Therefore, from the time of
gasoline loss (December 1991 to March 1992) until first arrival of about 10 µg/L MTBE
in well #19 in August, 1995, is 3.4 to 3.6 years. Similarly, the maximum MTBE
concentration of about 600 µg/L in well #19 occurs 7 months (0.6 years) later, that is
after 4.0 to 4.2 years.

For the second migration pathway, the first two cross-screened monitoring wells
were installed in the source area in August, 1993. Assuming that contamination was
immediately introduced into the Silverado Aquifer, the 2.0 years are available for the first
arrival (10 µg/L) of MTBE from the Silverado Aquifer beneath the source area to reach
well #19 in August, 1995. Similarly, the maximum MTBE concentration of about 600
µg/L would occur after 2.6 years.

From theoretical calculations of MTBE dissolution from gasoline the initial
concentrations of MTBE in groundwater could be as high as 7,000,000 µg/L, however
the maximum measured MTBE concentration in groundwater in the Charnock sub-basin
is 230,000 µg/L in June 1997. Presumably, actual MTBE concentrations in groundwater
exposed to MTBE-gasoline soon after its release would have been somewhere between
these two levels.

For the evaluation of both pathways scenarios, the pathway is considered a plausible
cause of the arrival of MTBE at the well field in August, 1995 if the following conditions
are satisfied:

1. The first arrival of 10 µg/L (as measured in discharge from well #19) occurs
within the travel time available;

2. The simulated arrival time for 600 µg/L MTBE in well #19 agrees with
available travel time from the source to the well;

3. The source area concentration that produces the first arrival time is within the
range of field-measured and theoretically possible levels; and

4. The hydraulic and transport characteristics used in the evaluation are based
on field-observed conditions and/or theoretically reasonable values.

Advective Transport Modeling

Advective transport modeling was done using a 3-dimensional groundwater flow
model developed for the Charnock Sub-basin using MODFLOW (McDonald and
Harbaugh, 1988). The flow model consist of five layers (three in the Silverado Aquifer,
one each in the aquitard and Shallow Unnamed Aquifer. The flow model was calibrated
to steady state pumping heads, and to transient pumping conditions represented by the
1935 to 1950 period.

Advective transport (pathline) modeling was done for steady state pumping
conditions using MODPATH (Pollack, 1988, 1989). Capture zone analysis (reverse
particle tracking) for the Silverado Aquifer at Charnock well #19 indicated that
contamination from the source area would be intercepted by the well. The advective
travel time in the Silverado Aquifer from the source area was estimated using forward



particle tracking, from the source area to the well field. As shown in Figure 2, the
advective travel time is 5.6 years from the source area to well #19.

Based solely on the advective travel time, one may erroneously conclude that
there was not enough time for either of the two migration pathways to be associated with
the MTBE contamination in the well #19, since the maximum available travel time is
only 4.2 years or less. However, a more thorough analysis of contaminant transport is
required to complete the evaluation of the two migration pathway scenarios, as discussed
below.

Advective-Dispersive Transport Modeling

Advective transport modeling (particle tracking) gives the average contaminant
travel time, corresponding to contaminant concentration © of one-half the source
concentration (C0) I.e. C/C0=0.5, in terms of a breakthrough curve. However, this may
substantially underestimate the arrival time of contamination at lower concentrations. For
the Charnock well field, the first arrival of MTBE is represented by a concentration of
approximately 10 µg/L. Compared to a potential source concentration of 7,000,000 µg/L,
the first arrival concentration corresponds to C/C0 of 1.4 x 10-6, versus C/C0 of 0.5
represented by the advective transport arrival time. To consider the dispersion processes
that can represent the arrival of the leading edge of the contaminant plume, at very low
relative concentrations, requires evaluation of advective-dispersive contaminant transport
form the source area to the well field.

The two migration pathway scenarios were evaluated using a 2-dimensional (plan
view) advective-dispersive transport model (WinTran). The WinTran model couples a
steady-state groundwater flow model with an advective-dispersive contaminant transport
model. The contaminant transport model uses a finite-element formulation whereby the
finite-element mesh is identical to the head contour matrix. The steady-state flow model
in WinTran uses analytic functions to simulate the effects of wells, uniform recharge,
circular recharge/discharge areas, and line sources or sinks. Contaminant mass may be
injected or extracted using any of the analytic elements from the groundwater flow
model, including wells, ponds, and line sinks.

WinTran was used to simulate MTBE transport in the Silverado Aquifer from the
source area to a well pumping at the average rate of well #19. The model includes
dilution of the contaminant plume in well #19 with uncontaminated groundwater from
outside the plume. The groundwater flow field in the WinTran model agreed very closely
with that from the 3-dimensional MODFLOW model.

For evaluation of both scenarios, release of MTBE into the Silverado Aquifer
was modeled with WinTran as described below. Solute transport parameters (dispersivity,
time steps) were selected using professional judgement, and to meet the desired Peclet
criteria (≤2) for grid spacing and dispersivity and Courant criteria (≤1) for time steps. For
all simulations, a longitudinal dispersivity of 50 feet (15.2 m) and transverse dispersivity
of 2.5 feet (0.76 m) were used.

Evaluation of the two migration pathway scenarios using the WinTran model is
described below.



Leakage Through the Aquitard

The vertical leakage rate (seepage) through the aquitard beneath the source area
depends on the hydraulic head in the underlying Silverado Aquifer. There are no
measurements of hydraulic heads in the Silverado Aquifer beneath the source area during
the period when Charnock wells were pumping, however simulated hydraulic heads from
the 3-dimensional MODFLOW model indicate that the silverado Aquifer was likely
unconfined in the early to mid-1990s.

The seepage flux (q) through the aquitard can be estimated from Darcy’s Law:

q = K∇ h

The mean vertical hydraulic conductivity (K) for the San Pedro Aquitard at the
source area is 0.034 feet/day (1.2 x 10-7 m/s). For conditions where the Silverado Aquifer
was unconfined or semi-confined beneath the source area, the vertical hydraulic gradient
(∇ h) was probably close to 1.0. Thus, the flux through the aquitard was approximately
0.034 feet/day (1.2 x 10-7 m/s) in the vicinity of the source area.

For an aquitard thickness of 2 to 14 feet (0.6 to 4.3 m), and an effective porosity
of 20%, the advective travel time through the aquitard would be 12 to 80 days. Therefore,
the aquitard is not an effective barrier to low between the Shallow Unnamed and
Silverado Aquifers. Contaminants introduced into the Silverado Aquifer by seepage
though the aquitard would then migrate to the Charnock well field under the hydraulic
gradient prevailing during pumping from the well field.

The first groundwater sampling events in September 1993 to August 1994 at the
Shell site indicated that dissolved-phase contamination was present across nearly the
entire area of the one service station (20,000 ft2; 1858 m2) and the most of the adjacent
site (9,600 ft2; 892 m2). From this, the areal extent of contamination in early 1992 was
estimated to be at least 20,000 ft2 (1858 m2). Using this area and the seepage flux
estimated above, the total downward seepage across the aquitard would be 680 ft3 day
(19.2 m3day).

The WinTran model was set up to simulate transport using a Type 3 (mixed)
source boundary. That is, a flow rate and source concentration were specified, entering
the top of the Silverado Aquifer. Within WinTran, dilution of the source input within the
Silverado Aquifer is calculated, along with dilution of the plume in well #19. A constant
source concentration (Co) of 250,000 µg/L was used for the simulation.

The simulation results are summarized in the breakthrough curve for well #19
shown in Figure 4. The breakthrough curve shows that first arrival of MTBE at a
concentration of 10 µg/L would occur at 1109 days (3.0 years). This is well within the
first-arrival travel time available for this pathway. The breakthrough curve in Figure 4
also shows an arrival time of 1588 days (4.3 years) for an MTBE concentration of 600
µg/L. this is in general agreement with estimated range of travel time (4.0 to 4.2 years)
for arrival of the maximum MTBE concentrations in well #19 occurred through this
migration pathway.



Flow Through Cross-Screened Wells

For the case of unconfined conditions in the Silverado Aquifer beneath the source
area, the cross-screened monitoring wells were assumed to allow free drainage between
the Shallow Unnamed Aquifer and the Silverado Aquifer. In this case, flow to well in the
unconfined Shallow Unnamed Aquifer is given by
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Where H is the saturated thickness of the aquifer at a distance r from the cross-
screened well, H0 is the saturated thickness at the edge of the well, r0, K is the hydraulic
conductivity, and Q is the flow rate of water through the cross-screened well. Flow from
the well to the aquifer is defined as positive; flow from the aquifer to the well is negative.

For the case of the Shallow Unnamed Aquifer in the vicinity of the source area,
the following was assumed: K = 125 feet/day (4.4 x 10-4 m/s), H0 = 0 feet (0 m), H = 5
feet (1.5 m) at r = 500 feet (152 m), and r0 = 0.3 feet (0.09 m). The resulting flow rate
was 1,300 feet3/day (36.8 m3/day) for one cross-screened well. Since two cross-screened
wells were installed at the source area, the total flow from these well was 2600 ft3/day
(73.6 m3/day).

Using the groundwater flow rate of 2600 ft3/day *73.6 m3/day) for the two cross-screened
wells, the WinTran simulation was done assuming a constant source concentration of
250,000 µg/L as a Type 3 (mixed) source boundary. The simulation results are
summarized in the breakthrough curve for well #19 (Figure 5). As shown in Figure 5, the
first arrival of MTBE at 10 µg/L occurs after 1110 days (3.0 years), and the 600 µg/L
concentration would arrive after 1619 days (4.4 years). The results are very similar to
those for the case of leakage through the aquitard because the source concentrations are
identical and the groundwater flow fields are very similar, thus the breakthrough curves
are not sensitive to the range contaminant inflow rates simulated.

The arrival times shown in Figure 5 are substantially longer than the 2.0 and 2.6
years available for first arrival and maximum concentrations arrival at well #19.
Consequently, this migration pathway does not appear to be responsible for the observed
MTBE breakthrough in well #19.

DISCUSSION
The advective travel time from conventional pathline modeling (5.6 years) significantly
overestimates the time required for first arrival of MTBE (3.0 years) at the Charnock well
field for either of the two pathway scenarios. This finding has significant implications for
the evaluation of the plausibility of potential migration pathways at other sites with
MTBE or other similar contaminants.



There is generally good agreement between the potential travel times for first and
maximum MTBE arrival at well #19, and simulation results for the case of migration b
seepage through the aquitard. However, the numerical modeling approach used has
limitations that may restrict the ability of the analysis to represent field observations. For
example, the WinTran model adequately simulates the first arrival of MTBE, and
generally reproduces the arrival of 600 µg/L concentration. However, the difference in
arrival times for the 10 and 600 µg/L concentrations in Figure 4 is nearly 15 months,
which is more than twice the observed time period between the two arrivals in well #13.
To better represent the separation between the to arrival times would require a lower
longitudinal dispersivity (αL). However, the value of αL (50 feet; 15.2 m) is the lowest
value that can be used in the transport model without violating the Peclet criteria, which
would result in numerical dispersion.

Another limitation of the numerical models the use of a constant MTBE source
concentration, in this case, 250,000 µg/L. Dissolution of MTBE from a residual non-
aqueous phase liquid (NAPL) source below the water table is expected to produce an
exponentially-declining equilibrium MTBE concentration in groundwater (Mooder and
Trudell, in prep.). This declining source concentration can be represented as a first order
decay, with the half life or rate constant a function of the size and geometry of the
residual NAPL source, the volume and residual saturation of NAPL, and the groundwater
velocity. A reasonable range of first order half lives for dissolution of MTBE under
relatively fast-flowing groundwater conditions, as present in the Charnock sub-basin,
would be roughly 80 to 200 days. The effect of considering this type of exponentially-
declining source function, along variations in other transport parameters, was evaluated
using a one-dimensional analytical solution as described below for the case of seepage
through the aquitard.

Seepage through the aquitard at a rate of 680 ft3/day (19.2 m3/day), is assumed to
be entirely captured by well #19, and mixed with other groundwater produced at an
average rate of 84,900 ft3/day (2403 m3/day). In this representation of the problem, lateral
or vertical mixing is not important since all of the contaminated groundwater is collected
by and mixed with groundwater in well #19. Therefore, the problem reduces to a one-
dimensional case where longitudinal dispersion is the only transport process of
significance. To represent this case, the source concentration for MTBE in equilibrium
with residual NAPL is diluted by a factor of 84,900/680 or 125 times. An analytical
solution for one-dimensional transport with an exponentially-decaying source (Lee, 1999)
was used to evaluate the influence of this type of source function. In addition, the
analytical solution was used to evaluate the effect of increasing or decreasing longitudinal
dispersivity.

Five case were simulated using the one-dimensional analytical solution, as
follows:

1. Base case, αL = 35 feet (10.7 m), exponential source decay (half-life = days);
2. Lower dispersivity, αL = 20 ft (9.1 m), otherwise as Case 1;
3. Higher dispersivity, αL = 100 ft (30.5 m), otherwise as Case 1;
4. No source decay, otherwise as Case 1;
5. Faster source decay, MTBE dissolution half-life = 82 days.



The results of the evaluation using the one-dimensional analytical solution are
shown in Figures 6A and 6B, and summarized in Table 1.

The simulation results indicate that by varying factors such as longitudinal
dispersivity and the MTBE source function it is possible to provide estimates of first
arrival time, 600 µg/L arrival time, and the period of time between the two arrivals, that
compare well with field observations in well #19. Since there is substantial uncertainty in
these factors, the range of values considered above should represent the range of likely
arrival times for this migration pathway scenario. It is therefore reasonable to conclude
that the observed breakthrough of MTBE in well #19 could have occurred due to leakage
of MTBE-contaminated groundwater through the aquitard beneath or adjacent to the
source area.

CONCLUSIONS
Advective transport modeling can substantially over-estimate the travel time

required for contaminant migration, particularly for compounds such as MTBE which
have high solubilities yet are of concern at very low concentrations. In the case of the
candidate source area and the Charnock well field, the advective travel time (5.6 years)
overestimates the first arrival time for MTBE (3.0 years) by almost 90%.

Advective dispersive transport modeling, using numerical or analytical solutions,
provides estimates of travel time for both first arrival and maximum MTBE
concentrations in Charnock well #19. This modeling approach was used to evaluate two
migration pathway scenarios, each constrained to a limited range of potential travel times.
The results show that it is plausible that contamination at the well field was due to
migration of MTBE-contaminated groundwater through the underlying aquitard to the
Silverado Aquifer. Simulated travel times for both first arrival and maximum MTBE
concentrations in the well filed are within the range of available travel times to the well
#19. The results also indicated that the time available since the installation of monitoring
wells cross-screened between the Shallow Unnamed and Silverado aquifers was not
sufficient to account for the observed breakthrough in well #19.
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Table 1.  Comparison of arrival times from the 1-D Analytical Solution.

CASE

Arrival Time, 10
µg/L

(years)

Arrival Time, 600
µg/L

(years)

Differences in
Arrival Times, 10

and 600 µg/L
(years)

1. decaying source
(base case)

3.42 4.24 0.82

2. lower dispersivity
(αL = 20 ft)

3.90 4.60 0.70

3. (Higher dispersivity,
(αL = 100 ft)

2.46 3.68 1.22

4. No source decay
(constant Co)

3.40 4.15 0.75

5. Shorter half-life 3.50 4.44 0.94



Figure 1. Map showing location of the Charnock well field with regional physiographic
features and groundwater basins.



Figure 2.  Conceptual hydrostratigraphic sequence and schematic migration pathways.



Figure 3.  Site plan of the Charnock well field and UST source area, showing advective
pathlines to the well field. Arrowheads spaced at one year of travel time. Contours are
hydraulic head, feet above sea level, during pumping of the Charnock well field.



Figure 4.  Breakthrough curve for MBTE in well #19, for Pathway #1, leakage through
the aquitard at the source area.



Figure 5.  Breakthrough curve for MTBE in well #19, for Pathway #2, migration through
cross-screened wells at the source area.



Figure 6A.  Breakthrough curve for MTBE in well #19 from 1-D analytical solution, for
Pathway #1, Early MTBE arrival.



Figure 6B.  Breakthrough curve for MTBE in well #19 from 1-D analytical solution, for
Pathway #1. Ultimate MTBE arrival.
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ABSTRACT

Investigators, regulators, attorneys and litigants having interest in petroleum
hydrocarbon releases are usually concerned with three questions: “What is it",
“Where did it come from” as well as “When did the release occur”? This paper
describes gas chromatographic techniques that can answer these three questions.
Special attention is given to the second and third questions by the use of isoprenoid
plots for correlation of petroleum hydrocarbons and recent additional advances and
collaborating data for age dating many releases of petroleum hydrocarbons. These
forensic applications can be applied to liquid hydrocarbon samples, as well as, extracts
of soil and groundwater samples. Case histories and examples are presented to
demonstrate these techniques.



INTRODUCTION

Principles in the use of gas chromatograms and their patterns to assist in
fingerprinting and identification of petroleum hydrocarbons have been of interest
recently relative to the investigation and remediation of petroleum hydrocarbon
releases and especially in regards to litigation. The principles of petroleum
identification were extensively covered by Schmidt and Wigger and Torkelson at the
4th International Petroleum Environmental Conference in September, 1997. Those
principles can be reviewed in the previous papers and will not be the subject of this
paper. The new information presented in this paper will concentrate on collaborating
data and enhancement of age dating the releases of petroleum hydrocarbons and the
uses of isoprenoids for the correlation of petroleum hydrocarbons.

AGE DATING

Age dating/weathering is an important factor to consider in the investigation
of petroleum releases because it can be used to indicate if a spill is new or old, fresh or
weathered. Knowledge of weathering may also prevent misidentification when
examining patterns on chromatograms.

In the process of weathering, specifically biodegradation, normal alkanes
(paraffins) are preferentially metabolized by bacteria relative to other types of
compounds found in petroleum products (Senn and Johnson, 1985). A specific
example is the reduction of the n-alkane, nC17 relative to its close neighbor on the
chromatogram, pristane (IPI9, meaning an isoalkane with 19 carbons). Pristane is a
specific type of isoalkane known as isoprenoid. They are abundant enough to be
identifiable to the immediate right of the nC17 peak on chromatograms of crude oils,
distillates, and lubricating oils. In fresh crudes, distillates, or lubricating oils the nC17
peak is usually more pronounced than the pristane peak. Table 1 gives the
nC17/pristane ratio of 65 “fresh” (unused and undegraded) petroleum products. This
table includes a range of distillate hydrocarbons from Jet through lubricating and
hydraulic oils. The average ratio for all of the sample was 1.899. This data will be
discussed in greater detail in a subsequent section. A qualitative estimate of
degradation can be made by looking at the ratio of nC17/pristane.

Christensen and Larsen (1993) have described a method for dating diesel fuel
spills in soils using the nC17/pristane ratio. The Christensen and Larsen study
evaluated the changes in the composition of diesel oil caused by biodegradation as a
function of time during which the petroleum hydrocarbons have been present in the
subsurface. Since the Christensen and Larsen C17/pristane plot is constructed from
analytical data from Denmark and the Netherlands, validation of the plot to the
United States by Schmidt 1995 is shown in Figure 1. Figure 1 includes nC17/pristane
ratios taken from distillates, lubricating oil and crude oil spills from both residuals on
soils, as well as, free phase hydrocarbons in the subsurface. Data from the United
States correlates very well to the Danish and Dutch results and, therefore, we believe
the plot can be used in the United States to estimate the age of distillates, lubricating
oils, and crude oil spills to the subsurface for both the residual and free phase
hydrocarbons.

Since crude oils are the parents of the refined products, the nC17/pristane
ratios of 3349 crude oils from the United States, as well as, Canada and Mexico were



analyzed. The average nC17/pristane values for these 3349 crude oils was 2.04. This
ratio is very consistent with the average for the “fresh” refined products.

The nC17/pristane ratios of 3025 crude oils from many overseas producing
areas were examined with a resulting average nC17/pristane of 1.86 (see Table 3).
The average nC17/pristane ratio of the 3025 crude oils used in this study correlated
very closely with the nC17/pristane ratios observed in most refined products. Figure 1
shows how the Christensen and Larsen plot is adjusted relative to the nC17/pristane
ratios of 3349 crude oils in North America and 3025 crude oils from worldwide, the
nC17/pristane of the refined products and the examples of known releases in the
United States.

Statistical analysis of the refined products showed that for N=65 (N refers to
the number of valid cases or samples), the mean was 1.90, and the median was 1.80.
The value of the 10th percentile was 1.40, the value of the 25th percentile was 1.66,
the value of the 75th percentile was 2.08 and the value of the 95th percentile was 2.60.
Thus 25th to 95th percentiles cover the range of ratios of 1.66 to 2.60, which includes
70% of the refined samples. Figure 2 shows a histogram of all 65 products.

The set of refined products was further categorized by whether the
formulation included nC17 and pristane on the right tail of the chromatogram (such
as a kerosene), which was categorized as “L”, in the heart of the chromatogram (such
as diesel) which was categorized as “M”, or in the left tail of the chromatogram (such
as a lubricating oil), which was categorized as “H”. Normal probability plots show
good normality for the middle range category (M) and weaker normality of the plots
for the other two categories (L and H). Histograms and normal probability plots for
the three categories are provided as Figures 3 and 4.

Additional statistical analysis was conducted based on these groupings. For the
lighter hydrocarbons, the mean value of the ratio was 1.71 (N=17). For the
hydrocarbons containing the compounds in the heart of the chromatogram, the ratio
was 1.84 (N=31) and for heavier hydrocarbons the ratio was 2.20 (N=16).

This additional data and evidence is included here to answer the criticisms of
the use of the nC17/pristane as an age dating technique. Specifically, the criticism
that the technique is based on the assumption that various petroleum products have a
common starting point, ie an nC17/pristane before the petroleum hydrocarbon is
subjected to biodegradation of about 2.0, and this assumption is not valid. The
enormous amount of data presented for petroleum products and crude oils world wide
demonstrates this initial ratio is a valid assumption, and that the technique will give
reasonable estimates of the age of releases of petroleum hydrocarbons to the
subsurface.

Therefore, it is concluded that the nC17/pristane ratio of most of the fresh
refined products (distillate range and higher) will fall between 1.6 and 2.6. This ratio
can be used as a reliable starting factor in the age dating technique



CASE STUDIES USING THE NC17/PRISTANE
RATIO FOR AGE DATING RELEASES

Not all examples are as clear and simple as the following case histories
described, and where situations are more complex, more detailed interpretive
examination of the more individual and compositional characteristics may be
necessary. However, for many forensic investigations, the techniques discussed can be
an invaluable tool, especially for the understanding of a lay jury or judge. The
correlation and age dating should not be viewed as a single best answer to the
identification and age dating of those responsible for the petroleum release, but it is a
powerful tool to be incorporated with the subsurface conditions, hydrogeology and
site history and events information to arrive at a correct conclusion of the origin and
time of the petroleum hydrocarbon release.

Confirmation of the reduction of the nC17/pristane ratio with
time

Figure 5 refers to a early 1980s liquid hydrocarbon plume released to the
subsurface in the northwestern part of the United States. The free phase product
consisted of gasoline and diesel fuel. Figure 6 is a typical gas chromatogram of the
free phase products in the plume. The diesel ranged from 40 to 11 percent of the
liquid hydrocarbons with an average of 24 percent. The continuous free phase was
over 4000 feet long in a down gradient groundwater flow direction and up to 1300
feet wide. The vadose and the saturated zone was a relatively clean sand and gravel
matrix ranging up to cobbles. An independent hydrogeologic study of the aquifer
characteristics concluded that the average hydraulic conductivity was 230 feet/day, a
porosity of 25 percent with a range of groundwater gradients due to pumping in the
area. Using this data the groundwater velocities would range from 1 to 3 feet/day

Figure 5 readily demonstrates that the nC17/pristane ratio decreases in the
downgradient direction from the release site at the southeast corner of the free phase
plume It can only be concluded that the biodegradation correlates with the time the
petroleum hydrocarbons are exposed in the subsurface.

Using the nC17/pristane ratio plot (Figure 1) to determine the age (or release)
of the diesel fuel in the plume, the nC17/pristane ratio at the extreme down gradient
edge of the plume is 1.3. This ratio gives an age of 9 to 10 years for the petroleum
hydrocarbons which have migrated about 4400 feet. Using the groundwater velocity
average of 1.5 feet/day for the aquifer, the time required for the groundwater to
migrate to the end of the plume would be over 8 years, consistent with the idea that
normally groundwater migrates faster than petroleum. The age of the petroleum
correlates within a reasonable degree to the travel time for groundwater and the
subsequent determination that the initial releases occurred in the early 1970’s. The
steady decrease in the nC17/pristane (increase in age) of the diesel in the subsurface
correlates to the length of the plume and the time required for the hydrocarbons to
migrate from the release point

Differentiating two different releases

A free hydrocarbon plume was located near a service station location in Ohio.
The gas chromatogram (Figure 7) of the liquid products showed a very fresh (recently



released) gasoline and a much older distillate. The gasoline shows very little
weathering as indicated by the enhanced presence of iC51 relative to the other
components. The gasoline is about 65 percent of the sample that also contains about
35 percent distillate (diesel/fuel oil). The predominance of the isoprenoids (IP13 to
IP20 peaks) over the normal alkanes (nC12 to nC18 peaks) is indicative of an aged
product. This conclusion is confirmed by the nC17/pristane ratio of 0.17 which
indicates the diesel release occurred at least 15 years before the gasoline release.
Therefore, it is evident that the gasoline was superimposed upon the diesel in the
subsurface

Case History Age of Multiple Releases

Figure 8 shows an area having multiple pipelines and manufacturing locations
for liquid petroleum (free phase) releases. The C17/pristane ratio of age dating the
multiple releases show consistentcy of the ratio within the various products plumes.
The groundwater flow direction and liquid hydrocarbon migration is in an eastern
direction. In almost each identified plume, the upgradient age of the liquid petroleum
is generally younger (closer to the source) than the downgradient ages, as would be
expected.

Case History of Mistaken Release Date

A pipeline site was the subject of an investigation as to potential for
continuing leaks to the subsurface. The landowner contended that multiple leaks were
occurring during the time of the investigation. These allegations tended to drive the
investigation. Early phases of the investigation had focused on traditional data
collection activities: soil sampling to measure BTEX concentrations, soil TPH levels,
and soil OVM values. At a later stage of the investigation, samples were collected for
characterizing the type and degree of degradation of the hydrocarbons in the soil
matrix. The samples uniformly showed very low nC17/pristane ratios, indicative of
spills at least 15 years old, from which we deduced that no active leaks were
occurring. One of the interesting points was that although the samples were highly
degraded, they did not appear so highly degraded visually. On this basis we were able
to redirect our data collection and interpretation activities to delve more deeply into
the possibility of “ancient” releases.

ISOPRENOIDS

The isoprenoid molecule is a saturated, acyclic hydrocarbon with a methyl
branch every fourth carbon atom. Probably the best know isoprenoids are pristane
and phytane, which have been used for many years, in the form of a ratio, for
correlating crude oil to crude oil and crude oil to source rock by the organic
geochemists in the petroleum exploration area. Isoprenoid molecules range in size
from at least C9 to C25, the most dominant are usually the seven from C13 to C20,
there is no C17 isoprenoid due to the structure of the molecule. In this paper we will
use the nomenclature IP##, eg IP19 is an isoprenoid with 19 carbon atoms, also
known as pristane. Isoprenoids are considered biomarkers (an organic molecule whose
basic structure is formed by living organisms and is stable enough to be recognized in

                                                
1 This is the nomenclature to indicate branched alkanes, also called isoalkanes. In this case, the
compound is isopentane.



crude oil or the organic matter of ancient sediments), the most common origin is
from the phytol chain on the chlorophyll molecule found in the organic matter in
the petroleum source rocks, although there are probably sources others too.

Isoprenoids have been used for many years by organic geochemists in the
petroleum exploration field as a tool for correlating crude oils and for correlating
crude oils to source rocks (Welte, 1966, Wehner, 1973). The pattern or relative
proportions of the isoprenoid compounds is determined by the characteristics and
geologic history of the source rock, therefore crude oils from different source rocks
will usually have different isoprenoid patterns. An advantage to using isoprenoids is
that they are fairly resistant to weathering processes such as evaporation, water
washing and bacterial alteration. They are more resistant to bacterial alteration than
normal alkanes, however they too will be degraded as bacterial alteration proceeds
(Alexander, 1983).

As indicated above, the use of isoprenoids has an extensive and well
researched history in the petroleum geochemistry field. The extension of the
technique to petroleum samples, including impacted soil and groundwater, in the
environment is logical and straightforward. The technique is not widely used, though,
and is being presented here to generate additional interest and experience with the
technique. The benefit of using isoprenoid plots is that it allows establishment of
“genetic” similarity of hydrocarbon samples. Since the isoprenoids are resistant to
biodegradation and are relatively non-volatile, the pattern characteristic of the crude
oil persists even though the normal alkanes are reduced through biodegradation.
Although the isoprenoids are resistant to biodegradation, they are not truly
recalcitrant. Over time, in severely degraded2 samples, the isoprenoids too will be
reduced and eventually they, too, will be removed.

The use of isoprenoid plots is predicated upon the use of traditional
hydrocarbon characterization techniques first. In order to use isoprenoid plots, you
must first ascertain that the samples are related from a boiling point range
perspective. In other words, when comparing samples, the first step is to show that
the samples include the same carbon range. Once this has been done, an isoprenoid
plot can be constructed. The data set generated from the capillary column gas
chromatographic analysis of the samples includes a data file of the peak areas of 89
selected peaks3. This set of peak areas includes all seven of the isoprenoids, IP13
through IP20 (phytane). The peak area data of the seven isoprenoids are summed and
the percentage (or fraction) of each of the individual isoprenoids against the total
isoprenoid area is calculated. A sample is shown below.

Peak areas
Sample Id IP13 IP14 IP15 IP16 IP18 Pristane Phytane
#1 4502 2101 16284 60608 17237 17438 6379

sum of isoprenoids
124549

                                                
2 The adjectives used to described degradation are subject to personal interpretation. The model we
are working with is based on the following definitions: undegraded - 0 to 10% loss of material,
slightly degraded - 10 to 30% loss, moderately degraded-30 to 50% loss, highly degraded - 50 to
75% loss, severely degraded - 75 to 95% loss, and extremely degraded - >95% loss.
3 Wigger and Torkelson, and Wigger, Beckmann, Torkelson, and Narang 1998.



Fractional areas
Sample Id IP13 IP14 IP15 IP16 IP18 Pristane Phytane

#1 0.036146 0.01686
9

0.13074
4

0.48662 0.13839
5

0.14000
9

0.05121
7

The percentage (or fraction) of each of the isoprenoids is used to generate a
line chart. In the attached figures, the numerical abscissa labels refer to the
isoprenoids as you would expect.

Isoprenoid IP13 IP14 IP15 IP16 IP18 IP19 IP20
Label 1 2 3 4 5 6 7

The pattern created by the isoprenoids is diagnostic for a given material.
Thus, if there are two releases from separate sources of the same material based on
carbon number range, such as diesel, the isoprenoid patterns can be used to
differentiate the two releases. Cases studies will show the benefits of using this
technique.

To provide additional validation and understanding of the technique, Figure 9
shows the isoprenoid plots for two environmental samples, one of the liquid phase
hydrocarbon and the other of a soil extract from the same soil boring. The plot
clearly shows that the soil sample retains the essential characteristics of the NAPL
sample. In general, there is less than 5 percentage points difference between values.

To evaluate the extent to which the ratio is stable with depth, two sets of
sample pairs were compared. These samples were actual samples from an
investigation at an industrial site. In each case, samples were collected from 3 ft
below grade and 7 ft below grade. Isoprenoid plots were prepared for each of the pairs
of samples. These are shown on Figure 10. All pairs exhibit the similarity between the
plots for the 3 ft sample and the 7 ft sample. Inspection of each of the pairs shows
that the shallower sample (3 ft) has relatively lesser of the lower molecular weight
isoprenoids, IP13, IP14, and IP15, and greater amounts of the higher molecular
weight isoprenoids, IP18, IP19, and IP20. This suggests that there is some removal
of the lighter isoprenoids, most likely by biodegradation and to a lesser extent,
volatilization. Nonetheless, the basic pattern is preserved.

This evidence supports what has been stated before, namely, that the
isoprenoids are resistant to degradation but not recalcitrant. To understand the
relative degradation preference between normal alkanes and the isoprenoids, consider
the data from a controlled weathering experiment conducted using diesel fuel,
presented below.

DIESEL FUEL WEATHERING EXPERIMENT

Figure 11 illustrates the degradation of diesel fuel in a soil sample initially
containing over 92,000 mg/kg of diesel fuel. The contaminated soil was placed in a
teflon mesh bag at the bottom end of a four inch PVC observation well at two feet
below the surface. The observation well was placed in an organic rich soil (garden site)
just above a rock ledge in a damp environment. The setting would have been ideal for
enhanced biodegradation. Soil samples were removed from the teflon mesh through
the observation well two, eight and nine months after placement in the observation
well. The experiment was initiated in November, the first samples were collected in



January, the second in July and the third sample in August. The total petroleum
hydrocarbons in the samples were reduced as follows:

Sample TPH (mg/kg)
Soil Control Nondetect
Initial (November 1995) 92,660
January 45,590
July 23,140
August 22,045

Figure 11 is a stacked plot showing the chromatograms of four samples from
the controlled and optimized degradation study. The figure shows the envelope of
both the normal alkanes (the broader and taller envelope) and the isoprenoids (the
smaller envelope). The same two envelopes are transposed onto each of the four
stacked chromatograms.

Figure 11 shows that only the lighter normal alkanes (such as nC12 and
nC13) were reduced over a two month span. There is only a slight change in the three
lowest molecular weight isoprenoids and no change in the four higher weight
isoprenoids. Over an eight month span, the normal alkanes are reduced while the
higher weight isoprenoids do not appear to change. At the nine month mark, IP16,
IP18, IP19 and IP20 (pristane and phytane, respectively) still appear not to have
changed at all.

Figure 11 also has the nC17/pristane ratio posted for each chromatogram.
The arrows point to the two peaks for nC17 (the left peak) and pristane (the right
peak). The ratio decreases over time. Notice that the pristane peak does not appear
to change size. Thus all the change in the ratio is due to the degradation of nC17.
The nC17 peak is reduced by 29% while the pristane peak is not reduced at all. The
same effect is observed for nC18 and phytane. This provides evidence of the strong
preference for the degradation of the normal alkanes over the isoprenoids. It also
demonstrates that the isoprenoids are resistant to degradation but not recalcitrant.

The above data and Figure 11 clearly concludes that the normal alkanes
(nC10 to nC20) are selectively degraded relative to the associated isoprenoids (IP13,
IP14, IP15, IP16, IP18, IP19 and IP20), hence allowing the isoprenoids to be used as
excellent indicators for correlation, age dating and forensic applications

CASE STUDIES USING ISOPRENOID DATA

Determining Source of Highly Weathered Crude Oil

The value of the isoprenoid plots was demonstrated in an investigation of a
pipeline stream crossing in Oklahoma. The production and exploration for oil and gas
in the area is highly developed. The stream contained remnant amounts of
hydrocarbon which were alleged to have originated from the interstate pipeline. The
pipeline transported mostly crude from a neighboring state, some condensate, and
intermittently a small amount of locally produced crude oil. The hydrocarbon found
in the stream was so highly degraded that the primary peaks remaining were the
isoprenoids.



Isoprenoid plots were prepared of the samples of the stream bed sediment as
well as local crude, condensate, and non-local crudes. The isoprenoid plots of the
stream sediments were very consistent, having an upward trend from IP13 to IP19
and then a decline to IP20. The condensate, on the other hand, started high, declined
then peaked in the middle and a decline at the end. Examination of the isoprenoid
plots showed the sediment to have the closest match to the locally produced crude no
relation to the condensate. Through the use of the isoprenoid plots, one potential
source was clearly discarded, others were of reduced likelihood and the local crude was
elevated in probability.

It is extremely important to note and be mindful of all the circumstances
surrounding a particular situation. Hydrocarbon characterization techniques are very
powerful but they must always be supplemented with actual site knowledge and
understanding of the physical circumstances, particularly the hydrogeological
circumstances. It is strength of all the arguments taken together that builds the
strength in a position.

Differentiating releases of similar products

A plume of liquid distillate was discovered in a large storage tank area in
southeastern United States. Several different operators were active in the area of the
liquid plume. An examination of seven gas chromatograms (Figure 12) confirmed that
the release was mostly distillate with several samples containing gasoline. Although
the distillates on the gas chromatograms showed similar patterns, one sample was
slightly different and could be a kerosene which one of the operators did handle. In
order to further demonstrate that the kerosene sample was definitely different from
the other samples an isoprenoid plot was constructed (Figure 13). The isoprenoid plot
clearly confirms the conclusion that the one sample was a kerosene and different
from the other distillates samples. Therefore, proper responsibility was assigned to
the two operators required to remediate the plume.

CONCLUSIONS

Chromatograms are a modern and viable analysis technique when conducting
subsurface soil and groundwater investigations involving residual or free-phase
hydrocarbon contamination. Their use as a technical fingerprinting method is not
only a fast and inexpensive way to characterize and fingerprint hydrocarbons, but are
excellent to use in court whereby a lay jury or judge can more easily understand the
science and technology and draw specific conclusions.

The Christensen and Larsen method for determining the age of diesel oil spills
in the soil has been reconstructed/adapted for use in the United States by validating
the method/plot using distillate, lubricating oil and crude oil spills. The validated plot
can be used to estimate the age of distillate, heating oil, lubricating oil, and crude oil
spill in the united states of residual and free phase subsurface conditions.
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Table 1. NC17/Pristane data for 64 petroleum products.
Case Location nC17/Pr

Blend Oil Unit Feed IN 1.96
Heavy Virgin Naphtha IN 1.56
JP-8 IN 1.88
Total Reformate IN 0.85
Coleman Fuel OK 2
Diesel OK 2.33
Premier Diesel MI 1.35
LS Heater Oil MI 1.54
LS Furnace Oil MI 1.61
HS Furnace Oil MI 1.71
LS Diesel Utah 1.75
HS Diesel UT 1.25
Kerosene 1 TX 0.29
Kerosene 2 LA 1.44
RR-PF UT 2.29
80W-90 Trans Oil OK 1.79
10W-30 Motor Oil OK 1.96
Diesel TX 1.66
Diesel TX 1.66
Diesel TX 1.78
RR Diesel TX 1.74
Jet A TX 1.67
Diesel NJ 1.75
Jet A AZ 4.01
JP-4 AZ 0.53
Diesel TX 2.1
Diesel MN 1.9
Kerosene TN 2
Diesel CO 2.5
Diesel NY 2.6
Diesel New England 1.9
LS Diesel Western US 1.6
Summer Diesel Western US 1.4
Jet A Western US 1.8
Diesel Western US 1.7
Reduced Oil Western US 1.6
Kerosene Western US 1.8
Heater Oil Western US 1.8
Diesel #1 Western US 1.9
Diesel #2 Western US 1.5
Gas Oil Western US 1.8
Residual Oil Western US 2.2
Fuel Oil Western US 2.2
Heavy Fuel Oil Western US 2.2
Diesel OK 2.2
30W Motor Oil IN 1.9
Diesel IN 1.8
Kerosene IN 2.1
Jet A IN 2.1
Middle Distillate IN 2
Cracked Distillate IN 1.9
Mineral Oil OK 2.07
LS Furnace Oil IN 1.72
Hvy Middle Distillate IN 1.76
Lube/Hyd Oil HX-20 IN 2.11



Table 1 (Continued) NC17/Pristane data for 64 petroleum products.
Case Location nC17/Pr

Lube/Hyd Oil SX-20 IN 1.6
Lube/Hyd Oil SX-10 IN 1.33
Lube/Hyd Oil 32AW IN 4.88
Lube/Hyd Oil 100HT IN 4
Fuel Oil IN 2.09
Furnace Oil IN 1.98
Fuel Oil IN 1.99
Jet A IN 1.75 .
Diesel IN 1.66

Note:
LS = low sulfur
HS = high sulfur

Nonparametric Statistics
Number of cases 64 Mean 1.9
Minimum 0.29 Median 1.8
Maximum 4.875 Std. dev. 0.6869
Percentiles: 10 1.35 25 1.66

90 2.6 75 2.07
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ABSTRACT
A subsurface investigation was performed at a former crude oil and natural gas

production facility to evaluate whether releases from the product flowlines, gathering
lines or water injection lines had impacted soil beneath the site. Thirty-six trenches were
initially excavated and sampled beneath the former piping runs to a maximum depth of 6
m. After the trenching investigation, nine soil borings were drilled and sampled to a depth
of about 18 m to further delineate the lateral and vertical extent of impacted soil at the
site. Soil samples collected from the trenches and borings were analyzed for total
petroleum hydrocarbons (TPH) in accordance with Modified EPA Method 8015
(simulated distillation extended range). The results of the subsurface investigation
indicated that TPH impacted soil was present within several areas of the 40-ha site. The
petroleum hydrocarbons generally had chain lengths ranging from C15 to C35,
characteristic of light crude oil. The impacted soil also contained condensate, the volatile
portion of crude oil. Condensate consists of short-chain hydrocarbons (C1 to C12) and is
characterized by low levels of aromatic volatile organic compounds (VOCs). Within the
impacted areas, condensate typically was more prevalent at depths greater than 4.5 m
than the less volatile, longer chain length hydrocarbons. Statistical analysis of TPH data
collected during subsequent excavation activities showed that the mean percentage of
condensate was significantly greater at depths greater than 4.5 m than in shallower
samples. In contrast, the mean percentage of TPH compounds in the diesel range (C14 to
C23) was significantly greater in samples collected at depths less than 4.5 m. The
difference in the mean percentage of heavier hydrocarbons (C24 to C44+) with depth was
not statistically significant.



INTRODUCTION
Several portions of a former crude oil and natural gas production facility in the

greater Los Angeles area are currently undergoing assessment and remediation activities
prior to redevelopment as commercial/industrial property. One of these areas includes a
40-ha parcel containing 35 abandoned producer oil wells. Site assessment and
remediation activities were previously performed in conjunction with the abandonment of
these wells and associated sumps, tanks, and pumping units. The initial assessment
activities described in this manuscript focused on identifying areas where releases from
the product flowlines, gathering lines or water injection lines (i.e., transmission pipelines)
had impacted soil beneath the site. The objective of subsequent investigations was to
estimate the lateral and vertical extent of soil impacted by total petroleum hydrocarbons
(TPH) including the variation in petroleum hydrocarbon chain lengths with depth. This
information was essential to select the appropriate method or combination of methods to
be used for site remediation.

Pipelines as a Potential Release Source

Releases of petroleum hydrocarbons from transmission pipelines have the
potential to impact a large area because these lines typically traverse many miles.
Pipelines are subject to external corrosion because of oxidation-reduction reactions
occurring at the soil interface and internal corrosion caused by transmission of corrosive
brines and sulfur compounds (1). Numerous holes and other evidence of corrosion
damage were noted in many of the pipelines at the subject site during their removal.

Leakage may occur over a long time period because most pipelines are buried
and releases may not be apparent at the surface. Even when pipeline testing is conducted,
leaks may not be detected because flow measurements performed during integrity testing
have an accuracy of ± 2 percent, at best.

Additionally, multiple sets of pipelines dating back to the early 1900’s when the
fields were first developed are often present. At the subject site, several sets of lines that
were simply abandoned in place without flushing were encountered during the removal of
known pipelines and other features associated with historic production of oil and natural
gas on the site. These pipelines did not appear on existing facility drawings, and records
of their installation, use and abandonment were not available.

Crude Oil Characteristics Influencing Fate and Transport in the
Subsurface

Crude oil is a complex mixture of thousands of different hydrocarbon and non-
hydrocarbon compounds which form from naturally occurring biomass in subsurface
geologic formations under conditions of high temperature and pressure (2, 3). Crude oil
compositions vary widely depending on the source of carbon from which the oils
generated and the geologic environment in which they migrated and were reservoired.
Crude oils may be classified as light, medium or heavy based on their specific gravity or
equivalent American Petroleum Institute (API) gravity and viscosity or based on the
relative percentages of parafinnic, aromatic and asphaltenic compounds present (3).



The fate and transport of crude oil in the subsurface is highly dependent upon the
characteristics of the crude oil as well as the stratigraphic, hydrogeologic and chemical
environment at a specific location. Lighter crudes, characterized by lower specific gravity
and viscosity and smaller molecules, are adsorbed less readily and migrate more rapidly.
In contrast, heavier crudes, characterized by higher specific gravity and viscosity and
larger molecules, are adsorbed more readily and migrate more slowly.

METHODOLOGY
Field Sampling and Laboratory Analysis

Thirty-six trenches were initially excavated beneath the former piping runs to
depths ranging from approximately 1 to 2 m below ground surface (bgs). A total of 243
soil samples were collected from the trenches at lateral intervals of approximately 8 m
and .3 m below the bottom of the trench. Soil samples were collected using a 15-cm drive
sampler that contained two 5-cm diameter stainless steel tubes. The sampler was
advanced to a depth of approximately .3 m below the trench bottom using a 14-kg slide
hammer. The lowermost stainless steel tube was sealed with Teflon sheets and PVC end
caps, labeled, transported to an on-site mobile laboratory and analyzed for TPH in
accordance with Modified EPA Method 8015 (simulated distillation extended range).

Additional trenches were subsequently excavated adjacent to the impacted areas
identified during the initial trenching excavation to a maximum depth of 6 m. A total of
99 soil samples were collected into stainless steel tubes from the excavator bucket to
further evaluate the lateral and vertical extent of impacted soil beneath the site. These
samples were sealed and labeled as described above and transported to the on-site mobile
laboratory for TPH analysis. The soil sampling locations within the trenches are shown
on Figure 1.

After the trenching investigation, nine soil borings were drilled and sampled to a
depth of about 18 m bgs using a truck-mounted drill rig equipped with hollow stem
augers. Soil descriptions, sample type and depth, photoionization detector (PID)
headspace readings and related drilling information were recorded on a boring log in
accordance with American Society for Testing and Materials (ASTM) Method D5434:
Standard Guide for Field Logging of Subsurface Explorations of Soil and Rock. The
locations of the soil borings are shown on Figure 1.

A total of 107 soil samples were collected from the borings to provide
information on subsurface stratigraphic conditions and for laboratory analyses. Soil
samples were collected at depth intervals of 1.5 m to the bottom of each boring using a
modified California sampler equipped with 5-cm diameter stainless steel tubes. Soil
samples were sealed with Teflon sheets and PVC end caps, labeled and transported to an
on-site mobile laboratory. Of the 107 soil samples collected, 63 samples were analyzed
for TPH in accordance with Modified EPA Method 8015 (simulated distillation extended
range). Soil samples were selected for laboratory analysis based on soil type encountered
in the boring, elevated PID readings, or odors. Stained soils were not observed during
drilling activities.



RESULTS AND DISCUSSION
Subsurface Trenching Investigations

The results of the trenching investigations indicated that petroleum hydrocarbon
impacted soil was present within several areas of the 40-ha site. The maximum TPH
concentration detected during the trenching investigations was 43,800 mg/kg. The
petroleum hydrocarbons present generally had a chain length from C15 to C35,
characteristic of light crude oil (see Figure 2a). The types of hydrocarbons typically
contained in crude oil are straight-chain, branched-chain, and cyclic alkanes, mono- and
polycyclic aromatic hydrocarbons (PAHs), and a variety of polar compounds such as
sulfur-, nitrogen-, and oxygen-containing moieties (3,4). As crude oils weather, the more
labile compounds (n-alkanes) are removed and isoprenoids including farnesane,
norpristane, pristane, and phytane become more dominant (4). This trend is apparent in
the chromatogram of aged crude and condensate shown in Figure 2b. In fact, the
C17/pristane, C17/norpristane, C18/phytane, and C18/norpristane ratios can be used to date
the age of oil spills to within about ± 2 years (4). No attempts were made to date the age
of the releases on the subject site because the chromatograms indicated that numerous
releases had occurred during the approximately 80 years of operations.

The impacted soil also contained condensate, the volatile portion of crude oil.
Condensate consists of short-chain hydrocarbons (C1 to C12) and contains low levels of
aromatic volatile organic compounds VOCs. Condensate was observed in the sample
chromatograms alone (see Figure 2c) or in combination with fresh crude (no
chromatogram provided) and weathered crude (see Figure 2b).

Site specific cleanup values for TPH compounds in soil were established by the
California State Regional Water Quality Control Board (RWQCB), the lead regulatory
agency with oversight for the site. Cleanup values were established at 100 mg/kg for TPH
as gasoline (C4 to C13), 1,000 mg/kg for TPH as diesel (C14 to C23), and 1,000 mg/kg for
TPH compounds with a hydrocarbon chain length up to C32. The cleanup values
established by the RWQCB are based on the relative mobility of the compounds
occurring within each of these carbon chain ranges in the subsurface.

The results of the TPH analyses are summarized in Table 1 by the following
categories: TPH concentrations ranging from non-detect to 100 mg/kg; TPH
concentrations ranging from 101 to 1,000 mg/kg; TPH concentrations ranging from 1,001
to 5,000 mg/kg, and TPH concentrations greater than 5,000 mg/kg. Of the 243 samples
collected during the initial trenching investigation, 27 samples had TPH concentrations
exceeding the RWQCB cleanup values for TPH as gasoline, TPH as diesel and/or total
TPH concentration. During the subsequent trenching investigation, 30 of the 99 samples
collected exceeded one or more of the TPH cleanup criteria.

Soil Boring Investigation

TPH compounds were not detected in the samples analyzed from eight of the
nine borings. TPH compounds were reported in four samples from Boring B-8 at depths
of 3-, 6-, 9-, and 10.5-m bgs at concentrations of 970, 1,800, 210, and 370 mg/kg,
respectively. The reported concentrations in the 3-, 6-, and 10.5-m depth samples



exceeded the RWQCB cleanup criteria for the site. TPH compounds were not detected in
the 7.5-, 12-, 13.5-, 15-, 16.5-, and 18 m depth samples.

Soil encountered within the borings generally consisted of silty clay and clay to
depths ranging from approximately 3 to 8 m bgs. The silty clay and clay are underlain by
silty sand to sandy silt extending to a depth of approximately 12 m bgs. Layers of silty
clay to clay interbedded within the silty sand to sandy silt were encountered in several of
the borings. Fine- to medium-grained sand was generally encountered at depths greater
than 12 m bgs to the bottom of the borings. Groundwater was not encountered during
drilling activities. The depth to groundwater in the site vicinity is approximately 70 m
bgs, based on data from two groundwater monitoring wells located approximately 150
feet west of the site.

TPH Concentrations and Distribution

Preliminary analysis of the TPH data collected during site characterization
activities indicated that condensate typically was more prevalent at depths greater than
4.5 m bgs than the less volatile, longer chain length hydrocarbons. Therefore, statistical
analysis of TPH data collected during subsequent excavation of approximately 53,000
cubic yards of impacted soil from the site was performed. The data used for the statistical
analysis was limited to samples collected from two excavations (designated E1 and E11)
because these excavations accounted for 67 percent of the total volume of impacted soil
that was removed. Approximately 19,200 m3 of TPH impacted soil was excavated from
E1, and approximately 8,000 m3 from E11. Additionally, both of these excavations
extended to a depth of 18 m bgs. The remaining excavations were generally less than 4.5
m in depth. The data set was further limited to samples that exceeded one or more of the
RWQCB cleanup criteria for the site.

The results of the statistical analysis demonstrated that the mean percentage of
TPH compounds in the condensate range (C1 to C13) was significantly greater in samples
collected at depths greater than 4.5 m than in shallower samples (Table 2). In contrast, the
mean percentage of TPH compounds in the diesel range (C14 to C23) was significantly
greater in samples collected at depths less than 4.5 m. The difference in the mean
percentage of heavier hydrocarbons (C24 to C44+) with depth was not significant.

The predominance of C1 to C13 hydrocarbons with increasing depth is expected
because of their higher volatility and solubility in water. The higher concentration of
diesel range hydrocarbons in the shallow samples is also expected because of the greater
percentage of high molecular weight hydrocarbons present. The heavier hydrocarbons are
relatively insoluble and adsorb more readily to soil organic matter and other clay mineral
surfaces. The distribution of heavier hydrocarbons (C24 to C44+) is somewhat unexpected
given their relative insolubility. One potential explanation for the occurrence of heavier
hydrocarbons at depth is the existence of preferential pathways for downward migration
of these compounds provided by the abandoned wellbores. Three wells were located in
close proximity to E1, and two wells to E11. Alternatively, preferential pathways may
exist as a result of numerous faults known to occur in the site vicinity.
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Table 1. Total TPH Concentration Ranges for Site Characterization Samples

Investigative Phase No. of Samples with
0 to 100 mg/kg TPH

No. of Samples with
101 to 1,000 mg/kg TPH

No. of Samples with
1,001 to 5,000 mg/kg TPH

No. of Samples with
 > 5,000 mg/kg TPH

Initial Trenching 185 38 13 7

Additional Trenching 58 19 18 4

Soil Borings 59 3 1 --

Table 2. Variation in Petroleum Hydrocarbon Chain Lengths With Depth

Mean Percent (%) of Carbon Chain Ranges(∗∗∗∗ )

Sampling Depth (m) C6 – C13 C14 – C23 C24 – C44+

0 to 4.5 34 ± 14(∗∗ ) 38 ± 9(∗∗ ) 28 ± 8

> 4.5 53 ± 28 26 ± 15 20 ± 13

(∗ ) Mean values ± one standard deviation calculated based on n = 36 for the 0 to 4.5 m sampling depth and n = 24 for sampling depths greater than 4.5 m.

(∗∗ ) Within columns, means are significantly different at the 0.10 probability level as determined by t test.



Figure 1. Site plan.



Figure 2a. Typical chromatogram of fresh crude oil showing several alkane and isoprenoid peaks.



Figure 2b. Typical chromatogram of a mixture of condensate and weathered crude.



Figure 2c. Typical chromatogram of condensate obtained at a depth of approximately 16 m bgs.



Figure 2c. (continued) Typical chromatogram of condensate obtained at a depth of approximately
16 m bgs.



PREPARING FOR IN SITU REMEDIATION
NO MORE DO-OVERS

By
James H. Viellenave

John V. Fontana
TEG Rocky Mountain

400 Corporate Circle, Suite R
Golden CO 80401

303-278-1911; jv@tegrockymountain.com

The alarming frequency of re-doing site assessment during remedial activities has
revealed the severe limitations common in lithologic characterizations prior to remediation.
Borrowing from the resource exploration industry, for the first time a variety of widely accepted
and proven borehole geophysical logging tools have been adapted by TEG to Direct Push rigs:
natural gamma, density, neutron, and electrical. These tools provide a wide range of continuous,
objective data that can be usefully applied to site characterization and be integrated into
remediation design, preferably before remediation starts.

Two specific tools are described here: natural gamma and density logging. The other
tools have a number of uses, but the gamma and density probably have the most immediate and
widespread application in the environmental industry. A brief explanation of each tool and its
primary environmental application is included below, along with case histories illustrating its
recent use.

NATURAL GAMMA LOGGING
Natural gamma logging has been one of the most widely used logging tools for lithologic

characterization for more than 50 years. The method relies on the tendency for naturally
occurring radioactive materials (e.g., Uranium decay series and Potassium 40) to concentrate in
fine-grained, sedimentary rocks. This property is equally true in unconsolidated sediments, where
clays and silts exhibit higher gamma responses than do sands and gravel. Traditional gamma
tools, however, are far too large for use in Direct Push drive pipe. Recently, TEG co-developed a
SlimLine Gamma Logger specifically for use with Direct Push rigs. The tool generates a high
quality gamma response, which, with proper correlation, can be used to produce quality lithologic
data, including measurement of clays or sands less than a foot thick. The tool allows development
of superior logs and cross sections, and can be used to help map the lateral and vertical extent of
contaminant flow-zones, pinch-outs, and confining layers. The cost of logging is significantly less
than continuous coring, even without consideration of IDW costs, which are magnified because
the testing is being conducted in areas with identified contamination.

With such lithologic data, it is possible to better model contaminant transport, including
different phase behaviors. As a result, it is feasible to more accurately determine the risks posed
on any site under Risk Based Corrective Action (RBCA) for all of the applicable receptors. The
Risk Assessment can use more actual site data and fewer assumptions (which are almost always
very conservative). Thus, it is possible to develop actual, high quality, site specific data
supporting Monitored Natural Attenuation or a variety of in situ remedial alternatives, and to
identify optimum locations and specifications for monitoring systems to track contaminant



behavior and remediation system performance. The tool can also be used after the fact, in cases
where remediation performance appears substandard. Frequently, under-performance is directly
related to inadequate understanding of the geology.

One major advantage of gamma logging is that, because it is conducted after the boring
reaches Total Depth, sampling of vapor, water, and/or soil can be accomplished as desired for
analytical purposes.

CONDUCTIVITY LOGGING
Conductivity is an electric logging tool, measuring the electrical conductivity of the rock

or soil materials in the wall of a boring. The typical Direct Push conductivity tool incorporates an
electric source and receiver (dipole) to measure the conductivity of the wall rock. Generally, in
the unconsolidated sediments sampled by Direct Push, conductivity increases as the grain size
decreases, allowing a quality evaluation of lithology.
The primary advantage of conductivity logging is that it is in real time—not logged after the hole
is installed, but as the hole is advanced. The disadvantage is that conductivity requires contact
with the wall of the boring, preventing most types of sampling except in a second hole.

DENSITY LOGGING
Density logging is conducted using one of two tools, primarily: gamma-gamma and

neutron. Both are nuclear tools, with a radioactive source, reading a response from the interaction
of either gamma rays or neutrons with the surrounding soil and providing a correlation to soil or
material density. There are a number of uses of both tools; this discussion is confined to
measurement of soil density in environmental applications. Because the tools contain radioactive
sources, only companies with nuclear licenses own and operate the loggers. It is necessary,
therefore to work closely with a logging company to implement density surveys. Among the most
significant applications are those associated with trenching and excavation, subsurface structures,
and hydrologic behavior.

The back-filling of trenches and excavations in urban areas (soil removal, dewatering,
installation of barriers and walls) requires careful and complete re-compaction. Traditional tests
(Proctor tests on soil, neutron density in carts) are both time-consuming and expensive, resulting
in owners taking very few samples for testing. This means that sites are frequently re-paved and
have structures built on them before testing reveals the quality of compaction. By applying a
density probe tool in a Direct Push hole, tests can be made frequently and accurately from ground
surface to the base of the disturbance (trench or excavation). This identifies exactly where
compaction meets specifications, at a fraction of the cost of traditional methods. In fact, the
testing can be done so quickly that it may be completed before dirt contractors leave the site and
paving occurs. This allows rapid corrections, saving owners and contractors money and time.

Subsurface structures and utilities can significantly alter the behavior of contaminated
ground water and of volatile contaminants in soils (both as a vapor and as liquid). Accurate
measurements of density (as well as soil lithologic parameters) add immeasurably to the ability to
understand subsurface fate and transport and to predict the risks and performance of remedial
systems on a site.



CASE HISTORIES
Two examples of gamma logging application are included. The first involved acquisition

of detailed lithologic information in preparation for installing a remediation system. The second
relates to the evaluation of a site whose remediation system is seriously under-performing.

Preparation for Remediation—Hexavalent Chromium Site, Midwest

Ground water contaminated with hexavalent chromium was known to be reaching a
major river in a midwestern city. Following extensive plume definition (vertically and
horizontally) it was determined that sequential reactive barriers would be applied within a flow
zone lying near the base of the aquifer, up to 45’ deep. The first barrier incorporated a chemical
reductant (calcium polysulfide) injected into 1” PVC wells; the downstream barrier was an
injected iron wall. The exact thickness and the continuity of the flow zone, and the character of
the overlying confining layer, were not well enough defined to final-design the injection of either
the iron slurry or polysulfide to form a complete barrier system. The traditional approach would
have been to continuously core holes on 10’ centers across the entire plume and into background
in the two cross sections chosen for the remediation. This would have involved generation of
large volumes of contaminated waste for disposal. In addition, in the sand/gravel sections, core
recoveries were typically poor (the gamma log enhanced the quality of the lithologic record).

TEG continuously cored two holes to develop a high quality gamma response to the
lithologic units at the site. Then, the additional nearly 40 holes were gamma logged to generate
correlation data for the cross sections. The time required to conduct the project using the logging
was approximately half of what continuous coring would have been, and the cost about 65% as
much, excluding IDW handling. The cross sections were instrumental in defining the thickness
and volume of injection required. Subsequently, when the injections were conducted, the volumes
injected corresponded exactly to the log cross section. This enabled a reactive iron barrier wall to
be established at the down-gradient extent of the plume. Later, the calcium polysulfide reductant
was injected into a similar, up-gradient, barrier wall whose dimensions were defined by the
gamma logging program. A typical cross section portion is shown in Figure 1. Note the confined
aquifer of sand/gravel between the clay and bedrock.

Re-Assessment of Lithology for Under-Performing Dual Phase
Extraction System

A dual phase extraction system was chosen to remediate a leaking Underground Fuel
Storage Tank at a city facility in the Rocky Mountain west. A similar installation several miles
away had been successful, but in this case, the pumps did not draw water or vapors out of the
formation to design specifications. Part of the problem was theorized to be the difficult lithology,
and when mechanical upgrades to the system failed to completely bring the system to design
performance, the owner decided to scrutinize in detail the lithology to decide what additional
changes needed making. The facility has about 35 monitoring and extraction wells, irregularly
spaced across the site.

Examination of lithologic logs (four different drillers and three consultants) revealed a
significant disparity in the descriptions used and the contacts identified. It was nearly impossible
to generate a uniform cross section of the major lithologic units; worse, there was virtually no
detail available on the variability within the units identified. While the lithologic units are



generally silty or clayey in nature, there are frequently more porous horizons or lenses within
each unit that are responsible for the majority of contaminant transport. It is this detail, therefore,
that governs how the extraction system should be designed, or re-designed.

TEG installed six Direct Push soil borings into the upper reaches of bedrock on the site,
so as to develop a strong and detailed set of correlations between the gamma response and the
lithology. This removes a great deal of the subjectivity involved with multiple geologists and
drillers interpreting the site.

Density Logging to Track a Groundwater Gasoline Plume

At a typical gasoline station site investigation, the gasoline plume crossed beneath a
major arterial street. Modeling of the plume predicted that the contamination would be well
beyond the farther street boundary. Testing across the street revealed no contamination, nor did
limited testing in the center of the street. Because a utility trench existed in the street near the
gasoline station, it was theorized that the trench was possibly intercepting the shallow,
contaminated ground water. The follow-on investigation incorporated water sampling in the
utility trench plus density logging of the trench and in native ground. The purpose of the density
logging was to determine how the soil characteristics in the trench would support the interception
thesis.

At five locations in the utility trench, TEG pushed to ground water, measuring the depth
and obtaining a grab sample for analysis, as shown in Figure 2. The trench gradient is downhill to
the east. Then, each hole was logged using a gamma/gamma probe by Colog, Inc. (Golden CO).
Figure 3 shows the log cross section and gasoline contaminant levels in ground water at each hole
(measured using EPA Method 8015 modified). The analytical results indicate that the utility
trench probably is intercepting the contaminants, but that the contamination is not moving along
the trench. In the absence of density data, no other conclusions could be drawn nor would there
be an obvious direction for additional investigation. The very low density section in SB-2
suggests a cavity, probably erosional, that appears to be funneling contamination. Subsequent
investigation revealed the presence of an open storm drain approximately 4 feet northwest of SB-
2. The density logging, combined with water analysis, pointed directly to a subsurface path of
least resistance.

CONCLUSIONS
The use of borehole geophysical logging, in combination with Direct Push technologies,

can be a very powerful tool to better prepare sites for remedial decisions and activities. In
addition, it can be used to re-evaluate sites where remediation programs perform at less than
design specifications.
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Figure 1:  Gamma Log Cross Section
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MEASUREMENT OF TOTAL PETROLEUM
HYDROCARBONS IN GROUND WATER –
EVALUATION OF NON-DISSOLVED AND

NON-HYDROCARBON FRACTIONS

Paul D. Lundegard
Robert E. Sweeney

(Unocal Corporation)

ABSTRACT
Elevated concentrations of “dissolved” total petroleum hydrocarbons (TPH) in

ground water samples can be a significant barrier to site closure, even where
concentrations of specific regulated compounds (e.g. benzene) are below action levels.
TPH values measured by standard methods can exceed what would be predicted from
water solubility experiments and the known chemical properties of the constituents of
petroleum hydrocarbon mixtures. In this study, we evaluated the significance of reported
TPH values for a suite of surface water, interstitial, and ground water samples by
comparing analytical data obtained on unfiltered water, filtered water, and water from
which non-hydrocarbons were removed by treatment with silica gel. Results indicate that
factors contributing to erroneously high TPH measurements include the presence in water
samples of: 1) hydrocarbons sorbed on particulate matter, 2) droplets or micellular forms
of liquid hydrocarbon contamination, 3) biogenic hydrocarbons, 4) contamination by
field or laboratory equipment, and 5) dissolved polar organics (non-hydrocarbons) which
may be naturally occurring or derived from spilled petroleum products. These findings
indicate that standard TPH measurements, as a regulatory criteria, should be viewed with
considerable skepticism and that alternative approaches are needed.



INTRODUCTION
Measurements of total petroleum hydrocarbon (TPH) in ground water samples

are made routinely in the course of investigating petroleum release sites, usually with the
intent of determining the concentration of spill-related hydrocarbons that are dissolved in
ground water. In many jurisdictions, measurements of TPH in ground water are still used
as a regulatory cleanup standard for ground water (e.g. California). The question of how,
or whether, to measure the concentration of petroleum hydrocarbons in groundwater is
especially important at sites where the maximum allowable concentrations of individual
hydrocarbon compounds in ground water are not exceeded. Sites exist where the
concentrations of individual hydrocarbons, such as benzene, do not exceed regulatory
limits, yet regulatory closure is inhibited because limits for total petroleum hydrocarbons
are exceeded. Linked closely to the issue of total petroleum hydrocarbons in ground
water is the question of what concentrations of total petroleum hydrocarbons in soil will
be protective of ground water. Several regulatory and technical working groups have
addressed the issue of total petroleum hydrocarbons in soil by identifying the chemical
characteristics of representative fractions of hydrocarbon mixtures (1,2,3,4).

Conventionally, TPH in a ground water sample is quantified by gas
chromatography of a concentrated extract of the raw sample. Semi-volatile compounds in
a water sample are extracted with an organic solvent (e.g. methylene chloride) and most
of the solvent is then evaporated in order to concentrate the sample. The concentrated
extract is then analyzed by a gas chromatographic method such as EPA Method 8015
(modified) (5), and the detector response over a selected boiling point range is integrated.
The integrated response is compared to that of standards, and a concentration of “TPH”
in the sample is then computed. Because these analytical procedures are performed on a
raw, unfiltered, untreated sample it is likely that the results will not simply reflect the
concentration of dissolved petroleum hydrocarbons.

We became interested in the character and origin of “TPH” in ground water in
the course of investigating a site impacted by crude oil distillate. The gas
chromatographic character of “TPH” extracted from ground water did not resemble what
one would predict for the water-soluble fraction of a hydrocarbon mixture. Instead, it
looked surprisingly similar to the residual crude oil distillate and contained components
with equivalent alkane carbon numbers of C12 to more than C30 (Fig. 1).

Several factors can confound the evaluation of total petroleum hydrocarbons
dissolved in water samples (Fig. 2). Raw ground water samples can contain non-
dissolved petroleum hydrocarbons in the form of non-aqueous phase liquid (napl),
colloids, or as a sorbed phase on particulate matter (organic or mineral). Dissolved
components of “TPH” can include both hydrocarbons and polar non-hydrocarbon
compounds. Dissolved hydrocarbons and dissolved non-hydrocarbons can either be
biogenic or derived from spilled petroleum. As a result of these factors, it is not
uncommon in the context of petroleum release sites to see reported concentrations of
“TPH” in water samples that exceed the known solubilities of the component
hydrocarbons.

These characteristics of natural water samples indicate that sample pre-treatment
may be necessary to obtain meaningful information on the concentrations of
hydrocarbons dissolved in water samples.



In the study reported here, the independent effects of ground water filtration and
silica gel treatment on the amount of extractable “TPH” were investigated. A study with
hydrocarbon standards was conducted to verify that the pre-treatment methods did not
produce unacceptable artifacts.

PREVIOUS WORK
Several workers have shown that the water soluble fraction of refined petroleum

products (e.g. gasoline, kerosene, diesel) consists predominantly of mono aromatic
hydrocarbons (benzene and alkyl benzenes) and 2-ring polyaromatic hydrocarbons
(naphthalenes) (6,7,8). Gas chromatograms of the water soluble fractions of most
petroleum products consist of discrete peaks and little or no baseline rise or “hump”.
Recently, Zemo and co-workers have brought attention to the fact that much of the
material reported as “total petroleum hydrocarbons” in ground water samples by EPA
Method 8015M may not actually consist of dissolved hydrocarbons, and does not always
have the characteristics expected for true water soluble fractions (9,10,11). Data on 21
samples of ground water from monitoring wells at petroleum release sites (10) showed
that apparent “TPH” values were substantially reduced by sample filtration and/or
removal of non-hydrocarbons with silica gel. We have tried to expand upon this
important work in several ways: emphasizing sites impacted by crude oil; conducting a
laboratory verification study of the pre-treatment methods; adding data from surface
water, interstitial water, and ground water collected with direct-push sampling devices;
and using gas chromatography/mass spectrometry so that individual peaks can be
tentatively identified. The focus of this paper is on the characteristics and origin of
material recovered from ground water samples by conventional solvent extraction
techniques.

METHODS
Sampling

Natural water samples for this study were collected from sites impacted by crude
oil and middle distillates. They included 2 ocean water samples from the surf zone, 5
interstitial water samples collected from the beach face, 5 direct-push grab samples of
ground water, 14 ground water samples from poly vinyl chloride monitoring wells and
piezometers. The two ocean water samples were collected in the surf zone in water
approximately 0.75 m in depth by submerging a collection bottle beneath the water
surface until completely full. Four of the interstitial water samples were collected on a
beach adjacent to an onshore petroleum release. The other two interstitial water samples
were collected in reference areas not known to be associated with any onshore releases of
petroleum but were nevertheless from a marine province in which natural seepage of
petroleum into the marine environment is well known. Interstitial water samples were
collected at low tide by digging a pit on the beach face, allowing seepage from the sand
to fill the pit with water, and then submerging a collection bottle in the water until
completely full. Monitoring wells and piezometers were purged and sampled with a low-
flow peristaltic pump. At least 3 well volumes of water were removed and indicator
parameters (pH, temperature, and electrical conductivity) were monitoring while purging



until they were stable. New tubing was installed in the peristaltic pump for each well.
Direct-push grab samples of ground water were collected by driving the sampler to just
below the water table, and then collecting a sample with a peristaltic pump. New tubing
was installed in the peristaltic pump at each location. At three of the direct-push
locations, soil in the vadose zone was known to be contaminated. Where direct-push
samplers are pushed through contaminated soil, ground water samples can contain
artificially high contaminant concentrations.

In the laboratory, each water sample was processed for standard extraction,
filtration, and silica gel treatment. Three liters of ground water, and any entrained
particulates, were mixed by gentle agitation in a glass bottle. The contents of the bottle
were then quickly separated into 3 1L sample bottles. Each bottle was spiked with
surrogate (o-terphenyl) and extracted according to EPA Method 3510 following one of
three procedures: (1) A standard extraction was performed by agitating the bottle to
suspend all sediment particles and then quickly pouring the entire contents into a
separatory funnel for extraction with methylene chloride. In this procedure all the water
and sediment is extracted; (2) The second 1L sample split was filtered using a pressure
filtration device with a 0.7 �m glass fiber filter. Following filtration, the filter paper was
placed in a glass jar for possible extraction and analysis. The filtered water was extracted
in methylene chloride by standard procedures; or (3) The third, 1L sample split was
decanted into a separatory funnel and extracted with methylene chloride. The extract was
concentrated to between 3 and 5 milliliters. Polar organic compounds (non-hydrocarbons)
were then removed from the extract by silica gel column chromatography using a
modified EPA Method 3630 procedure (5).

Extraction

Water samples were extracted according to EPA Method 3510 (5). The samples
were first spiked with appropriate surrogates. The method involves serially extracting 1
liter of sample in methylene chloride, drying the extract with sodium sulfate, and
concentrating the extract to its final volume.

Filtration

In order to determine the concentrations of dissolved inorganic species in water it
is standard protocol to filter the water sample through a 0.45 �m pore size filter or
smaller (12, 5 [Method 3005]; 13). This procedure reflects the common knowledge that
particulate matter in the water contains non-dissolved forms of analytes of interest.
Filtration can remove these particulates, prior to acidification and sample analysis. Even
though ground water samples are commonly turbid, they are not routinely filtered prior to
analysis of extractable organic matter.

In this study, splits of water samples were filtered under positive nitrogen pressure
through glass fiber filters with 0.7 �m pore sizes. Colloids and a minor amount of very
fine particulates may pass through these filters.

Silica Gel Treatment

Chemical adsorbents, such as silica gel and alumina, have been used to pre-treat
organic samples for some time (5, section 3600). They have been used for the purpose of



removing interferences such as biogenic organic matter (EPA Method 418.1),
concentrating specific analytes (14,15), and for determining the abundance and
composition of saturate and aromatic fractions of hydrocarbon mixtures (4). Several state
environmental oversight agencies have endorsed the use of chemical adsorbents for
fractionating total petroleum hydrocarbons into saturate and aromatic fractions for risk
assessment purposes (1,2,3).

In this study the silica gel treatment procedures generally followed EPA Method
3630 (5). Sample extracts in methylene chloride were placed on open glass columns
packed with activated silica gel (60-200 mesh). The combined saturate and aromatic
fraction was eluted with a hexane-methylene chloride mixture. Polar organics were left
on the silica gel and their abundance was determined by difference. While sample
extracts were silica gel-treated only once, in some cases there was evidence that polar
organics were not completely removed by this once-through procedure.

Quantitation

Total petroleum hydrocarbons and chemical spikes were quantified by gas
chromatography/mass spectrometry (GC/MS). The total ion current (TIC) used for
quantifying “TPH” was calibrated to a diesel standard for the C10 to C25 carbon range and
to a crude oil standard for the C25 to C40 carbon range (both 5-point calibrations). The
practical quantification limit was 100 �g/L of C10 to C40 hydrocarbons. Chemical spikes
were quantified using a 5-point calibration curve for the individual compounds.

ANALYSIS OF STANDARD MIXTURES
The filtration and silica gel procedures were tested with mixtures of standard

compounds in order to verify that the concentrations of hydrocarbons were not
significantly effected. For the filtration test an aqueous mixture of n-decane (26 �g/L),
deuterated naphthalene (naphthalene-d8) (32.1 �g/L), deuterated phenanthrene
(phenanthrene-d10) (12.2 �g/L), and the standard surrogate spike, o-terphenyl (5 �g/L),
was prepared. De-ionized water, spiked with the standard mixture, was extracted with
methylene chloride. This standard extraction was performed in triplicate. Three splits of
the standard mixture were also filtered under positive pressure and then extracted and
analyzed by the same procedures. The six extracts (3 filtered, 3 unfiltered) were
concentrated, spiked with internal standards solution, and analyzed by GC/MS. The
recovery of naphthalene and phenanthrene, which should have been low if sorption on the
filter was a problem, were good, averaging 79 and 91%, respectively. Using naphthalene
concentrations approximately 10 times those used here, Foote et al. (11) reported 96%
recovery in water filtered through the same type of glass fiber filters. Recovery of n-
decane averaged 61% for the direct extraction, and 23% for extraction following
filtration. These lower recoveries are likely due to volatilization. Unless great care is
taken, significant quantities of low boiling hydrocarbons (C15-) are generally lost during
the extract concentration procedure. Although pressure filtration was used (not vacuum
filtration), the extra handling of the samples and exposure to air during filtration probably
lead to the greater loss of n-decane in the filtered samples. Based on the results of the
filtration test with standard compounds we do not expect that filtration of natural water
samples will significantly bias the concentration of dissolved semi-volatile hydrocarbons.



The effect of silica gel column chromatography on aliphatic and aromatic
hydrocarbons was evaluated. A mixture of 12 n-alkanes (C8 to C30) and two deuterated
PAH’s (naphthalene-d8 and phenanthrene-d10) was prepared in methylene chloride.
Concentrations were selected (10 �g/ml of solvent) so that all 14 compounds could be
quantified in a single GC/MS run of the final, un-concentrated extract. This eliminated
the need to concentrate the extracts, which alone would result in the loss of some of the
lower molecular weight compounds by volatilization. Three splits of the standard mixture
were carried through the silica gel column chromatography procedure. The final extract
volume was approximately 35 ml. Three splits of the standard mixture were also diluted
to 35 ml with the same hexane:methylene chloride solvent used with the silica gel
columns. GC/MS analyses of the extracts indicate very good recovery of all compounds
in the standard mixture (Fig. 3). The average recovery of the 12 n-alkanes was 103 % for
the silica gel-treated extracts. Average naphthalene recovery was 98 %, and average
phenanthrene recovery was 96 %. Average recovery of o-terphenyl was 96 %. These
results show that treatment of ground water extracts with silica gel to remove polar
organic compounds (i.e. non-hydrocarbons) will not significantly alter the composition of
hydrocarbons in the sample.

FIELD STUDY RESULTS
Results

In almost all cases, the “TPH” concentrations in the filtered and/or the silica gel
treated splits were significantly lower than the concentrations in the raw sample splits
(Figs. 4 and 5; Table 1). The only exceptions were cases where the concentration in the
raw sample was near or below the detection limit. In two samples the reported “TPH” in
the filtered sample split was slightly greater than it was in the raw sample split, however
this variation is probably within the precision of the methods used. The gas
chromatograms of many of the raw samples consisted of a broad hump, or unidentified
complex mixture (UCM), and a small number of resolvable peaks. The percent reduction
in apparent “TPH” with filtration or silica gel treatment was computed as ((raw “TPH”)-
(treated “TPH”)/(raw “TPH”)) X 100. If “TPH” in the treated sample split was non-
detectable, a value of one-half the detection limit was used in the calculation. Apparent
“TPH” was reduced a maximum of 95 % by filtration and 99 % by silica gel treatment.

Interstitial and Surf Samples

In some situations it is necessary to evaluate whether hydrocarbon contaminants
in ground water are impacting or threatening downgradient surface water. In this
investigation we found that raw extracts of beach face interstitial water and surf zone
water may contain concentrations of extractable organic matter up to a few 100 �g/L
(Table 1). Although a few resolvable peaks were present, most of the quantified mass
exists within a broad UCM. Both filtration and silica gel treatment lowered the raw
“TPH” values in all samples (Fig. 6). The “TPH” detections included two samples from
clean reference beaches (I-5 and I-6). Analysis of the sample splits treated with silica gel,
showed that the detected “TPH” was composed of polar, non-hydrocarbons.



Direct-Push Samples

The ground water samples collected with direct push samplers were generally
much more turbid that those collected from permanent monitoring wells. Not
surprisingly, sample filtration had a substantial effect on the measured “TPH” values of
the direct push samples (Fig. 7). The reduction in measured TPH was greater as a result
of filtration than as a result of silica gel treatment in 3 of the 4 samples with detectable
“TPH”. In these 3 samples the measured “TPH” was reduced 86, 86, and 95%
respectively, as a result of removing particulates greater than 0.7 �m in size. For one
sample the material retained on the filter media was extracted and found to have a
chromatographic character very similar to the raw, unfiltered sample (Fig. 8). At two
sample locations, contaminated soil was known to exist between the surface and the
direct push sample depth. It is possible, therefore, that the sampler was contaminated
while being pushed to the sampling depth. At one of these locations (DP-4) the apparent
“TPH” in the raw sample was reduced from 20,000 �g/L to 2,720 �g/L by filtration.

Monitoring Well Samples

Of the 14 ground water samples from conventional monitoring wells, 10 had
detectable “TPH” in the raw sample. Silica gel treatment resulted in a substantially
greater reduction in “TPH” than filtration in 9 of the 10 samples with detectable “TPH”
(Fig. 9). The reduction in apparent “TPH” with silica gel treatment ranged from 59 to 99
%, and averaged 79 %. The magnitude of the UCM seen in the gas chromatograms of the
raw samples was greatly reduced. These observations indicate that the elevated apparent
“TPH” was more the result of polar (non-hydrocarbon) organics in the water samples
than of hydrocarbons sorbed on particulate matter. In the most extreme case (W-9), an
apparent “TPH” concentration of 42,600 �g/L in the raw sample was reduced to 331
�g/L upon silica gel treatment. In most samples the gas chromatographic character of the
filtered sample split was very similar to that of the raw sample split (Fig. 10).

DISCUSSION
Several factors likely contribute to the general observation that filtered and/or

silica gel-treated water samples have lower “TPH” values than raw samples.

Surface and ground water samples when first collected are not pristine. They
commonly contain particulate mineral matter, particulate organic matter, and at
petroleum release sites, droplets or micellular forms of liquid petroleum. As a result,
some of the organic matter in water samples may not be dissolved, but instead is sorbed
on particulates, or present in some other phase. Particles derived from coal or lignite can
contain large amounts of extractable organics, including hydrocarbons (16).

Non-Dissolved Hydrocarbons

While standard monitoring wells are constructed with filter pack material around
the screened interval, these filter packs are generally not optimally constructed to prevent
entry of particulates into the well. This is especially a problem in unconsolidated fine-
grained formations, and when aggressive well purging occurs before sampling. The



results of this study show that simple pressure filtration of ground water samples can
reduce the apparent dissolved “TPH” concentration by an order of magnitude or more.
When these large changes are observed, it is common for the material retained on the
filter to have a gas chromatographic character very similar to that of the raw petroleum
contamination. The apparent “TPH” value may also exceed the solubility of the
petroleum hydrocarbon mixture. These characteristics suggest that separate phase
petroleum is present in such samples. A minor “sheen” of petroleum in a water sample
can result in a very high apparent “TPH”. Even after filtration, the apparent dissolved
“TPH” concentration may be artificially high.

We have observed artificially high “TPH” values in areas where the sediments
are rich in coal detritus, and where water samples are collected in areas of contaminated
soil (e.g. “smear” zones at the water table). Ground water collected with direct push grab
samplers in areas of contaminated soil is especially likely to contain liquid phase
petroleum and/or particulates with sorbed petroleum.

Non-Hydrocarbons

The results of the silica gel treatment of sample splits demonstrate that it is not
uncommon for extractable organic matter in ground water samples to consist mostly of
non-hydrocarbons. In the absence of silica gel treatment, all of this non-hydrocarbon
material would be reported as “TPH” (total petroleum hydrocarbons) according to
standard methods. This non-hydrocarbon, polar material could be derived from biogenic
organic matter (unrelated to petroleum), biodegradation of spilled petroleum (a product of
hydrocarbon degradation), or from non-hydrocarbon components within spilled
petroleum (original component of crude oil).

Biogenic material not related to petroleum can be derived from bacteria,
phytophankton, zooplankton, higher land plants, and higher animals. This material is
composed of chemical groups that contain or are easily converted to polar organic
compounds (16). These chemical groups include proteins, carbohydrates, lipids, and
lignin. Polar organic compounds associated with these groups include amino acids, fatty
acids, phenols, and aromatic acids. Biogenic polar compounds can occur in water
samples as biomass, or can be adsorbed on mineral particles in the sample.

Another possible source of polar (non-hydrocarbon) organic matter in water
samples is the natural biodegradation of spilled petroleum. In other words, polar organic
compounds not present in the spilled petroleum can be formed in the environment by
biodegradation of the petroleum. Several studies have shown that biodegradation of
petroleum can produce low molecular weight aliphatic, aromatic, and cyclohexanoic
acids in ground water (17,18,19,20). The following acids have been reported: formic,
acetic, benzoic, methyl benzoic (C1-, C2-, and C3-), toluic (o-, m-, and p-), C2-
cylcohexanoic, and salicylic. Of these acids, acetic acid is generally the most abundant
organic acid produced during the biodegradation of petroleum. These organic acids, and
other identified products of petroleum degradation, are too volatile to represent a
significant fraction of extractable organics in ground water and are more likely to be
detected in analyses of volatile organics in water.

Sulfur compounds can represent a somewhat special case of non-hydrocarbon
compounds in water samples. We have found that in areas where organic matter in



ground water is undergoing sulfate reduction, ground water extracts can be substantially
comprised of elemental sulfur or sulfur compounds. These sulfur compounds yield a very
broad peak on chromatograms (Fig. 11), and can be identified by a mass spectra with a
strong mass 64 (m/z) component. Sulfur can be produced where organic matter of any
origin, not just petroleum, is undergoing sulfate reduction.

The last potential source of polar (non-hydrocarbon) organic matter in ground
water is the non-hydrocarbon fraction of spilled petroleum. Often overlooked is the fact
that crude oil generally contains significant amounts of non-hydrocarbon organic
compounds having nitrogen, sulfur, or oxygen functional groups (16). These non-
hydrocarbon components may comprise 50 weight percent, or more, of produced crude
oil (Fig. 12). On gas chromatograms, these non-hydrocarbon components are
incompletely resolved and commonly comprise a substantial part of the baseline “hump”
or UCM. As petroleum weathers, the relative abundance of these non-hydrocarbons
increases in the residual petroleum, and the relative magnitude of the UCM on the gas
chromatograms increases accordingly.

While many individual compounds have been identified in the non-hydrocarbon
fraction of crude oil (e.g. 21), these account only for a small mass percentage of the total
non-hydrocarbons present. Because of their polarity, it is possible that non-hydrocarbons
will have a higher solubility in water than analogous hydrocarbons of equivalent boiling
point, but it is not presently possible to assign representative fate and transport properties
to the non-hydrocarbon fraction as a function of carbon range. It is likely that non-
hydrocarbons in petroleum will be less bioavailable because their polarity should render
them less soluble in body fat, however more needs to be known about the toxicological
properties of the non-hydrocarbon components of petroleum.

Field and Laboratory Contamination

Contaminants derived from field and laboratory equipment and procedures can
contribute to the apparent “TPH” in water samples. The types of compounds in ground
water extracts that can be derived from field and laboratory equipment include siloxanes,
phthalates, acid esters, phenols, and n-alkanes (~C22 to C34). Usually these compounds do
not occur in high concentrations, but unidentified or unexplained peaks on
chromatograms can raise questions. For this reason, if is often advantageous to analyze
“TPH” by GC/MS instead of, or in addition to, GC/FID. In doing so, it is possible to
tentatively identify suspect peaks and thereby elucidate their origin.

CONCLUSIONS
The measurement of total petroleum hydrocarbons (“TPH”) dissolved in water is

not always straightforward. Several processes lead to the widespread occurrence of both
non-dissolved hydrocarbons and non-hydrocarbons in ground water samples, and
complicate the measurement of dissolved “TPH”. As a result of these processes, the
apparent concentration of dissolved petroleum hydrocarbons determined by standard
measurements of “TPH” can be more than a factor of 10 higher than the actual
concentration of petroleum hydrocarbons. This situation has important implications for
the application of regulatory cleanup standards based on “TPH” measurements.



When the total concentration of dissolved petroleum hydrocarbons is to be
compared to generic regulatory criteria (e.g. taste and odor thresholds), filtration and
silica gel treatment of water samples should be seriously considered. Properly performed,
these pre-treatment methods are effective at reducing or eliminating non-dissolved
hydrocarbons and non-hydrocarbon organics. Modified sampling methods (e.g. no-purge
or low-purge methods) can also help reduce the concentration of non-dissolved
hydrocarbons in raw water samples.

If a risk-based evaluation of total petroleum contaminants in water is required,
then alternative approaches may need to be developed. It will generally be appropriate to
first use filtration to remove non-dissolved organic components (hydrocarbon and non-
hydrocarbon) from water samples. Of the remaining dissolved organic compounds, the
fraction attributable to petroleum contamination must be identified. Procedures developed
by the TPH Criteria Working Group (4) and others can be applied to the dissolved
hydrocarbon and non-hydrocarbon (polar) components attributable to petroleum. The
transport characteristics and toxicity of non-hydrocarbons is currently an area of limited
knowledge. In the interim, it will be necessary to make conservative assumptions about
the properties of dissolved non-hydrocarbons that are attributable to petroleum.
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Table 1 - Analytical Results of Field Study
TPH (µµµµg/L)

Sample Raw Filtered Silica Gel Treated

Direct Push Samples
dp-1 250 168 nd (<100)
dp-2 1100 nd (<100) 800
dp-3 nd (<100) nd (<100) nd (<100)
dp-4 20000 2720 12500
dp-5 360 nd (<100) 209
Beach Interstitial Samples
I-1 390 108 263
I-2 214 190 nd (<100)
I-3 260 nd (<100) 188
I-4 220 200 nd (<100)
I-5 260 166 nd (<100)
I-6 161 nd (<100) nd (<100)
Monitoring Well Samples
w-1 1080 630 110
w-2 nd (<100) nd (<100) nd (<100)
w-3 nd (<100) nd (<100) nd (<100)
w-4 nd (<100) nd (<100) nd (<100)
w-5 10600 9000 280
w-6 590 470 nd (<100)
w-7 nd (<100) nd (<100) nd (<100)
w-8 520 580 nd (<100)
w-9 42600 30400 331
w-10 6300 7100 nd (<100)
w-11 217 159 nd (<100)
w-12 680 500 168
w-13 1350 500 550
w-14 1250 890 106
Surf Zone Samples
s-1 nd (<100) nd (<100) nd (<100)
s-2 142 nd (<100) nd (<100)



IS IS

SI
S

IS
Water
(8400 µg/L)

5 10 15 20 25 30

Retention Time (minutes)

Soil

5 10 15 20 25 30

12 14 16 18 20 22 24 26 28 30Carbon #

IS = internal std.
SIS = surrogate

Figure 1 – Gas chromatograms of a crude oil distillate in soil and “TPH” in an associated water
sample. The general similarity of the soil and water chromatograms, and the wide equivalent
carbon number range of the “TPH” in the water, indicate that the water does not simply contain
dissolved petroleum hydrocarbons.
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Figure 2 – Diagram showing the different possible components that would be quantified as “total
petroleum hydrocarbons” in a ground water sample by standard methods.
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Figure 3 – Comparison of mass recovery of 12-component hydrocarbon mixture in control
extracts and silica gel treated extracts. Each compound spiked at 10 �g/ml. Error bars represent
one standard deviation of the triplicate analyses.
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Figure 4 – Cross plot of apparent value of total petroleum hydrocarbons (“TPH”) in raw and
filtered ground water samples.
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Figure 5 – Cross plot of apparent value of total petroleum hydrocarbons (“TPH”) in raw and silica
gel-treated ground water samples.
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Figure 6 – Comparison of filtration and silica gel-treatment on apparent value of total petroleum
hydrocarbons (“TPH”) in beach interstitial water samples. Bars show how much lower the
apparent “TPH” is in the filtered and silica gel-treated splits as compared to the raw water sample.
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Figure 7 – Effect of filtration and silica gel-treatment on apparent value of total petroleum
hydrocarbons (“TPH”) in ground water collected with a direct push sampler. Bars show how much
lower the apparent “TPH” is in the filtered and silica gel-treated splits as compared to the raw
water sample.
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Figure 8 – Effect of filtration on gas chromatographic character of sample DP-4. The magnitude
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the raw ground water sample probably contained liquid petroleum.
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Figure 9 – Effect of filtration and silica gel-treatment on apparent value of total petroleum
hydrocarbons (“TPH”) in ground water collected from standard monitoring wells. Bars show how
much lower the apparent “TPH” is in the filtered and silica gel-treated splits as compared to the
raw water sample.
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Figure 10 – Effect of silica gel treatment and filtration on gas chromatographic character of
ground water sample W-10. In this sample virtually all the apparent “TPH” is composed of polar,
non-hydrocarbons.
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Iso-frequency contours

   Aromatic
hydrocarbons

   Saturate
hydrocarbons

      Non-
hydrocarbons

0 25 50 75 100

25

50

75

10
0

0

0

25

50

100

75

636 Crude Oils

Figure 12 – Relative abundance of aromatic hydrocarbons, saturate hydrocarbons, and polar non-
hydrocarbons in 636 crude oils from around the world (After Tissot and Welte, 1978, Fig. IV.1.4).



PORTABLE IMMUNOSENSOR FOR
ENVIRONMENTAL FIELD USE

Srinivas Vetcha, Ihab Abdel-Hamid, Dmitri Ivnitski, Ebtisam Wilkins*
Department of Chemical and Nuclear Engineering, University of New Mexico,

Albuquerque, New Mexico 87131

ABSTRACT
The research was conducted to investigate the suitability of a portable flow through

immunoassay device for field use of testing specific antibodies against Hantavirus in blood
plasma. The device would detect an analyte and interprets its concentration by an
amperometric signal. This is based on an immunointeraction. The assay technique is based
on flow through amperometric immunoelectrode. The device is provided with an
immunosensor which use highly dispersed carbon particles, the surface of which is
immobilized with recombinant protein of hantavirus, making it to serve both as an
immunosorbent and as an electrode material. The analysis employed the 'sandwich' assay
scheme. Target analyte captured by immunosorbent at the first stage of incubation interacts
with the peroxidase labeled antihuman antibodies at the second stage of incubation. The
detection of peroxidase label was conducted amperometrically by electroreduction of iodine
formed as a product of peroxidase catalyzed reaction. This device has been successfully
used in the determination of Anti-hantavirus IgG in human blood plasma and is easily
adaptable in the detection of other analytes. The overall assay time is approximately 22
min. This device can be developed and utilized in making correct assessments of the extent
of contaminants and also the risk and impact of them through antibody monitors to detect
vaporous contaminants in the air.

Keywords: Flow-through immunoassay, Portable biosensor, Amperometric
immunosensor, Environmental field testing.
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INTRODUCTION
SN virus ( Genus hantavirus family Bunyaviridae), Sin Nombre Virus, was

identified during a 1993 outbreak of an acute respiratory disease with high mortality in the
Four Corners region of the southwestern United States [1]. The human disease, hantavirus
cardio-pulmonary syndrome (HCPS) occurs in man putatively after accidental/incidental
inhalation of virus- contaminated excreta of the natural host, the deer mouse (Peromyscus
maniculatus). Exposure and infection occurs in rural areas, often remote from medical
centers with sophisticated diagnostic capabilities. Furthermore, the rapidity of the onset of
shock after the nondescript viral prodrome demands a rapid diagnostic assay to identify
patients who need transport to intensive care before the onset of shock.

Conventional immunoassay techniques, however, can only be used in specially
equipped hospitals and laboratories and it requires technically trained personnel. The time
for analysis by conventional immunoassay performed by microtitration is normally from
one to several hours and requires intensive and quality labor [2,3] , which makes this
technique unsuitable for fast determination of analytes. This technique has proved to be
sensitive but is difficult to automate. This technique can be used only in specially equipped
laboratories and requires technically trained personnel. Often they are multistage processes
and they cannot be miniaturized or automated and added to this they cannot be conducted
under non laboratory conditions.

During the last few years, a significant number of publications have dealt with non-
conventional (alternative) immunoassay techniques. The development of alternative
immunoassay techniques aims in most cases at improving the performance of conventional
immunoanalysis by decreasing analysis time, increasing assay sensitivity, and
simplification and automation of assay procedures. The basic principles of alternative assay
methods are the same as for conventional immunoassay techniques i,e., a signal recorded
from antigen-antibody interaction. Three phases in the development of alternative
immunoassay techniques can be identified as, improving the scheme of immunointeraction,
employing alternative detection methods for the label and automation of the immunoassay
procedures. The availability of a highly specific, rapid, easy to use immunoassay system
will have significant implications across a wide range of disciplines and applications.

Electrochemical detection of the labeled immunospecies is a promising approach
due to its relatively high sensitivity and flexibility. Highly sensitive electrochemical
determination of enzyme [4-14] and nonenzyme [15-17] labels have been described. One of
the alternative approaches to immunoassay development employs flow-through techniques
[5,6,19-22,27]. Flow-through techniques have been implemented with electrochemical
[5,23,24] and fluorescent detection methods [19,22,27]. The advantage of this technique is
that even a multistage flow immunoanalysis can be automated easily. Electrochemical
detection methods are advantageous in their simplicity, selectivity and sensitivity [8]. One
important advantage of flow immunoassay is the high area-to-volume ratio of solid to
liquid phases. This reduces transport limitations and provides the ability to achieve
significantly short time of analysis.

This paper describes the application of the amperometric immunosensor device
based on highly dispersed carbon particles which serve as immunoelectrodes for fast
determination of specific antibodies against Sin Nombre (SN) hantavirus.



EXPERIMENTAL
Sensor Design

The immunosensor design concept, previously described in [26], has been
modified and adapted into the immunoassay system. The immunocolumn, which is the
disposable sensing element, consists of a plastic column with a filter membrane at the
bottom. The immunosorbent is deposited on the filter membrane (by centrifugation)
resulting in highly dispersed immunosorbent forming the measuring (working)electrode or
immunoelectrode. A plastic column holder comprising of a supporting electrode assembly:
a platinum counter electrode and an Ag/AgCl reference electrode that are exposed into a
channel which serves as an outlet for the flow-through immunosensor. The immunocolumn
adaptor contains a capillary tube that is inserted and fixed into a hollow carbon rod. The
capillary tube serves as the inlet to the immunosensor while the carbon rod serves a current
collector for the working electrode (immunoelectrode). When assembled, the current
collector rests on top of the immunoelectrode to collect the amperometric output. This flow
cell serves as an immunoreactor as well as an electrochemical cell.

Immunoassay System

The schematic representation of the complete flow-through immunoassay system is
shown in Fig 1.a [30]. The main components of the device are an amperometric
immunosensor assembly[26] , a peristaltic pump, a six-way valve flow controller, vessels
carrying the necessary reagents and an electrochemical/data recorder interface. A jack is
used for moving the holder to lock with the immunocolumn and the current collector/inlet
adapter. The vessels are connected to the flow controller which in turn is connected to the
pump. The flow controller determines which solution vessel will be connected to the pump
and hence will be pumped through the sensor. The electrochemical interface is used to
provide the working potential for the immunosensor and to process the output signal. This
interface consists of an in-house build dedicated potentiostat with an analog output and a
digital readings display.

A schematic description of the assembled functioning laboratory prototype of the
flow-through immunoassay system is presented in Fig 1.b.

Experimental Procedure

The experiment is started by placing the disposable sensing element into the silastic
holder and it is fixed firmly in the immunocolumn having an intimate contact with the
immunosorbent. Then the solutions are pumped through the immunosensor according to the
order described below by adjusting the flow controller manually. The assay involves
‘sandwich’ scheme of detection [26]. The chemicals and reagents used are mentioned
previously [26]. Hantavirus positive and negative (control) human blood samples were
obtained from clinical diagnostic specimens at the University of New Mexico Health
Sciences Center’s Hantavirus Diagnostic Unit. The flow rate of the solutions in the
system are maintained at 100 µ l. The measurement involves the following stages :

•  Pre-washing stage: flow of a washing solution 0.02 M Na-phosphate buffer (pH 7.8)
containing 0.15 M NaCl and 0.1% Tween-20 (PBST) through the immunoelectrode for
1 min.



•  First stage of incubation: flow of PBST containing human blood plasma to be tested for
Hantavirus IgG antibodies (target analyte) through the immunocolumn for 3 min.
Thereby, allowing the target analyte to be bound to the surface of the immunoelectrode
which was modified by the immunoagent specific for the target analyte (the
recombinant protein for the target analyte).

•  First washing procedure: flow of the washing solution (PBST alone) through the
immunoelectrode for 2 min.

•  Second stage of incubation: flow of PBST containing peroxidase-labeled antihuman
IgG (immunoconjugate 2ug/ml concentration) against the target analyte through the
immunocolumn for 8.5 min , allowing immunoconjugate to form an enzyme labeled
complex on the surface of the immunoelectrode.

•  Second washing stage : flow of a washing solution 0.02 M Na-phosphate buffer (pH
5.6) containing 0.15 M NaCl through the immunoelectrode for 4 min. This washing
allows the removal of conjugate molecules attached elsewhere except to the target
analyte. An electrode working potential of + 0.127 V is applied to the immunoelectrode
before starting the second washing . The polarization of the electrode starts at the
beginning of the second washing procedure.

•  Amperometric measurement stage : flow of 0.02 M Na-phosphate buffer solution (pH
5.6) containing 0.15 M NaCl containing both H2O2 (0.1mM) and NaI (0.5mM)
(substrates of peroxidase label); allowing oxidation of iodide to occur due to the
catalytic action of the peroxidase-label [16].

This result is an amperometric output determined by the extent of iodine formed as a
result of the enzymatic oxidation of the iodide. The amperometric output was obtained as a
steady-state current of the formed iodine electroreduction [13]. The background current
signal was measured in a separate test with no antigen in the sample blood plasma and also
with the buffer solution alone. Once the output signal is recorded, the working potential and
the pump are switched off and the sensing element is removed and disposed of.

Western blot (Immunoblot) Assay

Western blot assays for detection of anti-Hantavirus antibodies, developed at the
University of New Mexico School of Medicine [18], are performed with selected
samples. Two Western blots (WB), which are specific IgG and IgM to two SN virus
antigens, N and G1 were performed as described previously [18]. Sin Nombre (SN) Virus
testing has been conducted by strip immunoblot assay (SIA) [18]. The techniques (WB
and SIA) are very similar, but with the SIA the recombinant expresed antigens are affixed
to the membrane by vacuum. The antigen of interest is first adsorbed to nitrocellulose
blot paper. The antigen-PBS solution is drawn through the nitrocellulose membrane with
a vacum of 0.4 atmospheres. Then, the membrane is dried for 24h at 450C and is briefly
immersed in 1% casein in PBS and is redried under the same conditions. Then, the
nitrocellulose strip bearing SN virus antigens is incubated with test serum for 4-6 hours
and rinsed. A secondary goat anti-human IgG or IgM antibody, conjugated with alkaline
phosphatase is added (1:1000 dilution) and allowed to bind for 1 hour, then rinsed. An
alkaline buffer containing nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl



phosphate is added to detect antigen-antibody complexes, and blots are analyzed after 10
minutes of developing time.

RESULTS AND DISCUSSION
The antibody-antigen immuno interaction is used in the determination of

antibodies against SN hantavirus in human blood plasma. The analysis employs the
'sandwich' assay scheme. The first incubation of immunosorbent with blood plasma
results in the formation of the immunocomplex between hantavirus-specific antibodies
and recombinant proteins of hantavirus immobilized on the surface of immunosorbent.
The second incubation of immunosorbent with anti human antibodies labeled with
peroxidase leads to the formation of peroxidase labeled complex. The amperometric
detection is based on coupling the reaction of iodide ion oxidation by peroxidase label
resulting in formation of iodine. Iodine formed in this reaction is detected
electrochemically during its electroreduction. The experiments are conducted with
analyte (blood plasma containing antibodies against SN virus) dilutions 1:10 and 1:5. The
background current signal was measured in a separate test with sample solution having
no antigen and also with the buffer solution alone. A plot of the responses is shown in fig
3.a. It shows the response of the device to negative blood samples (plasma without anti-
SN antibodies) of dilutions 1:10 and 1:5, Positive blood samples of dilutions 1:10 and 1:5
respectively. Background signal - the immunoelectrode current in blank buffer solution -
is presented in the same figure. It can be seen from this Fig 3.a that the sensor response to
negative blood sample is practically less than the control background response obtained
for buffer solution. However, the blood sample with anti-SN virus antibodies
demonstrates an electrode response about 2 or more times higher than the background
sensor response for 1:10 dilution and even higher for higher concentrations of the blood
plasma.

The response in the case of blank buffer solution is due to the non-specific
binding of labeled peroxidase molecules to the carbon particles. Care has been taken to
reduce the non-specific binding by treating the carbon particles with trypsin inhibitor
during the preparation of immunosorbent [26]. The response obtained for the negative
samples is lower than that for the buffer solution, this can be accounted for the partial
blocking of the active sites due to nonspecific binding. On the other hand the responses
for the positive samples increases with the increase in the concentration of the sample.
The higher the concentration of the antibodies, the more Iodine is formed and hence the
output is higher. Since the response seen with the negative control sample is less than that
for the buffer, the response due to buffer solution alone is taken as the background
response or current (0.95 � amps). The distinction in the output for the background, the
negative and the positive sample can be clearly seen in the fig 2. It shows the response of
the device in µA with respect to time. It takes 4 min after starting the injection of
substrates of peroxidase label to reach approximately 90% the equilibrium response. Hence
the time for amperometric measurement has been optimized to 4 min. A plot of the SIA
tests performed on the same samples is shown in fig 3.b. The results obtained are in good
agreement with the SIA tests.



CONCLUSIONS
The potential of amperometric immunosensor based on highly dispersed flow

immunoelectrode for fast determination of antibodies against SN virus in human blood
serum was demonstrated. This approach combines the advantages of utilization of highly
dispersed immunosorbent, highly sensitive electrochemical determination of enzyme label,
and automatable scheme of flow assay. The system demonstrated a total assay time as low
as 23.5 minutes. The short overall assay time could be of major advantage in the case of
field diagnostics of infectious diseases, in mobile laboratories, and in small hospitals. This
system can also be used for rapid analysis in the conventional conditions of clinical
practice. The principle of disposable sensing elements is involved. Hence, no regeneration
of immunosorbent between measurements is required.
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Figure 1. Flow Diagram of the Immunoassay System.



Fig 1.b. Diagram of the portable Biosensor device. Details: 1) Pump 2) Containers
carrying the chemicals 3) Current collecting carbon rod 4) Holder 5) Flow controller 6)
Metal frame 7) Waste.
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Fig 2. Sensor response with time  1) background, in buffer solution for 5 min
2) 1:10 diluted negative blood  sample for 5 min. 3) 1:10 diluted positive blood
sample containing Hantavirus antibodies for 5 min.



0.0

0.5

1.0

1.5

2.0

2.5

3.0
C

ur
re

nt
 si

gn
al

 (u
A

)

  Buffer
solution

    Negative
 bloodsample
1:10 dilution

   Negative
bloodsample
 1:5 dilution

   Positive
bloodsample  
1:5 dilution

    Positive
bloodsample
1:10 dilution

5

1

2

4

3

Current

Signal
(µ Amps)

Fig 3.a.  Sensor response to 1) back ground in buffer solution  average of four
measurements 2) 1:10 diluted Hantavirus antibodies negative blood sample, one
measurement 3) 1:5 diluted Hantavirus antibodies negative blood sample, one
measurement  4) 1:10 diluted Hantavirus antibodies positive blood sample, average of
three measurements 5) 1:5 diluted Hantavirus antibodies positive blood sample, average
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Fig 3.b. SIA test: Typical appearance of a clinical diagnostic test using the strip
immunoblot assay at University of New Mexico/TriCore laboratories. Patient serum
sample number 99-0272 was tested along with positive and negative control samples.
Antibody conjugates used to detect bound IgG and IgM antibodies are used in separate
sets of experiments. The identities of the bands are as follows: C.B., Coomassie blue dye
to determine orientation of the strip; 3+, high concentration of human serum (a source of
human IgG or IgM); SNV-N, recombinant SN virus nucleocapsid antigen; SOD/G1, SN
virus G1 antigen; 1+, low concentration of human serum. Sample 99-0272 and the
positive control serum sample show IgG reactivity to the SN virus N and G1 antigens,
and IgM reactivity to the SN virus N antigen, a typical pattern for a patient with acute SN
virus infection.
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ABSTRACT
Supercritical fluid extraction with CO2 is being used to investigate the degree of

sequestration which occurs for BTEX during 2 weeks to 8 months of laboratory aging in soil
columns under water flow. Extractions of the BTEX components from the aged soils
(Quakertown and Adelphia) were performed with sequentially “stronger” SFE conditions
(i.e., sequentially higher extraction temperatures and pressures), and the extraction rate curves
were determined at each of the four extraction conditions. At present, qualitative comparisons
of SFE behavior matches those expected for sequestration caused by aging. For both soils,
much more of the BTEX had migrated to “slow” (requiring the strongest SFE conditions to
extract) sites after 8 months of aging than after two weeks of aging. Low ppm levels of BTEX
were found sequestered in “tight” sites after 8 months. Quantitative modeling is now being
performed.

Sequential SFE has also been applied to determine the “tightness” of PAH binding
in a historically-contaminated manufactured gas plant soil, and to investigate the change in
extraction behavior during one year of bioremediation. Correlations among SFE behavior for
individual PAHs and actual removal during bioremediation are good. For the untreated soil,
SFE shows ~80-90% of lower molecular weight PAHs in “fast” (extracted at the mildest SFE
condition) sites. In contrast, virtually none of the higher molecular weight PAHs (five ring
and larger PAHs) were found in the “fast” sites. Similarly, bioremediation showed high
removals of low molecular weight PAHs, but little or no removal of higher molecular weight
PAHs. For all 20 PAHs tested (molecular weights from 128 to 276), the fraction of PAHs
found in “fast” sites by selective SFE agrees well with the fraction actually removed during
bioremediation. Additional studies to determine the biological and environmental relevance
of sequential SFE are being conducted. Initial comparisons between 120 day water
desorptions and SFE to determine the “fast” desorbing fraction of PAHs ranging from
naphthalene to benzo[a]pyrene show good agreement.



INTRODUCTION
Rapid laboratory tests are needed which can estimate the degree of “availability” of

organic pollutants to the environment. For BTEX (benzene, toluene, ethylbenzene, m-xylene,
and o-xylene) and polycyclic aromatic hydrocarbons (PAH)-contaminated soils that are well-
aged (e.g., from long-abandoned spill sites), the sequestration of some species can be
substantial, and a major fraction of some aromatics may be largely unavailable for processes
such as environmental transport and bioremediation. Long-term tests such as fixed bed
column studies (1) and long-term water desorption (2) have been very useful in understanding
the fate of hydrophobic organics, but typically require several months to perform.

Supercritical fluid extraction (SFE) with carbon dioxide (CO2) has recently been
developed for the analytical extraction of a large range of organic pollutants from
environmental solids and other matrices. Of particular interest to the present study is the fact
that varying the temperature and pressure of the extraction can change the solubility of
organics by several orders of magnitude (3), and changing the temperature should be useful
to investigate the kinetics of extraction. Only recently has there been attempts to exploit the
selectivity of SFE to study sequestration of organic pollutants. Weber and Young have
followed sorption of phenanthrene and other PAHs to soils over time using SFE (4,5), and
we have recently studied sorption and desorption of polychlorinated biphenyls (PCBs) from
sediments using sequentially-stronger SFE conditions (6-8). Indeed, it is very interesting to
note that kinetic models describing the extraction of recalcitrant organics with SFE are very
similar to recent models describing the transport of pollutants in the environment (9-11).

This study reports the results of initial attempts to develop selective SFE conditions
which are capable of mimicking and predicting the environmental behavior of BTEX and
PAHs. Selective SFE was used to study BTEX and PAH mobility in soils from three different
experimental systems including fixed bed soil columns aged with BTEX, a field
bioremediation of a PAH-contaminated soil from a manufactured gas plant (MGP) site, and
120 days of water desorption of PAHs from the MGP soils.

EXPERIMENTAL

Samples
Fixed Bed Column Studies

Soils for the BTEX column studies were a silty loam (Adelphia) and a sandy loam
(Quakertown) soil with organic carbon contents of 0.8% and 2.2%, respectively. Additional
soil details are given in reference (1). Twenty-gram samples of both soils were exposed to
water containing ~120 ppm of benzene, 45 ppm of toluene, 35 ppm of m-xylene, and 8 ppm
of naphthalene at a flow rate of 240 mL/day for approximately 2 weeks to 8 months. At the
end of the sorption time, selected soils were desorbed with clean water for 6 weeks. The soils
were then removed from the columns, the water decanted, and shipped overnight to the
University of North Dakota (UND) for SFE determinations. Soils were shipped and stored
at ~4°C, and 2- to 4-gram subsets were extracted by SFE within 0 to 4 days after arrival.
Since the soils were very wet, ~2 grams of anhydrous sodium sulfate were placed at the
bottom (outlet) of the SFE cell to prevent plugging of the SFE outlet.



MGP Soils

Soils were obtained from a field site contaminated with PAHs from an abandoned
MGP before treatment, and after approximately 1/2 and 1 year of bioremediation. Soil
moisture content of the untreated soil was ~4 wt.%, and organic C, H, and N content were
~4.5, 0.42, and 0.14 wt.%, respectively. At each sampling day, soils from several grid
locations were mixed, homogenized, and stored at 4°C until used.

Two additional untreated samples were obtained from an oil gas MGP site and a
harbor which had been contaminated from MGP activities. All soils were used as received.

SFE Conditions

SFE was performed with pure CO2 (SFC grade with helium headspace) using an
ISCO model SFX-210 extractor equipped with a model 260D pump. Extraction flow rates
were controlled using co-axial restrictors (1 mL/min for the column soil, and 1.5 mL/min for
the MGP soils) heated to 80°C. All extracts were collected in ~15 mL of methylene chloride
(CH2Cl2).

Preliminary extractions were performed with all samples to determine sequentially-
stronger SFE conditions which could fractionate the target analytes into “fast” (or “loosely-
bound), “moderate,” “slow,” and “very slow” (or “tightly-bound”) fractions. For the column
soils, the sequential SFE conditions chosen to extract each fraction were “fast” (400 bar,
50°C), “moderate” (400 bar, 100 °C), “slow” (400 bar, 150°C), and “very slow” (400 bar,
150°C, with CH2Cl2 added to the extraction cell as a modifier). Each condition was applied
for 60 minutes except the final condition which used 15 minutes of static extraction (with 2
mL CH2Cl2 in the 10 mL extraction cell) followed by 15 minutes of dynamic extraction.
Complete removal of the target organics was verified by extracting the soil residue following
the last SFE extraction for 18 hours in CH2Cl2 aided by sonication.

For the MGP soils, 2-gram samples were extracted as received. The sequential SFE
conditions chosen to extract each fraction were “fast” (120 bar, 50°C), “moderate” (400 bar,
50°C), “slow” (400 bar, 100°C), and “very slow” (400 bar, 150°C). Each condition was used
for 30 minutes. Verification of PAH recoveries was performed by extracting the soil residues
(after SFE) by Soxhlet extraction with CH2Cl2/acetone for 18 hours.

It is interesting to note that stronger SFE conditions were needed (based on
preliminary experiments) for the column samples than the MGP soils. This is in direct
contrast to our initial expectations, since the test analytes (benzene, toluene, m-xylene, and
naphthalene) used in the column studies have substantially higher solubilities in supercritical
CO2 than the PAHs (especially with increasing molecular weight) from the MGP soil. Since
solubility considerations would dictate that stronger SFE conditions would be needed for the
MGP soil (which was not the case), these results indicate that lower molecular weight
aromatics become much more “sequestered” in the soil matrices in shorter times than higher
molecular weight PAHs.



Analysis

Determination of the extracted organics from the column studies were performed
using gas chromatography/mass spectrometry (GC/MS) with selected ion monitoring.
Quantitation was based on deuterated internal standards for each target species which were
spiked into the collection solvent prior to SFE. PAHs from the MGP soil were determined
using gas chromatography/flame ionization detection (GC/FID) and n-undecane as an internal
standard. Calibration curves were generated using representative compounds for each
molecular weight of PAH. Concentrations and peak identities were routinely verified using
GC/MS.

RESULTS AND DISCUSSION

Fixed Bed Column Studies

Selective SFE behavior of benzene, toluene, m-xylene, and naphthalene from column
soils exposed for either 2 weeks or 8 months are shown in Figures 1and 2. As expected, the
quantities of all test compounds on both soils after 8 months of exposure are much higher
(~10 to 70 µg/g soil) if the soil had not undergone the 6 week water desorption (top of Figure
1) than after the 6 week desorption (bottom of Figure 1). The change in SFE behavior is
dramatic when comparing the quantities of each compound in the “fast” fraction (0-60
minutes) before and after desorption. For all compounds on both soils, nearly all of the
molecules are extracted in the first SFE “fast” fraction for the non-desorbed soils. These
results agree with the water desorption step, since both the mildest SFE condition and the
water desorption should remove the most loosely-bound organics.

 After the soils have been desorbed for 6 weeks with clean water, the majority of each
organic compound was removed, and the concentrations of each organic remaining on the soil
is on the order of low ppm. Most importantly, the organics remaining on the soil show
radically different SFE behavior after the water desorption step (bottom half of Figure 1).
First, the major fraction of the test organics is not extracted at the mildest SFE condition
(unlike the non-desorbed soils), and SFE shows that all of the test organics left on the soil
after water desorption are “slower” or more “tightly-bound” (i.e., the majority of molecules
require the stronger extraction conditions used after 60 minutes for removal) as would be
expected since they were not removed by water desorption. These results clearly demonstrate
that the mildest selective SFE step closely mimics the removal of benzene, toluene, m-xylene,
and naphthalene achieved with 6 weeks of water desorption. It is also interesting to note that
benzene is the easiest of the four test compounds to extract by SFE (i.e., it has the highest
solubility in supercritical CO2) if it is not tightly associated with the soil matrix. Thus, for both
of the non-desorbed soils, benzene is the fastest molecule to extract at the mildest SFE
condition. In contrast, for the desorbed soils, benzene is generally the slowest species to
extract (Figure 1), while naphthalene (the least soluble test compound in supercritical CO2)
is the fastest species to extract from the desorbed soils. These selective SFE results agree well
with the concept that lower molecular weight organics can diffuse more rapidly into soil
nanopores than higher molecular weight molecules, and thus, become more tightly
sequestered in the soil during the exposure time.



The effect of exposure time on the selective SFE behavior of BTX on soils after
water desorption for 6 weeks is demonstrated in Figure 2. For both soils, little or none of the
BTX were found in the “fast” SFE fraction (in contrast to the non-desorbed soils in Figure
1), whether the soil was exposed for 2 weeks, or 8 months. For the 2 week soils, most of the
sorbed BTX were found in the second or “moderate” SFE fraction (extracted from 60 to 120
minutes), and few of the molecules had migrated into the “slower” fractions (those requiring
the stronger SFE conditions used from 120 to 210 minutes). As the exposure time increased
to 8 months, an increasing amount of each BTX compound was found in the “moderate” SFE
fraction. In addition, much more of the BTX molecules were found in the “slower” SFE
fractions (extracted after 120 minutes) than for the 2 week exposure samples.

Although the results shown in Figures 1 and 2 are still undergoing evaluation and
quantitative modeling (12), it is clear that the selective SFE approach has a good potential for
investigating the sorption and desorption behavior of BTX and related compounds as has
previously been demonstrated for PCBs (6-8).

Step-Wise SFE of the MGP soil and Comparison to Bioremediation

Our hope in developing the selective SFE method is that the milder SFE conditions
will extract the PAH molecules which are most susceptible to bioremediation, while the
molecules which remain untreated in the field site will only extract at the more severe SFE
conditions. Stated differently, the concentrations of the various PAHs which require severe
SFE conditions for removal may represent the “environmentally acceptable endpoint” since
they are not readily available to the environment. These ideas were tested by performing a
four-step sequential extraction with increasingly strong SFE conditions (discussed above) on
the untreated MGP soil and on soils from the same site after 1/2 and one year of
bioremediation. Each soil was extracted for 30 minutes under each SFE condition, and finally
the soil residue was extracted overnight with CH2Cl2/acetone (1:1) to recover any PAHs not
removed by the pure CO2 extractions. Concentrations of individual PAHs in the untreated soil,
and after 1/2 year and one year of bioremediation are shown in Table 1.

Results for representative PAHs from these studies are shown in Figure 3, and their
SFE behavior appears to successfully mimic the actual field bioremediation behavior. For
example, the extraction of the untreated soil shows most of the naphthalene extracted in the
“fast” (or easily treated) fraction, i.e., at the mildest SFE conditions (from 0 to 30 min). Most
of the remaining naphthalene molecules in this sample require the strongest two extraction
conditions (from 60 to 120 min) to be removed from the soil. After 1/2 year of
bioremediation, the fraction of “fast” naphthalene is greatly depleted (Figure 3), while the
amount of naphthalene in the “slower fractions” (all SFE extracts after 30 minutes) remains
essentially unchanged. Finally, the same soil (after one year of bioremediation) shows almost
no naphthalene in the “fast” (0 to 30 min) fraction, but nearly the same amounts (and
extraction rates) of the naphthalene molecules located in the “slower” (60 to 90 and 90 to 120
min) fractions. Since the mass of “fast” naphthalene molecules is greatly reduced during
bioremediation (while the mass of the “slower” naphthalene does not appear to change), the
fraction of naphthalene in the “slower” fractions increases as the soil is treated. Based on the
naphthalene curve shapes in Figure 3, the naphthalene molecules originally in the “slower”
sites do not appear to reequilibrate to the “fast” sites as the “fast” naphthalene molecules are
removed. These results indicate that the “slow” naphthalene molecules do not become more
available as the “fast” ones are removed, at least over a one year treatment period.



For the middle molecular weight PAHs such as pyrene, the “fast” and “moderate”
(extracted with the second strongest SFE condition from 30 to 60 minutes) are largely
removed by the bioremediation, while the “slower” two fractions remain unchanged (Figure
3). Finally, the higher molecular weight PAHs (some of which are mutagenic and/or
carcinogenic) such as benzo[a]pyrene show no significant concentrations in the “fast”
fraction, and 2/3 or more of their mass is found in the “slowest” two fractions. As predicted
by the lack of “fast” benzo[a]pyrene molecules, little or no removal is achieved even after a
year of bioremediation (Table 1). Note also that (based on the SFE behavior), there appears
to be little or no migration of the benzo[a]pyrene from “slow” to “fast” sites during the one
year time period.

Figure 4 compares the effectiveness of the field bioremediation for one year with the
concentrations of “fast” and “moderate” PAHs determined by the sequential SFE extractions
of the untreated soil. The SFE plots show the original PAH concentrations (“total”), and the
PAHs remaining after the mildest (0-30 minute) SFE extraction (“minus fast”) and after the
mild and moderate (0-60 minutes) SFE extractions (“minus moderate”). For the lower
molecular weight PAHs, there is quite good agreement between PAH concentrations left in
the soil after 1/2 year of bioremediation and the “minus fast” concentrations determined by
SFE. Similar agreement exists between the 1 year of bioremediation and the “minus
moderate” SFE results. The agreement is not as strong for the middle molecular weight PAHs,
although the “minus moderate” SFE results generally agree well with the one-year
bioremediation results. Finally, the SFE results and the bioremediation results agree well for
the higher molecular weight PAHs, with the SFE predicting little or no removal, and the one
year of bioremediation achieving little or no removal of these PAHs.

Application of Step-Wise SFE to Other Samples

The use of the step-wise SFE procedure to mimic environmental processes has not
yet been applied to other soils, however, initial evaluations of two quite different PAH-
contaminated soils indicate that the selective behavior displayed by the MGP soil discussed
above occurs for other soils and sediments. Figure 5 shows the selective SFE extraction of
representative PAHs from a harbor sediment with relatively low levels of contamination (e.g.,
the concentrations of representative PAHs are naphthalene, 4 ppm; phenanthrene, 50 ppm;
pyrene, 46 ppm; chrysene, 23 ppm; and benzo[a]pyrene, 22 ppm) compared to the levels for
the MGP soil (Table 1). For this sediment, the majority of PAH molecules are found in the
“faster” PAH fractions compared to those of the MGP soil (Figure 3). A second soil
contaminated with lampblack from an oil gas MGP facility (the concentrations of
representative PAHs are naphthalene, 27 ppm; phenanthrene, 41 ppm; pyrene, 93 ppm;
chrysene, 48 ppm; and benzo[a]pyrene, 36 ppm) shows quite different behavior. For this soil,
very little of any PAHs are “fast,” and the SFE results indicate that this sample contains PAHs
in quite tightly-bound sites which may be very resistant to bioremediation or other
environmental processes.

Comparison of a Single SFE Condition with Water Release Kinetics

Our final developmental study into the use of selective SFE for the prediction of
PAH behavior was performed using a single SFE condition to generate extraction kinetic
curves in a form which fit kinetic models used for describing water desorption (and other
processes) of hydrophobic pollutants from soils and sediments (1,2). For these studies, SFE



conditions of 200 bar and 50°C were chosen to extract the MGP soil for 200 minutes. As
shown in Figure 6 for the untreated MGP soil, the majority of PAHs show a very rapid initial
extraction rate lasting to ~30 minutes followed by a slowly-released fraction at longer SFE
times. These results obtained in 200 minutes are analogous to water desorption curves
obtained over 120 days (unpublished results courtesy of Ray Loehr and Matt Webster,
University of Texas, Austin. See reference [2] for experimental details).

Based on their water desorption curves, Loehr and Webster determined a “fast” or
“rapidly-desorbed” fraction for individual PAHs on the same MGP soil used for our studies.
Although our results are only initial, we estimated an analogous “fast” fraction by somewhat
arbitrarily assigning the amount of PAHs (Figure 6) extracted by 30 minutes as “fast.” Table
II shows the “fast” fraction values determined by Loehr and Webster's water desorption with
our estimated values by SFE for the untreated soil and the soil remediated for 1/2 and one
year. Although our estimates based on these initial SFE studies are admittedly crude, the
trends with PAH molecular weight, and with treatment time shown by our estimates and the
water desorption data of Loehr and Webster are clearly similar. This initial success indicates
that further development of the SFE kinetic approach may yield a useful tool for rapidly
estimating long-term environmental processes such as water desorption.

CONCLUSIONS
Initial studies into the use of step-wise sequential SFE extraction and kinetic SFE

extractions of hydrophobic organics such as BTEX and PAHs for mimicking and predicting
environmental processes such as bioavailability and water desorption appear promising. The
results indicate that selective SFE may be able to predict the performance of biological
treatment of PAHs in soil and define environmentally acceptable endpoints in soil by
determining the fractions of each PAH species which is present in “fast” (or “loosely-bound”)
to “very slow” (or “tightly-bound”) sites in the soil matrix. In the future, we hope to conduct
several parallel studies with additional soils and sediments to further refine the SFE method.
Plans include studies to compare selective SFE's behavior of PAHs to environmentally-
important parameters including remediation behavior, earthworm uptake, and long-term water
desorption.
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Table 1. Change in PAH Concentrations in an MGP-Impacted Soil During Field Bioremediation.

PAH concentration (ppm)      

Untreateda 1/2 Yeara 1 Yeara

naphthalene   48 16   8.2
1-methylnaphthalene 120 22   6.4
2-methylnaphthalene 112 26   7.7
acenaphthylene 130 43 30
acenaphthene   78 16   5.7
fluorene 140 17 12
dibenzothiophene   70 15 13
phenanthrene 430 56 23
anthracene 110 26 14
fluoranthene 130 46 41
pyrene 200 79 82
benz[a]anthracene   74 48 46
chrysene   77 52 51
benzo[b,k]fluoranthene   88 73 58
benzo[e]pyrene   39 39 30
benzo[a]pyrene   51 54 43
perylene   11 11   8.3
indeno[1,2,3-cd]pyrene   19 16 14
dibenz[a,h]anthracene   12 12 12
benzo[ghi]perylene   27 25 26

Total PAHs by FID 6600 2500 2400

aConcentrations of individual PAHs in MGP soils sampled during bioremediation.
All results are based on triplicate extractions and analyses. RSDs were typically <10%.



Table 2. “Fast” or “Rapidly-Desorbing” Fraction of PAHs from Untreated and Treated MGP Soil Determined by 120-Day Water Desorptions
and by 200 Minutes of SFE

"Fast" Fraction (%)
                     Water Desorption                                                SFE                             

Bioremediation time Untreated 1/2 Year 1 Year Untreated 1/2 Year 1 Year

PAH

naphthalene 89 41 31 85 40 20
phenanthrene 88 59 58 90 75 60
fluoranthene 81 63 66 80 70 72
benz[a]anthracene 69 58 48 48 45 45
benzo[a]pyrene 35 45 25 15 20 15



Figure 1. Selective SFE removal of aromatics from two soils exposed in water columns for 8 months followed by no desorption (top) or 6 weeks of water
desorption (bottom) after exposure.  Each sequentially-stronger SFE condition was performed for 60 minutes (see Experimental for SFE details).
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Figure 2. Selective SFE removal of benzene, toluene, and m-xylene from two soils exposed in water
columns for 2 weeks or 8 months followed by 6 weeks of water desorption.  Each sequentially-stronger
SFE condition was performed for 60 minutes (see Experimental for SFE details).
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Figure 3. Selective SFE removal of representative PAHs from an MGP soil undergoing bioremediation in the field. Each sequentially-stronger SFE
condition was performed for 30 minutes (see Experimental for SFE details).
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Figure 4. Comparison of PAH removals from an MGP soil during one year of bioremediation (top) and
from the untreated soil with SFE (bottom).  The “minus fast” concentrations are those left on the untreated
soil after 30 minutes of SFE at the mildest condition (those from 0 to 30 minutes in Figure 3), and the
“minus moderate” concentrations are those remaining after the first two mildest SFE conditions (those
from 0 to 60 minutes in Figure 3).
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Figure 5. Step-wise SFE removal of PAHs from a harbor sediment and a lampblack impacted soil.  SFE conditions are the same as those for the
MGP soil (Figure 3) and are described in the Experimental section.
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Figure 6. Kinetic SFE removal of PAHs from the untreated MGP soil with SFE at 200 bar and 50 °C. 
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SUBSURFACE ENVIRONMENTAL ISSUES AT
NATURAL GAS DEHYDRATION SITES:

INTERACTIONS BETWEEN GLYCOLS AND
CONDENSATES IN SOILS

James A. Sorensen, Steven B. Hawthorne, and David J. Miller, Energy & Environmental
Research Center, University of North Dakota, Grand Forks, ND 58202

John A. Harju, Gas Research Institute,
8600 West Bryn Mawr Avenue, Chicago, IL 60631

ABSTRACT
Triethylene glycol (TEG) is commonly used to dehydrate natural gas streams.

The dehydration process can result in the concentration of hydrocarbon species
commonly known as “condensates.” TEG and condensates may be introduced separately
or together into the subsurface environment in the vicinity of a dehydration unit as a
result of spills, leaks, mechanical failures, and past disposal practices. The water
miscibility of TEG suggests that it may act as a cosolvent for less soluble hydrocarbons,
thereby increasing the subsurface mobility of the condensates. In 1998, a series of
laboratory-based research activities were conducted to determine the potential effects of
TEG on the subsurface mobility of condensate species in a variety of North American
soils. The results indicate that in some soils high concentrations of TEG in a soil−water
system can significantly enhance the mobility of benzene, toluene, ethylbenzene, xylene
(BTEX), and naphthalene.



INTRODUCTION

An examination of the literature on gas industry wastes indicated that wastes
associated with glycols from gas dehydration operations may be of some environmental
concern. These reviews concluded that 1) past disposal practices have resulted in the
release of glycol-related wastes into the subsurface environment, 2) the physicochemical
properties of glycols suggest that they may be readily transported in the subsurface and
act as cosolvents, and 3) regulatory scrutiny of glycols has increased in recent years (1).
At the same time, petroleum-related hydrocarbons commonly referred to as
“condensates” have also been the source of environmental concern at some natural gas
industry sites. In the past, condensates that were generated in association with natural gas
production and processing operations have occasionally been released to the subsurface
environment. In some cases, glycols and condensates have been released at the same site
in close proximity to each other.

The intention of this research is to provide the natural gas industry with data and
insights that will enable them 1) to significantly improve the assessment of the mobility
of subsurface condensate contamination at sites where it is known or suspected to have
occurred in conjunction with dehydration-related glycols and 2) to make sound risk-based
decisions for the management and remediation of that contamination.

GLYCOLS AND NATURAL GAS
DEHYDRATION

The dehydration of natural gas ensures smooth operation of gas transmission lines,
prevents formation of gas hydrates, and reduces corrosion of gas conditioning and
transmission equipment. The most common dehydration process used in the gas industry
is the glycol absorption/stripping process. While the actual number of operating glycol
units is unknown, it is estimated that at least 40,000 units exist in the United States and
over 100,000 exist worldwide (2). While no figures were available on the percentage of
gas dehydrated by glycol dehydrators, a literature search and discussions with gas
industry personnel indicate that a large majority of the dehydration is done using glycol-
based units. Since the 1950s, triethylene glycol (TEG) has been the most commonly used
glycol in natural gas dehydration processes. It has been estimated that TEG is used in
approximately 95% of glycol dehydration units (3). Since it is the most commonly used
glycol, the cosolvency experiments with gas condensate hydrocarbons were conducted
using TEG.

Glycols are aliphatic organic compounds and are members of a group of chemicals
referred to as the dihydric alcohols (diols). This group has the general formula
CnH2n(OH)2 and is characterized by the presence of two hydroxyl (OH) functional groups
linked to methylene (CH2) subunits. Ethylene glycols have the general formula
HO(C2H4O)nOH, where n can be 1 (monoethylene), 2 (diethylene), 3 (triethylene), or 4
(tetraethylene). Glycols are similar to water in that they are clear, colorless, and odorless
liquids. However, when compared to water, the glycols have a greater specific gravity
and viscosity at all temperatures, a higher boiling point, and a lower freezing point.
Glycols are categorized as completely miscible organic solvents (CMOS) and can,



therefore, act as solvents for some organic compounds, including most aromatic
compounds (4).

NATURAL GAS CONDENSATES AND
CONDENSATE-CONTAMINATED SOILS

Condensates are typically low molecular weight hydrocarbons coproduced with
natural gas. The hydrocarbons exist in the gaseous phase under temperature and pressure
conditions commonly encountered in petroleum reservoirs; however, they tend to
condense as the gas cools, such as occurs at natural gas dehydration units. Natural gas
production wells generate varying volumes of condensates. In some cases, the production
of condensates from a well can be profitable, but in other cases it is considered a by-
product waste stream. In either case, condensates have occasionally been introduced to
the shallow subsurface environment either through unplanned releases or, historically,
through the use of unlined flare pits. As with the dehydration process, the generation and
collection of condensates often occur at production facilities and gas processing plants.

In 1998, work was conducted to thoroughly characterize the nature of natural gas
condensate contamination in the shallow subsurface at gas production and processing
sites. The laboratory-based research activities were particularly focused on determining
the nature and concentrations of hydrocarbons present in several natural gas condensate
samples and in soils with known exposure to condensates. Both condensate and
contaminated soil samples were obtained from several North American gas production
and processing facilities, including plants in Wyoming, Colorado, New Mexico, and
Alberta, Canada.

The identification of all organics in the condensates and in the soil extracts was
based on high resolution gas chromatography−mass spectrometry (GC−MS) analysis.
Percent composition of the individual organics found in the condensates was based on
GC analysis with flame ionization detection (FID). The procedures and results of that
work are presented and discussed in detail in Hawthorne and Miller (5). The results of
those analyses showed that compositions of specific condensates varied with location. In
general, the major components of the condensates were straight-chained, branched, and
unsaturated hydrocarbons in the C5 to C10 range, although the Wyoming condensate was
unique in that it contained high concentrations of longer-chain n-alkanes, which had
higher molecular weight. In addition to the aliphatic hydrocarbons, each of the
condensates examined by the study also contained environmentally significant
concentrations of benzene, toluene, ethylbenzene, and xylenes (BTEX). Benzene
concentrations ranged from 0.15 to 3.6 wt% (of the total condensate mass), with the other
BTEX compounds being present in somewhat higher concentrations. None of the
condensate samples contained higher molecular weight aromatics (e.g., PAHs [polycyclic
aromatic hydrocarbons]) in significant concentrations (i.e., >0.1 wt%).



SUBSURFACE MOBILITY AND COSOLVENCY
Many risk-based corrective action (RBCA) determinations and site closure plans

are based to a large extent on the occurrence of BTEX. In particular, predicting the
mobility of BTEX and other hydrocarbons in the subsurface is a key component of any
risk-based modeling effort. Along with the meteorological, hydrogeological, and soil
characteristics of a site, these predictions are typically based on physicochemical
properties of each individual compound. Properties commonly used to predict the
adsorptive tendencies of a compound include octanol–water partitioning coefficients (Kow
values), organic carbon partitioning coefficients (Koc values), and aqueous phase–soil
partitioning coefficients (Kd values). Key soil properties affecting mobility include total
organic carbon, total organic matter, grain-size distribution, and pH.

Cosolvency effects caused by cocontaminants are not typically considered as part
of most RBCA determinations. Cosolvency is the effect of completely water-miscible
and/or partially water-miscible organic solvents on the solubility and sorption of
hydrophobic organic chemicals (6). As the concentrations of organic cosolvents increase,
sorption of hydrophobic organics will decrease, and organic contaminants are therefore
likely to be present at greater concentrations in pore water. Consequently, transport of the
organic contaminants would be greater than predicted by a strictly aqueous-based
transport model (7). If information regarding the cosolvent effects of a potential or known
cocontaminant is not included as part of the RBCA modeling efforts, then the subsurface
transport of the compounds of primary concern may be significantly underestimated.

Since aromatic hydrocarbons such as BTEX can be significant components of
condensates and condensates are often generated or handled at the same sites that glycols
occur, experiments were conducted in 1999 to determine the cosolvent effects, if any, that
TEG might have on BTEX in four different soils. Previous work had shown that BTEX
can also occur in glycol-based dehydration wastes, particularly “rich” glycol streams (8).
This gave further impetus to determine the nature of interactions between glycols and
hydrocarbons in soil and water. Along with the BTEX compounds, naphthalene was also
selected for evaluation because of its low vapor pressure (relative to BTEX), high Kow
and Koc values, and occasional presence in both condensates and glycol-based
dehydration wastes. Experiments were also performed to evaluate the effect of TEG on
the solubility of the selected hydrocarbons in weathered condensate-contaminated soils
from two natural gas processing facilities. All experiments used an aqueous solution of
40% TEG to reflect the minimum glycol concentrations commonly encountered in
dehydration wastes and to represent a scenario where a large volume of glycol-based
fluids are released onto a soil that already contains condensate.

COSOLVENCY INVESTIGATIONS
Understanding the environmental transport and fate of a compound, in particular

its subsurface mobility, requires an understanding of its interactions with soil and water.
A key parameter in describing the interaction of any compound with soil and water is its
aqueous phase–soil distribution coefficient (Kd), which quantitates the partitioning of a
compound between the aqueous and adsorbed states. This coefficient is indicative of the



potential mobility of the compound in the subsurface environment. The mathematical
expression of Kd is as follows (9):

Kd = Cs/Ce,

where

Cs = compound concentration adsorbed on soil surfaces (µg compound/g soil)

Ce = compound concentration in water (µg compound/mL water).

From this equation, it is evident that the greater the extent of adsorption (i.e., Cs >> Ce),
the greater the magnitude of Kd is and the lower the mobility of the compound. Mobility
classifications according to Dragun (1988) for compounds based on Kd values are Class I
(immobile: Kd >10), Class II (low mobility: Kd = 2−10), Class III (intermediate mobility:
Kd = 0.5−2), and Class IV (high mobility: Kd < 0.5).

Kd Value Determinations

Uncontaminated soils from three gas-producing regions of North America were
collected for performance of laboratory tests to determine Kd values for selected
hydrocarbons, both with and without TEG present. These soil samples were obtained
from the southwestern United States (New Mexico), the Gulf Coast (Louisiana), and the
northern Great Plains/northern Rocky Mountains (Alberta, Canada). Soils from these
areas were chosen to represent soil types that encompass a broad range of characteristics,
yet are typical of the major gas-producing regions of North America. The soils were
air-dried, sieved to remove cobbles and plant material, homogenized by mixing
machines, and placed into 50-gallon polyethylene drums for storage. The barrels
containing the soils were stored in a cold room. Key soil parameters that affect the
transport and fate of hydrocarbons were quantitated for the three base sediments. The
parameters include pH, total organic carbon (TOC), cation exchange capacity (CEC), and
texture. A fourth soil from a North Dakota wetlands was added to expand the range of
soil types and to include a material with high organic content. The results of these
analyses are presented in Table 1.

The experiments to determine Kd values for the hydrocarbons in uncontaminated
soils combined and equilibrated 1.5 g of soil with 8 mL of either pure water or a
water−TEG mixture of 40% by weight TEG for 72 hours. An aliquot was then removed,
spiked with internal standards (deuterated BTEX and naphthalene), and analyzed using
solid-phase microextraction with GC−MS.

Results of Kd Determinations

The results of the Kd determinations are shown in Tables 2 through 5. The
greatest cosolvency effects of TEG on the selected aromatic hydrocarbons were observed
in the North Dakota soil (Table 2). In this soil, all of the hydrocarbons displayed
significant reductions in Kd when TEG was present. The mobility classification for
benzene changed from intermediate to high and for toluene from low to high. The
mobility classification for ethylbenzene and m-xylene went from low to intermediate.
TEG had a tremendous effect on naphthalene mobility in this soil, changing its Kd value



by an order of magnitude and causing its classification to go from immobile to low
mobility. This soil was the only one where the Kd values for all compounds were
sufficiently high that the effects of glycol addition could be observed. The high organic
matter content of the North Dakota soil (5.6%) likely accounts for the significantly higher
Kd values than those observed in the other test soils.

In the Alberta soil (Table 3), BTEX Kd values were less than 0.5 with and
without TEG present, indicating its high mobility under both circumstances.
Naphthalene, however, experienced a significant reduction in Kd in the presence of the
glycol solution, going from 6.3 (low mobility) in water to 0.5 (high mobility) in 40%
TEG in water. Similar effects on BTEX and naphthalene were observed in the Louisiana
soil (Table 4), although the Kd for naphthalene in water was not as high as it was in the
Alberta soil. Kd values for BTEX and naphthalene in the New Mexico soil (Table 5) were
all less than 0.5 in both the water and 40% TEG in water solution, indicating that those
hydrocarbons are highly mobile in either case.

Experiments on Condensate-Contaminated Soils

The effect of TEG on the desorption of BTEX and naphthalene from the
contaminated soils from gas-processing facilities in Alberta and Wyoming was
determined by mixing and equilibrating (24 hours) 1.5 g of soil with 8 mL of either pure
water or a mixture of water and TEG (TEG = 40% by weight). The relative amounts of
hydrocarbon that were reported in each aliquot of solution were then compared.

The presence of 40% TEG in water increased the desorption of BTEX and
naphthalene into water by approximately 2- to 5-fold in both soils. Reproducibilities were
much better for naphthalene (RSDs [relative standard deviations] of 5% to 15%) than for
the lower molecular weight aromatics (RSDs of 10% to 50%) for replicate experiments.
The good reproducibility of naphthalene indicates that the source of error is more likely a
result of soil variations than analytical error.

The results shown in Table 6 are consistent with the results of the Kd evaluations
on the North Dakota soil (Table 2), showing that 40% TEG in water significantly shifted
Kd values for the same compounds. Note that, as required for Kd determinations, none of
the solutes exceeded their water solubility after the 72-hour exposure to the contaminated
soils (Table 7). The results demonstrate that the presence of TEG does not just increase
bulk solubility, but lowers Kd values and/or increases the rate of partitioning into water.

IMPLICATIONS

The prediction of contaminant transport used in risk assessment and RBCA
modeling efforts is generally based on the chemodynamics of single compounds in water.
In a simple aqueous-based transport model, some of these compounds, including some
hydrocarbons, may have a tendency to adsorb to soil and be expected to move slowly, if
at all, through the subsurface. In many cases, such transport predictions have been proven
to closely reflect reality. For instance, several recent studies have shown that the length of
BTEX plumes associated with gas stations throughout the United States is typically less
than 250 feet, regardless of the nature of the source and other hydrogeological and



meteorological variables (10−13). Since BTEX plumes associated with gas stations
generally do not include any cocontaminants that could be classified as CMOS, their
short plume lengths are essentially the results of the relationship between BTEX
interactions with soil and biodegradation.

However, in the realm of natural gas production and processing, a release of
aromatic hydrocarbons into the environment can occasionally include any number of
cocontaminants, not the least of which may be glycol. Previous characterization work and
anecdotal evidence from gas industry personnel show that glycols and aromatic
hydrocarbons typically associated with condensates can and do occur together not only as
wastes, but as subsurface cocontaminants. The results of the cosolvency investigations
described suggest that high concentrations of glycol, such as may be expected from an
unplanned release of glycol-based solution from a natural gas dehydrator, can
significantly enhance the mobility of BTEX and naphthalene in soils with high organic
matter content, where it would otherwise display low mobility.

From a natural gas industry standpoint, the most serious implication of these
results relates to the practice of using RBCA modeling in the development of a mitigation
plan for closure of a site contaminated with natural gas condensates and glycols. If the
presence of glycols and, more importantly, their cosolvency effect on at least some
condensate species are not properly taken into account, then the subsurface transport of
some hydrocarbons may be greatly underestimated. In the case of BTEX, which serves as
an important regulatory benchmark, an erroneous prediction of transport could be very
costly to the responsible parties. In short, the cosolvency data suggest that rather than
merely considering the well-documented mobility and biodegradability of BTEX on its
own, as observed at hundreds of gas station sites, the manager of a natural gas production
and/or processing site where dehydration is performed should also consider the potential
role that glycol may have in the movement of a suspected plume.
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Table 1. Base soil characterization data.

Parameter Alberta Soil Louisiana Soil New Mexico Soil North Dakota Soil

Sand (0.074 to 2 mm), % 25 15 39 NA1

Silt (0.005 to 0.074 mm), % 33 55 35 NA

Clay (<0.005 mm), % 42 31 26 NA

Total Organic Carbon, % 2.0 0.7 0.3 5.6
Organic Matter, % 3.6 1.2 0.7 7.6

Carbonate, % 4.7 0.2 1.6 0.9

Cation Exchange Capacity,
   milliequivalents/100 g

25.0 10.8 12.5 37.5

Moisture, % 2.0 1.7 1.3 1.3
Moisture Holding Capacity 46.7 28.4 25.3 NA

pH 7.6 5.2 7.7 7.2

1 Not available.

Table 2.  Effect of 40% TEG in water on soil−water partitioning (Kd) of
aromatics in North Dakota soil.

North Dakota Soil (5.6% organic matter)
Water, 72 hr 40% TEG in water, 72 hr

Benzene 1.4 <0.5
Toluene 3.2 <0.5
Ethylbenzene 6.4 0.6
m-Xylene 9.1 0.8
Naphthalene 46 2.1

Table 3.  Effect of 40% TEG in water on soil−water partitioning (Kd) of aromatics in Alberta soil.

Alberta Soil (2.0% organic matter)
Water, 72 hr 40% TEG in water, 72 hr

Benzene <0.5 <0.5
Toluene <0.5 <0.5
Ethylbenzene <0.5 <0.5
m-Xylene <0.5 <0.5
Naphthalene 6.3 <0.5



Table 4.  Effect of 40% TEG in water on soil−water
partitioning (Kd) of aromatics in Louisiana soil.

Louisiana Soil (1.2% organic matter)
Water, 72 hr 40% TEG in water, 72 hr

Benzene <0.5 <0.5
Toluene <0.5 <0.5
Ethylbenzene <0.5 <0.5
m-Xylene <0.5 <0.5
Naphthalene 1.3 <0.5

Table 5.  Effect of 40% TEG in water on soil−water
partitioning (Kd) of aromatics in New Mexico soil.

    New Mexico Soil (0.7% organic matter)
     Water, 72 hr    40% TEG in water, 72 hr

Benzene <0.5 <0.5
Toluene <0.5 <0.5
Ethylbenzene <0.5 <0.5
m-Xylene <0.5 <0.5
Naphthalene <0.5 <0.5

Table 6.  Effect of 40% TEG in water on the desorption of BTEX
and naphthalene from contaminated soils (µg desorbed/g soil).

Alberta Soil1 Wyoming Soil2

Pure Water 40% TEG in water Pure Water 40% TEG in water
Benzene 1.7 ± 0.3 2.1 ± 1.1 2.0 ± 0.7 4.0 ± 1.5
Toluene 6.9 ± 1.2 11 ± 3 44 ± 14 137 ± 37
Ethylbenzene 0.5 ± 0.2 2.9 ± 1.3 6.1 ± 1.1 28 ± 9
m-Xylene 8.6 ± 5.6 29.0 ± 9 195 ± 12 570 ± 100
Naphthalene 0.90 ± 0.04 2.1 ± 0.1 14 ± 1 58 ± 9
1  Based on triplicate determinations at each condition.
2  Based on six replicate determinations at each condition.

Table 7. Concentrations of BTEX and naphthalene in pure
water after 24 hours’ exposure to contaminated soil.

Concentration (µg/mL) Ambient Solubility
Alberta Soil Wyoming Soil (µg/mL)

Benzene 0.3 0.4 1800
Toluene 1.3 8.3 530
Ethylbenzene 0.1 1.1 170
m-Xylene 1.9 37 160
Naphthalene 0.2 2.6 31
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ABSTRACT

 ASTM is currently developing a Risk Based Corrective Action Procedure for
ecological risk at oil and gas exploration and production (E&P) sites. Considering the
large number of E&P sites in the United States, site-specific assessments at each of those
sites would be very labor and cost intensive. In this paper, we discuss the continued role
of “performance criteria” tied to Best Management Practices (BMPs) for evaluating and
managing these sites. A generic application of risk assessment – based on the tiered
RBCA philosophy – could serve as a useful technical tool for supporting or, if prudent,
modifying existing BMPs to insure that the operation and closure of sites is carried out in
a way that limits liabilities associated with potential environmental harm in a manner that
can be implemented easily and at comparatively low cost. The approach recognizes that
there may be some sites or production areas where more sophisticated assessments may
be appropriate. We discuss several major categories of screening criteria and how they
may eventually be utilized in a generic assessment and possibly in site-specific
evaluations.



OIL AND GAS EXPLORATION AND
PRODUCTION AND THE ENVIRONMENT

The oil and gas industry is extremely large and varied. In 1985, there were more
than 800,000 producing oil and gas wells distributed throughout 38 states in the United
States. These wells produced 8.4 million barrels of oil, 1.6 million barrels of natural gas
liquids, and 44 billion cubic feet of natural gas daily (1). Wells ranged in depth from 30
feet to over 30,000 ft and in production capacity from less than 10 barrels a day in
“stripper” wells to about 11,500 barrels per day (1). Oil and gas production today is at
5.91 million barrels of crude oil, 1.85 million barrels of natural gas liquids, and 53.7
billion cubic feet of natural gas per day, and there are more than 750 active rotary drilling
rigs in the United States (2).

In all of the operations necessary to explore and develop new wells and to
produce oil and gas in already developed wells, wastes are produced. These wastes vary
from waste drill and production cuttings and fluids to waste solvents from clean-up
operations and wastes produced in the maintenance and operation of equipment. These
various wastes have to be removed and safely disposed of during the operational phase of
each well and, collectively, during the closure of any existing well (3).

Of these wastes, the broad category of “gas and oil drilling muds and oil
production brines” was exempted by Congress from the hazardous waste requirement of
RCRA Subtitle C in the RCRA amendments of 1980, following EPA’s proposed
hazardous waste regulations of December 18, 1978 in the federal register, 40 CFR 250.46
(1). Following this exemption, the environmental assessment and protection at oil and gas
exploration and production sites falls within the purview of state agencies.

Many of materials at oil and gas exploration and production (E&P) sites may
pose risks to human health as well as to ecological receptors and have the potential to
cause environmental risk if not properly managed and disposed of. This issue continues
to be evaluated as new concerns about the environment develop. Typically Best
Management Practices (BMP) approaches have been used to judge and close these sites.
In recent years, there have been discussions concerning the adequacy of existing BMPs as
well as the role that risk assessment may play in site evaluation. This increased focus
parallels that being given to ecological risks in many other areas such as hazardous waste
site investigation and management of watersheds. To control the known or suspected
hazardous effects of these waste materials, many states with E&P activities are currently
establishing Ecological Risk Assessment (ERA) guidance, a process simplified by the
recent completion and publication of a final ERA guidance document by the EPA Risk
Assessment Forum (4).

The purpose of this paper is to introduce the concept of ecologically-based
screening criteria and to identify how they might be supported, developed, and applied to
minimize ecological risks at oil and gas exploration and production (E&P) sites. It is
presumed that such criteria will also serve to reduce environmental liabilities associated
with management of E&P areas.



ENVIRONMENTAL REGULATION AND
DEVELOPMENT

In the past, environmental concerns in connection to E&P activities were rather
limited. Lacking a fully developed plan to assess ecological risks, most state and federal
regulations intended for the regulation of E&P wastes were concerned with three readily
apparent issues: surface water quality, aesthetic requirements, and agreements made with
the landowner (5). As long as the landowner was paid for damage done to his property,
and as long as closed E&P sites did not adversely affect surface water and were
contoured to fit the surrounding landscape, no further assessments were needed for site
closure (5).

Since then, however, new insights in the fields of toxicology, ecology, and
environmental studies have sharpened the public awareness of the risk of environmental
harm. As a result, many federal and state environmental laws and regulations were passed
in the 70s, 80s, and 90s that aim to protect human health and the environment from
harmful waste management or discharges (3). As our understanding of the nature,
sources, and effects of environmental pollution increases, so do our concerns about a safe
and healthy environment, and the tools and measures of assessing ecological risks
become more refined. In contrast to the simple closure assessments in the past, the US
Environmental Protection Agency, as well as many state agencies, are now concerned
with an increasing number and complexity of ecological considerations.

In general terms, these agencies are concerned about the impairment of natural
ecosystems and habitats as well as the impairment of terrestrial or aquatic fauna due to
hazardous materials in the environment. More specifically, any contamination of soils
and/or sediments, any impairment of terrestrial or aquatic vegetation, and any reduction
of surface water quality may result in an impairment of natural ecosystems and habitats,
and thus should be addressed. An impairment to terrestrial or aquatic fauna, moreover,
exists when there is a significant reduction in species’ presence, an impairment of
species’ health or reproduction, or a significant change in the ecological relationships
among species. All of these endpoints of assessment need to be considered in the process
of evaluating ecological risks today.

APPLYING A RISK-BASED APPROACH
In view of the large amounts of hazardous wastes produced on E&P sites daily,

the potential of ecological risk exists at each E&P site and, accordingly, should be
addressed for each site. However, considering the great number and diversity of E&P
sites throughout the United States, a regular approach of assessing each closed site
individually for potential ecological risks from hazardous wastes appears not only very
labor intensive but also very cost intensive. It seems, therefore, reasonable to rely on
BMPs that encompass ecological risk-based considerations. While existing BMPs may be
adequate for many states or types of locations, it may be prudent for the industry as a
whole to use a generic risk-based approach to evaluate the adequacy of existing BMPs
and to identify conditions under which modifications should be considered. A risk-based
approach can also be used to identify the limited set of sites or areas for which more
detailed site-specific assessments are appropriate.



In applying a risk based approach, it becomes possible to identify generic risk
factors common to E&P sites, and to strategize the priorities given to these risk factors in
specific risk management goals. Using a risk-based approach, a set of screening criteria is
selected to indicate if potential ecological risk exists at an E&P site. These screening
criteria are used to divide all E&P sites into two categories (Figure 1). The first category
is comprised of the large number of E&P sites that meet the established screening
approach for closure and need no further, site-specific ecological risk assessments. Using
appropriate and defensible best management practices and performance/closure criteria,
most of the E&P sites can be managed to fit into this category by adhering to appropriate
BMPs that encompass ecological risk-based considerations. The other category is
comprised of a limited set of sites or E&P areas which did not meet the screening criteria.
For this smaller grouping of E&P sites, site-specific assessments may serve as a useful
tool for closure, as some potential risk to the environment may exist. This risk based
screening approach and its defensibility depend, of course, largely on the selection of
appropriate and defensible screening criteria and the establishment of BMPs that
encompass ecological risk-based considerations.

The Development of a Defensible Risk-Based Ecological Screening
Approach

In the past, many E&P sites have been assessed for exploration or closure
purposes, resulting in a lot of data about the ecological conditions around and on E&P
sites. One possible approach to identifying the ecological factors on and around E&P
sites, that may influence potential ecological risks, is to conduct a paper assessment of the
available data. This approach may be supplemented or substituted with a field
verification program, wherein a representative sample number of the existing E&P sites
is directly assessed in terms of ecological risk factors. The information contained and
conditions described in the ecological risk assessments (ERAs) for these representative
E&P sites could then be used to identify potential risk drivers and key ecological risk
factors at these sites. Based on this data review, all existing E&P sites could be divided
into preliminary groupings of similar risk characteristics and factors. Examples of
possible grouping criteria might be the size of the area of the E&P site, the overall
volume of oil or gas production at the site, the site’s proximity to other E&P sites and/or
sensitive environments or ecological receptors, and the general landscape in which the
site is situated. Grouping-specific risk factors could be identified, and screening criteria
could be developed to address these risk factors. At this point, a field verification
program or further paper assessment of existing E&P site ERAs could be completed to
evaluate the grouping criteria. Groupings might be combined or divided, or newly created
to decrease variability in the risk factors found in these ERAs. Once final groupings of
similar E&P sites have been established, the ERAs completed for a representative
number of these sites could be examined to identify the final grouping-specific ecological
risk factors. Screening criteria addressing these specific risk factors could be developed
and used as performance criteria in future and operational facilities or as closure criteria
for existing sites. Upon implementation of these grouping-specific screening criteria, the
ecological risk at each site within that grouping would be characterized sufficiently to
make further ecological risk assessments unnecessary, unless any one screening criterion
is not met. In such a case, a site-specific ERA might have to be completed.



Ecological Screening Tools

Having reviewed the general strategy of the application of ecological risk
assessment tools to E&P sites to facilitate evaluation and/or closure of these sites, it
becomes necessary to take a closer look at the screening criteria used to characterize
ecological risk. Screening criteria are useful tools for determining when an ecological
risk assessment for a site may be appropriate and also for identifying risks that should be
addressed early on in the assessment process. Relevant ecological screening criteria are
“generic, non site-specific ecological criteria or guidelines that are determined to be
applicable to relevant ecological receptors and habitats, exposure pathways, and site
conditions […]” (6). Typical screening criteria used in ecological risk assessments
include environmental “performance criteria” associated with the permitted activities
conducted at a site and the proximity of a release of potentially toxic or hazardous
materials to relevant ecological receptors and their habitats. Furthermore, the
characteristics of the release, the characteristics of released chemicals, and various
applicable benchmark concentrations are important basic screening tools (6). With
knowledge of the criteria that are important for screening, BMPs can be established to
insure that the criteria would be met.

Given the variability of E&P sites in the United States alone, it is difficult to
determine which screening criteria would be appropriate for all E&P sites, and yet site
specific and thorough enough to indicate potential ecological risk at any one site. To
fulfill this task adequately, a quick but comprehensive characterization of the existing and
future conditions at E&P sites should be completed.

First, any site conditions or factors that could result in ecological risk need to be
identified. In order to have ecological risk, four conditions must be met (Figure 2): a
valued ecological receptor needs to be potentially present, there has to be at least one
potentially complete exposure pathway, the exposure level needs to be high enough to
cause potential harm, and the effects of exposure need to be adverse (Figure 2). All of
these factors can be quickly assessed using a careful selection of screening criteria. If any
one of these risk factors is not present or negligible at a site, the site poses negligible risk
to the ecological receptors of concern. It is, therefore, important to identify all the
possible factors that could contribute to increasing ecological risk when left unaddressed
or that could minimize ecological risk when properly managed.

To screen for the presence of and the exposure site proximity to valued
ecological receptors, a variety of screening tools may be used. The valued ecological
receptor can be an individual, a group, a community, or a whole habitat with many
organisms that is valued either intrinsically or for a specific useful or necessary quality.
Various state resource management and environmental regulatory documents provide
guidance as to which ecological receptors are commonly considered valuable (6).
Contacting local or regional natural resource agencies or making direct field observations
are two of the simplest ways to determine if these valued ecological receptors are present
at or near a site. The federal and state agencies publishing these documents should be
contacted to confirm any chosen relevant ecological receptor and/or habitat. Listed
receptors in federal and state environmental resource regulation documents usually
included: 1) rare, threatened, or endangered species, 2) ecologically important species,
and 3) recreational or commercially important species. Habitats usually listed include: 1)
wetlands, 2) aquatic habitats such as streams, rivers, lakes, and estuaries, 3) forests and



other ecologically important terrestrial areas, and 4) habitats that have been designated as
sensitive or of special interest (6). Detailed site characterization information about the
land use surrounding the site, the presence of sensitive environments or species on or
near the site (e.g., state/federal parks, wildlife refuges, preserves, etc.), and the
percentages of the site that are terrestrial, aquatic, or wetlands can greatly facilitate the
identification of valued ecological receptors. If no valued ecological receptor is present
within the zone of influence of a site, the site does not pose any risk. With respect to
BMPs, it may be appropriate to modify them based on the presence or absence of certain
ecological resources. For example, the presence of a valued wetland or groundwater
resource may require the use of extra measures to prevent releases.

The second factor that needs to be assessed to determine the possibility of
ecological risk is the presence of at least one potentially complete exposure pathway that
connects the source with the receptor. Again, detailed site characterization information
can be very helpful. The surface area of the site (square feet, acres, hectares, square
miles), its present use, the topography of the site, the hydrogeological conditions at the
site, evident signs of a chemical release, and accurate site maps containing structures,
sampling locations, and other relevant information allow for a quick identification of
potential exposure routes (6). Many E&P sites may have very similar pathways of
exposure in terms of potentially contaminating the same or similar media that cause
exposure, a criterion which could be used to group these sites. On the other hand, the
setting of a site influences this factor considerably, since contaminated media might
disperse very differently in, for example, a desert setting as compared to a coastal
wetland setting. Many existing BMPs address exposure issues. For the most part, these
focus on the potential for contamination of groundwater. Other exposure pathways that
could be important (depending on proximity of ecological resources) include direct
contact with soil, wastewater, or other waste materials and surface runoff to water bodies.
BMPs could be developed to minimize these pathways where they are potential risk
drivers.

If there is a valued ecological receptor present and it is exposed to the materials
or conditions of concern through a potentially complete exposure pathway, it must be
examined if the exposure levels are sufficient to cause a potential risk. The exposure
levels, which are the third condition, may be high enough to cause potential risk if the
magnitude of the exposure is great enough, and/or if the duration of exposure is long
enough to cause a risk of harm to the ecological receptor considered. Thus, spatial and
temporal scales may be very important tools in the screening process to determine if
potentially significant exposure conditions exist (7, 8) and if risk estimates are
ecologically significant (9, 10). Where exposures might occur, BMPs related to managing
exposure concentrations could be considered as a means for minimizing risk.

The spatial scale of a site may be used as a screening criterion to focus an
ecological assessment or to be the basis for determining that an ecological risk
assessment is not needed at a site, depending on several factors. A small terrestrial area
(i.e. habitat < 2 acres in Massachusetts, Pennsylvania, or Washington) may be considered
by regulatory agencies too small to pose an ecological risk, if there are no areas of special
concern and the site poses no risk of acute toxic effects or contaminant migration.
Aquatic systems, on the other hand, are never judged too small to pose ecological risk,
since contaminants migrate much more readily in this medium. Furthermore, since
ecological risk is often assessed based on populations, the larger the area of exposure is,
the larger the potential for risks to populations becomes. If any endangered or threatened



species are present, any exposure to an individual is considered to be a risk to the
population. Examples of species-specific information related to spatial scales include
foraging areas, breeding areas, areas where individuals may congregate, and areas over
which local populations are distributed, most of which is available in literature reviews
such as the U.S. EPA’s Wildlife Exposure Factors Handbook (11). Even though plants
are non-mobile, spatial scale considerations are applicable for them, too, since individual
plants may only cover less than a square centimeter, but populations of the same plant
may cover several square kilometers. Using this risk factor as a screening criterion, E&P
sites might be stratified by site size and/or site proximity to other E&P sites. Small sites
potentially affect only small parts of the populations of larger animals or plants, and
isolated sites may have only negligible effects on populations. In contrast, a cluster of
very small sites as well as any large sites may create a much larger area of potential risk.

The same consideration should be given to temporal scales. Temporal scales may
vary on the account of the nature of the chemical contaminants, the manner in which the
release occurred, the physical characteristics of the environment, and the biology of the
receptors that may be affected. Many of these factors may be known by carefully
monitoring any potential releases and by achieving a thorough site characterization. On
the biological side of this criterion, moreover, different species’ populations may be
affected differently by the same duration of exposure due to their differences in
generation times, recruitment, dispersal, and immigration (6). Again, specific knowledge
about the ecological receptors of concern is fundamental in assessing possible ecological
risks from exposure duration.

Lastly, the hazards or effects associated with the chemical or physical alterations
on site are considered. The more harmful the possible effects and hazards of those
alterations are, the more serious the potential risk to the ecological receptor becomes. In
this context, potential population effects of any kind or visible effects on the habitat are
considered most critical in identifying potential ecological risk. Analytical data for site
media may be compared to conservative ecotoxicological benchmark values found in
scientific and regulatory literature to give a rapid indication of any potential adverse
ecological effect. Biosurvey techniques, such as the Rapid Bioassessment Protocals (12),
are also good tools for detecting impairments and assessing their relative severity,
without, however, giving any indication about the causative agent and the source.
Already collected information in existing ERAs of E&P sites may provide some inside
into the severity of the potential risk associated with specific activities at E&P sites. This
type of information could be used to identify effects-related ecological risk drivers and to
develop screening criteria that specifically address these, such as benchmark values for
potential contaminants or severity levels of site conditions that might be used as
performance and/or closure criteria to minimize ecological risk.

Integrating the Risk-Based Approach

Once the factors contributing to ecological risk at E&P sites are understood based
on experience and on information developed from the generic assessment, it is possible
to: 1) to identify screening criteria appropriate for different categories of E&P sites, 2)
support existing and or identify new BMPs that encompass ecological risk-based
considerations, and 3) outline a tiered process by which most sites would be addressed
and closed simply while some groups of sites would benefit from site-specific
assessments.



Potential risks may include chemical hazards resulting from the use of hazardous
chemicals in the oil exploration and production process, as well as physical hazards
resulting from physical alterations of the E&P site or waste materials produced there and
their disposal sites. Some of these potential risks are regulated by “performance criteria”
established a priori by federal, state, or local agencies. The “performance criteria” are
designed to set the bounds on what risks and potential releases are acceptable for a
specific action or type of action, and thus serve as screening criteria for judging the
acceptability of environmental harm or conditions associated with these actions (6).
These criteria are tightly regulated within written permits and provide a quick guide if
further risk assessments are necessary. It is important to note, however, that these criteria
may be revisited from time to time to ensure that they remain applicable and that
environmental harm is within acceptable bounds, so that it may be prudent in the long run
to implement visioning to avoid environmental harm to the extent feasible.

Looking through state and federal regulations concerning the operation and
closure of E&P sites, such E&P site screening criteria may include state water quality
standards and screening levels of waste material conductivity, pH, total petroleum
hydrocarbons (TPH) levels, and concentrations of some metals (1). In addition, screening
criteria for the sustainability of native plants, the proximity of the site to surface- or
groundwater resources (especially areas deemed “sensitive”), site restoration to
conditions compatible with previous use, site size, and waste disposal that causes “no
harm” to health or the environment should be considered.

After these additional criteria have been considered and evaluated, the existing
BMPs and operational and closeout requirements need to be evaluated. Many hazards
resulting from E&P activities are already addressed specifically in the operational and
closeout requirements of these sites (3). It is important, however, that the regulations and
requirements in place are reevaluated in terms of their efficiency in reducing all identified
potential ecological risks.

Finally, optimized, generic criteria can be developed that minimize ecological
risk or indicate when risk needs to be addressed further. Core structures in the
environmental safety guidance, closeout criteria, and existing BMP guidelines of E&P
sites could be augmented by including such criteria to maximize each facility’s ability to
prevent ecological risks before they occur.

In the event that more sophisticated site-specific assessments are needed, many
states and the ASTM have been developing procedures for conducting such assessments.
Efforts are underway to consider how these more sophisticated assessments could be
applied to sites similar to those associated with E&P operations. Such assessments may
be appropriate for certain circumstances that include larger sites or aggregates of many
sites located near sensitive ecological resources. However, we believe that a defensible
set of screening criteria and BMPs will limit the need for site specific assessments.

CONCLUSIONS
Following the exemption of oil and gas drilling muds and oil production brines

from the hazardous waste requirement of RCRA in the RCRA amendments of 1980, the
environmental assessment and protection at oil and gas exploration and production sites



falls within the purview of state agencies (1). Since then, he state agencies typically left it
to the industry to judge and close these sites using Best Management Practices (BMP)
approaches. In recent years, however, the ecological impacts of human land-use are given
more consideration and there have been discussions concerning the adequacy of existing
BMPs. As a result, many states with E&P activities are currently establishing Ecological
Risk Assessment (ERA) guidance, a process simplified by the recent completion and
publication of a final ERA guidance document by the EPA Risk Assessment Forum (5).

Ecological risk assessments generally require the study of site-specific factors
contributing to potential ecological risks at any given site under evaluation. Given the
large number of oil and gas E&P sites with many similar potential risk characteristics,
this individual site approach appears to be extremely work and cost intensive. We
propose, therefore, the application of a tiered ecological risk assessment approach to the
evaluation of oil and gas E&P sites to simplify this assessment process.

Data collected from paper and/or field ecological risk assessments might indicate
a number of key ecological factors that may be used to evaluate ecological risk. Based on
these ecological factors, a site stratification strategy could be established, by which the
existing sites are divided into groups of sites with similar environmental and site
conditions. The factors relevant for each site grouping could be identified and the
potential ecological risks for these groupings could be assessed grouping-specific.
Having established the potential ecological risks in each grouping, a further field and/or
paper assessment could be used to evaluate the extent to which these risks are realized in
the environment. These generic ecological risk approaches may identify ecological risk
drivers in E&P operation and closure procedures not previously addressed, information
that could be used to enhance and build upon existing BMPs.

Using these defensible screening criteria as well as the BMPs, many E&P sites
could be screened out early on in the assessment process, and only a significantly smaller
portion of the totality of the E&P sites would possibly proceed to more site-specific
ecological risk assessments. This screening-level approach is defensible if the goals (i.e
the screening levels, benchmarks, criteria and risk definition used) of the ecological risk
assessment is ecologically responsible and ecological risk drivers are considered in BMPs
and operational & closure procedures.
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Figure 1. The application of screening criteria on E&P sites, using the risk-based approach.

Figure 2. Ecological risk factors at E&P sites.



ASSESSING THE BIOAVAILABILITY OF
PETROCHEMICALS IN SOILS USING

CHEMICAL AND BIOLOGICAL MEASURES.
K. Duncan 1*, M. Carey 1, P. Rider 1**, A. Stepp 1***,

B. Miller 2, Roman Lanno 3, and J. Wells 3.
1 University of Tulsa, Tulsa, OK, 2 University of Oklahoma, Norman, OK, 3

Oklahoma State University, Stillwater, OK.
Current affiliation: * University of Oklahoma, Norman, OK, ** University of Toronto,

Toronto, Ontario, Canada, *** Geo-Microbial Technologies, Ochelata, OK

ABSTRACT
The purpose of this research was to compare chemical and biological measures in
determining the bioavailability of petroleum hydrocarbons in contaminated soils.
Petrochemical-contaminated soil samples were obtained from areas of the Nature
Conservancy Tallgrass Prairie Preserve, Pawhuska, OK, where breaks in oil production
pipelines had occurred. Samples were obtained from recent spill areas (January, 1999),
areas containing weathered product (spill in February 1991), and from reference areas.
Chemical measures of bioavailability included total petroleum hydrocarbon analysis
(TPH, by IR and by GC) as a standard method for comparison, and sampling using semi-
permeable membrane devices (SPMDs) and solid-phase microextraction fibres (SPMEs).
Hydrocarbon availability using SPMDs and SPMEs was conducted both in situ and in
laboratory samples. Numbers of representative PAH-degrading bacteria relative to
numbers of representative heterotrophic bacteria present in the soil samples were also
assessed to determine how differences in petrochemical bioavailability affect microbial
community structure.



INTRODUCTION
By definition, the bioavailability, or availability of chemicals in soil to ecological

receptors can only be determined by measuring the uptake and/or metabolism of
chemicals by organisms. In soils, bioavailability is usually described in terms of chemical
uptake by soil-dwelling macroscopic organisms or the ability of microbes to metabolize
chemicals. Only a small fraction of total organic chemicals in soil is actually
bioavailable, and this will vary with soil composition. Total chemical levels in a soil are
usually determined following vigorous extraction with organic solvents or supercritical
fluid, often grossly overestimating the bioavailable fraction of chemicals. The estimation
of the bioavailable fraction of contaminants in soils is essential for the development of
soil quality guidelines and to focus soil remediation efforts.

Soil bioassays provide an indirect estimate of bioavailability and may be
confounded by other soil physical/chemical characteristics (e.g., particle size
distribution). However, if the bioavailable fraction of chemical could be related to
toxicological responses then it would be possible to pattern and develop chemical
methods to mimic bioavailability.

One method of estimating bioavailability is measuring residues of contaminants
in soil organisms. Another approach is to model bioavailability using an organism
surrogate, or biomimetic model, such as a passive sampling device (PSD). PSDs mimic
the way organisms bind organic molecules by providing nonpolar or lipophilic matrices,
which accumulate lipophilic organic contaminants from the external medium (1). PSDs
have a number of advantages over live organisms including ease of deployment, low
production and maintenance costs, transportability, and applications to a wide variety of
soils. Once lipophilic organics accumulate in PSDs and they are analytically identified
and quantified, it is necessary to interpret these residues by calibration to residue levels
and biological responses in soil organisms, and to microbial activity. Chemical residues
and kinetics in earthworms (i.e. bioavailability) related to biological responses such as
growth and survival are termed critical body residues (CBRs) (2, 3) and can be compared
to residues and kinetics of chemicals in PSDs in order to make bioavailability
comparisons. Bioavailability, as estimated by PSDs, would also be useful in assessing the
bioremediation potential of soil and as a guide for corrective measures. The rate of
bioremediation of crude oil typically decreases rapidly after an initial period of several
weeks of intense activity, even though microbes with the requisite enzymatic capability
may be present, and compounds may still be chemically extracted from the soil. It has
been assumed that these compounds are no longer bioavailable, although this assumption
has been difficult to test due to lack of methods to assess bioavailability. PSDs may
provide the necessary methods.

The two most promising PSD technologies in assessing the bioavailability of
chemicals in soil are semi-permeable membrane devices (SPMDs) and solid phase
microextraction (SPME) fibers (Supelco Inc., Bellefonte, PA). SPMDs are membranes
composed of low-density polyethylene (LDPE) layflat tubing filled with a known weight
of neutral lipid (triolein) and have been shown to effectively mimic the function of
bipolar lipid membranes in uptake of lipophilic contaminants (1). SPMDs have been used
effectively to assess toxicant bioavailability in water and sediment systems (1, 4), but
their application to soil systems remains to be examined in detail. Solid phase
microextraction (SPME) fibers represent an even simpler PSD technology that enables



the sampling of volatile and non-volatile hydrophobic organics with the added benefit of
no extraction and concentration procedures prior to GC analysis (5, 6).

The objective of this research is to examine the potential of various biomimetic
surrogates in estimating the bioavailability of petroleum hydrocarbons from soil and
validate this using biological responses. Bioavailability, as estimated by PSDs, will be
compared to microbial activity and the number of microorganisms capable of degrading
specific chemical residues accumulated in PSDs to more accurately determine
environmental factors limiting biodegradation. The importance of this approach lies in its
immediate applications to assessing bioremediation potential and in ecological risk
assessment by providing a quantitative measure of the fraction of total chemical that is
bioavailable from soil. The ultimate objective of this research is to be able to use PSDs as
a rapid, inexpensive, screening tool for estimating the bioavailability of nonpolar
contaminants to determine if toxicity testing or site cleanup is actually necessary. If a
biomimetic surrogate for estimating the bioavailability of chemicals in soils was
calibrated to biological responses, this would result in reduced reliance on toxicity testing
for many chemicals.

MATERIALS AND METHODS
Site selection

Field sites selected for this study were from the Nature Conservancy Tallgrass
Prairie Preserve, Pawhuska, OK. Although this area is a nature preserve, there are still
many operating oil wells. A recent pipeline break (January 1999) resulted in an area of
contamination composed of two lobes (North and South; Fig. 1). Preliminary TPH
measurements in this area (unpublished data from K. Sublette, U. of Tulsa) suggest that
the North lobe is more heavily contaminated (mean approx. 31,000 mg/kg) than the
South lobe (mean approx. 4,400 mg/kg), providing a gradient of recent contamination.
Two different types of reference sites were also used in the tests. SPMDs were deployed
at reference sites upslope of the north lobe of the oil spill in order to establish baseline
tall grass prairie conditions and the variability of these baseline conditions. A tilled,
untreated area that serves as a control for the tilling of the oil-contaminated areas served
as a soil treatment control. Prairie seed hay was added to the tilled prairie and to the
North Lobe. Half of each lobe of contamination was treated with nutrients (C:N:P:K
100:1:0.3:0.3, N as ammonium nitrate, P as superphosphate, K as potassium oxide) to
examine the effect of amendments on the bioavailability and degradation of
hydrocarbons.

Application of PSDs

Four SPMDs were deployed in each of the prairie and tilled reference areas and
in the two sections of the north lobe of the spill. Three SPMDs were placed in each half
of the south lobe of contamination, for a total of 22 SPMDs. The SPMDs were placed at a
depth of approximately 15 cm and covered with the soil that was removed in the
preparation of the hole. Orange flagging tape was attached to each SPMD and the area
was marked with four orange flags for ease of location. The SPMDs were deployed under
field conditions for three weeks and then sent to Environmental Sampling Technologies



(St. Joseph, MO) for dialysis and GPC cleanup. Hydrocarbon content of the dialysate will
be analyzed by GC-MS.

Bioavailable petroleum hydrocarbon (BPH), using a solid-phase microextraction
fiber, will be determined according to the method of Parkerton and Stone (6). One g of
soil was suspended in 250-mL flask filled with reagent grade water, placed on a stir plate,
and sealed with a stopper adapted to accommodate the SPME/holder assembly. Minimal
head space was present in the flask, the SPME plunger is depressed and the SPME
deployed into the solution and allowed to equilibrate for 16-24 hours as the solution is
stirred. The SPME is then removed, rinsed with water to remove any particles, and is
deployed directly to a GC injection port for chromatographic quantification.

Total petroleum hydrocarbons (TPH)

The TPH level of the soils were analyzed by standard EPA Methods 418.1 (IR)
and 8015-B (GC) by Soil Analytical Services, Inc. (SASI), College Station, Texas. Soil
samples were shipped by overnight delivery to SASI in completely filled glass jars with
Teflon -lined lids. On two occasions samples were also evaluated in-house (University
of Tulsa, Dept. Chemistry, supervised by Dr. William Potter) with Petroflag  (Dexil
Corp.), which uses a spectrophotometer to measure the turbidity produced by
hydrocarbon-surfactant micelles after suspending the soil in a proprietary solution.

Soil chemistry

Soil samples from the treatment areas and from two uncontaminated, undisturbed
areas in May, 1999 for soil chemistry analysis (7). Chloride, sulfate, nitrate, and
phosphate levels were measured in water extracts of soil by ion chromatography (IC),
while calcium, magnesium, and sodium levels were determined by inductively-coupled
plasma spectrometry (ICP) (University of Tulsa, Dept. Chemistry, supervised by Dr.
William Potter).

Soil sampling for microbial enumeration

Soil was collected for microbial enumeration with a sterile polyethylene
centrifuge tube (50-mL size, approximately 5-cm diameter by 18 cm long) pushed into
the soil at a depth of 1-8 cm. Four samples were taken per sampling location, all within a
one-foot radius of a SPMD, and collected into a sterile Whirlpac  bag for transport back
to the laboratory. Soil was stored in the Whirlpac  bag at 4o C for no more than three
days before being composited by thorough mixing in a sterile glass beaker. A subsample
was withdrawn for microbial enumeration and for estimation of soil moisture. Soil
moisture was determined by gravimetric measurement of two 10-g samples (wet weight)
after oven drying. All bacterial counts were expressed as per gram of soil (dry weight).

Aerobic heterotrophic bacteria and naphthalene-degraders

A soil suspension of composited soil was made for a series of ten-fold dilutions.
Soil subsamples (5 g) were removed from each Whirlpac  bag and placed in a sterile 50-
mL tube containing 25 mL of sterile isotonic saline (0.85% NaCl, pH 7.0) and 100 ug/mL
cycloheximide (cxy, Sigma Chemical Co., St. Louis, MO.) as an anti-fungal agent. The



suspensions were mixed thoroughly by vortexing, diluted, and spread-plated (three
replicates per dilution) on either PCA (Plate Count Agar-Difco) with cxy for total aerobic
heterotrophs or mineral salts agar (MS, 8) with trace metals and cxy containing
naphthalene (NAP) added as crystals on the bottom of the plate lid for naphthalene-
degraders. All plates were incubated at room temperature; colonies on PCA plates were
counted after 48 hrs and again at one week, while colonies on NAP plates were counted
after one week and again at two or three weeks, depending on their rate of growth.
Individual colonies on NAP plates were transferred with a sterile toothpick from their
original plates to two different sets of plates, one containing the same medium as the
original plate, the other consisting of MS agar without any added hydrocarbon. This
allowed confirmation of the ability of these isolates to utilize hydrocarbons by their
abundant growth, or their lack of growth on the MS agar.

RESULTS
Preliminary results show that SPMDs deployed in the north lobe of the spill site

accumulated aromatic hydrocarbons (Fig. 1). Analysis by GC-FID showed the presence
of hydrocarbons in the C18-24 range. Further analysis by HPLC showed the presence of
a number of PAHs. The levels of two PAHs present in the SPMDs, phenanthrene (PHE)
and benzo(a)pyrene (BaP), are currently being quantified by comparison to known
standards.

As seen in previous studies of crude-oil contaminated sites in the Tallgrass
Prairie (8), the numbers of hydrocarbon-degrading bacteria, represented by aerobic
heterotrophs capable of growth on naphthalene, were elevated in comparison to samples
taken from the tilled, uncontaminated prairie and a nearby aged spill site (SO, Figure 2).

In general, TPH levels decreased over the course of the season, as expected
(Figure 3), with the exception of the Oct. 9 Petroflag  samples. Soil samples collected
shortly before tilling and fertilizer application took place confirm that there was no
contamination with brine (Table 1).

DISCUSSION
SPMDs deployed in the north lobe of the spill site accumulated PAHs during

exposure in soil, suggesting that PSDs, such as SPMDs, can accumulate lipophilic
contaminants from soil under field conditions. Further chemical analysis is necessary to
determine if other hydrocarbons (e.g. aliphatic) were also absorbed by the SPMDs. Under
laboratory conditions, SPMDs have been observed to take up greater levels of
hydrocarbons, so optimal conditions required for enhanced uptake of hydrophobic
contaminants from soil (e.g., moisture content) need to be determined. Work in progress
also involves the determination of bioavailable hydrocarbons from contaminated soils
using solid-phase microextraction (SPME) techniques and also the tests examining the
bioaccumulation and toxicity of hydrocarbons from these soils by earthworms.

The microbial data confirm the SPMD results that hydrocarbons are bioavailable
at this time. Interestingly, a sample taken in October suggests that the number of



naphthalene-degraders in the tilled site and the aged spill site may be elevated in
comparison to the number in undisturbed prairie. Ongoing work includes evaluating
differences in bacterial species composition at the various sites, using traditional methods
of characterization, as well as molecular genetic techniques, in order to assess with
greater sensitivity and precision the microbial response to hydrocarbons, and to
distinguish such a response from that resulting from disturbance (e.g., tilling).

Heterogeneity of the distribution of oil prevents strict comparisons between soils
sampled at different times using alternative methods of measuring TPH levels,
nevertheless, the discrepancy between the Oct. 9 levels measured by Petroflag , and
those expected from continuing the downward trend seen with GC and IR, make us
hesitant to recommend the exclusive use of Petroflag  for TPH measurements at this
time in spite of its low cost and rapidity.

ACKNOWLEDGEMENTS
Soil chemistry and Petroflag  TPH analyses were performed by the following

students under the supervision of Dr. William Potter, Dept. Chemistry, University of
Tulsa, Tulsa, OK: A. Burn, N. Potter, J. Nguyen, A. Vinh, A. Taylor, N. Carter, Y.
Tekleab, J. Middlebrook, C. Waggoner, and T. Sublette.

LITERATURE CITED
1. Huckins, J.N., Tubergen, M.W., and Manuweera, G.K., “Semipermeable Membrane

Devices Containing Model Lipid: A New Approach to Monitoring the Bioavailability
of Lipophilic Contaminants and Estimating Their Bioconcentration,“ Chemosphere,
20, 533-52 (1990).

2. Fitzgerald, D., Warner, K. A., Lanno, R. P., and Dixon, D. G., “Assessing the Effects
of Modifying Factors on Pentachlorophenol Toxicity to Earthworms: Applications of
Body Residues,” Environ. Toxicol. Chem., 15, 2299-2304 (1996).

3. Lanno, R.P. and McCarty, L. S., “Worm Bioassays: What Knowledge Can Be
Applied From Aquatic Toxicity Testing?,” Soil Biol. Biochem., 29, 693-697 (1997).

4. Huckins, J.N., Manuweera, G.K., Petty, J.D., Mackay, D., and Lebo, J.A, “Lipid
Containing Semipermeable Membrane Devices for Monitoring Organic
Contaminants in Water,” Environ. Sci. Technol. 27, 2489-96 (1993).

5. Verbruggen, E.M.J. Predicting Hydrophobicity, Bioconcentration, and Baseline
Toxicity of Complex Organic Mixtures. Ph.D. Thesis, University of Utrecht, The
Netherlands. 186 p. (1999).

6. Parkerton, T.F. and Stone, M. A., “Ecotoxicity on a Stick: A Novel New Analytical
Method for Assessing the Toxicity of Hydrocarbon-contaminated Samples”.
Bioavailability Workshop Proceedings, Pinawa, Manitoba (1998, In press).



7. Janzen, H. H., “Soluble salts”, p. 161. In M. R. Carter (ed.), Soil Sampling and
Methods of Analysis, Lewis Publishers, Boca Raton, FL (1993).

8. Duncan, K. E., Kolhatkar, R., Subramanim, G., Narasimhan, R., Jennings, E.,
Hettenbach, S., Brown, A., McComas, C., Potter, W., and Sublette, K.,“Microbial
dynamics in oil-impacted prairie soil”. Appl. Biochem. and Biotech., 77-79, 421-434
(1999).



Table 1. Soil Chemistry

Site Cl- SO4
= NO3

- PO4
- Ca2+ Mg2+ Na+

N-t 19.5* 2.2 2.2 0.1 9.8 0.5 6.1
N-t, f 29.3 2.8 2.8 0.3 9.0 0.7 9.4
S-t 17.1 1.1 2.0 0.2 8.5 0.5 8.1
S-t, f 15.8 1.1 1.1 0.2 8.7 0.5 20.6
Prairie 1 12.7 2.4 2.4 0.0 9.1 0.6 29.6
Prairie 2 24.2 1.9 1.9 0.2 7.2 0.6 5.6

* values in ppm
Note: samples were collected before the area was tilled and fertilizer applied. The site
designations refer to manipulations that were performed after the soil samples were
collected for chemical analysis.
N-t: North Lobe, tilled
N-t, f: North Lobe, tilled and fertilized
S-t: South Lobe, tilled
S-t, f: South Lobe, tilled and fertilized
Prairie 1, Prairie 2: adjacent, uncontaminated control areas



Figure 1: Polycyclic aromatic hydrocarbons (PAH) detected in
Semi-permeable Membrane Devices (SPMDs) deployed for two weeks in the north lobe of
the Tall Grass Prairie spill site during early July, 1999. Chromatograms A and B are
replicate SPMDs, while chromatogram C is a certified reference soil containing PAHs.
SPMDs deployed in prairie reference areas contained no detectable hydrocarbons.



Figure 2: Numbers of culturable bacteria in the spill sites versus uncontaminated sites. Upper figure:
Numbers of aerobic heterotrophic bacteria, from PCA. Lower figure: Numbers of naphthalene-
degrading bacteria, from MS + naphthalene. Also indicated are the dates when the spill occurred and
tilling and nutrient amendment were performed. “N” refers to samples taken from the North lobe, “S”,
samples from the South Lobe. “SO” is a nearby site contaminated by a crude oil spill in 1991.



Figure 3: TPH levels over the course of the 1999 sampling season (averaged values).
Upper figure: TPH as measured by GC (EPA Method 8015-B) by Soil Analytical
Services, Inc. (SASI). Middle figure: TPH as measured by IR (EPA Method 418.1,
SASI). Lower figure: TPH as measured by Petroflag  (Dexil Corp.)
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Interim Report on the Treatment of Oil Drilling Waste
with the GeoremediationTM  - Restoration Technology in

Alberta

J. P. Newton, Aleph Group, Ithaca, New York

Executive Summary

The Purpose of this Oil Drilling Waste Treatment Project

This is an initial summary report of the environmental remediation or restoration
of a closed Amoco oil-drilling site (3-11-67-11) with a pool of residual oil
principally derived from drilling waste (invert). This project was done on
September 21st  and 22nd, 1998 with participation by the Aleph Group Inc., Doran
Stewart Oilfield  Services, Schlumberger-Dowell, and Nor-Alta Environmental
Services. A description of a different and new treatment technology,
Georemediation”, is given and the details of its application and specific
function in this case are presented. This report is intended for people with a wide
range of experience in the environmental restoration and oil and gas production
fields. Individual topics covered in this paper are only described in “sufficient”
detail for the purpose at hand.

The purpose of this project  is to successfullv  demonstrate the application of an
environmental remediation technology,  Georemediation” , in treating oil based
drilling waste at the site in a relativelv short period of time. Inherent in the
definition of “successful” would be the general acceptance of the technology and
its performance by the appropriate regulatory authorities, Alberta Energy and
Utilities Board, and the client Amoco Canada. Secondly the technology must
prove to be economically acceptable and commercially viable.

It was also an objective of this study to provide as wide an analytical basis as
possible for consideration of the effectiveness and functioning of the
Georemediation technology. The three basic categories of analysis used in this

study are:



l Known and acceptable Canadian and United States regulatory
environmental extraction and leach procedures.

l Mineralogical analysis by electron microscope, X-ray diffraction and infrared
analysis of the generated inorganic treatment matrix.

l Biological analysis using seed germination studies and various bioassay
methods.

Regulatory  Framework and Treatment Objectives
In preparation for this project, a review of the Canadian guidelines, G58  Guide,
“Oilfield Waste Management Requirements for the Upstream Petroleum
Industry”, G50 Guide, “Drilling Waste Management” and Tier 1 Guidelines was
done. Discussions and reviews of results and specific pilot project experience
with various oil industry experts were also taken into consideration. It is
believed that the Georemediation Treatment Technology does and will continue
to meet regulatory and industry requirements based on the experience of the
project and this study.

Summarv of Test Conditions and Results
The treatment results, shown in Tables 1 through 10, are for the most part based
on a curing period of three weeks from the date of treatment and 10%  by weight
loading of the Georemediation chemistry to weight of soil/sludge waste. This is
indicative of the speed of the reaction. During the initial cure period the weather
ranged from a temperature of 17°C and sunny on the days of the treatment
operation to an average of -5 to +5°C  with a number of rain storms and a
significant amount of snow that melted through the uncovered pile of treated
material. The winter weather intensified after the initial cure period with peak
lows of -35°C.

l Using known  and acceptable Canadian and United States general
environmental extraction and leach procedures.



l Results would allow land spreading of treated waste blended into the site
soil profile after three weeks of cure as the final phase of the chemical
treatment.

l Mineralogical analysis by electron microscope and X-ray diffraction. Infrared
analysis of the untreated and treated materials,

- Results support vendor’s concept of the treatment chemistry results and
functioning.

l Biological analysis using a seed germination studies and the Microtox
bioassay method.

- Results further support the viability of the treated material as an
acceptable site soil amendment material that will be compatible with the
objective of acceptable integration into the local ecology of the drilling
site.

Projected  Economics
The cost of the Georemediation technology is dependent on quantity ordered
and the cost of transport to a site. Its projected cost will range from equal to or
less than current available technologies for the treatment of petroleum waste. Its
big advantages are that waste can be treated on site and the speed of site
restoration. Based on comments by informed people connected with the drilling
function, there would also significant indirect savings in drilling costs and a
reduction of drilling complications that are possible with the use of oil-based
drilling fluids.

Other key advantages of this treatment technology are its ease and range of use
for an array of metal and organic contaminant situations, well beyond what
exists in the up-stream petroleum environment, and favorable soil or sediment
biological-function restoration capabilities.



The Georemediation technology can be conceptualized in terms of its application
at the field or project level in the same form as standard soil stabilization
techniques of the past, except its chemical functionality is vastly different. It
works like a combination of bioremediation and a chemical treatment
technology. This report represents a work in progress and not the final.
conclusions of all the relevant issues of the development and use of the
technology. Further and technically deeper analytical work is on going mainly
for product improvement and design purposes. However, there is sufficient and
developed evidence in this report to approve this process for widespread use in
the treatment of oil and gas related environmental problems. As in any other
environmental treatment situation there will always be pre-project and project
tests to test for environmental treatment effectiveness.

Prior and Current Experience With the Georemediation Technology

The Georemediation technology has been used on commercial scale in a number
of environmental remediation projects in the United States. It is going to be used
in a number of major projects in Europe and the U.S. in the near future. Recently
the Georemediation technology received a general certification from the
Environmental Technology Verification Program sponsored by Environment
Canada and the U.S. EPA.

This technology or predecessor versions have been used in the in-situ treatment
of PCBs  for General Electric in Miami and ex-situ treatments for lead in soil for
Johnson Controls in Atlanta, oil acid tar for ARCO, and the largest lead treatment
project in the U.S. at a shooting range for the New York City Police. Major
projects where the technology has been selected for future use is for the New
York/Newark Harbor and Venice, Italy lagoon sediment remediation.



Photographic Images of the Initial Treatment Project of
Oil Field Drilling Waste with the Georemediation

Technology

Road to the Former Drilling site in the Hills Southwest Grand Prairie



Lined Storage Pit Containing Oil Based Drilling Waste

Close-Up of Liquid Drilling Wastes, 25% TPH



Delivery and Pump-Off of Georemediation Powder to Storage Silo

Schlumberger Slurry Blending Unit-Blends Powder With Water
And Then Pumps Slurry at the Correct Rate to the Pug-Mill



Treatment Process in Operation track-hoe with Alou bucket loading the
input hopper on the pug mill. Doran Stewart Oilfield Services executed

the process plant operation.

Pug Mill Processing 100+ tons/hour of Contaminated Soil With Addition
Rate of 10% Treatment Chemistry to Weight of Contaminated Soil



Pile of Treated Oil Field Drilling Waste About Two Hours After Treatment

Completed Remediation After One and a Half Word Days



Review of Method of Application

Description  of Site

The waste treatment project is a typical former oil exploration-drilling site owned
by Amoco in a heavily forested area south and west of Grand Prairie, Alberta.
The invert waste was in a lined waste pit containing about 250 cubic meters of a
oil based drilling fluid/sludge on one side of the site. There was about 250 cubic
meters of contaminated soil that had to be treated adjacent to the pit as well.

Equipment Used

l-Pug Mill

2-Trak-Hoes (One with Alou  bucket)

l-Water Truck

l-Slurry Generating Truck

l-Silo

l-light Bulldozer with Loader

Basic Sequence  of the Treatment Operation

1.) Delivery of Georemediation powder to a storage silo

2.) The generation of slurry that is pumped into the pug mill at specified rate.

3.) The mixing of site soil with the liquid drilling waste to obtain a sludge/soil
that could go through the pug mill. The liquid waste had a 25 to 30%  TPH
value. (TPH  is Total Petroleum Hydrocarbons)

4.) Feeding the pug mill the soil sludge mixture that had a 12 to 15% TPH  value.



5.) Blending and mixing of the soil-sludge mixture in the pug mill at a rate of
lOO+  tons per hour. The TPH  value, as determined by the Dean Stark method
by toluene extraction, dropped from 12 to 15% at the input side of the pug
mill to 5% at the output side of the machine with a 10%  addition by weight of
treatment chemistry per ton of oil waste sludge.

6.) The treated material was put in a pile on a large sheet of plastic liner material
20 meters by 20 meters and 1.5 meters deep to cure. The pile was not covered
from the weather. The pile sits above ground level.

Comments
The treatment generated a measured heat of reaction that was observed by a
sustained and elevated temperature over ambient temperature range -5 to +5°C
holding at 13°C at a depth of 50 to 1OOcm  from the top of the pile for first three
weeks of curing. An interesting point is that the treated pile did not freeze during
the winter period even in -35C weather. This indicates there was still a sufficient
reaction going on five months after the treatment to keep it from freezing.

For future purposes, we believe that the treatment reaction could be improved if
the treated material were covered from the rain and snow.



Brief Technical Explanation of the Treatment Technology

Georemediation is an operative perspective, a chemical concept, and a
environmental restoration chemistry system that is conceived and implemented
as a replication, concentration, intensification, and acceleration of the naturally
occurring geochemical processes of degradation, chemical weathering, and/or
recrystallization. These processes are accelerated and intensified by many orders
of magnitude by catalysts in a unnaturally generated microporous, alumino-
silicate-oxide base matrix. This reactive matrix or substrate is generated within
the soil or sediment matrix and enfolds and merges with the contaminated soil or
sediment material and effects, in a relatively short period of time,
environmentally desirable changes in this new combined material.

The substrate matrix takes the form of a fast neoformation of connected clays,
minerals, and metal oxide minerals through precipitation reactions and
diagenetic processes within the soil or sediment matrix. The diverse chemical
functionality of this technology originates in the developing or crystallizing of
surfaces of semi-conducting minerals where there are increasing electron density
wave instabilities and variation in the d- orbitals. These charge density waves are
a function of the high defect concentrations and the non-stoichiometric states of
the transition metal components in the quasi-ordered silicate/metal oxide
substrate. Chemically this structure is a diversity of Lewis acid/base sites spread
over complex mineral surfaces. The Georemediation has a unique chemical
oxidative functionality within its surfaces - coordinative unsaturation. The
coordinative unsaturation effect is operative over a complex array of connected
surfaces. This coordinative effect is evident in step and defect sites that can act as
“sources” or “sinks” for electrons, and thereby promote oxidation or reduction
reactions.

There are basically five general end-state results or reaction products of the
Georemediation process with respect to “toxic” organics  and inorganic
compounds, ions, or complexes. Toxic organic compounds or complexes are



initially immobilized or contained and then chemically altered to innocuous
compounds or complexes. Depending on the time allowed for the treated sample
to cure the organic compounds of concern will end up in the form of a solid
solution of:

(1). Keroeens - Highly polymerized, very high molecular weight, vitreous,
amorphous connected mixtures of both ringed and aliphatic hydrocarbons.
Kerogens are considered a low grade of coal and are the most abundant form of
carbon in the earths crust. Kerogens are for all practical purposes biologically
inert. (Polymerization)

(2.) Polvhvdroxv hvdrocarbons  such as alcohols, aldehydes,  carboxylic acids,
esters, lipids, carbohydrates, etc. can be base polymerized to desirable biotic
compounds. (Oxidation and addition)

(3.) The generation of inorganic carbonate minerals such as calcite. Calcite,
calcium carbonate, would be the natural result of an oxidation process of organic
compounds in the presence of calcium oxide and appropriate surface and pore
water chemistry. A desirable biologically inert end product. (Oxidation)

(4.) The original starting compounds from the untreated soil or sediment in an
immobilized or entrapped state so they will not leach. This is an acceptable end
or middle-state, as long it does not leach at unacceptable levels.

(5.) Toxic metals are immobilized into stable neoformations of mineral complexes
that become part of the substrate or treatment matrix. Particular metals that are
integrated into the generated substrate, in the case of a mixed organic and metals
waste form, can also act as catalysts in terms of Lewis acids and bases in the
treatment of the included organics.  In the case of a metals only waste the end-
state for the metals is some form of silicate based mineral.

In this case “toxic” metals were not a real concern. It is however interesting to
note what occurred particularly with the total metals analysis (pH  0 nitric acid



EPA extraction method) with respect to iron and sodium. Iron in the form of a
salt is one of the components in the treatment chemistry. Iron goes down in the
extracted concentration by about 10% in the treated over the untreated when it
theoretically should have gone up in concentration. (See Table 2-page 18) The
explanation for this is that it is a sign of a recrystallization in the treated matrix of
silicate-based minerals and clays that are resistant to the nitric acid digestion of
the metals extraction. Sodium also drops approximately 20 to 30% in the treated
over the untreated material. Sodium must also be playing a component role in
the “neo-sediment” generated in the treatment reaction. The treatment chemistry
loading was only 10%  by weight to the weight of soil and sludge.

Both in-situ (in-place) and ex-situ (out of place) environmental construction
methods can apply the Georemediation technology



Analytical  and Testing; Procedures

Environmental Chemical Analvsis - Laboratory analysis was done by Obrien
and Gere Laboratories, Inc. Syracuse, New York, 315-437-0200, Monika Santucci.
Treated1 is taken from 30 to 5Ocm deep into the treated pile, Treated 2 is taken
form 1OOcm  deep, and Treated 3 is taken from 15Ocm deep into the treated pile.
All samples are composites from multiple locations. Treated samples were taken
from four to six locations at common depths across the treated pile and blended.
The untreated sample was a blended sample  taken from a pile of waste drilling
fluids that were previously blended with impacted soil around the pit that was
contaminated by drilling fluid leakage at a three to one ratio of soil to fluid.

Table 1

Results Based on a 10% Loading

and a Three Week Cure Period

Total Solids (%)  =

( EPA 418.1) TPH (ppm) =

% Reduction =

( EPA 415.1) TOC (ppm) =

TPH-TOC=

% Reduction =

(FPRO)  C8 to C40 =

TPH -FPRO  =

TCLP for TPH (ppm) =

Cation Exchange Capacity =
(cmol/kg)

PH

Untreated

89.2

150,000

48,175

101,825

71,000

79,000

6 . 8 2

1 1 . 8
Untreated

Sludge

30 to 50 cm 100 cm 150 cm

Treated 1 Treated 2 Treated 3

8 2 . 6 829 82.9

47,000 48,000 64,000

69 68 5 7

23,499 22,561    25,149

23,501 25,439 38,851

7 7  7 5  6 2

31,000  35,000    39,000

16,000  13,000    25,000

0.5  0 . 7     0.8

1 7 . 8 4

1 1 . 0 4
Treated
Sludge

1 0 . 4
Treated
Sludge

10.4
Treated
Sludge



The TPH  test shown in Table 1 is a Freon extraction (USEPA  Method 418.1
Modified) of the untreated and treated soil that will extract almost all the
hydrocarbons out of the soil or sludge/soil matrix. This includes hydrocarbons
with functional groups such as hydroxyl groups. The Freon TPH  test is a more
aggressive extraction then the toluene based Dean Stark Method. The TPH
analysis shows the reduction of approximately 69% in the top and middle of the
pile to about 62% at the bottom of the pile where it was the wettest and least
advanced in terms of the treatment reaction. The TOC test (EPA Method 415.1)
was used to determine the non-petroleum or oxidized hydrocarbon fraction.
(Table 1) There is some overlap in the hydrocarbon range between the TPH  and
TOC tests but it does give some reasonable idea in this case as to the “net” TPH
concentration in the samples. This “net” value is shown in the row designated
“TPH-TOC=“.  This shows the TPH  after three weeks in the range of 2.3 to 2.5%
in the upper and middle ranges of the treatment pile to about 3.9% at the bottom.
This “net” petroleum hydrocarbon reduction ranges from 77% in the dryer upper
two levels (Treated l& 2) to 62% in the lower and wetter level (Treated 3) it was
62%.

As further confirmation to the above given logic to get to the “true” TPH  value
we ran the stringent Florida Department of Environment Method for
Determination of Petroleum Range organics  (Method FL-PRO). (Table 1) This is
a solvent extraction gas chromatograph  technique for extraction and detecting
the C8  to C40 C40  alkanes, diesel through motor oils. This shows a value that is in the
same range in the treated samples as the logic of taking the TPH  and subtracting
the TOC value. The range of concentrations was from 3.1 to 3.5% in the top and
middle of the treatment pile and 3.9% at the bottom. We also did subtractions of
the FL-PRO from the TPH  values to see if it would correspond to the TOC
values. These subtracted values were reasonably close. As stated before there is
some overlap in hydrocarbon compound classes and it is not precise but the
concepts are logical and reasonably close.

One can further access the reduction or conversion of the observable TPH  in
looking at GC/MS  spectra of pentane extractions of the untreated and treated



samples. The pattern of peaks across the x-axis is similar, therefore similar

pattern of compounds, but the measure of abundance or concentrations is greatly
reduced. This shows a significant reduction or loss of TPH defined compounds.
(See Figures A and B.)

During the drilling site restoration the treated drilling waste can be laid across

the surface of the site to promote further chemical reaction. This is similar to the
biological treatment approaches now used except the reactions are inorganic and
surface based rather than microorganism driven. Oxygen in the air will oxidize
the transition metals in the various generated minerals and clays in the reactive

surfaces that in turn will promote further chemical reactions with the included
organic matter. We know from some preliminary experiments that that the

oxygen level in a one-liter bottle, three fourths full of treated waste, after six

months of curing will drop 25%  in four days. Secondly, the nature of the
Georemediation generated mineral substrates are also photo catalytic so

additional reactivity is possible with the exposure to sunlight. These two reactive

formats will further reduce the average concentration of detectable TPH in the
final site restoration. Also we know from the biological testing done in this pilot
project that seeding will be successful and it will support indigenous soil

microorganisms.

The rationale for the above thinking is the Georemediation chemistry will not

just entrap the organics  and metals but change their forms. These form changes
in this case can be oxidation of hydrocarbons to calcium carbonate, oxidation to
alcohols, aldehydes, ketones, and esters, and polymerization of hydrocarbons to
very heavy weight and biologically inert molecules such as kerogens. The major
question is the loss of TPH  and what is the transformation. See also Appendix II

for another example.

The TCLP (EPA Method 1311) leach values of the treated samples were 0.5 ppm
for the upper level, 0.7 ppm for the middle level, and 0.8 ppm for the bottom of

the treatment pile. The samples are ground down to a fine size and tumbled with
acetic acid solution for forty-eight hours. (Table 1)









Contaminants (ppm)

Barium

Potassium

Sodium

Zinc

Table 3 TCLP (Leach Test)

30 to 50 100 cm 150cm
Untreated TCLP TCLP 1 TCLP 2 TCLP 3

4.70 0.92 0.97 1.60

10.00 10.00

52.00 42.00 58.00 56.00

0.75 1.30 0.69 0.81

Totals 57.5 54.2 69.7 58.4

The analysis of total metals was done using EPA Method 6010 and the TCLP
metals analysis was done using EPA Method’s 1311 and 6010. The metals listed
in the TCLP results were the only ones with any detectable leachate. (Table 2)
There is no barium in the treatment chemistry so the increased total barium
levels in the treated samples had to be a dissolution product from the untreated
waste from the treatment reaction. That is, the barium was in the untreated
material to begin with and is not added as part of the treatment. As the silicate
mineralization reactions proceed further over time in contact with the A-profile
site soil the total barium levels will drop below 600 ppm. The barium leach
values are already very low.

The presence of, or the leaching of toxic metals was never an issue in this project
but since this is a test case it is important to examine all aspects of the associated
chemistry. Since the growth of silicate and oxide mineral substrates is the basis of
the treatment chemistry function of Georemediation the metals analysis gives
some insight as to what is happening. (Table 3)

Looking at the pH 0 nitric acid extractions (Table 2) we can see that aluminum,
barium, calcium, and magnesium have increased in concentration from the
untreated material to the treated matrix. Aluminum, calcium, and magnesium
are explainable in that they are constituents of the treatment mix design. Barium
is not part of the treatment mix design, therefore, more barium was released by a
dissolution reaction from the soil or drilling waste matrix in the myriad of



reactions that occur in the overall set of treatment reactions. Total lead, at a
relatively low value of 11 ppm went up about 50% to 16 ppm. This lead could be
in the soil/sludge material and was liberated from silicate minerals during the
dissolution process. Whatever the issue, lead was non-detectable in the TCLP
leach test. Arsenic went down 27% to 29% and was non-detectable in the TCLP
leach test. Zinc went down 20% to 25% and was detectable at an acceptably low-
level value in the TCLP leach test. Plausibly, the arsenic and zinc that seems to
have disappeared in the treated samples could have gone into some acid
resistant silicate mineral form that was formed during the treatment reaction.
(Tables 2 & 3)

The reduction in total iron and sodium concentrations is probably the most
important signs of mineral formation in the treatment substrate matrix.

The TCLP analysis for metals shows only detectable amounts of barium,
potassium, sodium, and zinc. None of these leach values are in any way
excessive compared to USEPA  standards. (Table 3)

Table 4

Contaminants (ppm) Untreated

Total Phosphorus 500.0

Treated 1

610.0

Treated 2

530.0

Treated 3

530.0

Some unknown quantity, thought to be a “few bags”, of nitrate based fertilizer
was added to the drilling waste pool at some months before this treatment
project was carried out. This was done in anticipation that the waste would be
land farmed. Nitrogen based fertilizer is not needed for the Georemediation
treatment. (See Table 5)

Table 5

Untreated TCLP 1TCLP 2TCLP TCLP 3

<.6 <.6 <.6 c.6

0.49 1.70 0.85 0.92

0.07 <.05 <.05 <.05

0.57 1.70 0.85 0.92

Contaminants (ppm)

Chloride

Nitrate-nitrogen

Nitrite-nitrogen

Nitrite-nitrate nitrogen



Table 6 EPA Method 8260

Volatile Organics Analysis-ppm Untreated Treated 1 Treated 2 Treated 3

Xylene 2 0 20.0 22.0 27.0

1,3,5-Trimethylbenzene 9 9 .6 9 .6 13.0

1,2,4-Trimethylbenzene 3 9 45.0 43.0 55.0

Naphthalene 14 12 13 16

Totals 82 86.6 87.6 111.0

The current volatile organic compound levels are an artifact of the surface based
chemical reactions to polymerize and oxidize the TPH  content of the waste. Over
time the chemistry will consume these intermediate products as the basic TPH
feed stock as these reactions subside. In support of this contention, previous
analytical work is documented in the Appendix I of this report of an EPA 8260
volatile compound totals analysis of a treated drilling waste from Alberta. This
waste had a higher starting volatile organic compound loading, was treated at
17%  by weight as opposed to 10%  as this project and cured for four weeks. Also
included with this is the associated total semi-volatile compound analysis as
well.

Table 7 EPA Method 1311 and 8260

Volatile Organics  Analysis-ppm

Toluene

Ethylbenzene

Xylene

Isopropylbenzene

n-Propylbenzene

1,3,5-Trimethylbenzene

1,2,4-Trimethylbenzene

Naphthaiene

Totals

Untreated TCLP TCLP 1

0.031 0.032

0.022 0.029

0.150 0.210

0.012 0.017

0.017 0.024

0.089 0.130

0.049 0.055

0.370 0.497

TCLP2 3TCLP

0.035 0.033

0.030 0.029

0.220 0.210

0.009 0.009

0.018 0.018

0.026 0.026

0.140 0.140

0.059 0.054

0.537 0.519



The volatile organic compound analysis (EPA Method 8260) is a solvent
extraction followed by analysis by a GC/MS. (Table 6) There was very little
difference between the untreated and treated analysis with regard to this class of
compounds. The treated sample values are slightly higher than the untreated
sample. This presence of volatile organic compounds is particularly interesting in
that the sludge/soil was mixed and blended in the presence of a lot of air and in
the pug mill many times in the course of treatment. A 10% by weight addition of
the Georemediation powder (Mix 7A) as a slurry was added in the mixing
chamber of the pug mill. While the volatile organic compound content stayed
about the same through the treatment process and through a three-week plus
cure period, the overall organic content (TPH  and TOC) dropped. This presence
of the volatile compounds in the treated matrix of a similar set of compounds to
the untreated set and concentration is an artifact of the continuing chemical
process that is still occurring on the surfaces of the generated silicate/oxide
mineral surfaces. The TCLP leach values of the various compounds are very low,
about 1/2000th  of the solvent extraction value for the major compounds present.
(Table 7)

The “Tentatively Identified Compound List”, from the computer database of the
CG/MS,  for the volatile organic compound category for the untreated and
treated samples looks very similar in nature in terms of the class of compounds
as to the EPA listed volatile toxic compounds in that they are a similar class of
organic compounds. (Information was not included because it is voluminous. It
is available upon request.)

Table 8 EPA Method 8270

Semi-Volatile Compounds-ppm Untreated Treated 1

2-Methyl Naphthalene 130 87

Naphthalene 38

Phenanthrene 46

Treated 2 Treated 3

110 110



Table 9 EPA Method 8270

Semi-Volatile Organic
Tentativelv Identified

Compounds (ppm)

2-Pentanone,  4-hydro  (C5)

Tetradecane (C14)

Pentadecane (C15)

Tridecane (C13)

Heptadecane (C17)

Octadecane (C18)

Dodecane, 2,7,10-tri  (C12)

Nonadecane (C19)

Pentadecane (C15)

Hexadecane (C16)

Retention
Time

6.63

13.41

14.29

15.47

15.89

16.63

16.67

17.33

18.00

18.64

Untreated Treated 1 2Treated

363.0 443 309 488 3 4

269.0 435 334 317 6 2

207.0 344 279 256 66

114.0 182 125 121 60

116.0 615 407 445 530

86.0 264 306 321 373

74.0 195 249 262 354

79.0 213 254 264 334

71.0 198 239 238 335

59.0 181 202 342

Treated %
Treated 3 Increase

No detectable amounts of EPA listed semi-volatile compounds  were found in

TCLP leach analvses from samples  at all depths. (It is available upon request.)

The semi-volatile solvent extractions (EPA Method 8270) shows there were three
detectable polyaromatic hydrocarbons in the untreated samples at relatively low
values. The naphthalene and phenanthrene do not appear in the treated samples
however the 2-methyl naphthalene is about 10 to 20% lower. (Table 8)

In looking at the results of the solvent extraction tests of organic compounds
with the Georemediation treatment system or in any case of analysis of soils and
sediments for that matter one must realize that these tests are relative. Solvents
are chosen which have a high affinity for the compounds of concern and the
laboratory methods used in the extraction process are designed to maximize the
effect of the purpose of the solvents. For example, compare the naphthalene
concentration values in the volatile analysis with that in the semi-volatile
analysis. The solvent used in the volatile analysis is methanol and the solvents



used in the semi-volatile analysis are methylene chloride and benzene.
Naphthalene has a higher affinity for the solvents in the semi-volatile analysis
than the volatile analysis and therefore you use the values for naphthalene from
that analysis. The untreated compounds and their respective concentrations
found in a given solvent analysis give an approximation of the true picture of
what is there. In some cases 100% is extracted but not in all cases. The organics  of
concern are usually in some bonding arrangement with organic or inorganic
entities or complexes in the soil or sediment matrix of various strengths.
Therefore the solvent extraction may or may not get 100% of the molecules of the
compounds of focus. What can affect the set of compounds and their respective
concentrations in the treated sample is if the treatment chemistry has a varied
and vigorous set of reactive capabilities that can generate breakdown
components from large complex organic entities. Some of these reaction products
can yield a supply of molecules of the compounds of concern that were not
visible in the initial extraction. This makes the starting pool compounds of
concern possibly larger and can artificially inflate the results in the treated
sample at least in the short time frame. Also the Georemediation chemistry can
dissolve some of the inorganic minerals and clays in the untreated soil or
sediment matrix that act as the holding substrates for organic molecules and

release a larger pool of compounds to deal with in the treatment reaction.
Therefore, the Georemediation treatment chemistry must be able to account for
these possibilities and realities.

Looking at the 2-methyl naphthalene values of the treated samples in the semi-
volatile analysis it is possible that the reason why they have not disappeared
below the detection limit of the analysis, like naphthalene and phenanthrene, is
that new 2-methyl naphthalene molecules could be appearing as the result of
breakdown of larger organic complexes. Whatever the case is no detectable 2-
methyl naphthalene is leaching in the TCLP results. By far the more stable
molecules are naphthalene and the three-benzene ring offset compound,
phenanthrene, and they have disappeared below the detection limits in the
treated samples. (Table 8)



The “Tentatively Identified Compound List”, from the computer database of the
GC/MS,  for the semi-volatile compound category for the untreated and treated
samples shows no new class of organic hydrocarbons created in the treated
samples. What is possibly significant is the apparent increase of the
concentrations of C12  to C19  alkanes in the treated samples and a doubling of the
concentration of the compound 2-pentanone  -4-hydro. The increase of the C15 to
C19 hydrocarbons is greater than three to five times. But there is no evidence of
the generation of any new type of toxic compound. (Information was not
included because it is voluminous. It is available upon request.)

No change or a slight increase in the concentration of the particular set of volatile
organic compounds found in the 8260 analysis (Table 6 & 7),  combined with the
apparent increase of the C12 to C19 hydrocarbons (Table 9),  along with the
generation of mordenite zeolite minerals (Figure 8 and 8.1) and calcium
carbonate (Figure 2) in the treatment matrix indicates the strong possibility of
cracking and eventual polymerization to heavy weight kerogens (directly visible
in the included photograph of the treated waste and supported by previous TEM
results) and oxidation of hydrocarbons to inorganic forms of carbon. If this is
true, this is unusually sophisticated chemistry for the temperatures and
pressures involved in this treatment environment.

The possible production by the Georemediation treatment matrix of the set of
volatile organics seen in Table 6 and 7 is a signal that a cracking reaction similar
to that which occurs over the H-ZSM-5 catalyst that is used in the petroleum
industry may be happening. This is a disproportionation reaction and alkylation
where hydrogen is transferred in the generation of aromatic hydrocarbons to
supply the hydrogen needs of the cracking reaction. Alkylation here seems to be
similar to what is seen in Friedel -Crafts alkylation of the benzene ring.

An interesting supporting case of the chemical capability of the Georemediation
technology with a similar waste material is shown in Appendix II. Mix-7, the
same as used in this test project was added at 25% by weight to a refinery waste
impoundment  material. The TPH  (Freon extracted) dropped 69% from untreated



to treated sample with a starting TPH of almost 22%. The starting semi-volatile
compounds of concern, polyaromatic hydrocarbons for example, were at a much
higher level and so was the range and concentration of included metals of
concern. These semi-volatile organic compounds dropped about 98%  against the
solvent extraction and GC/MS  analysis and the total metals analysis as
determined by a hot pH  0 nitric acid ultrasonic extraction dropped
approximately 90% with extremely low leach values. The metals were
mineralized as components into non-extractable silicate minerals.

Table 10 - Typical Canadian Standard Testing; Profile for Drilling; Waste

Treated Treated Treated + Treated +
Canadian Testing C l e a n Soil 0 S a m p l e 1 Sample 2 Soil Soil

S a m p l e 3 S a m p l e 4

Sample Depth  (cm) 30-80 80-120 0 + 1 0 + 3

P H 7.87 11.51 11.25 9.18 9.16

Electrical Conductivity 0.533 3.90 4.48 2.44 2.69

The pH  can easily be adjusted
down below 8.5 in the final
site placement.

Cations (mg/1)  Filtrate

Calcium

Magnesium

Sodium

Potassium

Sodium Adsorption Ratio

Anions (mg/1)  Filtrate

Chloride

Sulfate

Saturation %

Oil Content dry weight %

Oil Content dry weight %

70.100 112.00 299.00 557.00 651.00

14.000 0.549 0.559 2.420 2.410

28.000 600.00 812.00 168.00 191.00

2.440 35.10 42.10 11.90 17.80

0.742 15.60 12.90 1.95 2.08

37.847 65.27 63.44 66.25 32.50

25.359 1,007.80 1,793.20 1,431.30 1,800.00

42.90 55.99

2.88

58.79 51.32 50.23

4.20 0.67 0.89

2.69 (Six Months)



Cations ppm

Calcium

Magnes ium

Sodium

Potassium

Treated + Treated +
Treated Treated Soil Soil

Clean Soil  0 Samule 1 Sample 2 Samule 3 S a m u l e 4

30.10 62.70 176.00 288.00 327.00

6.01 0.31 0.33 1.24 1.21

11.20 338.00 477.00 86.20 95.90

1.05 19.70 24.80 6.11 8.94

Anions ppm

Chloride 16.238 36.54 37.30 34.00 16.30

Sulfate 10.879 564.27 1,054.20 734.54 934.28

DMK Drilling Fluids LTD., in Rycroft, Alberta generated the Table 10
information of the untreated sample (0) and two treated samples (1&2).  Samples
3 and 4 are blends of treated samples 1 and 2 at a three to one mixture of soil to
treated waste to accelerate certain desired effects that would occur relatively
quickly in nature.

In most cases, after a three to four weeks the treated material could be laid out
over the site surface so that a final set of reactions could occur so that the
required pH,  TPH,  EC, and SAR values can be reached in a relatively short time.
The high pH  will be altered by the absorption of various inorganic and organic
acids from the air. The TPH  will be further reduced by additional cracking,
oxidation, and polymerization reactions in the treated material that would
partially be driven by the greater rate of oxidation by greater surface exposure to
oxygen from the air of the transition metals in the minerals and clays in the
substrate. The EC and SAR would be altered by continued growth of the various
minerals that would have sodium and potassium as components. Also since the
generated minerals in the treatment matrix are basically an array of connected
semi-conductors they are also photocatalytic. Organic compounds that are
adsorbed on reactive mineral and clay surfaces and in a kerogen state wrapped
around a generated mineral form will experience further desirable
environmental chemical changes by a variety of electron transfer reactions.



Biological  Testing

Some initial testing was done to check the possible biological compatibility or
viability of the treated drilling waste as a soil amendment material in the A-soil
profile. Seed germination testing was done with a seed oat variety called Caliber.
The results so far have been encouraging. Dean Adolphson of Nor-Alta
Environmental Services, Valleyview, Alberta, carried out this testing.

Seed Germination Tests

Site topsoil was blended with the treated drilling waste after three weeks of
curing at a three to one ratio by volume. In actual site restoration practice this
ratio would be considerably higher so a three to one ratio is conservative. Site
topsoil was collected from 30 cm to 150 cm deep from various points from the
topsoil stripping pile. The treated drilling waste was brought to the office of Nor-
Alta Environmental where it was blended after crushing the lumps and
screening out the rocks and debris. After mixing the soil with the treated drilling
waste the oil content was checked using the Dean Stark Method (a toluene
extraction) and found to be 0.6%. The requirement for land spreading is 0.5%.
This number could easily be reached if the curing period was a little longer or
more site soil was blended into the mix.

The blended treated waste plus site soil was placed into seed tray containing fifty
individual soil/seed pockets. Fifty oat seeds were planted one in each pocket, at
1.5cm  depth. The tray was placed in warm lighted area indoors. Temperatures
were maintained at 20C and the seed tray had florescent  lighting twenty-four
hours a day. Oat seeds were selected because they were used by Petro-Canada in
their testing of a bio-piling technique of oil drilling waste and were approved by
the regulatory authorities. Also there was no germination of seeds in the
untreated sludge.

Subsequent to seeding of the soil tray, a seed germination test was conducted.
One hundred seeds were placed in a germination card, moistened, wrapped, and



placed in a ziplock  bag in a warm area. Three days later it was removed and it
was found that there was 98% germination.

The oat seeds in the tray began to show signs of germination on the fourth day.
By the sixth day the seeds had sprouted above the soil level to 5cm in height and
100% germination was achieved. After ten days vigorous growth was still being
observed and the plants show a deep green color of typical healthy oat plants.
Subsequent testing of the germination of wheat plants at a four and five parts of
topsoil to one part treated waste was also successful.

No additional nutrients or amendments were added to the soil. Watering is done
every two days with tap water.

This plant test will continue until the plants have gone to seed and the new seeds
tested. Monitoring will continue. It is not anticipated there will be any problems
in the growth cycle.

WHEAT GROWTH IN TREATED ALBERTA SOIL
INTERIM REPORT - March 25, 1999

Matteo  Spagnuolo and Philippe Baveye
Cornell University

Objectives of Experiment

A greenhouse experiments, involving wheat, was carried out to evaluate the
ability of the GeoremediationTM technology to produce a medium suitable for
plant growth, after mixing with uncontaminated soil.

Materials and Methods

Wheat was chosen as the target crop because it is the most commonly cultivated
crop in Alberta, where the GeoremediationTM  treatment is being carried out. The
experiment could not be performed with the treated Alberta soil alone because of



its high pH  (11). The Alberta Soil (AS), 4 months after the GeoremediationTM
treatment was applied, was mixed with two different soils: a commercial Potting
Soil (PS),  which is a combination of compost, Sphagum peat, perlite and humus,
and a Field Soil (FS) sampled in a field near the Cornell University campus.

One part of AS was added to three, four and five parts of the PS and FS (on dry
weight basis). Each sample (600g dry weight) was placed in a 500 pot, and was
seeded with three seeds of wheat (Cultivar  Geneva). Four replicates were
prepared for each treatment, leading to a total of twelve plants per treatment. A
summary of the experiment with the pH and conductivity of each mix is
reported below.

Potting; Soil Exueriment

Control (Potting  Soil)
5 PS + 1 AS
4 PS + 1 AS
3 PS + 1 AS

Field Soil Experiment

Control (Field Soil)
5 FS + 1 AS
4 FS + 1 AS
3 FS + 1 AS

pH              Conductivitv dS/  m
7 . 4 2 1.75
7 . 7 5 1.59
7 . 7 7 1 . 8 8
7 . 8 6 1.02

pH   Conductivitv dS/  m
7 . 4 6 0 . 1 8
8 . 2 9 0 . 2 7
8.41 0 . 2 3
8 . 5 3 0 . 2 3

The experiment was carried out under laboratory conditions under artificial light
(alternating cycles of 12 hours light / 12 hours dark). The pots were watered
daily and were checked to evaluate the emergence and the presence of abnormal
symptoms.



Results

The emergence of all the treatments was near 100%. Only three treatments lacked
one plant and had an emergence of 91.6%. Figure C shows the number of plants
that emerged in each treatment as a function of time. It is evident that in potting
soils (Figure Cl: control and related mixtures with AS), emergence began on the
4th day after seeding. There is a clear difference between the control and the
mixes. After 5 days all the plants of the control had emerged, but it was

necessary to wait until the 8th day for the 5 PS + 1 AS treatment and the 9th day
for 4 PS + 1 AS to obtain 100% germination. In treatment 3 PS + 1 AS, 93% of
plants emerged in 10 days. There was less spread in the time to emergence in the
Field Soil and its mixture with AS (Figure C2). After 7 days, the emergence
ended. By then, 91.6% of seeds in 4 FS + 1 AS and 3 FS + 1 AS treatments had
germinated.

After one month of growth, plants were dried overnight at 105°C and weighted.
Results are reported in Figure D. The error bars in Figure D (corresponding to
one standard deviation on either side of the mean) show that the variability
among replicates tended to be relatively high for the roots and for the whole
plants, but tended to be less sizeable  for the shoots. This is in part due to the
difficulty associated with the complete removal of soil particles from the roots.
Regardless of how thoroughly one washes the roots, it is very difficult to avoid
one or more soil particles from sticking to the roots in some of the plants. In this
respect, the shoot data are much more reliable.

The average dry weight of plants of the potting soil (control) was more than
twice that of the mixture 5 PS + 1 AS (153 and 69 mg, respectively). A slight
reduction in growth was also observed as the ratio PS/AS decreased. The same
trend was noticed for roots and for shoots but was less pronounced for the first
ones. When potting soil was used, differences between control and mixtures
were very evident (cf picture). However, when AS was mixed with FS,
differences between the control and the three treatments, even if still present,
were not evident anymore (picture and Figure D). The average dry weights in



the 5 FS + 1 AS, 4 FS + 1 AS and 3 FS + 1 AS treatments were only 20.8, 29.5
and 21.4% lower than the control, respectively. These results were due mainly to
differences of shoots because the dry weights of roots were more or less similar.

Discussion
The results suggest that mixing the treated soil to either potting soil or field soil
has an effect on the emergence and growth of wheat. Emergence tends to be
delayed and the mass of the plants is decreased after a month, as a result of the
presence of the treated soil. This effect is already present at the highest dilution
ratio (5/1) and is not significantly different at the three dilute ratios tested. The
effect may be caused by a reduced availability of essential nutrients, brought
about by the fact that the cation exchange capacity (CEC) contributed by the
treated soil may immobilize macro nutrients like k+, or one or more of the
micronutrients required by wheat. This possibility will be checked in a second
series of experiments in which fertilizer will be added at different levels to the soil
mixtures before seeding





Figure D1. Dry mass of wheat plants (cultivar Geneva) grown for one
month in mixes with field soil.



Figure D2. Dry mass of wheat plants (cultivar Geneva) grown for one
month in mixes with potting soil.



Microtox Bioassay

Samples were prepared with one part treated waste and four parts site topsoil.
DMK Drilling Fluids LTD., Rycroft, Alberta, did testing.

Table 11

Canadian Testing Sample 1 Sample 2

Microtox Test 30-50cm 80-120cm Depth

%  Vital %  Vital Time

Original Treated/Clean Soil Mix 26.38 13.12 15 minutes

Charcoal Filtered 100 88.76 15 minutes

This is considered a passing test. The difficulty in microorganism testing is that
there is a range of indigenous organisms in each case that would be acceptable
test candidates. Microorganism vitality testing should use a few life forms that
are known to live in the soil in question. We used this test to simply get a quick
idea of the ability of the treated material to support microbial life in the context
of a soil amendment. Further tests will be run using microorganisms that are
native to the soil in Alberta. The basic reason for the low vitality percentages in
the unfiltered sample was the sample contained organic treatment reaction
intermediary compounds. These compounds will disappear over time as the
treatment reaction progresses.



Inorganic Substrate Analvsis

Particular analysis of the untreated soil/sludge mixture and the inorganic
substrate material generated in the Georemediation treatment reaction
intermixed with soil/sludge mixture were carried out at Cornell University by
Philippe Baveye and Matteo  Spagnuolo. ( 607-255-3156)

Standard Soil Chemistry Analyses

Initially the pH  of the treated and untreated samples was measured. The pH  of
the untreated material was 11.8 (H2O method). After treatment, the pH  dropped
to somewhere between 11.05 (our measurement, H,O  method) and 10.4 (Soils
Analysis Laboratory (SAL), H,O  method). (Table 1) The difference between these
two methods may be due to a slightly different dilution factor. The reduction of
pH is not explained at this stage, nor is the very high pH  of the untreated
material.

Other analyses carried out in the SAL (Table 12) shows that the treated soil has a
very reasonable level of available P  (18.8 mg / kg), K (238 (mg / kg), nitric acid
extractable P and available NO,. This last number, in particular, is encouraging,
but one should keep in mind that it results from using a Morgan solution, meant
to release predominantly nitrate-N. At the very high pH  of the samples, it is
very conceivable that this Morgan solution releases other forms of nitrogen (e.g.,
organic forms) that are erroneously counted as if they were readily available to
plants,, Yet, overall, the resulting soil appears suitable for plant growth, as far as
essential nutrients are concerned. (Compare these agricultural soils test method
results [Table 11]  with EPA methods and results [Tables 1 to 4]).

CEC values of the treated samples, as measured at Cornell were almost three
times those in the untreated (17.84 and 6.82, respectively). This evidence
supports the hypothesis of the new mineral formation with a high specific
surface and consequently high reactivity. In this case, a barium chloride method



was used that is more appropriate for high pH  soils rich in carbonates. (Table 1)

Fourier Transform Infrared (FTIR)  Spectra Analysis

The FTIR  spectra of the two samples reveal the presence of strong peaks around

2900 cm-1. These are characteristic of C-H stretching, indicating a high content of

methyl and methylene groups (aliphatic hydrocarbons). The presence of a small

peak at = 1700 cm-’  in the treated sample, likely indicates the beginning of

oxidation reactions of the aliphatics. A relatively more intense presence of O-H

stretching (3600 cm-‘) is clear in the treated sample, probably due to hydrophilic

minerals that form during the treatment. (Figure 1)

The most interesting information that could be drawn from these FTIR spectra is

the increased intensity of the peak around 1400 cm-’  and the appearance of a

peak at 850 cm-’ in T, both indicating new formation of carbonates that could

result from oxidation of organics.  (Figure 2)

X-Ray Diffraction Analysis

The spectrum for the treated sample, saturated with Mg (TMGALBERTA) shows

a clear peak at 14.062 Angstroms, (Figure 3) which disappears largely in the

treated, K-saturated sample (Figure 4) and was not present at all in either

untreated sample (Figures 5 & 6). These observations suggest that the treatment

resulted in the formation of smectite. The fact that the peak strongly decreases

upon saturation  with K points to vermiculite as a definite possibility. The peak

at 10 Angstroms might be due to illite or halloysite (or vermiculite after collapse

with K - Figure 4),  but more evidence needs to be gathered to conclusively

support the neoformation of these clays. The peak at 7 Angstroms might be due

to kaolinite, or to a secondary chlorite peak. (Figures 3 & 4) It appears higher in

the treated samples than in the untreated ones, however this would need to be

confirmed. The peaks at 4.25, 3.33 and 2.45 Angstroms are all associated with

quartz. (Figures 3 to 6) A range of metal oxide and silicate mineral structures and

other neoformed silicate based mineral structures that could also be the basis of









significant chemical activity will be looked at in a second round of analysis and

can not be observed in these spectra.

Scanning Electron Microscope Analysis

These results are preliminary, and will need to be confirmed by further analyses

using different types of analytical equipment. The fibrous structures or “threads”

clearly apparent in the SEM micrograph at 10,000 power of the treated material,

after one month of cure time, (Figure 8) are not seen in the image of the untreated

material also magnified to 10,000 power (Figure 7). These “threads” are currently

thought to be a zeolite, most likely Mordenite. These fibrous materials could also,

based on their morphology, be halloysite minerals, alumina-silicates. Elemental

analysis by X-ray energy dispersive spectrometry (EDX) of these fibrous

structures is shown in Figure 9. The surface morphology of SCM image of the

treated material in Figure 8 and the EDX elemental spectrum are quite similar to

the images and spectra in Figures 10 through 13 taken  from a text on the

characterization of pure zeolite minerals.

An interesting comparison is seen in the SCM images of the treated material

samples taken from the site after three months of cure (late December 1998) in

Figure 8.1. The fibrous-like silicate minerals have increased in concentration in

the treated pile at the site in spite of the fact that it is the middle of an Alberta
winter. The composition (Figure 9.1) of the later observed minerals is similar to

the composition of the earlier formed minerals. That is, it certainly appears to be

a continued generation of the zeolite mineral mordenite.

There is definite evidence of significant new mineral growth in the treated

material. One of the classes of generated reactive mineral formations evident in

the SCM micrographs is probably Mordenite, a hydrated calcium, sodium,

potassium, aluminum silicate, Mordenite is an alkalic  zeolite in that the

dominant cation is sodium and sometimes potassium. Also remember that the

total sodium went down bv 30% in the upper layer of the treatment pile.

Mordenite is found in nature in volcanic and sediment formations that are 50 to



500 million years old. Because of its cage-like structure it is classified as a

tectosil.icate or zeolite. In nature this is a rare mineral and acts as a molecular

sieve in that it can selectively function on specific ions and molecules. Mordenite

is a Group 6 zeolite that is capable of petroleum cracking. Also this formation of

Mordenite  has iron, magnesium, and titanium in its structure. These elements

would further intensify the nature of its reactivity and alter its pore size.

Inorganic Substrate Conclusions to Date

The pattern  of information found to date in the mineralogical and soils studies in

the case of the treatment of the Amoco drilling waste is consistent with previous

and more developed studies done on the Geeoremediation chemistry relative to

the nature of its reactivity











Figure 7: Untreated Sample 10,000X



Figure 8: Treated Sample 10,000X – Six Weeks



Figure 8.1: SCM Image of Treated Material 15,000X – Three Months



Figure 8.2: SCM Image of Treated Material 13,000X – Three Months
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ABSTRACT
Under environmental laws, a person may be liable for cleanup costs associated with

contaminated property if the person is an owner, operator, generator, arranger, lender, trustee,
successor, landlord or tenant. This fact has discouraged investment and transfer of contaminated
property and left many properties idled or abandoned.

This paper will address disposition strategies for contaminated property and the
availability of statutory protection, the effect of recent court decisions, and new insurance and
financial products.



DISPOSITION STRATEGIES
FOR CONTAMINATED PROPERTY

It is frequently said that redevelopment of contaminated property must be “sustainable”
in the private sector, but what does that mean? We believe it means (1) private funding of
remediation and development; (2) a liability scheme that is consistent with traditional norms of
corporate behavior and state property laws; and (3) maintaining local control over land use
decisions.

The “polluter pays” principle of state and federal environmental laws is not necessarily
inconsistent with this idea, but has been corrupted. The polluter pays principle was enacted into
CERCLAi to relieve the taxpayers of the ultimate burden of cleaning up pollution resulting from
prior land use decisions at the nation’s most contaminated sites. However, a contribution action is
derivative of any action EPA would have against a PRP. Therefore, for sites not listed on the
national priorities list (NPL), EPA does not have a cost recovery action, and a current owner or
operator should not be able to maintain suit against third party defendants. Private parties are
improperly maintaining suits in federal court to collect money for cleaning up sites that are not
superfund sites and using the money to fund their next venture, of which they are the primary
beneficiary.

Because of the potential for CERCLA liability, those providing financing of
contaminated properties (otherwise known as “brownfields”ii) have been willing to do so only
where a high risk premium is available. CERCLA was intended to preserve state common law
causes of action. In addition, as the United States Supreme Court has reinforced, limitations on
liability through the use of choice of entity decisions and financing mechanisms are preserved.

Redevelopment of contaminated properties has been facilitated with the use of risk-based
cleanup standards and lender liability relief. These have occurred at both the state and federal
level. However, because a successful transaction requires both a willing buyer and a willing
seller, it was also necessary that liability insurance and financial products be developed to
facilitate transactions involving contaminated property and make the deal feasible in the private
sector. Until that happened, parties that were involved in redevelopment of contaminated property
were looking to government for cash subsidies and covenants not to sue as a means to reduce the
risk and guarantee the success of a transaction. To the extent that remediation and redevelopment
are financed through public sector grants and subsidies, the taxpayer continues to pay.

This paper is in part about responsible land use. This was unavoidable in that
environmental liabilities arise from historical uses of land, and remediation and redevelopment of
land require a future use determination. The ASTM has developed a new standard to assist
property owners, developers and communities to promote sustainable redevelopment. To the
extent the federal government is overseeing and approving future use determinations (by
conditions on funding or a covenant not to sue, for example), decisionmaking is being taken away
from local communities.

This paper will discuss environmental liability in light of statutory changes and the effect
of recent court decisions, as well as the use of insurance products, legal structures, and financial
products that may be available in developing a successful disposition strategy for impaired
property.



ENVIRONMENTAL LIABILITY
Environmental liabilities may arise in several ways from a relationship to a contaminated

property. This fact has discouraged investment and transfer of contaminated property and left
many properties idled or abandoned.

With recent statutory changes and court decisions, the risk associated with contaminated
property has been reduced. The most important of these actions, discussed in more detail below,
are: (1) liability relief under CERCLA and state statutes for lenders and fiduciaries; (2) the United
States Supreme Court decision in United States v. Best Foods; (3) state voluntary cleanup
programs; and (4) the Recycling Equity Act of 1999. In particular, these actions mean greater
certainty associated with a relationship to the property and reliance on established corporate and
property law concepts with which landowners and investors are familiar.

Statutory Liability

Under environmental laws, through court construction of CERCLA in particular, a person
may be liable for cleanup costs associated with contaminated property if the person was or is an
owner, operator, generator/arranger, lender, trustee, shareholder, successor, landlord or tenant,
among others.

Lenders and Other Secured Creditors

The original CERCLA statute contained a security interest exemption that excluded from
the definition of “owner or operator” a person that holds indicia of ownership primarily to protect
its security interest in the facility.iii By its nature, a security interest is an ownership interest.
Likewise, foreclosure of the security interest implies ownership and some control. Judicial
interpretation of this provision looked at what actions a secured creditor could take to protect its
security interest. Courts found lenders could be liable under CERCLA by participating in
management of a facility’s operations,iv and in some cases, if they had the capacity to influence
waste management decisions through participation in financial management.v Thus, common
lending practices -- monitoring a borrower’s finances or operations or requiring it to comply with
environmental laws -- placed a lender at risk of CERCLA liability. In response, EPA issued a
lender liability interpretive rule to clarify what actions a lender could take without incurring
CERCLA liability. When the Court of Appeals for the District of Columbia determined EPA was
without authority to issue such a rule,vi Congress acted to amend CERCLA to further define
protection provided to lenders under the statute.vii The Asset Conservation and Lender Liability
Act defines what constitutes “participation in management”viii in determining liability, and it
allows a lender to foreclose on a property if it takes commercially reasonable steps to divest itself
of the property after foreclosing. Thus the law reinforces traditional notions that lender liability
results from a lender’s conduct.ix

CERCLA does not protect persons who hold a security interest in property for investment
purposes, i.e. with the goal of profiting from “the investment opportunity presented by prolonged
ownership.”x This may not be an easy distinction to make. In Kemp Industrial v. Safety Light
Corporation, the court reviewed a sale-leaseback financing arrangement to determine whether
Prudential, the title-holder to the property, was an owner under CERCLA. It determined
Prudential was not a responsible person based on the intent of the parties and the purpose of the
transaction.xi In 1946, Prudential had developed a plan to redistribute its assets, which had been
invested heavily in war bonds. It adopted a program for the purchase of income properties as well



as some unimproved property for development, a program it referred to as the “Industrial Loan
and Property Purchase Program.”xii The program utilized the sale-leaseback as a financing
method whereby Prudential, as the buyer/creditor, took fee simple title to the property (equity
ownership), and the seller/debtor retained the primary benefits of ownership, including long-term
occupancy and control over the property. The court found that, under this arrangement,
Prudential, as is typical in such transactions, was interested primarily in long-term income at a
fixed rate of return commensurate with that obtainable from well secured mortgage investments,
in this case a potential return of 6% over the life of the lease. It did not provide real estate
management or any supervision over the property. Furthermore, the debtor paid all bills,
including real estate taxes, and was required to obtain insurance and otherwise assure the property
was kept in good order and condition. The debtor was required to hold Prudential harmless of any
claims arising from conduct or work on the property. Other factors that were considered in the
analysis were the fact that the term of the financing exceeded the expected useful life of the
property, thus leaving no residual value or benefit of property appreciation to Prudential at the
end of the lease.

Fiduciaries

Assets held in trust have not escaped the reach of CERCLA. Under conventional trust
law, trust obligations are personal obligations of the trustee; however, absent a breach of trust,
liability is generally limited to the value of the trust estate.xiii As enacted, CERCLA contained no
exemption for fiduciaries. Although the government had generally declined to seek cost recovery
from “innocent” trustees or fiduciaries under CERCLA – even though trust assets could be
reached to fund cleanup costs for property held in a fiduciary capacity – the courts often found a
way to hold the trustee personally liable.xiv Recent statutory changes are intended to protect
fiduciaries. Under the Asset Conservation and Lender Liability Act, CERCLA limits the liability
of a fiduciary for the release or threatened release of a hazardous substance at, from, or in
connection with a facility held in a fiduciary capacity. xv When the safe harbor applies, the
liability of a fiduciary under CERCLA is limited to the assets held unless the fiduciary’s
negligence causes or contributes to the release or to the extent the fiduciary is liable under
CERCLA independently of the actions taken in a fiduciary capacity.xvi

In Canadyne-Georgia Corp. v. Nationsbank,xvii a case decided in 1999, the Bank was
sued in contribution under CERCLA because, at the time of the contamination, the Bank served
as a trustee for trusts, the assets of which included a general partnership interest and limited
partnership interests in a company alleged to have contaminated the site. In light of the Best
Foods decision,xviii the allegation of operator liability was withdrawn; however, the appellate
court reinstated the claim based on owner liability because the Bank owned the property, in its
fiduciary capacity, as trustee for the trust holding a general partnership interest in a limited
partnership owning the site.xix In determining whether the Asset Conservation Lender Liability
Act nonetheless shielded the bank from liability as a fiduciary, the court determined the
complaint should survive a federal Rule 12(b)(6) motion to dismiss for failure to state a claim
upon which relief can be granted because the complaint alleged the Bank did not act solely in its
fiduciary capacity. It cautioned, however, that just because the complaint survived this low
threshold allowing a lawsuit to be maintained, it did not mean to imply the Bank should be liable
under one of the fiduciary exceptions, which would require proof of wrongful acts by the Bank.



Parent Corporations

The liability of a parent corporation for environmental contamination from the operations
of a subsidiary was examined in the recent Supreme Court decision in United States v. Best
Foods.xx As a general rule, a parent corporation (the controlling stockholder of a subsidiary
corporation) is not liable for the acts of its subsidiaries.xxi Importantly, the Court held that
CERCLA does not change this traditional corporate law principle regarding derivative liability.
Thus, a parent would not have derivative liability unless the corporate veil could be pierced or
another exception to limited liability of parent corporations applied. However, the existence of a
parent-subsidiary relationship is irrelevant to the issue of direct liability.xxii Therefore, a parent
company may have direct liability as an operator for its own actions if it exercised control over
the operations of a subsidiary’s facility.xxiii The Court’s analysis focused on the control exercised
by the parent over the polluting facility and not over the operations of the subsidiary generally.xxiv

To be liable as an operator, the parent must manage, direct, or conduct operations specifically
related to pollution, i.e. operations having to do with the leakage or disposal of hazardous waste,
or decisions about compliance with environmental regulations.xxv

Shareholders

As with parent-subsidiary relationships, norms of corporate behavior should guide the
analysis of shareholder liability in all contexts under CERCLA. Under general principals of
corporate law, a stockholder is not liable in excess of the amount of its investment unless the
stockholder has exercised such control over the corporation that the corporation does not truly
exist as a separate entity.xxvi And, after Best Foods, a shareholder, including an individual
shareholder, may only be liable for the acts of the corporation when liability is direct, not
derivative, unless there are circumstances that warrant piercing the corporate veil.xxvii Therefore,
if a shareholder provides general oversight consistent with that of an investor, then derivative
liability will not attach. A controlling shareholder may have direct liability if the shareholder
operates the facility or if an agent or employee of the shareholder alone directs the operations of
the corporation’s facility involving hazardous substances or environmental compliance.

Limited Partnerships and LLCs

As a general rule, limited partners are not liable for the obligations of the partnership, and
managers and members of a limited liability company (LLC) are not liable for the obligations of
the LLC. The same factors used to find shareholders of a corporation liable should apply to
potential liability of limited partners and members of limited liability companies.xxviii Under the
Revised Uniform Limited Partnership Act (RULPA), which has been adopted in some form in
most of the 50 states, a limited partner is liable to third parties only if the limited partner has
participated in the control of the business.xxix If a limited partner acts like a general partner,
liability will not be limited.

In the case of derivative liability, general partnership law should apply.xxx Because a
general partner is liable in a personal capacity for the debts and obligations of the partnership, it
should have derivative liability that the limited partners do not have.xxxi For derivative liability of
the limited partner, the court will examine the relationship between the limited partner and the
partnership. For direct liability, it will examine the relationship of the limited partner with the
facility and its environmental operations.



Corporate Successors

A corporation can be acquired through a stock purchase or the purchase of assets. In the
case of a statutory merger or consolidation – a stock transaction – the successor assumes the
liabilities of the prior corporation. Under general corporate law principles, a purchaser of assets
may only be liable as a corporate successor under four exceptions: (1) the purchaser expressly or
impliedly assumes the liabilities of the former owner, (2) the transaction constitutes a de facto
consolidation or merger, (3) the purchaser is a mere continuation of the selling entity, or (4) the
transaction was entered into fraudulently in an effort to avoid liabilities.xxxii For policy reasons,
some courts have adopted a “substantial continuity” test in the context of evaluating CERCLA
liability.xxxiii

Landlords and Tenants

In Best Foods, the Supreme Court reaffirmed that CERCLA did not alter the basic
principles of corporate law. Similarly, landlord-tenant law should determine whether a landlord
may have derivative liability for the actions of its tenants or direct liability for its own actions.xxxiv

Therefore, if a landlord retains control over activities on the premises or over certain areas of the
leased premises, direct liability may result.xxxv Similarly, a landlord may have vicarious liability if
it maintains specific control over the injury-causing activity,xxxvi or derivative liability if there is
an agency relationship between the lessor and lessee.xxxvii This law will vary by jurisdiction, some
circuits choosing to apply state law and other choosing to apply a federal common law.xxxviii

Some leases provide that the lessee can assign or sublease the property. An assignment
differs from a sublease in that an assignment is the complete transfer or sale of the lease, and the
assignee is responsible to the original lessor for the obligations assumed, whereas a sublease
creates a contract between the lessee and the sublessee to which the original lessor is not a
party.xxxix In Josyln v. Koppers, a case involving CERCLA liability, the assignee and assignor
were held jointly and severally liable to the original lessor because the language of the
assignment was clear that the assignee specifically assumed the liabilities of the assignor.xl

As discussed, in some instances a lease agreement may constitute a security interest, as in
some sale-leaseback transactions.xli Courts considering whether a lease represents a security
interest have examined several factors, including:

! the status of the lessor as a financier;
! whether the lessee is required to insure the goods in favor of the lessor for a

value equal to the total rental payments;
! the risk of loss or damage is on the lessee;
! the lessee is to pay for taxes, repairs and maintenance;
! there are default provisions governing acceleration and resale;
! a substantial, non-refundable deposit is required;
! the property or goods are to be selected from a third party by the lessee or the

facility will be constructed by the lessee;
! the rental payments are equivalent to the cost of goods plus interest, or the

rental payments are intended to amortize the purchase price of the property;
! whether the lessor lacks facilities to store and retake the goods; and
! whether there is a right to repurchase the property at the end of the lease.xlii



Therefore, although the lessor may hold the deed to the property, it may not be an owner
under CERCLA because it holds title purely to protect its security interest.xliii In In re Bergsoe
Metal, the Port of St. Helens and Bergsoe Metals entered into a sale-leaseback arrangement as
part of a financing plan to construct and operate a recycling operation.xliv Bergsoe conveyed to the
Port by warranty deed 50 acres of land and the recycling plant to be built upon it. The Port and
Bergsoe entered into two leases to cover the property and the plant. Bergsoe agreed to construct
the plant and to pay rent on the leases directly to the bank; the rent was equal to the principal and
interest to come due on the bonds. The court reviewed the terms of the Port/Bergsoe leases to
determine that the Port’s ownership was merely part of the financing arrangement because the
traditional indicia of ownership was given to Bergsoe.xlv

Arranger Liability for Recycling

Persons that arranged for disposal of hazardous substances are persons that may be
responsible under CERCLA. Congress, in passing the Recycling Equity Act of 1999,xlvi has
clarified that persons that arranged for recycling are not liable under paragraphs 107(a)(3) or
107(a)(4).xlvii The purpose of the Act is to address disincentives to recycling and to remedy the
unintended consequences of existing Superfund law by removing from the liability loop those
who collect and ship recyclables to a third party site.xlviii Under the Act, “recyclable material” is
defined to include scrap metal, certain spent batteries, recyclable paper, textiles, plastics, and
other materials when certain conditions can be demonstrated by a preponderance of the evidence.
For those that prevail by operation of the Act, attorneys’ fees may be recovered from the person
bringing a contribution suit.

Common Law Liability

Certain common law concepts are incorporated into CERCLA, such as the principles of
corporate law and property law discussed above. However, CERCLA does not preempt private
causes of action for injury to persons or property. Under the common law, a person may be able
to recover for personal injury or property damage caused by pollution.

Property Damage

Contamination from a polluting facility may migrate to adjacent properties through the
soil, surface water, groundwater, or the air. Neighboring landowners frequently bring lawsuits
asserting that the value of their property has been diminished as a result of the contamination on
the adjoining property, asking for damages associated with the stigma of contamination.

For injury to land, damages are either temporary or permanent. Diminution in value is the
proper measure of damages for a permanent injury to land, and the damages are calculated by
determining the value of the land immediately before and after the injury. Stigma damages are an
element in property valuation, and include the diminution in value attributable to the increased
cost of capital associated with lending on the property.xlix However, a person bringing suit for
injury to property must establish the elements of common law nuisance, negligence, and/or
trespass from which a duty arises. Generally, a physical invasion is required for there to be a
compensable injury. There is no exception for stigma damages, which generally cannot be
recovered absent a physical injury. Costs of remediation are considered an element of temporary
damages. In some states, including Texas, recovery for temporary damages is capped at the value
of the property. If this were not so, then the property owner could recover money damages for the



future costs of remediation, but has no obligation to the defendant to spend the money on
cleaning up the property.

Even when there is a contractual obligation or other duty between the parties – such as
between lessors and lessees -- parties have generally relied on the enforcement powers of the state
to require polluting parties to contribute to the costs of the remediation.l Thus, many lawsuits are
brought as cost recovery and contribution actions under CERLCA that were not intended to be
within the scope of CERCLA.li

The concerns of neighboring landowners are most likely to be mitigated if the
contaminated property is cleaned up and returned to its highest and best use. By definition, this
will be to a compatible use that will not create a nuisance to neighboring landowners. For this
reason, neighboring property owners are stakeholders in future development of a property, as
discussed in the following section.

Personal Injury

As with claims for property damage, a plaintiff must establish there was a duty owed in
order to recover. Unless they retained some control over the disposal, persons that arranged for
disposal of waste do not have a common law duty to neighboring landowners.lii The health of
neighboring landowners is protected through other environmental laws that regulate air
emissions, water discharges, and waste management and disposal, which define an appropriate
standard of care. The owner and operator of the property continue to have common law liability
for the failure of these laws to do so if negligence, nuisance or trespass can by proved.

Limitations on Liability

Even when liability cannot be avoided, it can often be limied. A few familiar ways to
limit liability are discussed below.
Legal Structures

Various legal structures have historically been used to limit liability. Therefore, choice-
of-entity decisions are carefully made. Under environmental laws, however, the liability scheme
that has been created is an attempt to make sure that the polluter (rather than the taxpayer) is
responsible for cleaning up a contaminated property. Therefore, a current owner or operator may
be liable even if they did not actively participate in the management or operation of the site or
contribute to the release. Past owners and operators may be liable if they owned or operated the
facility at the time of the disposal regardless of fault. Parties have been liable as operators when
they exercised control over, or had authority to control, a facility or waste management operation.
Operator liability has been applied to corporations, corporate officers, directors and employees,
parent corporations, lessees, lessors, and shareholders.

As discussed above, recent court decisions and statutory changes have clarified when
entities and individuals may have direct or derivative liability under CERCLA. Following Best
Foods, and conventional principals of corporate law, several guidelines for individual and entity
behavior have emerged. Shareholders should limit their involvement to the kind of oversight
consistent with an investor. This means avoiding direct control over operations or environmental
compliance at the entity’s facility. The same is true of other entity forms. Individuals should
respect and maintain true separateness between the individual and the entity by observing
statutory formalities and assuring adequate capitalization. Transactions between equity owners



and the entity should be commercially reasonable, and funds should not be commingled. To avoid
direct liability, an investor should not appoint its own agent or employee to manage the
operations.

Indemnification

Even if liability is imposed, an individual may be entitled to indemnification from the
corporation, partnership or LLC. In the case of a corporation, indemnification may be provided
for in the corporate bylaws. Similar provisions may be written into a partnership agreement or
LLC agreement. Moreover, most transactions involving contaminated property provide for some
degree of contractual indemnity between predecessor and successor owners and other parties,
including lenders. Such indemnities are negotiated as part of the deal and may provide
indemnification for current or future liabilities, and known or unknown contamination. Courts
construing CERCLA will generally honor these indemnities; however, the liability itself cannot
be transferred by agreement or contract.liii

State Voluntary Cleanup Programs

State voluntary cleanup programs have provided an alternative to “superfund” remedial
actions. These programs not only provide for risk-based decisionmaking that govern the level of
cleanup that will be performed, they provide a process that allows for faster decisionmaking. This
has reduced transaction costs, allowed cleanups to be performed based on the future use of the
property, and made it possible for property owners to initiate a cleanup as a result of a business
decision rather than in response to regulatory action or litigation.

Moreover, state voluntary cleanup programs provide that non-responsible persons –
future owners and future lenders – are eligible for liability protection. However, a change in land
use – from a less protective risk classification (e.g. from commercial to residential), or not
maintaining an engineering control, remediation systems, post closure care, or non-permanent
institutional control -- can void the release in liability. Other state programs, such as the Texas
Innocent Owner/Operator Program -- protect adjacent landowners whose property has become
contaminated by migration of pollutants from a source not on the property; EPA has a similar
policy not to enforce CERCLA against persons owning property to which contamination has
migrated.liv

By definition, contaminated sites entered into a state voluntary cleanup program – or any
site not listed on the National Priority List (NPL) -- are not subject to remedial action under
CERCLA. Further, parties that are themselves potentially responsible parties under the statute do
not have a cost recovery action but only a contribution action to recover costs in excess of their
equitable share when parties are determined to be jointly and severally liable to a third party; i.e.
the EPA. A contribution action is derivative. Therefore, if EPA does not have enforcement
authority over the site – because the site does not have a hazard ranking score sufficient to
warrant its listing on the NPL – then a PRP does not have a contribution action. This is
particularly true when sites are entered into state voluntary cleanup programs. EPA has entered
into memorandum of understanding (MOUs) with states agreeing not to take enforcement action
at those sites. Even if there is no cause of action under CERCLA, most state superfund programs
have similar cost recovery and contribution provisions; however, these may or may not be
incorporated into voluntary cleanup programs.



Covenants Not to Sue

The public sector has been responsive to the cries of the regulated community to reduce
impediments to redevelopment by removing regulatory barriers and providing liability relief
when liability schemes were inconsistent with traditional norms for corporate and private sector
behavior. The public sector has been all too responsive to demands for public funding of
remediation. It has also been too willing to use its regulatory powers to engage in land use
planning functions in exchange for financing or liability relief. A prime example is the covenant
not to sue, an agreement negotiated between EPA and a prospective purchaser, lender or
landowner pursuant to which the agency agrees to forego enforcement or recovery of response
costs associated with known contamination.

EPA requires adequate “consideration” for granting a covenant not to sue.lv Although this
may be in the form of a monetary payment, EPA may accept “indirect” benefits in consideration.
EPA’s stated intent is to influence land-use decisions through the process.lvi They explain that:

[I]ndirect benefits to the community include measures that serve to reduce
substantially the risk posed by the site, creation or retention of jobs, development
of abandoned or blighted property, creation of conservation or recreation areas,
or provision of community services (such as improved public transportation and
infrastructure) . . [EPA intends to continue its] commitment to environmental
protection [and] environmental justice [and therefore will] carefully weigh the
public interest considerations of creating jobs in the inner city, where older
contaminated industrial properties are often located, against the possibility of
further environmental degradation of industrial property in mixed
industrial/residential areas.lvii

Each level of government (federal, state, and local) has a role in facilitating
redevelopment. Land use planning is traditionally a function of local governments.lviii Further,
land use planning is not an environmental function over which EPA has authority under the
Superfund program.lix Not only has EPA overstepped its regulatory authority in this case, it gains
additional rights to sue under the agreement while purporting to limit liability.lx

CHARACTERIZING THE PROPERTY AND
ASSESSING YOUR POSITION

A sale or transfer of an environmentally impaired property is different from a typical sale
of real estate. In a typical sale, the seller has determined that it desires to sell the property for one
or more business reasons, such as: (1) the property has increased in value; (2) the use of the
property is no longer viable, or a priority; (3) there are desirable income tax consequences; or (4)
any other typical business reason. In contrast, contaminated real estate may be transferred or sold
as a result of a lawsuit regarding the contamination, regulatory requirements, or other factors
related to the environmental impact. Therefore, while the steps in creating a successful
disposition transaction may be basically the same, the process is complicated by the effect of
these added considerations.

The current owner of a contaminated property has, in addition to the impaired property, a
balance sheet liability representing liability for cleanup and potential liability for third party



claims. Despite obvious reasons to be rid of the property, the owner often has an interest in
maintaining control over the property and the remediation process because prior owners and
operators remain liable under the environmental regulatory scheme. A developer may have a plan
for a future use of such a property, and the potential for future cash flows, but has generally been
unwilling to acquire a property in contaminated condition. Both parties may be without cash for
remediation, and lenders have been reluctant to provide cash for remediation or development
because of the prospect of lender liability.

There are generally two drivers behind remediation of brownfields properties. In the first
instance, the remediation itself is the driver; in the second, development is the driver. Although
some of the solutions are the same, the needs of the parties and the approach to remediation and
development may differ considerably.

When remediation is the driver, then the focus is generally historical. The prior owner
and/or operator may have abandoned the property, or are defunct. The party in possession may be
a bankrupt or insolvent party, or even a government forced to take title to or assume possession of
an abandoned property. Often, there is one or more related lawsuits for damages or response costs
involving any party that had a historical relationship with the site or its operations, in particular,
those that may have arranged for disposal of hazardous substances at the site. In this case, the
parties are concerned more about risk transfer and reduction of transaction costs than on the
ultimate developed use of the property. The remediation itself has traditionally been funded from
PRP contributions.

When development is the driver, then the future use is the primary influence on the
development plan. The cleanup is a factor that may take a distant second place to the owner ,
developer, and/or users’ vision of the planned use.

When Remediation is the Driver

Conventional methods required that the property be remediated to a clean condition prior
to transfer. When the site was a state or federal superfund site, this may have required the
development of a PRP group to determine an allocation methodology among the parties, with or
without litigation, to provide funding for a remedy.

Under state voluntary cleanup programs, it was possible for the PRPs to become
applicants or co-applicants on the state application. This control gave the PRPs assurance that the
remedy would be satisfactory and would reduce future liability if not present responsibility for the
cleanup. The applicants would then receive a certificate from the state agency with jurisdiction
over the program, and a prospective purchaser that did not cause or contribute to the
contamination could receive a covenant not to sue or other guarantee that the agency would not
seek enforcement against such an innocent purchaser for contamination existing prior to the
purchase.

Within the past couple of years, there has been an entry into the market of persons willing
to assume the liabilities associated with contaminated property. These new venturers generally
take an equity position in the asset -- i.e. they take title to the contaminated property. This has
been possible with the introduction of new insurance products that allow a transfer of risk from
remediation cost overruns, first and third party liabilities, or any number of other risks. Thus, a
single entity can manage the cleanup and the many potentially responsible parties can cash out



and essentially walk away having confidence that the remediation will be performed in
accordance with appropriate standards.

For each of these methods, the PRPs are required to contribute money to the cleanup,
probably using some agreed-upon allocation scheme based on the parties’ relationship to the site,
their contribution of waste-in, and other equitable factors. When the site is listed on any state or
federal superfund list, a person’s responsibility for the cleanup is based, at least in part, on its
status as a current or former owner of the site, current or former operator of the site, or a person
who otherwise caused or contributed to the contamination by arranging for waste disposal.
Generally, litigation, or the threat of litigation, causes parties to respond with funding for the
cleanup. In the process, the current owners or operators are likely to become bankrupt, exhausting
their funds before the property is cleaned, and seeking others with some connection to the site
that can supplement the remediation fund.

Parties are improperly maintaining suits in federal court to collect money for cleaning up
sites that are not superfund sites. In some cases, this results in an extreme injustice because
property owners and operators that have not met an appropriate standard of care in the use of the
land are able to coerce others into paying for their misdeeds. Suppose, for example, the current
owner and operator is itself unable to pay their equitable share to remediate the property. If they
are able to sue third parties for contribution to pay for the remediation, they become the
beneficiary of the remediation in that they are then the owners of a clean piece of property.
Further, there is no “superfund” to pay for the orphan share attributable to parties unable to pay
their fair share. In this case, the polluter pays principle has not worked as intended.

It has generally been the regulatory process (or threat of enforcement) that has driven the
cleanup of these properties, and a few have sought opportunities to purchase the land at deeply-
discounted prices, recognizing a future value in the land if it can be put to productive use
following the remediation. Traditional funding for remediation or development has been almost
non-existent. Thus, EPA has sought to create incentives to redevelopment by offering tax dollars
to state and local governments to use for grants or pilot projects. Although it is generally
recognized that redevelopment needs to be sustainable in the private sector,lxi little private money
-- in particular, through bank lending -- has been available for these projects.

When Development is the Driver

Unless there is a subsidy available from some source, either public funding or the
contributions of one or more PRPs (including the current owner), the marketplace will determine
the economic viability of investment for redevelopment. For the purpose of developing
disposition and financing strategies, sites can be divided into three basic categories:lxii

(1) Viable Sites – Sites that are already economically viable, and where the private
market is already working towards redevelopment without public assistance. These sites
either have very low potential for environmental liability, or such high potential rates of
return that the advantages out weigh the risks from the project sponsors’ (developers and
investors) perspective.

(2) Threshold Sites -- Sites that are only marginally viable, and will not be redeveloped
without some public assistance. These sites may have either fewer economic advantages
than the viable sites, or they may have greater potential for environmental liability.



(3) Non-Viable Sites -- Sites with significant potential for environmental liability, and/or
whose economic advantages are minimal at best. These sites would require substantial
public assistance if they were to be redeveloped and thus are best left undeveloped.

Decisions to invest in any of these three kinds of brownfield sites depend on the goals of
the particular investor, decisions that are informed by demographic research and feasibility
studies.

The American Society for Testing and Materials (ASTM) recently published a final draft
of its standard on sustainable redevelopment.lxiii Of course, ASTM is the same organization that
ultimately gave us the ubiquitous Phase I and Phase II assessments, the standard for performing
due diligence investigations for property transfers.

The ASTM Redevelopment Standard provides a voluntary process that attempts to satisfy
the needs of all “stakeholders” by “actively engag[ing] property owners, developers, government
agencies, and the community in conducting corrective action, economic evaluation, and other
actions to promote the long-term productive reuse of a Brownfields property.”lxiv Elements of
sustainable redevelopment include:

! encouraging economic vitality of an area which in intended to reduce other social
problems including poverty, unemployment, and crime;

! encouraging responsible private/public investment and redevelopment of Brownfields
properties; and

! recognizing interrelated financial, regulatory, and community participation aspects of
Brownfields redevelopment.

The premise of the standard is that both current environmental conditions and the future
use of the property need to be considered in order to ensure sustainability. lxv The guide does not
provide specific criteria for assessing sustainability of a project. Rather it provides a process for
identifying the interests of stakeholders and for working together to satisfy those interests.

There are four main components in the process: initiation, evaluation, transaction, and
implementation.lxvi The process is generally initiated when owners, prospective transferees or
developers identify a property or properties for redevelopment based upon their belief that the
project will yield an appropriate return on investment or community benefit, or both.lxvii Once the
need, vision or opportunity is recognized, stakeholders are identified. Stakeholders, in addition to
owners, prospective transferees, and developers, may include the community, local government,
insurers, and lenders.lxviii

The evaluation component of the ASTM process includes three steps, which are the most
quantitative steps of the process. First, determine project viability by assessing past, current and
future land uses, and potential financing sources for the proposed project. Then identify
environmental risks using non-intrusive and/or intrusive techniques and assess the remedial
options for the property. Determine the regulations that will apply to the remediation depending
on the proposed future use and the level of remediation planned. For example, will institutional
controls be used to monitor contamination that will remain on or beneath the property at the end
of the remedy.



The third component in the ASTM process is the transaction. This stage requires financial
risk analysis for disclosures and risk transfer mechanisms, such as insurance. It also includes
development of preliminary agreements that will allocate risk and financial responsibility.

The final phase of the process is implementation, which includes permitting, remedial
action, and effectuating an exit strategy. The ASTM standard provides a nonmandatory appendix
on the roles of local government in sustainable brownfields redevelopment,lxix and another on
community interaction.lxx

Land Use Issues

Whatever the driver, the first step for any of the parties toward a successful transaction is
characterization of the site. Site characterization is an iterative process, and it may be necessary to
go through several phases of site investigation for complex sites. A conceptual model for the site
is developed, modified, and refined as the information concerning the site grows.lxxi The same is
true for property valuations and feasibility studies that mirror the site models.

Historical Uses

A few short decades ago, buyers of real estate focused acquisitions on the current and
future use of property as they could envision it. They considered the purchase price, the current
and probable zoning, the access and visibility and other business considerations. They did not
have reason to consider the past history and/or use of the property. Now they do.

Due diligence investigations have become commonplace in real property transactions. It
is one element in environmental liability risk management, which also includes environmental
impairment insurance, legal compliance audits, contractual risk allocation and pollution
prevention.lxxii ASTM developed a system of voluntary standards to assist the real estate industry
in performing due diligence investigations into environmental impacts from historical uses. An
initial transaction screen may be performed by an investor without the assistance of an
environmental consultant, and includes a limited records review as well as a site visit and
interview with the current owner or operator.lxxiii The next level of inquiry is the Phase I
Environmental Site Assessment (“Phase I”), which is performed under the supervision of a
qualified environmental consultant. As with the transaction screen, this assessment includes a
records review, a site reconnaissance, and interviews with current owners and operators; it is a
more rigorous inquiry and includes an evaluation of the information gathered and the preparation
of a report.lxxiv The Phase I is a non-intrusive investigation designed to provide information to
meet disclosure obligations based on appropriate inquiry. It will also assist parties to a transaction
in allocating and managing risk as part of the transaction structure and in determining the direct
cost of the cleanup. Depending on the results of the Phase I investigation, additional inquiry may
be performed under a Phase II investigation, which includes intrusive sampling and testing. For
those properties listed on the national priorities list, or listed as a state superfund site,
investigation of historical uses is a part of the remedial investigation. Sites enrolled in voluntary
cleanup programs are likewise to review historical uses of the site as part of the site
characterization.

Future Uses

Appraisers value property according to its highest and best use, which means they make
assumptions as to how a prudent, informed owner would use the property to achieve the best



possible result.lxxv Under land use principles, a future use determination requires compatibility
with surrounding uses.lxxvi The ASTM process for sustainable redevelopment is meant to assist
landowners and developers in evaluating future uses by engaging neighboring landowners and
city planners in the process.

Using risk-based decision making for remediation requires a determination of the future
use of the property as well. Future uses for this purpose are generally classified as residential or
commercial/industrial. The classification may allow the use of institutional controls to assure the
effectiveness of a remedy when some contamination is allowed to remain on the property. Risk-
based decisionmaking resulted from past history with the Superfund program. EPA was criticized
for overestimating the potential for human exposure in evaluating alternative remedies by
assuming that the future use of the land would be residential. Acknowledging this criticism, EPA
developed a land-use directive to assist the Regional Offices in conducting the baseline risk
assessment,lxxvii although its use has been expanded to other programs. In considering anticipated
future land uses, site managers were directed to use existing information from local land-use
planning authorities to the extent possible.lxxviii Sources and types of information include:

current land use; zoning laws; zoning maps; comprehensive community master
plans; population growth patterns and projections (e.g. Bureau of Census
projections); accessibility of site to existing infrastructure (e.g., transportation
and public utilities); institutional controls currently in place; site location in
relation to urban, residential, commercial, industrial, agricultural and recreational
areas; federal/state land use designation (federal/state control over designated
lands range from established uses for the general public, such as national parks or
state recreational areas, to governmental facilities providing extensive site access
restrictions, such as Department of Defense facilities); historical or recent
development patterns; cultural factors (e.g., historical sites, native American
religious sites); natural resources information; potential vulnerability of ground
water to contaminants that might migrate from soil; environmental justice issues;
location of onsite or nearby wetlands; proximity of site to a floodplain; proximity
of site to critical habitats of endangered or threatened species; geographic and
geologic information; location of Wellhead Protection areas, recharge areas, and
other areas identified in a state’s Comprehensive Groundwater Protection
Program.lxxix

Obviously, these sources of information may be used by landowners and developers in selecting a
future use of the property as well. Under state voluntary cleanup programs, the future use
determination is a decision made by the applicant, within the limitations of local land use
restrictions and state and federal regulation. Despite EPA’s policy guidance and its more recent
attempts to place the Agency at the center of the process, land use planning remains a local
function.lxxx

Conversion of Farmland

In encouraging the development of brownfield properties, one of the stated purposes has
been to preserve greenfields, including agricultural lands. The concern about irreversible effects
of conversion of farmland has led to measures at the federal, state and local levels to preserve
farmland.lxxxi Ironically, many of these measures are unpopular with farmers because, if the right
to future conversion to residential or commercial development is eliminated, then the value of the
land is permanently impaired and may result in difficulty for the farmer in obtaining credit to



continue farming.lxxxii This is a controversial issue, and there is no consensus that farmland
preservation is necessary.lxxxiii

Conservation Easements

A disposition strategy may include the use of a conservation easement. Conservation
easements, unlike traditional easements, are intended to benefit the public, rather than a specific
parcel of land or a private individual. The Uniform Conservation Easement Act provides that the
purposes of a valid conservation easement must include “retaining or protecting the natural,
scenic, or open-space values of real property, assuring the availability of real property for
agricultural, forest, recreational, or open-space use, protecting natural resources, maintaining or
enhancing air or water quality, or preserving the historical, architectural, archaeological or
cultural aspects of real property.”lxxxiv

Where land is located in environmentally-sensitive areas or historical neighborhoods, this
may provide a way to satisfy local concerns about future use of the property while allowing
development to go forward. Once again, caution is necessary because such an easement will
represent an encumbrance on the land, which will affect transferability of the title, and will add
another partner into the relationship – generally, a non-profit organization or governmental unit
that has authority to hold such an easement.lxxxv

ASSESSING THE DISPOSITION ALTERNATIVES
In evaluating the attractiveness of a property for redevelopment, an investor evaluates the

right to projected future income. Two investors evaluating the same property may produce two
different perceptions of value, depending on their assumptions related to future use and other
factors. Other items – tangible or intangible – may affect decisionmaking but have no impact on
value. These factors include: tax or financial status of the buyer or seller, willingness to retain
risk, ability to obtain insurance, timing and length of the development process relative to the
party’s goals, estate planning issues, characteristics of the site unique to the particular buyer, or
availability of cash or credit.

Types of buyers and sellers that may be involved, in any combination, in disposition of
contaminated property are:

Buyers Sellers

Investors/Speculators Private industrial companies
Developers Public corporations
Users Users
Remediation firms Family businesses
Community Development Groups (public Estates and/or trusts
 Or public/private) Governments
Real Estate Investment Trusts (REITS) Non-profit groups
Hybrids of any of these groups Hybrids of any of these groups
Non-profit groups



Valuation

Real estate assets are often one of the most significant asset classes on a company’s
balance sheet. Increases and decreases in the value or marketability of these assets should be
considered as part of any company’s overall strategic plan. Immediate, short, and long-term plans
for the use, management, financing and disposition of these company assets involves the ongoing
analysis of their present and future value.

Valuation of real estate, and valuation of impaired property in particular, is performed for
property transactions, financing of improvements, to measure damages in lawsuits for injury to
neighboring property, for taxable values, and to value real estate investment portfolios. The risk is
reduced and value is added to the asset by: 1) quantifying the costs with reasonable accuracy; 2)
defining and/or limiting the timing of the development process; and 3) clearly understanding the
liability related to an expenditure and the liability to any partners and/or lenders.

To add value and marketability, therefore, the owners of and investors in contaminated
sites should focus on factors making up the current value of the property and taking whatever
action within the scope of their resources (personnel and capital) to reduce the risks of the
environmental contamination. As with asbestos abatement, the stigma attached to removal by
investors, capital markets, insurance providers and others was gradually reduced as the parties
learned to deal with the issue in the same manner as other property related capital expenditure.
Actions that may encourage this evolution, facilitate redevelopment, and add investment value
are:

(1) Take steps toward cleaning up the property to support the future use that produces the
highest, feasible net present value (NPV), not minimum standards;

(2) Meet with area planners to assess the goals of their master plans and how they view
the role of the contaminated site. Develop predisposition strategies that are in alliance
with these goals, and obtain any approvals within your budget and time frame prior to
marketing the property;

(3) Offer any seller financing mechanisms, indemnification to continue and complete
certain aspects of the clean-up, or potential partnership structures that do not cost money
but speed up the timing of the project for the buyer/investor or minimize risk.

(4) Focus disposition plans on the needs and desires of both the seller and the potential
buyer, which adds value.

In addition to projections of income and expense, the valuation considers the cost and
timing of capital expenditures. Capital costs are not annual expenses of operation, but are
incurred to enhance the value of a property over time by increasing the property’s ability to
produce income. The timing and scope of these expenditures and improvements may vary widely
depending on each investor’s view of the property and the market, the investors’ financial
condition, the investors’ intended holding period, and the investors’ vision for the future utility of
the property.

Environmental remediation costs are treated similarly to other capital expenses in a
valuation model. In addition, contamination can affect the cost of capital needed to develop the
property. lxxxvi To determine the value of a property in a contaminated state, a risk-adjusted
capitalization or yield rate may be calculated to account for the increased cost of capital



(otherwise known as stigma value), which is added to the direct costs of remediation and the
anticipated future cash flows to determine value.lxxxvii As mentioned, the valuation model is
iterative and reflective of the overall decision making process to arrive at the highest and best use
for the property in light of the nature, scope and character of the contamination.

Disposition Strategies

Once an owner of contaminated property has assessed the value of a brownfield property
before, during, and after remediation, the owner must then chose an effective disposition strategy.
A strategy may be jointly developed with a potential purchaser or partner.

Sale of the Property in its “As-Is” Condition

The most typical disposition strategy pursued by sellers today is to sell the property in its “as-
is” condition. Consider the following:

" The seller is an active manufacturer or industrial company that has fully depreciated the
property and improvements and is left with the remaining cleanup liability. Unless cash has
been reserved over time for the cleanup, the firm is faced with shifting human and capital
resources from its core operations into this non-productive activity. Therefore, many are
motivated to simply transfer the asset and its related liability to a third party and continue to
concentrate on its core business.

" The seller is a mature manufacturer or industrial company with environmental liabilities
related to technology that was used in the company decades earlier prior to the evolution of
modern standards for environmental safety. The scope of the cleanup for some of these sites
is so great the companies have managed the contamination in place for years and have
internal staff dedicated to insuring that the contamination does not spread or worsen, but
financing the cleanup is not viable for the company. When surrounding areas develop to a
level that the value of the redeveloped site is great enough to finance the cleanup, these
properties may eventually be sold, “as-is”.

" The seller is an estate, a debtor-in-possession in bankruptcy, or a company that is being sold
or liquidated. Again, the motivation in most of these cases is to remove the liability for
cleanup as quickly and simply as possible, often in an “as-is” sale.

Cleanup and Sale of the Property

Based upon a valuation analysis of the property before and after clean-up, the seller may
decide to perform some or all of the cleanup prior to sale. In some cases, the seller may also take
initial steps to rezone the property or lease the property to a tenant prior to sale. Each seller must
weigh the cost and timing of these activities against the value that is created.

With any property, but especially with a brownfields property, many buyers are “terms”
buyers. They are willing to pay a higher price for a property if they can get the “terms” they
require, such as: (1) a lower or staged down-payment; (2) seller financing; or (3) guarantees
and/or indemnities from the seller. These “terms” offer an opportunity to create a disposition
structure that works for all parties. For example, the buyer may be willing to pay a higher price if
the seller is willing to perform some or all of the remediation prior to the purchaser taking title.



Financing may become available to the seller because of the purchase contract where none was
available for the seller alone.

Installment Sales

A seller may want to defer or split a portion of the gain on the sale over a period of time.
In these cases, the recognized gain is split over the life of the debt in the same proportion that the
payments are received.

Another version of an installment sale involves an “earn-out” based on value added by
certain actions of the seller or the buyer. In this instance, the parties must generally agree upon a
valuation of the property before and after the occurrence of certain events or a formula for the
increase in value to be paid to the seller at a later date.

Donating the Real Estate

If remediation is the driver to a disposition, the seller may choose to donate the property
if there is no market for the property subsequent to remediation. However, donations may trigger
income tax consequences (i.e., depreciation recapture) similar to a sale. Another method may be
to give the property to a family member who is a lower tax bracket. Gift taxes would then be
offset by donating the property and any related debt.

Incorporating the Real Estate Interest

The IRS will permit a tax-free transfer of an interest in real estate to a corporation. To use
this method the individual making the transfer must own at least 80 percent of the value of all
issued and outstanding stock immediately after the transfer.lxxxviii

Sale Leaseback

A sale-leaseback is a mechanism pursuant to which the owner sells its property to an
investor and simultaneously leases the property back from the investor. Many larger corporations
execute this type of transaction to free up capital for other purposes.lxxxix

This type of transaction offers many possibilities for structuring a remediation. In
particular, it offers a way for a manufacturing or industrial firm to raise the capital needed to
comply with a regulatory requirement. For example, a manufacturing facility may be fully
depreciated but still useful to the company. The company may choose to sell the facility, use the
proceeds to perform needed remediation, and continue leasing the facility from the purchaser.

Although it is a fact sensitive analysis, a sale-leaseback is generally considered to be a
type of financing arrangement whereby the person taking title does so primarily to protect a
security in the property.xc In a typical transaction, most of the incidents of ownership are retained
by the lessee.xci



Sale of a Partnership Interest

In some instances, the buyer and seller may agree to a transfer of only a partial interest in
the brownfields property, thus delaying any repayment or restructuring of an existing mortgage
until certain events occur or remediation is completed.

Joint Venture

Similarly, a company may chose to joint venture with a purchaser in the redevelopment
of a brownfields property as a method of obtaining the capital necessary to perform the
remediation and participate in the value created. The seller may contribute the property, the
property and related debt, or the property and other non-cash resources such as environmental
evaluations and/or personnel.

“Off-Balance-Sheet” Transactions and the Use of Special Purpose
Vehicles

There are techniques typically used in reorganizations and workouts that can be
successfully utilized in disposing of environmentally-impaired property. One of these is the
creation of a Special Purpose Vehicle or Special Purpose Entity (“SPV”). An SPV is one or more
entities specially created for a specific business purpose. This entity could take the form of a
partnership, a corporation, a trust, a limited liability company (LLC), or other legal form. The
activities of an SPV would be restricted to those necessary or incidental to the remediation of
contamination and redevelopment of the asset. This can be accomplished by restrictions in the by-
laws of corporate SPVs and trust instruments of trust SPVs, or simply by provisions in the
transaction documents.

The process of creating an SPV and a plan for the transfer and redevelopment of a
contaminated property can create the roadmap for disposition. In the case of workouts, the SPV is
typically a newly created entity with no prior business activities that could give rise to preexisting
creditors, or potential tort, environmental or other claims not attributable to the new entity.xcii

Thus, the primary method used to transfer assets to the SPV is a “true sale.”xciii

The buyers and sellers can structure a brownfields transaction using an SPV that meets
their needs in terms of timing, liability goals, and the specific terms of transfer of title. For
example, the SPV may take title to the property and assume responsibility for regulatory
compliance during the remediation; or alternatively, the seller may retain title until certain aspects
of the remediation are completed even though the SPV may finance the cleanup. The transaction
with the SPV may use one or more of the following techniques as part of the transaction:

! a portion of the purchase price may be held back until completion of certain duties of
the SPV

! adjustments to the purchase price may be made based upon the actual cost of
remediation

! warranties and/or indemnities from the seller may be offered to facilitate early
transfer of title

! the seller may provide certain non-cash resources for the remediation process
! the seller may professionally bid and determine specifications for cleanup prior to

transfer
! external credit enhancement may be offered by buyer or seller



! transfer may be contingent upon the buyer or seller arranging financing for the
remediation and other development (zoning changes, access rights) or construction

Accounting treatment for the transfer of the asset from seller to the SPV (and from the
SPV to the buyer as part of an exit strategy) should be considered along with any tax implications
in structuring the timing and terms of sale.

Using an SPV can be very beneficial to a company in providing a means for financing the
clean-up “off-balance sheet”. In other words, the company can obtain financing for the SPV
without diminishing its ability to raise capital and/or borrow based upon its ongoing operations.
This can make the difference in a transaction going forward or not in many cases. An owner (or
other PRPs) may provide cash or other “credit enhancement” to the SPV to assure the viability of
the project.

OTHER TOOLS TO BUILD
SUCCESSFUL DISPOSITIONS

To facilitate transactions involving contaminated property and make the deal feasible in
the private sector, liability insurance and financial products are being developed to benefit all
parties to a transaction. These tools may be supplemented by public sector assistance in some
cases.

Insurance

Because the liabilities are so great, there continues to be much litigation under any type
of insurance policy over whether the policy provides coverage for environmental liabilities.
Coverage is determined in part by the type of liability that is sought to be imposed and the status
(e.g. first party, third party, lender) of the policyholder. Liabilities may arise from private causes
of action for nuisance, trespass, negligence, strict liability, etc. Liabilities for pollution may also
arise under environmental statutes. As discussed, a party may have potential liable for the cleanup
costs associated with contaminated property as an owner, operator, generator/arranger, lender,
trustee, successor, shareholder, landlord or tenant. For lenders (or borrowers) or secured creditors,
environmental liabilities may mean the loss of collateral value of the property, or an inability of a
borrower to repay the loan due to environmental properties.

The availability of insurance may influence the value of a property. It may also affect
how a transaction will be structured. Coverage for environmental costs and liabilities may be
available under policies that were in effect in the past for the contaminated site, and a transaction
should be structured to also transfer any insurance policies that may cover the property.xciv

Commercial general liability policies may or may not cover environmental damages, and since
1973, most CGL policies have contained some form of pollution exclusion. Most CGL policies
now are written with a total pollution exclusion. Environmental impairment liability insurance
(EIL), umbrella and excess insurance policies, and property insurance policies may be broad
enough to provide coverage under certain circumstances.

Policies are now being written to specifically cover pollution and environmental
liabilities. These policies can be tailored to the specific needs of the insured. Policies issued to the
owner, operator or other responsible party include coverage for both first party and third party



liability as well as remediation stop loss insurance. Policies may be written for a single property
or a portfolio of properties.

Environmental insurance is available to a particular cleanup or project to protect against
three types of exposure:xcv (1) preexisting, undetected contamination;xcvi (2) excess remediation
costs;xcvii and (3) third party and/or post remediation liability from known conditions.xcviii The
purpose of the stop loss policy is to provide a guarantee of the proposed cost of the remediation
project. As a general rule, the policy covers an exposure equivalent to an overrun of 100% of the
remediation cost estimate, but policies may be written for a smaller or larger percentage. First and
third party liability insurance is available for owned and non-owned locations, for pre-existing
conditions and future pollution, and for onsite and offsite property damage and personal injury
claims.

To protect lenders from credit risks associated with loans on contaminated property,
policies are being written to name the lender as the insured. A secured creditor policy may
provide coverage for loss arising from a default by a borrower on a loan secured by an insured
property; a typical policy would pay the lesser of the outstanding balance or the cleanup costs.
Other policies may provide coverage for third party bodily injury, third party property damage
and cleanup costs resulting from off-site pollution incurred by a creditor that it (as the insured)
becomes legally obligated to pay, although these lender policies are generally not intended to
cover cleanup of on-site pollution. Some lenders have indicated they may accept such a policy in
lieu of a Phase I assessment.

Public-Private Partnerships

These quasi-governmental bodies have been formed in many major cities to promote the
overall growth, development and social agendas of the city. These groups bring together business
leaders, educators, city planners, and governmental agencies in planning for their city. In addition
to planning direction, these groups can provide financing in exchange for equity participation in a
project through lease agreements, city ownership of a portion of the development, tax abatements,
tax increment financing and other creative business structures.

Cities are often the owners of contaminated property, and such partnerships may be a
good mechanism to attract private sector participation in redevelopment of blighted areas, for
example.

Sources of Capital

The supply of real estate capital is at an all-time high. Generally speaking, there are
numerous lending sources for all types of income-producing property. However, there are often
different lending criteria for contaminated property, which can substantially push up the cost of
financing and equity requirements.
Commercial Banks

When they decide to make the loan at all, commercial lenders typically assign a lower
loan-to-value (LTV) ratio to compensate for the additional risk associated with environmentally-
impaired property. This, in turn, increases the amount of higher cost equity required for
redevelopment, and the overall cost of capital is increased. Further, the amount of private equity
available for these projects is scarce, and the cost of capital is high. These factors drive the value
of these properties down and may make projects not viable.



Investment Banking

In contrast to commercial banks, investment banks have much to offer in disposition of
contaminated property and financing brownfields redevelopment.

Investment banking services comprise a number of different services. The term is broadly
used to describe any financial services company that covers all capital market activities,
underwriting, private placements, venture capital, market making, financial engineering, fund
management and financial advisory services including but not limited to:

Corporate finance
Mergers and acquisitions
Dispositions
Merchant banking
Fund/asset management
Structured finance

Corporate finance is the process of raising money for corporate clients or private equity
groups in the form of equity, debt, convertible securities, or a combination thereof. These services
may be performed for companies, portfolios of companies, portfolios of assets and single assets.

Some assignments may involve partnership structuring, income, tax and estate planning,
and asset enhancement plans. Investment banks perform assignments to determine the value of
assets and optimal capital structures for achieving a clients’ goals. This process involves two
steps:

(1) determining the funding needs of the client (type, amount, and structure);
and

(2) finding investors to supply those funds.

In addition, there are many sophisticated financing tools that have been invented,
developed, and utilized in other types of markets to transfer risk and lower the cost of capital that
have not been utilized to any significant degree in brownfields redevelopment. However, all of
these tools offer ways to further transfer risks and lower the cost of capital to this emerging
industry. Some of those tools are:

! Credit enhancements – The act of increasing the credit quality of securities or
ownership interests issued either through direct or indirect support of payment of
assets. Credit enhancements may be internal to a transaction or external (provided by
a third party).

! Repurchase agreements – The sale of an asset (typically a security or loan) with a
commitment by the seller or a third party to repurchase the asset from the purchaser
at a specified price and at a specified time. The repurchase agreement acts as
collateral.

! Risk management instruments – Financial products that reallocate financial risks to
those who are less averse to them or who have offsetting exposure, and who are
presumably better able to shoulder them. xcix



! Market-broadening instruments – Financial products that increase the liquidity of
markets and availability of funds by attracting new investors and offering new
opportunities for borrowers.c

! Securitization/Structured Financing - Monetizing assets through debt securities or
ownership interests issued by a special purpose vehicle backed by the assets.

Public Financing

Despite liability and regulatory relief, a project may require low-cost financing, tax
incentives and/or public subsidies to be feasible. Certain strategically located projects (e.g., near
or adjacent to central business districts) may qualify for this level of governmental assistance if
the buyer or seller demonstrates benefit to the community through job creation, crime prevention,
and other benefits. In some cases, this final public contribution may be key to a project’s success.
Buyers and sellers, in turn, can offer open space or other public amenities or facilities in the
design of the project. Public financing sources may include:

EPA Brownfield Pilot grants to eligible states, political subdivisions, and Indian tribesci

Federal, state and local tax incentives
Local and state abatements

In lieu of direct subsidies, cities are also establishing local incentives such as
infrastructure upgrades, low interest loans, or loan guarantees, for example.cii To leverage public
investment, state and local governments should consider directing public resources to brownfields
where the private sector is unwilling or unable to finance projects -- threshold and non-viable
sites. They should also consider strategies, where appropriate, that mix their public investment
with private monies. One goal of any public investment strategy should be to move threshold sites
into the viable category, and nonviable sites into the threshold and viable categories so that
private investment can be attracted to them.ciii

SUMMARY
The time is now for redevelopment of contaminated property. The most contaminated of

sites have been identified and are on their way to being cleaned up. Local governments are
finding ways to encourage redevelopment in their communities by working with the private
sector in evaluating future uses of impaired properties, often revitalizing central business districts
that include blighted areas and abandoned neighborhoods. With recent court decisions and
statutory liability relief, landowners and developers can rely on established norms of corporate
behavior and property law that allow the risk of an investment to be calculated. The cost of
remediation in relation to the total cost of development may be only 5% to 15%; this is not
usually enough to make a project infeasible. Thus, the risk associated with the contamination may
be insignificant when viewed as a component of the real estate risk of the project as a whole.
Innovative insurance products have facilitated risk transfer and property transfer.

With environmental insurance products and liability relief, non-traditional sources of
financing are becoming available for these projects. The availability and character of capital, its
pricing and timing very often make the difference between a viable project and the abandonment
of otherwise useful property.



For meaningful, substantive investment in brownfields redevelopment to occur, capital
sources and capital structures that provide the proper foundation for these transactions is
essential. Since the 1960’s, there has been a surge in significant financial innovations;civ with
increased financial wealth,cv the financial markets have been transformed from local markets into
global markets. With the unprecedented growth of the private capital markets, the investment
banking industry has been busy servicing this dramatic increase in assets and has been slow to
direct significant investment management expertise and innovation to the real estate investment
management segment of the industry.

One of the authors of this paper is advancing a proprietary capital source to provide
meaningful investment in the process of redeveloping brownfields. The product is called a
Brownfields Value Contract (BVC). We hope the BVC will contribute a model for the financing
of these development projects that can bring interested parties together and help to make
redevelopment sustainable in the private sector.



END NOTES
                                                          
i The Comprehensive Environmental Response, Compensation and Liability Act of 1980,
as amended, in 1986 by the Superfund Amendments and Reauthorization Act (SARA), and the
Asset Conservation, Lender Liability, and Deposit Insurance Protection Act of 1996 (codified as
amended at 42 U.S.C. §§ 9601-9675)[hereinafter referred to collectively as “CERCLA” or
“Superfund”].

ii Brownfields are any “abandoned, idled, or under used site (whether urban, rural,
industrial or non-industrial) where expansion or redevelopment is complicated by real or
perceived contamination.” U.S. General Accounting Office, Superfund: Barriers to Brownfield
Redevelopment, GAO/RCED-96-125 (June 17, 1996)

iii 42 U.S.C.A 9601(20)(A)(1995).

iv United States v. Mirabile, 15 Envtl. L. Rep. 20,994, 1985 WL 97 (E.D. Pa. 1985)(using
the analysis employed in reviewing shareholder liability, but distinguishing financial participation
from participation in the operational affairs of the facility).

v United States v. Fleet Factors Corp., 901 F.2d 1550 [1555-56 (11th Cir. 1990)(rejecting
the distinction articulated in Mirabile), cert denied, 498 U.S. 1046 (1991).

vi Kelley v. Environmental Protection Agency, 15 F.3d 1100, 1107-08 (D.C. Cir. 1994),
cert. denied, 513 U.S. 1110 (1995)(finding only the courts could interpret the liability provisions
of CERCLA).

vii Asset Conservation, Lender Liability, and Deposit Insurance Protection Act of 1996, Pub.
L. 104-208, Subtitle E, 110 Stat. 3009 (September 30, 1996)[hereinafter “Asset Conservation and
Lender Liability Act”].

viii Under the CERCLA amendments, “participation in management” consists of actual
participation in management or operational affairs of the facility. 42 U.S.C. 9601(20)(F)(i)(I).
While the borrower is in possession of the property, such participation includes (1) exercising
decision making control over environmental compliance related to the facility such that the lender
has undertaken responsibility for hazardous substances handling or disposal practices related to
the facility; or (2) exercising control at a level comparable to that of the manager of the facility,
such that the lender has assumed or manifested responsibility for overall management of the
facility encompassing day-to-day decision making with respect to environmental compliance of
all or substantially all operational functions (as distinguished from financial or administrative
functions) of the facility other than the function of environmental compliance. 42 U.S.C.
9601(20)(F)(ii)(I). Activities that do not constitute participation in management include: (1)
having the mere capacity to influence, or the unexercised right to control, facility operations, 42
U.S.C. 9601(20)(F)(i)(II); (2) acts or omissions performed prior to the time when the security
interest in the facility is created, 42 U.S.C. 9601(20)(F)(iii); (3) holding a security interest or
releasing a security interest; (4) including an environmental compliance covenant, warranty, or
other term or condition in the terms of an extension of credit or in a contract or security
agreement relating to such extension; (5) monitoring or enforcing the terms and conditions of the
extension of credit or security interest; (6) monitoring or undertaking one or more inspections of
the facility; (7) requiring a response action or other lawful means of addressing the release or
threat of release of a hazardous substance in connection with the facility prior to, during, or on the



                                                                                                                                                                            
expiration of the term of such extension of credit; (8) providing financial or other advice or
counseling in an effort to mitigate, prevent, or cure default or diminution in the value of the
facility; (9) restructuring, renegotiating, or otherwise agreeing to alter the terms and conditions of
the extension of credit or security interest, or exercising forbearance; (10) exercising other
remedies that may be available under applicable law for the breach of a term or condition of such
extension of credit or security agreement; and (11) conducting a response action under CERCLA
or under the direction of an on-scene coordinator under the NCP. 42 U.S.C. 9601(20)(F)(iv)(I-
IX).

ix See Weil, Gotshal & Manges LLP, II Reorganizing Failing Businesses 18-1 (1998).

x See Kemp Indus. v. Safety Light Corp., 857 F.Supp. 373, 393 (D.N.J. 1994).

xi Id. at 385.

xii Id. at 376.

xiii Restatement (Second) of Trusts, §265 (1959). However, Section 264 of the Restatement
(Second) of Trusts provides that the trustee is liable for torts committed in the course of
administration of the trust to the same extent as if it held the property free of trust.

xiv See e.g., City of Phoenix v. Garbage Services Co., 816 F.Supp. 564 (D.Ariz. 1993)(City
of Phoenix II), finding that Section 265 of the Restatement (Second) of Trusts did not apply to
limit the liability of the trustee to the ability of the trust to indemnify the trustee because the
fiduciary owned the property at the time of disposal. The rationale was that, if the trustee has
discretion under the trust instrument to control the use of the property and allow hazardous
substances to be disposed thereon, the trustee should be personally liable for the entire amount of
the claim.

xv 42 U.S.C. 9601(n)(5)(A)(i)(I-X). “Fiduciary” is broadly defined to include various
persons acting for the benefit of another party (trustee, executor, administrator, etc. under certain
types of estates or financing instruments), but it does not include a person that acquires ownership
or control of a facility with the objective purpose of avoiding liability. It also does not include a
person acting as a fiduciary with respect to a trust or other estate that was organized for, is
engaged in, or is carrying on a trade or business for profit. Thus, the fiduciary of a business trust
formed for the purpose of redeveloping contaminated property may not be able to take advantage
of the safe harbor under CERCLA. 42 U.S.C. 9601(n)(5)(A)(ii)(I).

xvi A fiduciary may undertake or direct another person to undertake a response action under
the NCP or take any other lawful means to address a hazardous substance in connection with the
facility without incurring CERCLA liability in a personal capacity. 42 U.S.C. 9601(n)(4)(A-B).
Likewise, a fiduciary may provide financial or other advice as part of the fiduciary relationship,
include or enforce terms in an agreement relating to environmental compliance or monitoring, or
administer a facility that was contaminated prior to commencement of the fiduciary relationship
without personal liability. 42 U.S.C. 9601(n)(4)(D-H). A fiduciary may also refuse to do any of
the above. 42 U.S.C. 9601(n)(4)(I).

xvii 183 F.3d 1269 (11th Cir. 1999).

xviii See infra [note 18] and accompanying text.



                                                                                                                                                                            

xix Id. at 1273.

xx U.S. v. Best Foods, 524 U.S. 51, 118 S.Ct. 1876 (1998).

xxi 118 S.Ct. at 1884.

xxii Id. at 1886.

xxiii Id. (“whereas the rules of veil-piercing limit derivative liability for the actions of another
corporation, CERCLA’s ‘operator’ provision is concerned primarily with direct liability for one’s
own actions”).

xxiv Id. at 1887. The problem with the “actual control” test employed by the lower court was
that it confused direct and derivative liability by asking questions about the relationship between
the two corporations (an issue of indirect liability) rather than the parent’s interaction with the
subsidiary’s facility (the source of any direct liability). Id. It is appropriate for directors of a
parent to serve as directors of its subsidiary, and this fact alone should not expose the parent to
liability for the subsidiary’s actions. Id. at 1888. Directors may act on behalf of the parent at some
times and on behalf of the subsidiary at others. Id.

xxv Id. at 1887.

xxvi Id. at 1884. See also 1 Brownfields Law and Practice 4.07 (Matthew Bender 1998 &
Supp.).

xxvii 118 S.Ct. at 1885. Generally, a court will not pierce the corporate veil to hold the
shareholder personally liable unless the corporate form has been misused to accomplish a
wrongful purpose on the shareholder’s behalf, generally in the case of fraud. Id. The two most
common factors justifying piercing the corporate veil are undercapitalization or the siphoning (or
improper diversion) of corporate funds by the dominant shareholder. See 1 Brownfields Law and
Practice (Matthew Bender 1998 and Supp.).

xxviii See Redwing Carriers, Inc. v. Safeland Apts., 94 F.3d 1489 (11th Cir. 1996)(applying test
of state partnership law to determine whether limited partner could be held liable as an owner or
operator of a facility to which the partnership held title). The case was decided prior to the Best
Foods decision, and the analysis regarding direct versus derivative liability is a reverse of that of
the Supreme Court. The Redwing court held that a limited partner did not have direct liability as
an owner because a partner’s interest in the partnership was personal property. Likewise, it
looked to the conduct of the limited partner in exercising control over the facility to determine
whether the limited partner had indirect liability.

xxix See id. at 1501 and n.14 (reviewing § 303 of RULPA).

xxx See Canadyne-Georgia Corp. v. Nationsbank, 183 F.3d 1269, 1273-74 (11th Cir.
1999)(finding general partner could be liable as owner because title was vested in the partners
and not the partnership). Under RULPA, the partnership, and not the individual partners, owns
the real property titled to the partnership. At one time, some state law did not allow legal title to
vest in a partnership as an entity, but required that legal title be held by the partners as tenants in
common. See id. The issue of title is not dispositive under CERCLA, however, if title is held as a



                                                                                                                                                                            
security interest. See discussion, supra, of secured creditors and sale-leaseback financing
arrangements.

xxxi See Canadyne-Georgia Corp. v. Nationsbank at 1273-74 and n.14.

xxxii Mozingo v. Correct Mfg. Corp., 752 F.2d 168, 174 (5thCir.1994). See also Weil,
Gottshall, supra note 8, at 23-25 (also citing 15 William Meade Fletcher et al., Fletcher
Cyclopedia of Law of Private Corporations sec. 7122 (perm.ed.rev.vol.(1983)). Factors
considered in evaluating these exceptions to non-liability include continuity of management,
physical location, assets, operations, employees and shareholders in the new entity, continuation
of the product line, and whether or not the selling entity continues in business or was liquidated
following the transfer of assets.

xxxiii See id.

xxxiv See Joslyn Mfg. Co v. Koppers Co., Inc. 40 F.3d 750, 753-60 (5th Cir. 1994) (holding that
basic tenets of property law are preserved under CERCLA).

xxxv See e.g., Centeq Realty, Inc. v. Siegler, 899 S.W.2d 195, 197 (Tex. 1995).

xxxvi See e.g., Ely v. General Motors Corp., 927 S.W.2d 774, 778 (Tex.App.—Texarkana
1996, writ denied)(distinguishing the landlord-tenant relationship from an agency-principal
relationship in Texas).

xxxvii Centeq Realty, 899 S.W .2d at 199; Exxon v. Tidwell, 867 S.W.2d 19, 22 (Tex.
1993)(premises liability is derivative only when there is also an agency relationship between the
lessor and lessee).

xxxviii The Supreme Court declined to decide in Best Foods whether state corporate law or
federal common law should be used to evaluate derivative liability of corporations under
CERCLA. 118 S.Ct. at 1885 n.9.

xxxix See Joslyn Manufacturing Co. v. T.L. James & Co. Inc., 836 F.Supp. 1264, 1270-71
(W.D. La. 1993), affirmed in part sub nom, Joslyn Mfg. Co. v. Koppers Co., Inc., 40 F.3d 750 (5th

Cir. 1994).

xl Josyln v. Koppers, 40 F.3d at 758-59.

xli See supra Section I.A.1.

xlii See Kemp Industries, 857 F.Supp. at 388 (citing 2 White & Summers 251-52)).

xliii Id. See also In re Bergsoe Metal Corp., v. The East Asiatic Co., Ltd., 910 F.2d 668 (9th

Cir. 1990).

xliv A second transaction involved two mortgages and indentures of trust between the Port
and the Bank, corresponding to the two leases. 910 F.2d.at 670. The Port agreed to issue the
revenue bonds, and mortgaged to the Bank, as trustee for the bondholders, the property and
recycling plant. The Port assigned to the Bank all its rights under, and revenues generated from,
the leases. The Bank held the amounts generated from the sale of bonds in a fund to be paid to



                                                                                                                                                                            
Bergsoe. The indentures obligated the Bank to collect rent under the leases and to apply it in
retirement of the bonds. Id.

xlv Id. at 671.

xlvi S.B. 1528, enacted as § 6001 of Pub. L. 106-113 (November 29, 1999). The Bill was
actually a rider to the appropriations bill. The Bill sponsor was Senator Trent Lott, who has
introduced similar Bills in the last four legislative sessions.

xlvii The Act adds Section 127 to CERCLA.

xlviii From the legislative history, its provisions are intended mirror the concepts of RCRA’s
recycling rules, which treat secondary materials that can be recycled as an equivalent of virgin or
primary materials when used in the same manner. Likewise, if wastes are sent to a recycler for
treatment or disposal (as opposed to beneficial reuse), liability will continue to attach under
CERCLA.

xlix James A. Chalmers and Scott A. Roehr, Issues in the Valuation of Contaminated
Property, The Appraisal Journal 44, 44 (January 1996).

l This relationship is highlighted in the case of contamination of oil and gas properties. In
Texas, the Railroad Commission has enforcement authority over oil & gas operators, not
landowners. The agreed cleanup may be inconsistent with the landowner’s intended future use of
the site – for example, if a former lease site is planned to be developed into a residential
subdivision. Without the agreement of the landowner, an oil and gas operator cannot use
institutional controls as a part of the remedy; therefore it cannot restrict the future use of the site
to industrial use, for example, or restrict access. Ultimately, it may be important to understand the
terms of the operating agreement and lease to know who has agreed to bear the burden or risk of a
more stringent cleanup standard, a matter of contract.

li See discussion, infra, of State Voluntary Cleanup Programs.

lii Crow v. TRW, Inc. 893 S.W.2d 72 (Tex. App. Corpus Christi 1994, no writ.) (TRW’s
only duty was to use ordinary care in employing an independent contractor).

liii  Josyln Mfg. v. Koppers Co., 40 F.3d 750 (5thCir.1995)(citing 42 U.S.C. 9607 (e)(1)).

liv U.S. EPA, Policy Toward Owners of Property Containing Contaminated Aquifers, 60
Fed. Reg. 34,790 (1995).

lv 60 Fed. Reg. 34,792, 34,793 (1995).

lvi Id. at 34,794.

lvii Id.

lviii The United States Supreme Court, in Granite Rock Co. v. California Coastal Comm'n, 480
U.S. 572 (1987), distinguished land use planning from environmental regulation, stating that land use
planning chooses particular uses for the land, whereas environmental regulation requires that,
however the land is used, damage to the environment is kept within prescribed limits. Id. at 587.



                                                                                                                                                                            
Federal control of land use raises federalism concerns. For a related discussion of environmental
federalism and unconstitutional conditions, see Lauri DeBrie Thanheiser, The Allure of a LURE:
Proposed Federal Land Use Restriction Easements in Remediation of Contaminated Property, 24
B.C. Env. Affairs Law Rev. 271 (1997).

lix See id.

lx See, for example, the revised model prospective purchaser agreement, at paragraph 19.
U.S. EPA, Announcement and Publication of a Standard Letter To Be Sent to Parties Requesting
a Prospective Purchaser Agreement (PPA); a Checklist of Information Generally Required
Before a PPA Can Be Negotiated; and a Revised Model PPA Announced by EPA on October 1,
1999, 65 Fed. Reg. 1381, 1384 (January 10, 2000). In its reservation of rights under the
agreement, the covenant not to sue does not pertain to any matter not expressly set forth,
including but not limited to claims based on the failure by a Settling respondent to meet the
requirements of the agreement pertaining to payment, access and notice to successors in interest,
due care and cooperation, payment of costs, and “work to be performed” (pertaining to
consideration other than a monetary payment to EPA). Id. at 1384.

lxi See e.g., Letter from Robert O. Lenna and John C. Wise, U.S. EPA Environmental
Financial Advisory Board, to EPA Administrator Carol M. Browner (May 31, 1997). EPA’s
Environmental Financial Advisory Board (EFAB) spent two years researching issues related to
financing of Brownfields, issuing five reports. The EFAB’s core conclusion was that “wide-scale
and long-term success of Brownfields redevelopment must be sustainable in the private sector.
The EFAB provided four recommendations: (1) support tax incentives that directly benefit the
private sector for cleanup of Brownfields; (2) support legislative reforms that would exclude
innocent purchasers from liability (eliminate need for prospective purchasers to negotiate liability
relief); (3) encourage and expand delegation of authority to state agencies to eliminate the
uncertainties of multiple agency involvement; (4) resolve legal and transactional uncertainties
associated with use of Risk-Based Corrective Action (RBCA). Id.

lxii EPA Environmental Financial Advisory Board, Financing Strategies for Brownfields
Redevelopment (March 1996)[EFAB Report #3].

lxiii American Society for Testing and Materials, E1984-98 Standard Guide for Process of
Sustainable Brownfields Redevelopment; (January 1999)[hereinafter “ASTM Redevelopment
Standard”]. The ASTM guide is a process that promotes long-term productive reuse of a
particular Brownfields property. Ibid. at 1.1.

lxiv ASTM Redevelopment Standard, definition of “sustainable Brownfields redevelopment
process,” p. 2.

lxv See ASTM Redevelopment Standard at 4.2.

lxvi ASTM Redevelopment Standard at 5.1.

lxvii ASTM Redevelopment Standard at 6.1.1.1.

lxviii ASTM Redevelopment Standard at Table 1.



                                                                                                                                                                            
lxix ASTM Redevelopment Standard at p. 11. The EPA elements of sustainable Brownfield
development focus almost entirely on the role of government. U.S. EPA Office of Solid Waste
and Emergency Response, Characteristics of Sustainable Brownfields Project, Task 1 Report,
EPA500-R-98-001 (July 1998). There are ten key elements of the EPA definition: (1) community
profiling, (2) comprehensive community planning, (3) organizational focus and structure
(integration into local government process), (4) site identification and characterization (regulatory
strategies that reduce risk and influence remediation, financing, marketing and redevelopment),
(5) risk management and restoration, (6) legal/regulatory issues, (7) site marketing and
redevelopment, (8) technology applications, (9) project funding and finance (fiscal basis until
market forces take over), and (10) environmental justice.

lxx ASTM Redevelopment Standard at p. 12.

lxxi Harold J. Rafson and Robert N. Rafson, Brownfields – Redeveloping Environmentally
Distressed Properties (1999)

lxxii Joseph Philip Forter, Environmental Due Diligence: A Guide to Liability Risk
Management in Commercial Real Estate Transactions, 2 Fordham Env. L. J. 349 (Spring 1994).
To an investor, environmental risk means more than the mere loss of investment equity or
impairment of real estate resulting from noncompliance with ordinary land use regulation because
it could result in a liability far in excess of the investment or the value of the property. Id. at 349-
50.

lxxiii Id. at 360 -- 61.

lxxiv Id. at 361 – 70.

lxxv Rafson, supra, footnote 71.

lxxvi Under nuisance law as well as zoning ordinances, the police power of the state is used to
prohibit incompatible uses. See Village of Euclid v. Ambler Realty Co., 272 U.S. 365, 379-89
(1926)(upholding constitutionality of zoning on its face by equating such land-use restrictions to
nuisance law). See also Daniel R. Mandelker, Land Use Law § 1.03 (3d ed. 1993).

lxxvii Office of Solid Waste and Emergency Response (OSWER), Land Use in the CERCLA
Remedy Selection Process, OSWER Directive No. 9355.7-04 (May 25, 1995)[hereinafter Land
Use Directive].

lxxviii Id. at 5.

lxxix Id.

lxxx See supra notes 56 - 60 and accompanying text. Nonetheless, EPA has announced
another program as part of its Superfund Redevelopment Initiative to assist local communities in
land use planning. EPA, Superfund Redevelopment Pilot Program, 64 Fed. Reg. 69366
(December 10, 1999)(Solicitation of proposals). With this initiative, EPA “has put in place a
coordinated national program to make sure that at every cleanup site, the Agency and its partners
have an effective process and the necessary tools and information needed to fully explore future
use, before EPA implements a cleanup remedy.” EPA Superfund Redevelopment Initiative
Overview, www.epa.gov/ superfund/programs/recycle/overview.htm. The pilot program will



                                                                                                                                                                            
provide funding to local governments to assist EPA in predicting future land uses for Superfund
sites, or with land use related decisions made during the design or construction of a remedy.

lxxxi State farmland protection measures include right-to-farm legislation, agricultural zoning,
purchase of development rights, and transfer of development rights.

lxxxii Richard F. Babcock and Charles L. Siemon, The Zoning Game Revisited 152 (Lincoln
Institute of Land Policy 1985).

lxxxiii Farmland may be depleted for two reasons: (1) conversion to non-agricultural uses, and
(2) depletion of the quality of agricultural land through soil erosion. The latter concern has been
addressed through conservation measures included in federal farm bills. The primary factors
leading to conversion of farmland were identified in a cooperative study performed by the U.S.
Department of Agriculture and the Council on Environmental Quality (CEQ). This study,
performed in 1981, is known as the National Agricultural Lands Study, or NALS. Although some
of the study conclusions have been challenged, the findings are illustrative of the complexity of
the issue. The NALS lists the primary factors leading to conversion of farmland as: (1) investors
and developers, recognizing land’s value for urban use, purchase it at prices that exceed
agricultural use value, which tends to increase the market values of nearby farmland, which leads
to higher real property tax assessments; (2) non-farm families living in developments adjacent to
or near farms complain about farm-produced smells, etc., and as political power shifts to them,
city or county authorities are persuaded to enact and enforce nuisance ordinances; (3) extension
of public services to developments near farms result in assessments for improvement costs even
when the services are for non-agricultural uses; (4) farmland is taken by eminent domain for
highways, sewage treatment plant sites, etc.; (5) spending on public utilities in agricultural areas
stimulate urban development; (6) regulatory powers are used in areas of urbanization to control
air and water pollution or protect wildlife that favor nonfarm interests; (7) cites grow by
annexation of farmland; (8) farmers reduce expenditures on maintenance of land as
suburbanization increases; (9) tax rates climb rapidly with greater demand for municipal service
by new residents; (10) estates whose major assets are farm property and personal property suffer
liquidity problems, and executors may be forced to sell farm assets to pay estate taxes even when
relatives want to continue farming operations; and (11) farmers sell farms at high prices because
of the strong demand for development. See Linda A. Malone, Environmental Regulation of Land
Use 6.01 (1990 and Supp.)(citing NALS, The Protection of Farmland: A Reference Guidebook
for State and Local Governments 37 (1981)).

lxxxiv Uniform Conservation Easement Act, 12 U.L.A. § 1(1) (1996).

lxxxv See Thanheiser, supra note 58, at 296-300.

lxxxvi See James A. Chalmers and Thomas O. Jackson, Risk Factors in the Appraisal of
Contaminated Property, The Appraisal Journal 44 (January 1996).

lxxxvii Id. at p. 46.

lxxxviii Howard A. Zuckerman, Real Estate Investment and Acquisition (2d ed. 1998).

lxxxix Id.



                                                                                                                                                                            
xc See Kemp Indus. v. Safety Light Corp., 857 F.Supp. 373 (D.N.J. 1994)(determining that
insurance company was not owner under CERCLA as a result of acquisition of title through sale-
leaseback financing of a manufacturing facility). See discussion, supra, Section I.A.1.

xci Id.

xcii The Committee on Bankruptcy and Corporate Reorganization of The Association of the
Bar of the City of New York, Structured Financing Techniques 29 (Section of Business Law
American Bar Association 1995). This is to make sure the new entity is “bankruptcy remote”.
Although equity in an SPV is subject to the prior claims of potential creditors of the SPV,
including statutory governmental creditors of other entities in the corporate family, capital
contributions which are true collateral would not be subject to prior claims of such creditors. Id.
at 19 n.47. The Committee noted that courts have long recognized the distinction between equity
capital in a subsidiary and debt financings of a subsidiary by a parent. Id.

xciii Id. at 17. When a true sale is intended, it is important that none of the transactional
documentation pertaining or referring to the transfer be inconsistent with an absolute transfer. For
example, the documents should not express an intent to create a secured transaction by referring
to the special purpose vehicle’s interest as a “security” interest. Id. at 22. In analyzing whether or
not there is a true sale, the most important factor is the degree to which the risk of loss is
transferred to the special purpose vehicle. Id. at 18-19. If there is excessive recourse against the
transferor (such as warranties, holdbacks from the purchase price, adjustments to the purchase
price, guarantees by the transferor, collateral security from the transferor, obligations to
repurchase, etc.), the transaction may not be considered a true sale. Id. Other factors include the
degree of retention of benefits of ownership by the transferor, the degree of post-transfer control
over the transferred assets retained by the transferor, accounting treatment of the transfer on the
transferor’s books, and the expressed intent of the parties. Id. at 18.

xciv For a more detailed discussion of insurance and its use in a transaction, see 1 Brownfields
Law and Practice 28.01 (Matthew Bender 1998).

xcv Susan M. Hollingshead, Environmental Insurance Summary (1999).

xcvi A condition on the site that is not identified or known at the time that remediation cost
estimates are calculated. Discovery of an undetected condition can affect the cost estimate and/or
give rise to third party liability exposure.

xcvii Includes expenses that exceed the estimated cost to remediate the site. These excess costs
can arise due to a number of factors including a change in regulatory requirements, or more
extensive contamination than anticipated, etc.

xcviii These costs may arise because of a change in regulatory standards, a failure to adequately
eliminate the source, migration beyond boundaries detected at the time of the original
remediation, as well as unanticipated third party actions for cleanup expenses, bodily injury, and
property damage including stigma and diminution of value.

xcix A classification of financial innovation by the Economic Council of Canada.

c Id.



                                                                                                                                                                            
ci These funds may only be used for certain tasks that are consistent with EPA’s authority
under CERCLA. Brownfield Assessment Demonstration Pilot grants have been restricted to
funding for environmental assessments of the contamination, but cannot be used for the
remediation itself. The Cleanup Revolving Loan Fund provides funding for cleanups, but not for
environmental assessments or non-environmental redevelopment activities. EPA’s new pilot
program, its Superfund Redevelopment Pilot program, provides funding to communities for
future use planning. See supra note 80. Grants to selected showcase communities have been in
cooperation with the federal Department of Housing and Urban Development (HUD) and provide
federal funding for job creation and for stimulating local economies.

cii U.S. Conference of Mayors, Recycling America’s Land: A National Report on
Brownfields Redevelopment, Executive Summary (1998).

ciii EFAB Report #3, supra note 62.

civ Frank J. Fabozzi and Franco Modigliani, Capital Markets – Institutions and Instruments
(2d ed. 1996). There are two extreme views of financial innovation. At one extreme are those
who believe that the major impetus for innovation has been the endeavor to circumvent (or
“arbitrage”) regulations and find loopholes in tax rules. Id. At the other extreme are those who
hold that the essence of innovation is the introduction of financial instruments that are more
efficient for redistributing market risks among market participants. Id. We hold the latter view.

cv There has been an extraordinary growth in the affluent population in the United States.
Affluent households, those with investable assets of more than $1 million, control about $5
trillion of financial assets. This affluent segment of the population is growing at 14% annually
while the population as a whole is growing at 1%.
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ABSTRACT
One of the most important elements of the defense of an environmental and/or toxic

tort lawsuit is the selection and effective use of scientific experts. Generally, environmental
and toxic tort actions, whether civil lawsuits or regulatory enforcement actions, turn on the
use of scientific evidence concerning the causation and extent of the alleged injury. Thus,
connecting the alleged actions or omissions of a defendant with some injury, also known as
causation, usually falls upon the shoulders of an expert.

This presentation will focus on overcoming the evidentiary and practical hurdles that
exist in environmental and toxic tort cases. By hiring the right expert, who is properly
qualified and can render a reliable, understandable, and persuasive opinion a party in
litigation or in an enforcement action has the best means to prevail.



INTRODUCTION
The significance of expert testimony in the defense of environmental/toxic tort law

claims cannot be understated. The expert generally serves a two-fold function. First, the
expert acts as a guide for defense counsel in understanding the complex issues involved in
environmental/toxic tort litigation. Second, and perhaps more importantly, the expert assists
the ultimate decision-maker in reaching the proper conclusion as to the key issues in the case.
Courts play a very important gate-keeping role with respect to this second function. Before
an expert will be allowed to testify, a court must first determine whether he is properly
qualified and whether he can offer a reliable opinion that will assist the decision-maker. These
qualifications are especially critical on both sides of an environmental and/or toxic tort case.
In these cases, expert proof usually is required to assist the fact-finder to determine the central
issue of causation (whether the alleged conduct/inaction produced the claimed injury).

THE UNITED STATES SUPREME COURT AND
DAUBERT: SETTING THE STANDARD FOR

EXPERT TESTIMONY

The Gist of Daubert: Expert Testimony Must be Both Relevant
and Reliable

In 1993, the United States Supreme Court issued a landmark decision which clarified
the standard for admissibility of expert testimony in federal court in the scientific arena. (1)
The issue in Daubert was whether scientific testimony was admissible in federal court. (2)
The Court held that expert scientific testimony is admissible if the testimony is both relevant
and reliable. (3) In Daubert, the United States Supreme Court emphasized that a judge’s role
in allowing or disallowing expert testimony was that of a gatekeeper. (4) Essentially, the
Supreme Court held that the trial judge must examine the purported expert testimony to insure
that the testimony is reliable (scientifically valid) and relevant (apply to the facts of the case).
Then, and only then, should the expert be permitted to testify.

Daubert and the Specific Factors Relevant to the Judge’s
Gatekeeping Obligation

In Daubert the Supreme Court provided a list of specific factors establishing a federal
judge’s gatekeeping analysis for the admissibility of scientific testimony. These five factors
- frequently referred to as the “Daubert factors” - that judges use to assess the reliability of
the scientific methodology are:

A. whether a theory or technique . . . can be (and has been) tested;
B. whether it has been subjected to peer review and publication;
C. whether, in respect to a particular technique, there is a high known or

potential rate of error;
D. whether there are standards controlling the technique’s operation; and



E. whether the theory or technique enjoys general acceptance within a relevant
scientific community. (5)

Although this list is not extensive, judges usually rely heavily on these factors to
determine whether the proposed expert should be allowed to testify. If these factors are not
met, a judge may and frequently will exclude the proposed expert testimony.

THE UNITED STATES SUPREME COURT’S
EXTENSION OF DAUBERT

The Daubert Factors to Apply to All Expert Testimony - Not Just
Scientific Testimony

In 1999, the Supreme Court further refined the application of the Daubert test. (6)
In Kuhmo Tire Company v. Carmichael, the Supreme Court extended the applicability of the
Daubert factors to all expert testimony, not just testimony involving scientific principles and
theories.

In Kuhmo, the plaintiff, Patrick Carmichael, was driving with several other passengers
in his minivan when the right rear tire blew out. One passenger was killed and others seriously
injured. Carmichael filed suit against Kuhmo Tire Company, the maker and distributor of the
tire. Carmichael alleged that the tire was defective, and that the defective tires’ failure caused
the accident.

To support his theory, Carmichael hired Dennis Carlson, an expert in tire failure analysis.
Carlson had previously testified in his deposition about complex tire technology and design.
At trial, Kuhmo Tire filed a motion to exclude Carlson as an expert.

Kuhmo argued that the methodology Carlson used to form his opinion was unreliable
under the Federal Rules of Evidence and Daubert. The federal court examined Carlson’s
credentials and methodology under the Daubert factors, and found, based on these four
factors, that Carlson’s theories and methods were unreliable. The federal court granted
Kuhmo Tire’s motion to exclude the expert testimony of Carlson. The exclusion of
Carmichael’s expert proved fatal to his case because the theory of his case hinged almost
entirely on Carlson’s proposed expert testimony. (7)

Carmichael subsequently appealed his case to the Eleventh Circuit Court of Appeals. The
Eleventh Circuit reversed the federal court’s ruling, holding that the Daubert factors did not
apply to the case because the factors only applied to expert testimony involving scientific
theories and principles: “[A] Daubert analysis applies only where an expert relies on the
application of scientific principles, rather than on skill - or experience - based observation.”
(8)



On petition for certiorari, the Supreme Court reversed, holding that the Daubert factors
applied not only to testimony based on scientific knowledge, but also to testimony “based on
technical or other specialized knowledge.” (9) This holding confirms that a uniform standard
will be applied to all expert testimony in federal court.

EXPERT TESTIMONY AND
ENVIRONMENTAL/TOXIC TORT

LITIGATION: DISQUALIFYING AN EXPERT
UNDER DAUBERT

Disqualifying an Expert under Daubert: A Federal Case Study

The importance of selecting and properly utilizing an expert for your case is
illustrated by a recent federal environmental case in Michigan. In B-B Paint, the government
brought an action under CERCLA that required a potentially responsible party to remediate
a hazardous waste disposal site.(10) B-B Paint commenced an action against other potentially
responsible parties for the clean-up costs. At trial, B-B Paint sought to introduce expert
testimony on the issue of the defendants’ liability.

The plaintiff’s offered their expert, Eugene Meyer, to testify about the defendants’
disposal practices at the site. The defendants sought to disqualify Meyer on three grounds: (a)
that his opinions were unreliable under Daubert; (b) that his opinions were based on
misunderstandings; and (c) that his opinions had no bearing on the issue of whether the
defendants’ wastes were transhipped. B-B Paint, on the other hand, argued that the standards
announced in Daubert did not apply to CERCLA actions.

The district court of Michigan disagreed with B-B Paint’s analysis and held that the
Daubert factors applied. The court, relying on Kuhmo Tire, noted that Daubert’s relevance
and reliability standard applied to all expert testimony, including expert testimony in
CERCLA actions. Specifically, the court found that Meyer’s proposed testimony concerning
the presence of hazardous substances in the defendants’ disposal lacked both relevance and
reliability under the five Daubert factors.

The exclusion of the plaintiff’s expert, however, did not prove fatal to their case (as
it had to the plaintiff in Kuhmo Tire) as the court ultimately held that the plaintiffs were
entitled to reimbursement. But this decision certainly indicates that courts are willing to strike
expert testimony where that testimony does not meet Daubert’s standards of relevance and
reliability.



APPLICATION OF DAUBERT: THE FIFTH
CIRCUIT COURT OF APPEALS

JURISPRUDENCE

I Smell a Rat: The Fifth Circuit Court of Appeals and Daubert

Daubert is alive and well in the Fifth Circuit, where a large number of toxic torts and
environmental law cases have been argued. In 1996, the Fifth Circuit dealt a fatal blow to a
toxic tort class action when it held that the plaintiffs’ proposed expert testimony did not meet
the Daubert factors and that the testimony should have been excluded. (11)

In Atlantic Richfield, over one thousand plaintiffs commenced an action (in a Texas
federal district court) for both property damage and personal injuries. The plaintiffs alleged
that they had suffered injuries as a result of exposure to chemicals located at defendants’
superfund cleanup sites. In order to prove that these chemicals were hazardous in nature, the
plaintiffs sought to introduce the testimony of their expert, Dr. Schroeder.

Dr. Schroeder sought to testify about a study that he had conducted on cotton rats.
The gist of his testimony was that the cotton rats found at the defendants’ waste sites had been
affected by “possible exposure.” (12) The purpose of this study was to demonstrate that since
the rats allegedly had been exposed to these chemicals so had human beings. The study
further opined that if these chemicals were capable of affecting rats then they were likely
“capable of causing some effect in humans . . . .” (13) The district court excluded this
testimony.

The Fifth Circuit agreed that the district court properly had excluded the plaintiffs’
expert’s proposed testimony. The court reasoned that the rat study lacked reliability in that
the study consisted of “unsupported speculation.” (14) The court closely examined Dr.
Schroeder’s credentials. First, the court reasoned that he was not qualified to testify about the
potential link between exposure to cotton rats vis-à-vis exposure to human beings. The Fifth
Circuit further noted, “Dr. Schroeder himself testified that, as an ecologist, his expertise was
limited to the behavior and pattern of cotton rats and their interactions with the environment,
and that he had played no role in the toxicological analysis of the cotton rats.” (15) Second,
the court explained that Dr. Schroeder lacked the expertise and background to offer a reliable
opinion in this field. Accordingly, the Fifth Circuit summarized its holding as follows: “[I]t
is clear that Dr. Schroeder’s testimony could not establish with any scientific reliability
whether there was an exposure parallel between the cotton rats and human beings, and we
therefore affirm the district court’s decision not to admit the testimony.” (16)

The court’s decision to exclude Dr. Schroeder was catastrophic to the plaintiffs’ case.
As in most environmental and toxic tort cases the plaintiffs’ entire case hinged on whether
there was a link between their alleged damages and the defendant’s conduct. Because the
plaintiffs failed to hire a qualified expert, they never had the opportunity to present their case
to a jury. The Fifth Circuit explained, “Absent the proposed expert testimony, [plaintiffs]
have not produced any evidence demonstrating a causal link between their alleged damages
and the chemicals at the disposal sites.” (17) Indeed, this case demonstrates just how critical
the decision to hire the proper expert can be and the importance of an aggressive investigation
of and challenge to the opposition’s experts.



The Fifth Circuit to the Rescue: Saving a Plaintiff from the Fate of
a “Near-Doomed” Expert

The Trial Court Ruling

In a recent case, the Fifth Circuit rescued a plaintiffs’ expert from the brink of
exclusion. (18) M&S Petroleum involved a lawsuit brought by several workers and their
spouses against the owners and operators of an oil refinery as well as DuPont. The refinery
was in the business of processing sweet crude oil into products like naptha (used in gasoline
manufacturing), diesel, jet fuel, and other oil products. The operator, M&S, purchased Heavy
Aromatic Distillate (HAD)–a substance from which products like gasoline and marine diesel
are produced–from DuPont feedstock. Employees of the refinery allegedly began suffering
a number of symptoms, including headaches, dizziness, and nausea.

The plaintiffs claimed that they had been exposed to excessive amounts of benzene
due to the negligent action of the defendants. They claimed this exposure had caused certain
health problems. The plaintiffs hired Dr. Frank Stevens, an industrial hygienist, to testify
about the “causal link between plaintiffs’ health problems and exposure to excessive amounts
of benzene.” (19) Dr. Stevens offered opinion that the plaintiffs’ alleged exposure to HAD
caused their alleged symptoms, even though he had no training or experience in medicine or
toxicology.

On the defendant’s Motion to Exclude the federal district court examined Dr.
Stevens’ credentials and methodology. The court concluded that Dr. Stevens’ opinions did
not meet the Daubert standard of reliance and reliability. The district court dismissed the
plaintiffs’ case finding that without their expert the plaintiffs would be unable to “establish
the necessary causal link between their exposure to benzene and their illnesses.” (20)

At trial, the judge found that Dr. Stevens’ opinions on causation lacked the reliability
required under Daubert. Specifically, he found that Dr. Stevens’ ultimate conclusion that the
plaintiffs’ symptoms were caused by their exposure to benzene was not reliable because he
failed to demonstrate with sufficient certainty the amount of benzene to which they had been
exposed. However, the Court also provided a second basis for excluding Dr. Stevens’
opinion. The Court found that Dr. Stevens did not eliminate other possible causes of the
plaintiffs’ symptoms. This is also known as a “differential diagnosis.” (21)

Fifth Circuit Reversal

The Fifth Circuit agreed with the trial court that Dr. Stevens could give a reliable
opinion on the fact that exposure to benzene, generally, can cause the kind of problems the
plaintiffs alleged they were experiencing. The Fifth Circuit, however, disagreed with the trial
judge’s ruling that Dr. Stevens had no significant bases to give an opinion on the amount of
benzene to which the plaintiffs had been exposed.

The Fifth Circuit concluded that the plaintiffs had presented sufficient facts to
support Dr. Stevens’ specific causation findings. Dr. Stevens testified that the refinery
workers had been exposed to levels of benzene that were several hundred times above the
permissible level of one part per million. Dr. Stevens relied upon several facts in reaching his
conclusion. Dr. Stevens concluded that the symptoms experienced by the refinery workers



were extremely important. He testified that the cluster of symptoms that the refinery workers
had experienced shortly after the HAD was introduced into the refinery–headaches, nausea,
disorientation and fatigue–were all well-known symptoms of over-exposure to benzene. Based
on this, Dr. Stevens concluded that these symptoms were all indications of exposure to
benzene at levels of at least 200 to 300 parts per million.

Dr. Stevens also relied on the results of dragger-tube tests performed by the refinery
workers. The dragger-tubes utilized by the workers could measure a maximum of ten parts
per million based upon twenty pumps. Dr. Stevens’ opinion was that because these tubes were
only pumped twice before becoming fully saturated, measuring the maximum ten parts per
million, the refinery workers had been exposed to at least one hundred parts per million.

Dr. Stevens also relied upon the work practices utilized at the refinery. The workers
were required to clean the strainers and oily water separator, and gauge tanks on a daily basis.
All of these functions allegedly made exposure to high levels of benzene likely.

The Fifth Circuit Missed the Point

What the Fifth Circuit missed, however, in reversing the lower court’s judgment, was
the fundamental issue of medical causation. At trial the plaintiffs completely failed to connect
the alleged exposure to their symptoms through proof of medical causation. Although the
Fifth Circuit reversed and remanded the case for a new trial, it never dealt directly with the
question of whether the plaintiffs could prove medical causation. Not only was Dr. Stevens
not qualified to give a medical opinion (he was an industrial hygienist not a doctor or
toxicologist), he also could not offer a reliable opinion. The plaintiffs at trial had attempted
to utilize their personal physician in an effort to link the alleged exposure to their symptoms.
However, their physician, a general practioner, admitted in his testimony that he could not
rule out other possible causes for these symptoms by way of a differential diagnosis. In other
words, the symptoms could have been caused by almost anything.

The M&S case illustrates not only the critical importance of choosing an expert and
the consequences of failing to do so, but also the complexity of this issue. The writers also
emphasize the strategic importance of challenges to opposing experts. In the week before trial
the plaintiffs in the M&S case were demanding over a million dollars to settle the claims.
Even after the Fifth Circuit reversed and remanded this case, the case was ultimately settled
for a fraction of the plaintiffs’ demands. While the facts in the case were weak, the favorable
settlement was a result dictated largely by the plaintiffs’ failure to obtain a qualified and
reliable expert to present the critically necessary expert testimony.



The Fifth Circuit Putting Its Foot Down: Excluding Plaintiff’s
Proffered Expert Testimony

Although the Fifth Circuit rescued the plaintiff’s expert in M&S, it has strongly
endorsed and encouraged the trial court’s gatekeeping function. This is illustrated in the
following cases.

In Ashland Chemical an employee brought a toxic tort action against his employer,
a chemical manufacturer. (22) The plaintiff hauled toxic chemicals which were stored in
drums. One of the drums leaked and allegedly exposed the plaintiff to the toxins it contained.
The plaintiff alleged the exposure caused him to develop reactive airways dysfunction
syndrome (“RADS”), an asthmatic-type condition. To link the exposure to his illness, plaintiff
offered the testimony of a pulmonary specialist.

The trial court refused to allow the plaintiff’s expert to give his opinion on the cause
of plaintiff’s illness. The court struck the testimony because the expert “had no scientific basis
for this opinion, that it was not sufficiently reliable under Fed. R. Evid. 702, and that it would
be inconsistent with the court’s gatekeeping role under Daubert to admit this opinion.” (23)

On appeal, the Fifth Circuit agreed with the lower court’s conclusion that plaintiff’s
expert was not qualified and his proffered testimony was too speculative. The court held that
the inclusion of plaintiff’s personal habits and medical history made the expert’s proffered
testimony even more unreliable. The plaintiff had been a heavy smoker for twenty years, he
had just recovered from pneumonia shortly before his contact with the chemical and he had
a history of asthma. As stated previously, medical causation is a crucial element of any toxic
tort plaintiff’s case.

Similarly, the plaintiffs in Doddy v. OXY USA brought a toxic tort action against the
owners, and operators of an oil and gas well located near their home. (24) The plaintiffs
alleged they had suffered property damage and personal injuries from toxic chemicals
emanating from a nearby well. To bolster their theory, the plaintiffs retained an expert/lay
witness to testify.

The district court struck parts of the affidavit presented by this witness, whom the
plaintiffs presented both as a lay and expert witness. The District Court found that

[a]lthough Cotton is qualified to testify as an expert with
respect to the procedures for treating oil and gas wells for
corrosion, . . . Cotton is not qualified to testify on issues
related to chemical content, toxicity, migration of chemicals
through the East Texas Oil Field, and the effects that
activities in the East Texas Oil Field have on the McKinley
“E” Lease Well No. 14. To permit otherwise would tend to
mislead the jury by having an “expert” testify to matters
that are not within his field. (25)

The plaintiffs appealed to the Fifth Circuit. On appeal, plaintiffs claimed their
witnesses’ testimony about toxic chemicals being used at the well and elsewhere in the East
Texas Oil Field was proper lay witness testimony based on his personal knowledge and thus



should not have been stricken. The Fifth Circuit disagreed and held that the district court
properly excluded parts of the witnesses’ testimony as a “fact witness.” The Fifth Circuit
noted, “it is rather doubtful that, in the absence of any specialized training or expertise in
these areas, he - or any other ordinary person - could have personal knowledge about the
toxicity of chemicals or substances (such as benzene) at the well or elsewhere.” (26)

The plaintiffs’ witness, therefore, was not allowed to testify that plaintiffs’
damages/injuries were caused by the adjacent oil and gas well. Without this crucial expert
testimony on causation, the plaintiffs failed to prove their case and failed to recover.

CONCLUSION
Environmental and toxic tort cases, whether before a trial court or an administrative

agency, necessarily involve complex scientific issues. In order to effectively defend any such
case, a party must not only have an effective advocate in its lawyer, but also an effective
advocate in its expert. It is crucial that expert testimony not be overlooked or underfunded.
In disputes between owners, operators or other businesses (as opposed to landowner/personal
injury actions) an intelligent, well-spoken and qualified expert who can succinctly express
otherwise a boring, lengthy and tedious detailed analysis to the finder of fact, will without
question be the key to the effective presentation of the case.
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RECENT DEVELOPMENTS IN
ENVIRONMENTAL LITIGATION

A. ADMISSIBILITY OF EXPERT WITNESS TESTIMONY

1. Kumho Tire Co. v. Carmichael, 526 U.S. 137, 119 S.Ct. 1167 (1999) (attached)

When a tire on the vehicle driven by Patrick Carmichael blew out and the vehicle overturned, one
passenger died and the others were injured. The survivors and the decedent’s representative brought a
diversity suit against the tire’s maker and its distributor, claiming that the tire that failed was defective.
They rested their case in significant part upon the depositions of a tire failure analyst, Dennis Carlson, Jr.,
who intended to testify that, in his expert opinion, a defect in the tire’s manufacture or design caused the
blow out. That opinion was based upon a visual and tactile inspection of the tire and upon the theory that
in the absence of at least two of four specific, physical symptoms indicating tire abuse, the tire failure of
the sort that occurred here was caused by a defect.

Kumho Tire moved to exclude Carlson’s testimony on the ground that his methodology failed to
satisfy Federal Rule of Evidence 702, which says: “If scientific, technical, or other specialized knowledge
will assist the trier of fact … , a witness qualified as an expert … may testify thereto in the form of an
opinion.” Granting the motion (and entering summary judgment for the defendants), the District Court
acknowledged that it should act as a reliability “gatekeeper” under Daubert, in which the U.S. Supreme
Court held that Rule 702 imposes a special obligation upon a trial judge to ensure that scientific testimony
is not only relevant, but reliable.

The trial court noted that Daubert discussed four factors–testing, peer review, error rates, and
“acceptability” in the relevant scientific community–which might prove helpful in determining the
reliability of a particular scientific theory or technique and found that those factors argued against the
reliability of Carlson’s methodology. On the plaintiffs’ motion for reconsideration, the court agreed that
Daubert should be applied flexibly, that its four factors were simply illustrative, and that other factors
could argue in favor of admissibility. However, the court affirmed its earlier order because it found
insufficient indications of the reliability of Carlson’s methodology.

In reversing the trial court, the Eleventh Circuit held that the District Court had erred as a matter
of law in applying Daubert. As many other lower courts have held, the Eleventh Circuit believed that
Daubert was limited to the scientific context, and the Eleventh Circuit held that the Daubert factors did
not apply to Carlson’s testimony, which it characterized as skill- or experience-based.

•  Daubert factors may apply to the testimony of engineers and other experts who
are not scientists.

•  
In Kumho Tire, the Supreme Court held that Daubert’s “gatekeeping” obligation applies not only

to “scientific” testimony, but to all expert testimony. Rule 702 does not distinguish between “scientific”
knowledge and “technical” or “other specialized” knowledge, but makes clear that any such knowledge
might become the subject of expert testimony. In Kumho Tire, the Supreme Court explained that the
Daubert Court referred only to “scientific” knowledge because that was the nature of the expertise at
issue in Daubert. Also, the evidentiary rationale underlying Daubert’s “gatekeeping” determination is not
limited to “scientific” knowledge. Rules 702 and 703 grant all expert witnesses, not just “scientific” ones,
testimonial latitude unavailable to other witnesses on the assumption that the expert’s opinion will have a
reliable basis in the knowledge and experience of his discipline.

Finally, the Supreme Court explained it would prove difficult, if not impossible, for judges to
administer evidentiary rules under which a “gatekeeping” obligation depended upon a distinction between



“scientific” knowledge and “technical” or “other specialized” knowledge, since there is no clear line
dividing the one from the others and no convincing need to make such distinctions.

•  A trial judge determining the admissibility of an engineering expert’s testimony
may consider one or more of the specific Daubert factors.

•  
The Supreme Court stated that the emphasis on the word “may” reflects Daubert’s description of

the Rule 702 inquiry as “a flexible one.” The Daubert factors do not constitute a definitive checklist or
test, and the gatekeeping inquiry must be tied to the particular facts. Those factors may or may not be
pertinent in assessing reliability, depending on the nature of the issue, the expert’s particular expertise,
and the subject of his testimony. Some of those factors may be helpful in evaluating the reliability even of
experience-based expert testimony, and the Eleventh Circuit erred insofar as it ruled those factors out in
such cases.

The Supreme Court further stated that in determining whether particular expert testimony is
reliable, the trial court should consider the specific Daubert factors where they are reasonable measures of
reliability.

•  Repeating its prior ruling that a court of appeals must apply an abuse-of-discretion
standard when it reviews the trial court’s decision to admit or exclude expert
testimony (General Electric Co. v. Joiner, 522 U.S. 136, 138—139), the U.S.
Supreme Court explained that the “abuse of discretion” standard applies as
much to the trial court’s decisions about how to determine reliability as to its
ultimate conclusion.

•  
Whether Daubert’s specific factors are, or are not, reasonable measures of reliability in a

particular case is a matter that the law grants the trial judge broad latitude to determine.

•  Applying the foregoing standards, the U.S. Supreme Court held that the District
Court’s decision not to admit Carlson’s expert testimony was lawful.

•  
The Kumho Tire decision reports that the district court did not question Carlson’s qualifications,

but instead excluded his testimony because it initially doubted his methodology and then found it
unreliable after examining the transcript in some detail and considering respondents’ defense of it. The
Supreme Court determined that the doubts that triggered the court’s initial inquiry were reasonable, as
was the court’s ultimate conclusion that Carlson could not reliably determine the cause of the failure of
the tire in question.

The question was not the reliability of Carlson’s methodology in general, but rather whether he
could reliably determine the cause of failure of the particular tire at issue. That tire, Carlson conceded,
had traveled far enough so that some of the tread had been worn bald, it should have been taken out of
service, it had been repaired (inadequately) for punctures, and it bore some of the very marks that he said
indicated, not a defect, but abuse. Moreover, Carlson’s own testimony cast considerable doubt upon the
reliability of both his theory about the need for at least two signs of abuse and his proposition about the
significance of visual inspection in this case.

The Respondents stressed that other tire failure experts, like Carlson, rely on visual and tactile
examinations of tires. But there was no indication in the record that other experts in the industry use
Carlson’s particular approach or that tire experts normally make the very fine distinctions necessary to
support his conclusions, nor are there references to articles or papers that validate his approach.



The Supreme Court stated that Respondents’ argument that the District Court too rigidly applied
Daubert might have had some validity with respect to the court’s initial opinion, but it failed because the
court, on reconsideration, recognized that the relevant reliability inquiry should be “flexible,” and
ultimately based its decision upon Carlson’s failure to satisfy either Daubert’s factors or any other set of
reasonable reliability criteria.

2. Moore v. Ashland Chemical, Inc., 151 F.3d 269 (5th Cir. 1998), cert. denied 119 S.Ct. 1454
(1999) (attached)

The Fifth Circuit held that testimony offered by Moore’s physician failed to meet the Daubert
standard for admissibility. The Court stated that as a matter of law Dr. Jenkins was required to have direct
evidence of causation by scienfically accurate data of the level of exposure where the scientific literature
supported an opinion that exposure to industrial chemicals can cause RADS, but the scientific literature
was “not a precise fit and therefore did not support admissibility.”).

3. Curtis v. M&S Petroleum, Inc., 174 F.3d 661, (5th Cir. 1999) (attached)

In Curtis v. M&S Petroleum, Inc., the Fifth Circuit discusses what evidence about the amount of
alleged exposure is sufficient to admit medical causation expert testimony into evidence. In Curtis, a
refinery decided to begin processing Heavy Aromatic Distillate (“HAD”), which has a high benzene
content. Refinery equipment began malfunctioning as soon as it began processing HAD. Also as soon as
the refinery began processing HAD, the workers began experiencing all of the symptoms of benzene
over-exposure: headaches, nausea, dizziness, disorientation, diarrhea and fatigue. The workers’ clothes
and skin were so thoroughly soaked with HAD that their wives also immediately began experiencing all
of the same symptoms.

The refinery hired a safety manager, who sampled for ambient air concentrations of benzene at
several locations in the refinery. The safety manager and his wife also began experiencing problems
associated with benzene over-exposure. When the air samples were taken, the monitoring devices became
saturated with 10 ppm of benzene after only two pumps.

The district judge excluded the causation testimony of plaintiffs’ medical causation expert, in part
because the court found that plaintiffs’ expert’s “ultimate conclusion that Plaintiffs’ symptoms were
caused by their exposure to benzene was not reliable because they failed to demonstrate with sufficient
certainty the amount of benzene to which they were exposed.” At the close of plaintiffs’ case, the trial
court granted Defendants’ Motion for judgment as a matter of law.

On appeal, the Fifth Circuit expressly recognized and affirmed its holding in Allen v.
Pennsylvania Engineering Corp., 102 F.3d 194 (5th Cir. 1996) that “[s]cientific knowledge of the harmful
level of exposure to a chemical, plus knowledge that the plaintiff was exposed to such quantities, are
minimal facts necessary to sustain the plaintiffs’ burden in a toxic tort case.” Under the facts in Curtis,
however, the Fifth Circuit found that there was sufficient evidence of the amount of plaintiffs’ benzene
exposure because: (1) monitoring results showed that plaintiffs were exposed to benzene concentrations
far in excess of ten times the OSHA benzene standard; (2) plaintiffs had been soaked in HAD, on a daily
basis, while attempting to repair refinery equipment malfunctioning due to its HAD contents; (3)
plaintiffs had been exposed to undiluted HAD, for an hour a day on a daily basis, while skimming it off
the top of an open-air water recovery pond; and (4) plaintiffs (including the wives of refinery workers)
had immediately and persistently experienced all of the symptoms of benzene over-exposure as soon as
the workers began getting soaked in high benzene-content HAD on a daily basis. The Fifth Circuit found
this amount of evidence about exposure was sufficient to admit expert medical causation testimony.



4. Revels v. Novartis Pharmaceuticals Corp., 1999 WL 644732 (Tex. App.—Austin 1999) (no
writ) (attached)

In this unpublished opinion, a trial court’s granting of summary judgment was upheld on appeal
where the expert witness relied upon case reports and pharmacological finds that structurally similar
compounds caused similar adverse effects. The appellate court held that the causation evidence presented
by seven experts in this Parlodel wrongful death case was inadmissible because it failed to conform to
standards set by the Texas Supreme Court in Havner.

Stating that case reports are not sufficient evidence to support causation, the appellate court
explained that case reports do not purport to prove a causal relationship between the drug and the adverse
event; instead, case reports merely record the physician’s observations of a particular patient – not the
possible association between the drug and the event. The appellate court also noted that Havner dictates
that case reports of adverse events are not “scientifically reliable” evidence; thus, they are not a reliable
basis for an expert’s causation conclusion.

5. Weiss v. Mechanical Assoc. Sys., Inc., 989 S.W.2d 120 (Tex.App. – San Antonio 1999) and
Lampasas v. Spring Center, Inc., 988 S.W.2d 428 (Tex.App. – Houston [14th Dist.] 1999,
no writ).

These two cases are included herein to illustrate the trend of Texas appellate courts which have
followed the rationale of not conducting a separate Daubert hearing in connection with a motion for
summary judgment or motion to strike expert testimony. See Weiss v. Mechanical Assoc. Sys., Inc., 989
S.W.2d 120 (Tex.App. – San Antonio 1999, pet. for discretionary review denied), and Lampasas v.
Spring Center, Inc., 988 S.W.2d 428 (Tex.App. – Houston [14th Dist.] 1999, no writ).

Bendeke, Candyce T. “Experts and Summary Judgment: How Should No Evidence Challenges to
Expert Testimony be Handled in State Court?” The Appellate Lawyer, Houston Bar Association,
Appellate Practice Section, Spring 1999, Vol. IV, No. 3, describes the policy reasons for not requiring a
separate Daubert (Robinson when applying Texas state law) hearing on a motion for summary judgment
or to strike expert testimony as follows: (1) it is a more efficient use of judicial resources to forego a
separate hearing and rule on the submissions and summary judgment argument of counsel; (2) the issues
are squarely before the court in the summary judgment motion, thus a separate hearing on the
admissibility of the expert testimony is not required; (3) the court effectively rules on the Daubert issue
when it rules on the summary judgment motion because the summary judgment motion depends, in part,
on the weight given the expert’s testimony; and (4) because it is the non-movant’s burden to put forth
evidence raising a material fact issue on the challenged element, it is the non-movant’s burden to make
sure that its testifying expert’s qualifications have been adequately presented in the affidavit.

6. Phillips v. Industrial Machine, et al., 597 N.W.2d 377 (Neb. 1999) (attached)

In a concurring opinion concerning the admission of an expert’s testimony in a personal injury
action, three Nebraska state Supreme Court judges wrote that the Nebraska courts should abandon “the
ever-shrinking minority view [of refusing to apply a Daubert analysis to non-“scientific” areas of expert
testimony]” and adopt Daubert/Kumho Tire. “Adoption of the Daubert/Kumho Tire standards, on the
other hand, both encourages the trial court to act as gatekeeper and places that function in the context of a
sensible and uniform scheme for the evaluation of all types of expert testimony.” Id. This case illustrates
the likely trend of state adoption of the Kumho Tire holding concerning application of Daubert and
similar state-adopted analyses to all expert testimony – not just “scientific” expert testimony.



In fact, many states have not yet adopted Daubert in any regard. For example, in M.C., et al. v.
Yeargin, et al., 1999 WL 507122 (Mo. App. E.D. 1999), an appellate court held that the St. Louis Circuit
Court erred in failing to apply the Frye test (whether the expert’s opinion is based on scientific principles
generally accepted in the relevant scientific community) to a physician’s expert witness testimony, noting
that the Missouri Supreme Court continues to apply the Frye test instead of the 1993 Daubert analysis.
But see Bunting, et al. v. Jamieson, 984 P.2d 467 (Wyo. 1999), wherein the Wyoming Supreme Court
expressly adopted the Daubert analysis for the first time July 16, 1999 (holding that a trial court abused
its discretion in excluding causation testimony in a medical malpractice action).

7. Kent, et al. v. Howell Electric Motors, et al., 1999 WL 517106 (E.D. Pa. 1999) (an expert’s
inability to rule out alternative theories for the cause of a product’s failure rendered the expert’s testimony
unreliable under Daubert).

8. Gilkey v. Schweitzer, 983 P.2d 869 (Mont. 1999) (The Montana Supreme Court held that
testimony about the amount of information an anesthesiologist should provide to a patient in order to
obtain informed consent was not subject to Daubert because it does not involve “novel scientific
evidence.”) This case illustrates an interpretation of Daubert which is likely to be increasingly rejected in
the future. While some courts maintain that Daubert applies only to “novel” evidence, many courts reject
this position and apply Daubert regardless of whether the expert’s methodology is “novel.”

9. Merrell Dow Pharmaceuticals, Inc. v. Havner, 953 S.W.2d 706, 714 (Tex. 1997), cert.
denied, 118 S.Ct. 1799 (1998) (This is not a recent decision; however, this discussion is included and the
decision is attached hereto because of Hanver’s application to other recent, significant developments in
environmental litigation).

The Havners sued Merrell Dow for their child’s birth defects, which were allegedly caused by
Bendectin. The jury found that Merrell Dow was negligent, that its negligence proximately caused the child's
birth defects, that Bendectin was defectively designed and marketed, and that the Havners should be awarded
$3.75 million in actual damages. The punitive damages portion of the trial was bifurcated. In that portion, the
jury found that Merrell Dow’s conduct was grossly negligent and awarded $30 million in punitive damages
to the Havners. Judgment was entered, awarding $3.75 million in actual damages, prejudgment interest in the
amount of $15 million, and over $20 million in punitive damages. The punitive damages were reduced from
the verdict amount pursuant to § 41.007 of the Civil Practice and Remedies Code.   

Merrell Dow appealed the decision of the Corpus Christi court and argued it before the Texas
Supreme Court on March 19, 1996. The Texas Supreme Court evaluated the trial court’s decision against a
“no evidence” standard. That is, the issue before the Supreme Court was whether the Havners’ evidence
was scientifically reliable and thus “some evidence” to support the judgment in their favor. Even though
the Supreme Court decided the case on a sufficiency of the scientific evidence of causation basis, it drew
heavily on the landmark admissibility decisions such as Daubert and Robinson. The Supreme Court ruled
that “the same factors [from Daubert / Robinson] may be applied in a no evidence review of scientific
evidence.”

At trial and during the appeal, Merrell Dow repeatedly challenged the scientific reliability and
legal sufficiency of the Havners’ causation evidence. This evidence included the testimony of five
different experts, all of whom appeared in the numerous federal cases in which Bendectin was claimed to
have caused birth defects. Much like a traveling circus, the five experts traveled from jurisdiction to
jurisdiction putting on their show in front of juries. The evidence relied upon by the Havners’ experts fell
into four categories: (1) epidemiological studies: (2) in vivo animal studies; (3) in vitro animal studies;
and (4) a chemical structure analysis of Bendectin.



The numerous different epidemiological data (defined as studies attempting to associate a cause
with an injury or condition, and assessing a probability value to the risk) admitted at trial showed a wide
variation in results. The court noted that there are more than thirty published, peer-reviewed
epidemiological studies analyzing the relationship between birth defects and Bendectin, and each of them
concludes that no relationship between Bendectin and the defects could be proved. The court further
noted that none of the studies relied on at trial by the Havners’ experts had been published or subjected to
peer review. Merrell Dow attacked the studies at trial for their poor methodology, low risk ratios or high
confidence intervals.

The court expressed itself “especially skeptical” of scientific evidence which was not published
or subjected to peer review, and noted none of the Havners’ experts’ studies had been used outside of the
courthouse. The court also expressed doubts about the validity of studies which failed to prove at least a
doubling of the risk associated with Bendectin. The court fell short of adopting a relative risk of 2.0 as a
bright line boundary, but the opinion strongly suggests that there are very few situations where an
expert’s testimony would be admitted when it was based on an epidemiological study showing less than a
doubling of the risk.

The in vivo animal studies presented by the Havners’ experts, which were studies on the rate of
malformed young from rats, mice, rabbits and monkey, were called into question for their reliability as
predictors of the effect of Bendectin because of the near-toxic dosage levels administered to the animals.
There was no explanation as to how these dosages -- equivalent to 1200 tablets a day for a woman
weighing 132 pounds -- could be extrapolated to humans. The court held that such studies would not
support the admission of expert testimony on causation.

Nor were the in vitro studies (tests conducted on cells in a petri dish or test tube) persuasive to the
court. In these studies, the chemical base of Bendectin was placed directly on the limb buds cells of
animals, and was seen to affect cartilage development. Because many other substances, including
necessary vitamins and nutrients, will have the same effect, these studies were held to be no evidence of
causation.

Of the five witnesses who testified on causation, only one opined that Bendectin was the cause of
Kelly Havner’s birth defect. However, because his testimony was based solely upon the foregoing and
discredited studies, the court held that there was no scientifically reliable evidence to support his
opinions. The court held: “no understandable scientific basis is stated. Personal opinion, not science, is
testifying here.” Because there was no scientifically reliable evidence to support the verdict, the judgment
was reversed and rendered for Dow.

B. CLASS ACTION / SETTLEMENT CLASS CERTIFICATION

1. Ortiz, et al. v. Fibreboard Corp., et al., 119 S.Ct. 2295 (1999) (attached)

In Ortiz, the U.S. Supreme Court held that applicants for contested mandatory settlement class
certification based on the rationale of limited fund theory must show that the fund is limited by more than
the agreement of the parties and has been allocated to claimants belonging within the class by a process
addressing any conflicting interests of class members).

Fibreboard Corporation, an asbestos manufacturer, was locked in litigation for decades. Plaintiffs
filed a stream of personal injury claims against Fibreboard, expanding throughout the 1980’s and 1990’s
to thousands of claims for compensatory damages each year. Fibreboard engaged in litigation with its
insurers over insurance coverage for the personal injury claims. In 1990, a California trial court ruled
against the insurers, and the insurers appealed.



At around the same time, Fibreboard approached a group of asbestos plaintiffs’ lawyers, offering
to discuss a “global settlement” of Fibreboard’s asbestos liability. Negotiations at one point led to the
settlement of some 45,000 pending claims, and the parties eventually agreed upon $1.535 billion as the
key term of a “Global Settlement Agreement.” Of this sum, $1.525 billion would come from two insurers,
which had joined the negotiations, while Fibreboard would contribute $10 million, all but $500,000 of it
from other insurance proceeds.

At plaintiffs’ counsels’ insistence, Fibreboard and its insurers then reached a backup settlement of
the coverage dispute in the “Trilateral Settlement Agreement,” under which the insurers agreed to provide
Fibreboard with $2 billion to defend against asbestos claimants and pay the winners, should the Global
Settlement Agreement fail to win court approval.

Subsequently, a group of named plaintiffs filed an action in Federal District Court, seeking
certification for settlement purposes of a mandatory class that comprised three groups–claimants who had
not yet sued Fibreboard, those who had dismissed such claims and retained the right to sue in the future,
and relatives of class members–but excluded claimants who had actions pending against Fibreboard or
who had filed and, for negotiated value, dismissed such claims, and whose only retained right is to sue
Fibreboard upon development of an asbestos-related malignancy. The District Court certified the class
under Rule 23. In response to intervenors’ objections that the absence of a “limited fund” precluded
certification, the District Court ruled that both the disputed insurance asset liquidated by the $1.535
billion global settlement, and, alternatively, the sum of the value of Fibreboard plus the value of its
insurance coverage, as measured by the insurance funds’ settlement value, were relevant “limited funds.”

The Fifth Circuit affirmed both as to class certification and adequacy of settlement. Agreeing
with the District Court’s application of Rule 23(a), the Court of Appeals found that there were no
conflicts of interest sufficiently serious to undermine the adequacy of class counsel’s representation.

The Fifth Circuit also approved the class certification on a “limited fund” rationale based on the
threat to other class members’ ability to receive full payment from Fibreboard’s limited assets.

Ultimately, the U.S. Supreme Court held that the $1.535 billion settlement did not meet the
requirements of FRCP 23 for certifying a mandatory settlement class on a limited fund theory.
Certification failed on the issues of inclusiveness of the class and fairness of distributions to class
members.

C. MENTAL ANGUISH DAMAGES; MEDICAL MONITORING

1. Temple-Inland Forest Products Corp. v. Carter, et al., 993 S.W.2d 88 (Tex. 1999) (attached)

A plaintiff with no symptoms of or actual physical injury may not win damages for mental
anguish over the possibility that the injury will occur. The Texas Supreme Court cited its decision in
Boyles v. Kerr, 855 S.W.2d 593 (Tex. 1993) (later clarified in City of Tyler v. Likes, 962 S.W.2d 489, 500
(Tex. 1997), wherein it held that a person who has been negligently placed in danger and escapes injury
may not recover damages just because he or she has been placed at risk, and it following the reasoning
articulated in Metro-North Commuter Railroad Co. v. Buckley, 521 U.S. 424 (1997) for denying damages.
Those reasons include the special difficulty for judges and juries in separating valid claims from those
that are invalid or trivial; a threat of unlimited an unpredicable liability; and the potential for a flood fo
comparatively unimportant or trivial claims. Also, the Texas Supreme Court explained that if bodily
injury is at most latent and any eventual anguish consequnces uncertain, as when a person’s exposure to
asbestos has not produced disease, then the case for recovery of mental anguish damages is much weaker.
Finally, the Court explained that if it were to authorize damages in cases such as this, then “some
claimants would inevitably be overcompensated when, in the court of time, it happens that they never
develop the disease they feared, and others would be undercompensated when it turns out that they
developed a disease more serious even than they feared.” (For a dissimilar opinion, see Bower v.
Westinghouse Elec. Corp., 1999 W.Va. LEXIS 118 (July 19, 1999), wherein the Supreme Court of
Appeals of West Virginia held that a plaintiff who does not allege a present physical injury may



nevertheless recover future medical-monitoring closts where those costs are proximately caused by a
defendant’s tortious conduct. Bower additionally expands the availability of relief in that jurisdiction by
relaxing the proof necessary to state a medical-monitoring claim and by allowing for lump-sum awards
instead of requiring the establishment of a court-supervised fund.)

D. OTHER SIGNFICANT DECISIONS:

1. Harmon Indus., Inc. v. Browner (Harmon III), 19 F.Supp. 2d 988 (W.D.Mo. 1998)

In the first federal court decision which directly addressed whether RCRA permits “overfiling” –
a common practice where the EPA brings an enforcement action after a state comences a similar action on
the same manner, resulting in the issuance of two penalties for the same violation – the U.S. District
Court for the Western District of Missouri held that the EPA may not overfile after a state concludes an
action on the same matter.) (Miller, Bryan “Harmon-izing RCRA’s Enforcement Provisions: RCRA
Overfiling in Light of Harmon Industries v. Browner”, American Bar Association, The Environemntal
Lawyer, 5 Envtl. Law. 585 (1999), reports that to date, there are no federal court decisions that directly
address EPA’s authority to overfile after the commencement of a state action, but before the state obtains
a judgment or settlement in the matter. These issues are separate from the question of whether or not EPA
may commence an enforcement action after a state action concludes.)

2. Bedford Affiliates v. Sills, 156 F.3d 610 (2d Cir. 1998) (a party who is itself a PRP is limited
to a contribution action under CERCLA section 113; it may not bring a cost recovery action under section
107). 13 TXLR 1268; 13 TXLR 615.

3. U.S. v. Bestfoods, 118 S.Ct. 1876 (1998) (a parent corporation may be held liable under
CERCLA for its subsidiary’s contamination only where the corporate veil can be pierced or where the
parent exercised control over environmental operations at the subsidiary’s facility.) 13 TXLR 1268; 13
TXLR 46.

4. PMC v. Sherwin Williams Co., 151 F.3d 610 (7th Cir. 1998) (CERCLA preempted an Illinois
contribution statute, preventing a tortfeasor from recouping its cleanup costs even where other defendants
are found responsible; this decision thus raises the possibility that a PRP may not rely on state hazardous
waste cleanup laws to recover if it does not comply with the NCP.) 13 TXLR 1268; 13 TXLR 366.

5. Murphy Brothers Inc. v. Michetti Pipe Stringing Inc., 526 U.S. 344, 119 S.Ct. 1322 (1999)
(attached) (This decision is not specific to environmental litigation; however, it is important to future
environmental litigation cases because the Supreme Court held that the 30-day removal period began to
run in this case not when the defendant received the faxed, file-stamped copy of the complaint, but rather,
when the defendant was later formally served by certified mail. Other triggers of the 30-day removal
period are also discussed in this decision.)
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 Plaintiffs brought products liability action
against tire manufacturer and tire distributor for
injuries sustained when right rear tire on vehicle
failed. The United States District Court for the
Southern District of Alabama, No.
93-0860-CB-S, 923 F.Supp. 1514, Charles R.
Butler, J., granted summary judgment for
defendants, and plaintiffs appealed. The Court of
Appeals for the Eleventh Circuit, 131 F.3d 1433,
reversed and remanded. Defendants filed
application for writ of certiorari. The Supreme
Court, Justice Breyer, held that: (1) Daubert's
"gatekeeping" obligation, requiring an inquiry
into both relevance and reliability, applies not
only to "scientific" testimony, but to all expert
testimony; (2) when assessing reliability of
engineering expert's testimony, trial court may
consider the Daubert factors to the extent
relevant; and (3) trial court did not abuse its
discretion in its application of Daubert to
exclude tire failure analyst's expert testimony
that particular tire failed due to manufacturing or
design defect.

 Reversed.

 Justice Scalia filed concurring opinion in which
Justice O'Connor and Justice Thomas joined.

 Justice Stevens filed opinion concurring in part
and dissenting in part.

[1] EVIDENCE k508

157k508
Daubert's "gatekeeping" obligation, requiring an
inquiry into both relevance and reliability,
applies not only to "scientific" testimony, but to
all expert testimony. Fed.Rules Evid.Rule 702,
28 U.S.C.A.

[1] EVIDENCE k555.2
157k555.2
Daubert's "gatekeeping" obligation, requiring an
inquiry into both relevance and reliability,
applies not only to "scientific" testimony, but to
all expert testimony. Fed.Rules Evid.Rule 702,
28 U.S.C.A.

[2] EVIDENCE k555.2
157k555.2
When assessing the reliability of an engineering
expert's testimony, the trial court may consider
the Daubert factors to the extent relevant, which
will depend upon the nature of the issue, the
expert's particular expertise, and the subject of
his testimony. Fed.Rules Evid.Rule 702, 28
U.S.C.A.

[3] EVIDENCE k508
157k508
Objective of Daubert's "gatekeeping"
requirement is to ensure the reliability and
relevancy of expert testimony; it is to make
certain that an expert, whether basing testimony
upon professional studies or personal
experience, employs in the courtroom the same
level of intellectual rigor that characterizes the
practice of an expert in the relevant field.
Fed.Rules Evid.Rule 702, 28 U.S.C.A.



[3] EVIDENCE k555.2
157k555.2
Objective of Daubert's "gatekeeping"
requirement is to ensure the reliability and
relevancy of expert testimony; it is to make
certain that an expert, whether basing testimony
upon professional studies or personal
experience, employs in the courtroom the same
level of intellectual rigor that characterizes the
practice of an expert in the relevant field.
Fed.Rules Evid.Rule 702, 28 U.S.C.A.

[4] EVIDENCE k555.2
157k555.2
Trial court should consider the specific factors
identified in Daubert where they are reasonable
measures of the reliability of expert testimony.
Fed.Rules Evid.Rule 702, 28 U.S.C.A.

[5] FEDERAL COURTS k823
170Bk823
Court of Appeals is to apply an
abuse-of-discretion standard when it reviews a
trial court's decision to admit or exclude expert
testimony, and when it reviews the trial court's
decisions about how to determine reliability as
to its ultimate conclusion. Fed.Rules Evid.Rule
702, 28 U.S.C.A.

[6] EVIDENCE k546
157k546
Whether Daubert's specific factors are, or are
not, reasonable measures of expert's reliability in
a particular case is a matter that the law grants
the trial judge broad latitude to determine.
Fed.Rules Evid.Rules 102, 702, 28 U.S.C.A.

[7] EVIDENCE k555.5
157k555.5
Trial court did not abuse its discretion in its
application of Daubert to exclude tire failure
analyst's expert testimony that particular tire
failed due to manufacturing or design defect, on
grounds that methodology employed by analyst
in analyzing the data obtained in his visual and
tactile examination of tire in question was
unreliable, even though court did not doubt
analyst's qualification as expert, where there was
no evidence that other experts in the industry
used analyst's particular approach with regard
visual and tactile examinations of tires, analyst's

own testimony cast doubt upon reliability of
both his theory and his proposition about
significance of visual inspection of tire in
question, and tire bore some of marks that
analyst said indicated abuse, rather than defect.
Fed.Rules Evid.Rule 702, 28 U.S.C.A.

*1169 Syllabus [FN*]

FN* The syllabus constitutes no part of
the opinion of the Court but has  been
prepared by the Reporter of Decisions
for the convenience of the reader. See
United States v. Detroit Timber &
Lumber Co., 200 U.S. 321, 337, 26 S.Ct.
282, 50 L.Ed. 499.

 When a tire on the vehicle driven by Patrick
Carmichael blew out and the vehicle overturned,
one passenger died and the others were injured.
The survivors and the decedent's representative,
respondents here, brought this diversity suit
against the tire's maker and its distributor
(collectively Kumho Tire), claiming that the tire
that failed was defective. They rested their case
in significant part upon the depositions of a tire
failure analyst, Dennis Carlson, Jr., who
intended to testify that, in his expert opinion, a
defect in the tire's manufacture or design caused
the blow out. That opinion was based upon a
visual and tactile inspection of the tire and upon
the theory that in the absence of at least two of
four specific, physical symptoms indicating tire
abuse, the tire failure of the sort that occurred
here was caused by a defect. Kumho Tire moved
to exclude Carlson's testimony on the ground
that his methodology failed to satisfy Federal
Rule of Evidence 702, which says: "If scientific,
technical, or other specialized knowledge will
assist the trier of fact ..., a witness qualified as
an expert ... may testify thereto in the form of an
opinion." Granting the motion (and entering
summary judgment for the defendants), the
District Court acknowledged that it should act as
a reliability "gatekeeper" under Daubert v.
Merrell Dow Pharmaceuticals, Inc., 509 U.S.
579, 589, 113 S.Ct. 2786, 125 L.Ed.2d 469, in
which this Court held that Rule 702 imposes a
special obligation upon a trial judge to ensure
that scientific testimony is not only relevant, but
reliable. The court noted that Daubert discussed
four factors--testing, peer review, error rates,



and "acceptability" in the relevant scientific
community--which might prove helpful in
determining the reliability of a particular
scientific theory or technique, id., at 593-594,
113 S.Ct. 2786, and found that those factors
argued against the reliability of Carlson's
methodology. On the plaintiffs' motion for
reconsideration, the court agreed that Daubert
should be applied flexibly, that its four factors
were simply illustrative, and that other factors
could argue in favor of admissibility. However,
the court affirmed its earlier order because it
found insufficient indications of the reliability of
Carlson's methodology. In reversing, the
Eleventh Circuit held that the District Court had
erred as a matter of law in applying Daubert.
Believing that Daubert was limited to the
scientific context, the court held that the Daubert
factors did not apply to Carlson's testimony,
which it characterized as skill-or
experience-based.

 Held:

 1. The Daubert factors may apply to the
testimony of engineers and other experts who
are not scientists. Pp. 1174-1176.

 (a) The Daubert "gatekeeping" obligation
applies not only to "scientific" testimony, but to
all expert testimony. Rule 702 does not
distinguish between "scientific" knowledge and
"technical" or "other specialized" knowledge,
but makes clear that any such knowledge might
become the subject of expert testimony. It is the
Rule's word "knowledge," not the words (like
"scientific") that modify that word, that
establishes a standard of evidentiary reliability.
509 U.S., at 589-590, 113 S.Ct. 2786. Daubert
referred only to "scientific" knowledge because
that was the nature of the expertise there at
issue. Id., at 590, n. 8, 113 S.Ct. 2786. Neither is
the evidentiary rationale underlying Daubert's
"gatekeeping" determination limited to
"scientific" knowledge. Rules 702 and 703 grant
all expert witnesses, not just "scientific" ones,
testimonial latitude unavailable to other
witnesses on the assumption that the expert's
opinion will have a reliable basis in the
knowledge and experience of his discipline. Id.,
at 592, 113 S.Ct. 2786. Finally, it would prove

difficult, if not impossible, for judges to
administer evidentiary rules under which a
"gatekeeping" obligation depended upon a
distinction between "scientific" knowledge and
"technical" or "other specialized" knowledge,
since there is no clear line dividing the one from
the others and no convincing need to make such
distinctions. Pp. 1174-1175.

 *1170 (b) A trial judge determining the
admissibility of an engineering expert's
testimony may consider one or more of the
specific Daubert factors. The emphasis on the
word "may" reflects Daubert's description of the
Rule 702 inquiry as "a flexible one." 509 U.S., at
594, 113 S.Ct. 2786. The Daubert factors do not
constitute a definitive checklist or test, id., at
593, 113 S.Ct. 2786, and the gatekeeping inquiry
must be tied to the particular facts, id., at 591,
113 S.Ct. 2786. Those factors may or may not
be pertinent in assessing reliability, depending
on the nature of the issue, the expert's particular
expertise, and the subject of his testimony. Some
of those factors may be helpful in evaluating the
reliability even of experience-based expert
testimony, and the Court of Appeals erred
insofar as it ruled those factors out in such cases.
In determining whether particular expert
testimony is reliable, the trial court should
consider the specific Daubert factors where they
are reasonable measures of reliability. Pp.
1175-1176.

 (c) The court of appeals must apply an
abuse-of-discretion standard when it reviews the
trial court's decision to admit or exclude expert
testimony. General Electric Co. v. Joiner, 522
U.S. 136, 138-139, 118 S.Ct. 512, 139 L.Ed.2d
508. That standard applies as much to the trial
court's decisions about how to determine
reliability as to its ultimate conclusion. Thus,
whether Daubert's specific factors are, or are
not, reasonable measures of reliability in a
particular case is a matter that the law grants the
trial judge broad latitude to determine. See id., at
143, 118 S.Ct. 512. The Eleventh Circuit erred
insofar as it held to the contrary. P. 1176.

 2. Application of the foregoing standards
demonstrates that the District Court's decision
not to admit Carlson's expert testimony was



lawful. The District Court did not question
Carlson's qualifications, but excluded his
testimony because it initially doubted his
methodology and then found it unreliable after
examining the transcript in some detail and
considering respondents' defense of it. The
doubts that triggered the court's initial inquiry
were reasonable, as was the court's ultimate
conclusion that Carlson could not reliably
determine the cause of the failure of the tire in
question. The question was not the reliability of
Carlson's methodology in general, but rather
whether he could reliably determine the cause of
failure of the particular tire at issue. That tire,
Carlson conceded, had traveled far enough so
that some of the tread had been worn bald,
itshould have been taken out of service, it had
been repaired (inadequately) for punctures, and
it bore some of the very marks that he said
indicated, not a defect, but abuse. Moreover,
Carlson's own testimony cast considerable doubt
upon the reliability of both his theory about the
need for at least two signs of abuse and his
proposition about the significance of visual
inspection in this case. Respondents stress that
other tire failure experts, like Carlson, rely on
visual and tactile examinations of tires. But there
is no indication in the record that other experts
in the industry use Carlson's particular approach
or that tire experts normally make the very fine
distinctions necessary to support his
conclusions, nor are there references to articles
or papers that validate his approach.
Respondents' argument that the District Court
too rigidly applied Daubert might have had some
validity with respect to the court's initial
opinion, but fails because the court, on
reconsideration, recognized that the relevant
reliability inquiry should be "flexible," and
ultimately based its decision upon Carlson's
failure to satisfy either Daubert's factors or any
other set of reasonable reliability criteria. Pp.
1176-1179.

 131 F.3d 1433, reversed.

 BREYER, J., delivered the opinion of the
Court, in which REHNQUIST, C. J., and
O'CONNOR, SCALIA, KENNEDY, SOUTER,
THOMAS, and GINSBURG, JJ., joined, and in
which STEVENS, J., joined as to Parts I and II.

SCALIA, J., filed a concurring opinion, in which
O'CONNOR and THOMAS, JJ., joined.
STEVENS, J., filed *1171 an opinion
concurring in part and dissenting in part.

 Joseph H. Babington, Mobile, AL, for
petitioners.

 Jeffrey P. Minear, Washington, DC, for the
United States as amicus curiae, by special leave
of the court.

 Sidney W. Jackson, for respondents.
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 Justice BREYER delivered the opinion of the
Court.

 In Daubert v. Merrell Dow Pharmaceuticals,
Inc., 509 U.S. 579, 113 S.Ct. 2786, 125 L.Ed.2d
469 (1993), this Court focused upon the
admissibility of scientific expert testimony. It
pointed out that such testimony is admissible
only if it is both relevant and reliable. And it
held that the Federal Rules of Evidence "assign
to the trial judge the task of ensuring that an
expert's testimony both rests on a reliable
foundation and is relevant to the task at hand."
Id., at 597, 113 S.Ct. 2786. The Court also
discussed certain more specific factors, such as
testing, peer review, error rates, and
"acceptability" in the relevant scientific
community, some or all of which might prove
helpful in determining the reliability of a
particular scientific "theory or technique." Id., at
593-594, 113 S.Ct. 2786.

 This case requires us to decide how Daubert
applies to the testimony of engineers and other
experts who are not scientists. We conclude that
Daubert's general holding--setting forth the trial
judge's general "gatekeeping"
obligation--applies not only to testimony based
on "scientific" knowledge, but also to testimony
based on "technical" and "other specialized"
knowledge. See Fed. Rule Evid. 702. We also
conclude that a trial court may consider one or
more of the more specific factors that Daubert
mentioned when doing so will help determine
that testimony's reliability. But, as the Court
stated in Daubert, the test of reliability is
"flexible," and Daubert's list of specific factors
neither necessarily nor exclusively applies to all
experts or in every case. Rather, the law grants a
district court the same broad latitude when it

decides how to determine reliability as it enjoys
in respect to its ultimate reliability
determination. See General Electric Co. v.
Joiner, 522 U.S. 136, 143, 118 S.Ct. 512, 139
L.Ed.2d 508 (1997) (courts of appeals are to
apply "abuse of discretion" standard when
reviewing district court's reliability
determination). Applying these standards, we
determine that the District Court's decision in
this case-- not to admit certain expert
testimony--was within its discretion and
therefore lawful.

I

 On July 6, 1993, the right rear tire of a minivan
driven by Patrick Carmichael blew out. In the
accident that followed, one of the passengers
died, and others were severely injured. In
October 1993, the Carmichaels brought this
diversity suit against the tire's maker and its
distributor, whom we refer to collectively as
Kumho Tire, claiming that the tire was
defective. The plaintiffs rested their case in
significant part upon deposition testimony
provided by an expert in tire failure analysis,
Dennis Carlson, Jr., who intended to testify in
support of their conclusion.

 Carlson's depositions relied upon certain
features of tire technology that are not in
dispute. A steel-belted radial tire like the
Carmichaels' is made up of a "carcass"
containing many layers of flexible cords, called
"plies," along which (between the cords and the
outer tread) are laid steel strips called "belts."
Steel wire loops, called "beads," hold the cords
together at the plies' bottom edges. An outer
layer, called the "tread," encases the carcass, and
the entire tire is bound together in rubber,
through the application of heat and various
chemicals. See generally, e.g., J. Dixon, Tires,
Suspension and Handling 68-72 (2d ed.1996).
The bead of the tire sits upon a "bead seat,"
which is part of the wheel assembly. That
assembly contains a "rim flange," which extends
over the bead and rests against the side of the
tire. See M. Mavrigian, Performance Wheels &
Tires 81, 83 (1998) (illustrations).



 Carlson's testimony also accepted certain
background facts about the tire in question. He
assumed that before the blowout the tire
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 *1172 had traveled far. (The tire was made in
1988 and had been installed some time before
the Carmichaels bought the used minivan in
March 1993; the Carmichaels had driven the van
approximately 7,000 additional miles in the two
months they had owned it.) Carlson noted that
the tire's tread depth, which was 11/32 of an inch
when new, App. 242, had been worn down to
depths that ranged from 3/32 of an inch along
some parts of the tire, to nothing at all along
others. Id., at 287. He conceded that the tire
tread had at least two punctures which had been
inadequately repaired. Id., at 258-261, 322.

 Despite the tire's age and history, Carlson
concluded that a defect in its manufacture or
design caused the blow-out. He rested this
conclusion in part upon three premises which,
for present purposes, we must assume are not in
dispute: First, a tire's carcass should stay bound
to the inner side of the tread for a significant
period of time after its tread depth has worn
away. Id., at 208-209. Second, the tread of the
tire at issue had separated from its inner
steel-belted carcass prior to the accident. Id., at
336. Third, this "separation" caused the blowout.
Ibid.

 Carlson's conclusion that a defect caused the
separation, however, rested upon certain other
propositions, several of which the defendants
strongly dispute. First, Carlson said that if a
separation is not caused by a certain kind of tire
misuse called "overdeflection" (which consists
of underinflating the tire or causing it to carry
too much weight, thereby generating heat that
can undo the chemical tread/carcass bond), then,
ordinarily, its cause is a tire defect. Id., at
193-195, 277-278. Second, he said that if a tire
has been subject to sufficient overdeflection to
cause a separation, it should reveal certain
physical symptoms. These symptoms include (a)
tread wear on the tire's shoulder that is greater
than the tread wear along the tire's center, id., at

211; (b) signs of a "bead groove," where the
beads have been pushed too hard against the
bead seat on the inside of the tire's rim, id., at
196- 197; (c) sidewalls of the tire with physical
signs of deterioration, such as discoloration, id.,
at 212; and/or (d) marks on the tire's rim flange,
id., at 219-220. Third, Carlson said that where
he does not find at least two of the four physical
signs just mentioned (and presumably where
there is no reason to suspect a less common
cause of separation), he concludes that a
manufacturing or design defect caused the
separation. Id., at 223-224.

 Carlson added that he had inspected the tire in
question. He conceded that the tire to a limited
degree showed greater wear on *1173 the
shoulder than in the center, some signs of "bead
groove," some discoloration, a few marks on the
rim flange, and inadequately filled puncture
holes (which can also cause heat that might lead
to separation). Id., at 256-257, 258-261, 277,
303-304, 308. But, in each instance, he testified
that the symptoms were not significant, and he
explained why he believed that they did not
reveal overdeflection. For example, the extra
shoulder wear, he said, appeared primarily on
one shoulder, whereas an overdeflected tire
would reveal equally abnormal wear on both
shoulders. Id., at 277. Carlson concluded that the
tire did not bear at least two of the four
overdeflection symptoms, nor was there any less
obvious cause of separation; and since neither
overdeflection nor the punctures caused the
blowout, a defect must have done so.

 Kumho Tire moved the District Court to
exclude Carlson's testimony on the ground that
his methodology failed Rule 702's reliability
requirement. The court agreed with Kumho that
it should act as a Daubert-type reliability
"gatekeeper," even though one might consider
Carlson's testimony as "technical," rather than
"scientific." See Carmichael v. Samyang Tires,
Inc., 923 F.Supp. 1514, 1521-1522
(S.D.Ala.1996). The court then examined
Carlson's methodology in light of the
reliability-related factors that Daubert
mentioned, such as a theory's testability, whether
it "has been a subject of peer review or
publication," the "known or potential rate of



error," and the "degree of acceptance ... within
the relevant scientific community." 923 F.Supp.,
at 1520 (citing Daubert, 509 U.S., at 592-594,
113 S.Ct. 2786). The District Court found that
all those factors argued against the reliability of
Carlson's methods, and it granted the motion to
exclude the testimony (as well as the defendants'
accompanying motion for summary judgment).

 The plaintiffs, arguing that the court's
application of the Daubert factors was too
"inflexible," asked for reconsideration. And the
Court granted that motion. Carmichael v.
Samyang Tires, Inc., Civ. Action No.
93-0860-CB-S (S.D.Ala., June 5, 1996), App. to
Pet. for Cert. 1c. After reconsidering the matter,
the court agreed with the plaintiffs that Daubert
should be applied flexibly, that its four factors
were simply illustrative, and that other factors
could argue in favor of admissibility. It
conceded that there may be widespread
acceptance of a "visual-inspection method" for
some relevant purposes. But the court found
insufficient indications of the reliability of

"the component of Carlson's tire failure
analysis which most concerned the Court,
namely, the methodology employed by the
expert in analyzing the data obtained in the
visual inspection, and the scientific basis, if
any, for such an analysis." Id., at 6c.

 It consequently affirmed its earlier order
declaring Carlson's testimony inadmissable and
granting the defendants' motion for summary
judgment.

 The Eleventh Circuit reversed. See Carmichael
v. Samyang Tire, Inc., 131 F.3d 1433 (1997). It
"review[ed] ... de novo " the "district court's
legal decision to apply Daubert." Id., at 1435. It
noted that "the Supreme Court in Daubert
explicitly limited its holding to cover only the
'scientific context,' " adding that "a Daubert
analysis" applies only where an expert relies "on
the application of scientific principles," rather
than "on skill- or experience-based observation."
Id., at 1435-1436. It concluded that Carlson's
testimony, which it viewed as relying on
experience, "falls outside the scope of Daubert,"
that "the district court erred as a matter of law by
applying Daubert in this case," and that the case
must be remanded for further

(non-Daubert-type) consideration under Rule
702. Id., at 1436.

 Kumho Tire petitioned for certiorari, asking us
to determine whether a trial court "may"
consider Daubert's specific "factors" when
determining the "admissibility of an engineering
expert's testimony." Pet. for Cert. i. We granted
certiorari in light of uncertainty among the lower
courts about whether, or how, Daubert applies to
expert testimony that might be characterized as
based not upon "scientific" knowledge, but
rather upon "technical" or "other specialized"
knowledge. Fed. Rule Evid. 702; compare, e.g.,
Watkins v. Telsmith, Inc., 121 F.3d 984,
990-991 (C.A.5 1997), with, e.g., Compton v.
*1174 Subaru of America, Inc., 82 F.3d 1513,
1518-1519 (C.A.10), cert. denied, 519 U.S.
1042, 117 S.Ct. 611, 136 L.Ed.2d 536 (1996).

II
A

 [1] In Daubert, this Court held that Federal Rule
of Evidence 702 imposes a special obligation
upon a trial judge to "ensure that any and all
scientific testimony ... is not only relevant, but
reliable." 509 U.S., at 589, 113 S.Ct. 2786. The
initial question before us is whether this basic
gatekeeping obligation applies only to
"scientific" testimony or to all expert testimony.
We, like the parties, believe that it applies to all
expert testimony. See Brief for Petitioners 19;
Brief for Respondents 17.

 For one thing, Rule 702 itself says:
"If scientific, technical, or other specialized
knowledge will assist the trier of fact to
understand the evidence or to determine a fact
in issue, a witness qualified as an expert by
knowledge, skill, experience, training, or
education, may testify thereto in the form of
an opinion or otherwise."

 This language makes no relevant distinction
between "scientific" knowledge and "technical"
or "other specialized" knowledge. It makes clear
that any such knowledge might become the
subject of expert testimony. In Daubert, the
Court specified that it is the Rule's word
"knowledge," not the words (like "scientific")
that modify that word, that "establishes a



standard of evidentiary reliability." 509 U.S., at
589-590, 113 S.Ct. 2786. Hence, as a matter of
language, the Rule applies its reliability standard
to all "scientific," "technical," or "other
specialized" matters within its scope. We
concede that the Court in Daubert referred only
to "scientific" knowledge. But as the Court there
said, it referred to "scientific" testimony
"because that [wa]s the nature of the expertise"
at issue. Id., at 590, n. 8, 113 S.Ct. 2786.

 Neither is the evidentiary rationale that underlay
the Court's basic Daubert "gatekeeping"
determination limited to "scientific" knowledge.
Daubert pointed out that Federal Rules 702 and
703 grant expert witnesses testimonial latitude
unavailable to other witnesses on the
"assumption that the expert's opinion will have a
reliable basis in the knowledge and experience
of his discipline." Id., at 592, 113 S.Ct. 2786
(pointing out that experts may testify to
opinions, including those that are not based on
firsthand knowledge or observation). The Rules
grant that latitude to all experts, not just to
"scientific" ones.

 Finally, it would prove difficult, if not
impossible, for judges to administer evidentiary
rules under which a gatekeeping obligation
depended upon a distinction between "scientific"
knowledge and "technical" or "other
specialized" knowledge. There is no clear line
that divides the one from the others. Disciplines
such as engineering rest upon scientific
knowledge. Pure scientific theory itself may
depend for its development upon observation
and properly engineered machinery. And
conceptual efforts to distinguish the two are
unlikely to produce clear legal lines capable of
application in particular cases. Cf. Brief for
National Academy of Engineering as Amicus
Curiae 9 (scientist seeks to understand nature
while the engineer seeks nature's modification);
Brief for Rubber Manufacturers Association as
Amicus Curiae 14- 16 (engineering, as an
"applied science," relies on "scientific reasoning
and methodology"); Brief for John Allen et al. as
Amici Curiae 6 (engineering relies upon
"scientific knowledge and methods").

 Neither is there a convincing need to make such
distinctions. Experts of all kinds tie observations
to conclusions through the use of what Judge
Learned Hand called "general truths derived
from ... specialized experience." Hand,
Historical and Practical Considerations
Regarding Expert Testimony, 15 Harv. L.Rev.
40, 54 (1901). And whether the specific expert
testimony focuses upon specialized
observations, the specialized translation of those
observations into theory, a specialized theory
itself, or the application of such a theory in a
particular case, the expert's testimony often will
rest "upon an experience confessedly foreign in
kind to [the jury's] own." Ibid. The trial judge's
effort to assure that the specialized testimony is
reliable and relevant can help the jury evaluate
*1175 that foreign experience, whether the
testimony reflects scientific, technical, or other
specialized knowledge.

 We conclude that Daubert's general principles
apply to the expert matters described in Rule
702. The Rule, in respect to all such matters,
"establishes a standard of evidentiary
reliability." 509 U.S., at 590, 113 S.Ct. 2786. It
"requires a valid ... connection to the pertinent
inquiry as a precondition to admissibility." Id., at
592, 113 S.Ct. 2786. And where such
testimony's factual basis, data, principles,
methods, or their application are called
sufficiently into question, see Part III, infra, the
trial judge must determine whether the
testimony has "a reliable basis in the knowledge
and experience of [the relevant] discipline." 509
U.S., at 592, 113 S.Ct. 2786.

B

 The petitioners ask more specifically whether a
trial judge determining the "admissibility of an
engineering expert's testimony" may consider
several more specific factors that Daubert said
might "bear on" a judge's gate-keeping
determination. These factors include:

--Whether a "theory or technique ... can be
(and has been) tested";
--Whether it "has been subjected to peer
review and publication";
--Whether, in respect to a particular technique,
there is a high "known or potential rate of



error" and whether there are "standards
controlling the technique's operation"; and
--Whether the theory or technique enjoys
"general acceptance" within a "relevant
scientific community." 509 U.S., at 592-594,
113 S.Ct. 2786.

 Emphasizing the word "may" in the question,
we answer that question yes.

 [2] Engineering testimony rests upon scientific
foundations, the reliability of which will be at
issue in some cases. See, e.g., Brief for Stephen
Bobo et al. as Amici Curiae 23 (stressing the
scientific bases of engineering disciplines). In
other cases, the relevant reliability concerns may
focus upon personal knowledge or experience.
As the Solicitor General points out, there are
many different kinds of experts, and many
different kinds of expertise. See Brief for United
States as Amicus Curiae 18-19, and n. 5 (citing
cases involving experts in drug terms,
handwriting analysis, criminal modus operandi,
land valuation, agricultural practices, railroad
procedures, attorney's fee valuation, and others).
Our emphasis on the word "may" thus reflects
Daubert's description of the Rule 702 inquiry as
"a flexible one." 509 U.S., at 594, 113 S.Ct.
2786. Daubert makes clear that the factors it
mentions do not constitute a "definitive checklist
or test." Id., at 593, 113 S.Ct. 2786. And Daubert
adds that the gatekeeping inquiry must be " 'tied
to the facts' " of a particular "case." Id., at 591,
113 S.Ct. 2786 (quoting United States v.
Downing, 753 F.2d 1224, 1242 (C.A.3 1985)).
We agree with the Solicitor General that "[t]he
factors identified in Daubert may or may not be
pertinent in assessing reliability, depending on
the nature of the issue, the expert's particular
expertise, and the subject of his testimony."
Brief for United States as Amicus Curiae 19.
The conclusion, in our view, is that we can
neither rule out, nor rule in, for all cases and for
all time the applicability of the factors
mentioned in Daubert, nor can we now do so for
subsets of cases categorized by category of
expert or by kind of evidence. Too much
depends upon the particular circumstances of the
particular case at issue.

 Daubert itself is not to the contrary. It made
clear that its list of factors was meant to be

helpful, not definitive. Indeed, those factors do
not all necessarily apply even in every instance
in which the reliability of scientific testimony is
challenged. It might not be surprising in a
particular case, for example, that a claim made
by a scientific witness has never been the subject
of peer review, for the particular application at
issue may never previously have interested any
scientist. Nor, on the other hand, does the
presence of Daubert's general acceptance factor
help show that an expert's testimony is reliable
where the discipline itself lacks reliability, as,
for example, do theories grounded in any
so-called generally accepted principles of
astrology or necromancy.

 *1176 At the same time, and contrary to the
Court of Appeals' view, some of Daubert's
questions can help to evaluate the reliability
even of experience-based testimony. In certain
cases, it will be appropriate for the trial judge to
ask, for example, how often an engineering
expert's experience- based methodology has
produced erroneous results, or whether such a
method is generally accepted in the relevant
engineering community. Likewise, it will at
times be useful to ask even of a witness whose
expertise is based purely on experience, say, a
perfume tester able to distinguish among 140
odors at a sniff, whether his preparation is of a
kind that others in the field would recognize as
acceptable.

 We must therefore disagree with the Eleventh
Circuit's holding that a trial judge may ask
questions of the sort Daubert mentioned only
where an expert "relies on the application of
scientific principles," but not where an expert
relies "on skill- or experience-based
observation." 131 F.3d, at 1435. We do not
believe that Rule 702 creates a schematism that
segregates expertise by type while mapping
certain kinds of questions to certain kinds of
experts. Life and the legal cases that it generates
are too complex to warrant so definitive a match.

 [3][4] To say this is not to deny the importance
of Daubert's gatekeeping requirement. The
objective of that requirement is to ensure the
reliability and relevancy of expert testimony. It
is to make certain that an expert, whether basing



testimony upon professional studies or personal
experience, employs in the courtroom the same
level of intellectual rigor that characterizes the
practice of an expert in the relevant field. Nor do
we deny that, as stated in Daubert, the particular
questions that it mentioned will often be
appropriate for use in determining the reliability
of challenged expert testimony. Rather, we
conclude that the trial judge must have
considerable leeway in deciding in a particular
case how to go about determining whether
particular expert testimony is reliable. That is to
say, a trial court should consider the specific
factors identified in Daubert where they are
reasonable measures of the reliability of expert
testimony.

C
 [5][6] The trial court must have the same kind
of latitude in deciding how to test an expert's
reliability, and to decide whether or when
special briefing or other proceedings are needed
to investigate reliability, as it enjoys when it
decides whether or not that expert's relevant
testimony is reliable. Our opinion in Joiner
makes clear that a court of appeals is to apply an
abuse-of-discretion standard when it "review[s]
a trial court's decision to admit or exclude expert
testimony." 522 U.S., at 138-139, 118 S.Ct. 512.
That standard applies as much to the trial court's
decisions about how to determine reliability as
to its ultimate conclusion. Otherwise, the trial
judge would lack the discretionary authority
needed both to avoid unnecessary "reliability"
proceedings in ordinary cases where the
reliability of an expert's methods is properly
taken for granted, and to require appropriate
proceedings in the less usual or more complex
cases where cause for questioning the expert's
reliability arises. Indeed, the Rules seek to avoid
"unjustifiable expense and delay" as part of their
search for "truth" and the "jus[t]
determin[ation]" of proceedings. Fed. Rule Evid.
102. Thus, whether Daubert's specific factors
are, or are not, reasonable measures of reliability
in a particular case is a matter that the law grants
the trial judge broad latitude to determine. See
Joiner, supra, at 143, 118 S.Ct. 512. And the
Eleventh Circuit erred insofar as it held to the
contrary.

III
 [7] We further explain the way in which a trial
judge "may" consider Daubert's factors by
applying these considerations to the case at
hand, a matter that has been briefed exhaustively
by the parties and their 19 amici. The District
Court did not doubt Carlson's qualifications,
which included a masters degree in mechanical
engineering, 10 years' work at Michelin
America, Inc., and testimony as a tire failure
consultant in other tort cases. Rather, it excluded
the testimony because, despite those
qualifications, it initially *1177 doubted, and
then found unreliable, "the methodology
employed by the expert in analyzing the data
obtained in the visual inspection, and the
scientific basis, if any, for such an analysis."
Civ. Action No. 93-0860-CB-S (S.D.Ala., June
5, 1996), App. to Pet. for Cert. 6c. After
examining the transcript in "some detail," 923
F.Supp., at 1518-519, n. 4, and after considering
respondents' defense of Carlson's methodology,
the District Court determined that Carlson's
testimony was not reliable. It fell outside the
range where experts might reasonably differ, and
where the jury must decide among the
conflicting views of different experts, even
though the evidence is "shaky." Daubert, 509
U.S., at 596, 113 S.Ct. 2786. In our view, the
doubts that triggered the District Court's initial
inquiry here were reasonable, as was the court's
ultimate conclusion.

 For one thing, and contrary to respondents'
suggestion, the specific issue before the court
was not the reasonableness in general of a tire
expert's use of a visual and tactile inspection to
determine whether overdeflection had caused the
tire's tread to separate from its steel-belted
carcass. Rather, it was the reasonableness of
using such an approach, along with Carlson's
particular method of analyzing the data thereby
obtained, to draw a conclusion regarding the
particular matter to which the expert testimony
was directly relevant. That matter concerned the
likelihood that a defect in the tire at issue caused
its tread to separate from its carcass. The tire in
question, the expert conceded, had traveled far
enough so that some of the tread had been worn
bald; it should have been taken out of service; it
had been repaired (inadequately) for punctures;



and it bore some of the very marks that the
expert said indicated, not a defect, but abuse
through overdeflection. See supra, at 1172; App.
293-294. The relevant issue was whether the
expert could reliably determine the cause of this
tire's separation.

 Nor was the basis for Carlson's conclusion
simply the general theory that, in the absence of
evidence of abuse, a defect will normally have
caused a tire's separation. Rather, the expert
employed a more specific theory to establish the
existence (or absence) of such abuse. Carlson
testified precisely that in the absence of at least
two of four signs of abuse (proportionately
greater tread wear on the shoulder; signs of
grooves caused by the beads; discolored
sidewalls; marks on the rim flange) he concludes
that a defect caused the separation. And his
analysis depended upon acceptance of a further
implicit proposition, namely, that his visual and
tactile inspection could determine that the tire
before him had not been abused despite some
evidence of the presence of the very signs for
which he looked (and two punctures).

 For another thing, the transcripts of Carlson's
depositions support both the trial court's initial
uncertainty and its final conclusion. Those
transcripts cast considerable doubt upon the
reliability of both the explicit theory (about the
need for two signs of abuse) and the implicit
proposition (about the significance of visual
inspection in this case). Among other things, the
expert could not say whether the tire had
traveled more than 10, or 20, or 30, or 40, or 50
thousand miles, adding that 6,000 miles was
"about how far" he could "say with any
certainty." Id., at 265. The court could
reasonably have wondered about the reliability
of a method of visual and tactile inspection
sufficiently precise to ascertain with some
certainty the abuse- related significance of
minute shoulder/center relative tread wear
differences, but insufficiently precise to tell
"with any certainty" from the tread wear whether
a tire had traveled less than 10,000 or more than
50,000 miles. And these concerns might have
been augmented by Carlson's repeated reliance
on the "subjective[ness]" of his mode of analysis
in response to questions seeking specific

information regarding how he could differentiate
between a tire that actually had been
overdeflected and a tire that merely looked as
though it had been. Id., at 222, 224-225,
285-286. They would have been further
augmented by the fact that Carlson said he had
inspected the tire itself for the first time the
morning of his first deposition, and then only for
a few hours. (His initial conclusions were based
on photographs.) Id., at 180.

 *1178 Moreover, prior to his first deposition,
Carlson had issued a signed report in which he
concluded that the tire had "not been ...
overloaded or underinflated," not because of the
absence of "two of four" signs of abuse, but
simply because "the rim flange impressions ...
were normal." Id., at 335-336. That report also
said that the "tread depth remaining was 3/32
inch," id., at 336, though the opposing expert's
(apparently undisputed) measurements indicate
that the tread depth taken at various positions
around the tire actually ranged from .5/32 of an
inch to 4/32 of an inch, with the tire apparently
showing greater wear along both shoulders than
along the center, id., at 432-433.

 Further, in respect to one sign of abuse, bead
grooving, the expert seemed to deny the
sufficiency of his own simple visual-inspection
methodology. He testified that most tires have
some bead groove pattern, that where there is
reason to suspect an abnormal bead groove he
would ideally "look at a lot of [similar] tires" to
know the grooving's significance, and that he
had not looked at many tires similar to the one at
issue. Id., at 212-213, 214, 217.

 Finally, the court, after looking for a defense of
Carlson's methodology as applied in these
circumstances, found no convincing defense.
Rather, it found (1) that "none" of the Daubert
factors, including that of "general acceptance" in
the relevant expert community, indicated that
Carlson's testimony was reliable, 923 F.Supp., at
1521; (2) that its own analysis "revealed no
countervailing factors operating in favor of
admissibility which could outweigh those
identified in Daubert," App. to Pet. for Cert. 4c;
and (3) that the "parties identified no such
factors in their briefs," ibid. For these three



reasons taken together, it concluded that
Carlson's testimony was unreliable.

 Respondents now argue to us, as they did to the
District Court, that a method of tire failure
analysis that employs a visual/tactile inspection
is a reliable method, and they point both to its
use by other experts and to Carlson's long
experience working for Michelin as sufficient
indication that that is so. But no one denies that
an expert might draw a conclusion from a set of
observations based on extensive and specialized
experience. Nor does anyone deny that, as a
general matter, tire abuse may often be
identified by qualified experts through visual or
tactile inspection of the tire. See Affidavit of
H.R. Baumgardner 1-2, cited in Brief for
National Academy of Forensic Engineers as
Amici Curiae 16 (Tire engineers rely on visual
examination and process of elimination to
analyze experimental test tires). As we said
before, supra, at 1977, the question before the
trial court was specific, not general. The trial
court had to decide whether this particular expert
had sufficient specialized knowledge to assist
the jurors "in deciding the particular issues in the
case." 4 J. McLaughlin, Weinstein's Federal
Evidence ¶ 702.05[1], p. 702-33 (2d ed.1998);
see also Advisory Committee's Note on
Proposed Fed. Rule Evid. 702, Preliminary Draft
of Proposed Amendments to the Federal Rules
of Civil Procedure and Evidence: Request for
Comment 126 (1998) (stressing that district
courts must "scrutinize" whether the "principles
and methods" employed by an expert "have been
properly applied to the facts of the case").

 The particular issue in this case concerned the
use of Carlson's two- factor test and his related
use of visual/tactile inspection to draw
conclusions on the basis of what seemed small
observational differences. We have found no
indication in the record that other experts in the
industryuse Carlson's two-factor test or that tire
experts such as Carlson normally make the very
fine distinctions about, say, the symmetry of
comparatively greater shoulder tread wear that
were necessary, on Carlson's own theory, to
support his conclusions. Nor, despite the
prevalence of tire testing, does anyone refer to
any articles or papers that validate Carlson's

approach. Compare Bobo, Tire Flaws and
Separations, in Mechanics of Pneumatic Tires
636-637 (S. Clark ed.1981); C. Schnuth et al.,
Compression Grooving and Rim Flange
Abrasion as Indicators of Over-Deflected
Operating Conditions in Tires, presented to
Rubber Division of the American Chemical
Society, Oct. 21-24, 1997; J. Walter & R.
Kiminecz, Bead Contact Pressure Measurements
at the Tire- Rim Interface, presented *1179 to
Society of Automotive Engineers, Feb. 24- 28,
1975. Indeed, no one has argued that Carlson
himself, were he still working for Michelin,
would have concluded in a report to his
employer that a similar tire was similarly
defective on grounds identical to those upon
which he rested his conclusion here. Of course,
Carlson himself claimed that his method was
accurate, but, as we pointed out in Joiner,
"nothing in either Daubert or the Federal Rules
of Evidence requires a district court to admit
opinion evidence that is connected to existing
data only by the ipse dixit of the expert." 522
U.S., at 146, 118 S.Ct. 512.

 Respondents additionally argue that the District
Court too rigidly applied Daubert's criteria. They
read its opinion to hold that a failure to satisfy
any one of those criteria automatically renders
expert testimony inadmissible. The District
Court's initial opinion might have been
vulnerable to a form of this argument. There, the
court, after rejecting respondents' claim that
Carlson's testimony was "exempted from
Daubert-style scrutiny" because it was "technical
analysis" rather than "scientific evidence,"
simply added that "none of the four admissibility
criteria outlined by the Daubert court are
satisfied." 923 F.Supp., at 1522. Subsequently,
however, the court granted respondents' motion
for reconsideration. It then explicitly recognized
that the relevant reliability inquiry "should be
'flexible,' " that its " 'overarching subject [should
be] ... validity' and reliability," and that "Daubert
was intended neither to be exhaustive nor to
apply in every case." App. to Pet. for Cert. 4c
(quoting Daubert, 509 U.S., at 594-595, 113
S.Ct. 2786). And the court ultimately based its
decision upon Carlson's failure to satisfy either
Daubert's factors or any other set of reasonable
reliability criteria. In light of the record as



developed by the parties, that conclusion was
within the District Court's lawful discretion.

 In sum, Rule 702 grants the district judge the
discretionary authority, reviewable for its abuse,
to determine reliability in light of the particular
facts and circumstances of the particular case.
The District Court did not abuse its discretionary
authority in this case. Hence, the judgment of
the Court of Appeals is

 Reversed.

 Justice SCALIA, with whom Justice
O'CONNOR and Justice THOMAS join,
concurring.

 I join the opinion of the Court, which makes
clear that the discretion it endorses--trial-court
discretion in choosing the manner of testing
expert reliability--is not discretion to abandon
the gatekeeping function. I think it worth adding
that it is not discretion to perform the function
inadequately. Rather, it is discretion to choose
among reasonable means of excluding expertise
that is fausse and science that is junky. Though,
as the Court makes clear today, the Daubert
factors are not holy writ, in a particular case the
failure to apply one or another of them may be
unreasonable, and hence an abuse of discretion.

 Justice STEVENS, concurring in part and
dissenting in part.

 The only question that we granted certiorari to
decide is whether a trial judge "[m]ay ...
consider the four factors set out by this Court in
Daubert v. Merrell Dow Pharmaceuticals, Inc.,
509 U.S. 579, 113 S.Ct. 2786, 125 L.Ed.2d 469
(1993), in a Rule 702 analysis of admissibility of
an engineering expert's testimony." Pet. for Cert.
i. That question is fully and correctly answered
in Parts I and II of the Court's opinion, which I
join.

 Part III answers the quite different question
whether the trial judge abused his discretion
when he excluded the testimony of Dennis
Carlson. Because a proper answer to that
question requires a study of the record that can
be performed more efficiently by the Court of

Appeals than by the nine Members of this Court,
I would remand the case to the Eleventh Circuit
to perform that task. There are, of course,
exceptions to most rules, but I firmly believe
that it is neither fair to litigants nor good practice
for this Court to reach out to decide questions
not raised by the certiorari petition. See General
Electric Co. v. Joiner, 522 U.S. 136, 150-151,
118 S.Ct. 512, 139 L.Ed.2d 508 (1997) *1180
(STEVENS, J., concurring in part and dissenting
in part).

 Accordingly, while I do not feel qualified to
disagree with the well-reasoned factual analysis
in Part III of the Court's opinion, I do not join
that Part, and I respectfully dissent from the
Court's disposition of the case.

END OF DOCUMENT
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 Refinery workers and their spouses brought
action against owner of refinery, lessee of
refinery, one of lessee's owners, and
manufacturer of product that was processed at
refinery, alleging that they were exposed to
excessive amounts of benzene due to intentional
and negligent acts of defendants and that such
exposure resulted in numerous health problems.
After excluding the testimony of plaintiffs'
expert and another witness, and refusing
plaintiffs' proposed jury instruction, the United
States District Court for the Southern District of
Mississippi, David C. Bramlette, III, J., granted
judgment as a matter of law in favor of
defendants. Plaintiffs appealed. The Court of
Appeals, W. Eugene Davis, Circuit Judge, held
that: (1) because evidence amply supported
plaintiffs' expert's finding that refinery workers
were exposed to benzene at levels several
hundred times the permissible exposure level,
district court abused its discretion in excluding
expert's testimony on medical causation; (2)
plaintiffs failed to show that district court abused

its discretion in excluding Mississippi
Department of Environmental Quality (MDEQ)
personnel's testimony and reports; (3) plaintiffs
were entitled to instruction from court
permitting jury to draw adverse inference from
invocation of the Fifth Amendment that
occurred during deposition of refinery owner's
president, who had been designated as its
corporate representative; (4) adverse inference
from president's refusal to answer questions at
his deposition, without more, was insufficient to
create issue of fact regarding intentional nature
of refinery owner's actions; (5) manufacturer
discharged its duty to warn about hazards of its
product by providing information to refinery
lessee and lessee's owner; and (6) once
improperly excluded evidence was included,
record was sufficient to raise jury issues as to
liability of refinery owner, refinery lessee, and
lessee's owner for illnesses of refinery workers,
but not as to their liability for illnesses of
workers' spouses.

 Affirmed in part, reversed in part, and
remanded.

[1] FEDERAL COURTS k776

170Bk776
On appeal from orders excluding evidence and
granting motion for judgment as a matter of law,
Court of Appeals first reviewed trial court's
evidentiary rulings under an abuse of discretion
standard and then, with the record defined,
reviewed de novo the order granting judgment as
a matter of law.

[1] FEDERAL COURTS k823
170Bk823
On appeal from orders excluding evidence and
granting motion for judgment as a matter of law,
Court of Appeals first reviewed trial court's
evidentiary rulings under an abuse of discretion
standard and then, with the record defined,



reviewed de novo the order granting judgment as
a matter of law.

[2] EVIDENCE k508
157k508
Pursuant to Supreme Court's Daubert decision,
district judge's gatekeeping role, which ensures
that scientific testimony is both reliable and
relevant, requires judge to undertake a two-part
analysis: first, judge must determine whether
proffered testimony is reliable, requiring an
assessment of whether reasoning or
methodology underlying the testimony is
scientifically valid, and second, judge must
determine whether that reasoning or
methodology can be properly applied to the facts
in issue, that is, whether it is relevant. Fed.Rules
Evid.Rule 702, 28 U.S.C.A.

[2] EVIDENCE k555.2
157k555.2
Pursuant to Supreme Court's Daubert decision,
district judge's gatekeeping role, which ensures
that scientific testimony is both reliable and
relevant, requires judge to undertake a two-part
analysis: first, judge must determine whether
proffered testimony is reliable, requiring an
assessment of whether reasoning or
methodology underlying the testimony is
scientifically valid, and second, judge must
determine whether that reasoning or
methodology can be properly applied to the facts
in issue, that is, whether it is relevant. Fed.Rules
Evid.Rule 702, 28 U.S.C.A.

[3] EVIDENCE k555.2
157k555.2
Under Daubert analysis for determining
admissibility of expert testimony, in order to be
"reliable", subject of testimony must be
scientific knowledge, implying that testimony
must be grounded in methods and procedures of
science and must be more than unsupported
speculation or subjective belief. Fed.Rules
Evid.Rule 702, 28 U.S.C.A.
See publication Words and Phrases for other
judicial constructions and definitions.

[4] EVIDENCE k555.2
157k555.2

Under Daubert test, party seeking to have
district court admit expert testimony must
demonstrate that expert's findings and
conclusions are based on the scientific method,
and therefore, are reliable. Fed.Rules Evid.Rule
702, 28 U.S.C.A.

[5] EVIDENCE k555.2
157k555.2
Under Supreme Court's Daubert analysis for
admissibility of expert testimony, four
non-exclusive factors are used to aid in
determination of whether methodology is
reliable: (1) whether theory or technique has
been tested, (2) whether theory or technique has
been subjected to peer review and publication,
(3) known or potential rate of error of method
used and existence and maintenance of standards
controlling technique's operation, and (4)
whether theory or method has been generally
accepted by the scientific community. Fed.Rules
Evid.Rule 702, 28 U.S.C.A.

[6] NEGLIGENCE k382
272k382
Temporal connection, standing alone, is entitled
to little weight in determining causation in toxic
tort action, although temporal connection is
entitled to greater weight when there is
established scientific connection between
exposure and illness or other circumstantial
evidence supporting the causal link.

[6] PRODUCTS LIABILITY k15
313Ak15
Temporal connection, standing alone, is entitled
to little weight in determining causation in toxic
tort action, although temporal connection is
entitled to greater weight when there is
established scientific connection between
exposure and illness or other circumstantial
evidence supporting the causal link.

[7] NEGLIGENCE k1677
272k1677
Scientific knowledge of harmful level of
exposure to chemical, plus knowledge that
plaintiff was exposed to such quantities, are
minimal facts necessary to sustain plaintiffs'
burden in toxic tort case.



[7] PRODUCTS LIABILITY k83
313Ak83
Scientific knowledge of harmful level of
exposure to chemical, plus knowledge that
plaintiff was exposed to such quantities, are
minimal facts necessary to sustain plaintiffs'
burden in toxic tort case.

[8] NEGLIGENCE k306
272k306
Plaintiffs in toxic tort case are not required to
show precise level of toxic substance to which
they were exposed.

[8] PRODUCTS LIABILITY k43
313Ak43
Plaintiffs in toxic tort case are not required to
show precise level of toxic substance to which
they were exposed.

[9] EVIDENCE k555.10
157k555.10
Expert's finding, that refinery workers who
brought toxic tort action were exposed to
benzene at levels several hundred times the
permissible exposure level, was based on
sufficient information to render his medical
causation opinion admissible, even though he
did not show precise level of benzene to which
workers were exposed, where workers began to
experience well-known symptoms of
overexposure to benzene shortly after toxic
substance had been introduced into refinery,
tests performed by workers measured excessive
benzene levels within refinery, work practices at
refinery made exposure to high levels of
benzene likely, and refinery was not designed to
process highly toxic chemicals such as benzene.
Fed.Rules Evid.Rule 702, 28 U.S.C.A.

[10] EVIDENCE k146
157k146
District court did not abuse its discretion in
concluding that evidence concerning state
agency's purported discovery of violations of
environmental regulations at refinery was
cumulative and unduly prejudicial and, thus, that
it was not admissible in refinery workers' toxic
tort action; workers introduced other evidence of
refinery's deficiencies in its ability to process
toxic product and of refinery owner's and

lessee's lack of knowledge concerning proper
permits necessary to process product, and
evidence from state agency had apparent official
nature. Fed.Rules Evid.Rule 403, 28 U.S.C.A.

[10] FEDERAL CIVIL PROCEDURE k2011
170Ak2011
District court did not abuse its discretion in
concluding that evidence concerning state
agency's purported discovery of violations of
environmental regulations at refinery was
cumulative and unduly prejudicial and, thus, that
it was not admissible in refinery workers' toxic
tort action; workers introduced other evidence of
refinery's deficiencies in its ability to process
toxic product and of refinery owner's and
lessee's lack of knowledge concerning proper
permits necessary to process product, and
evidence from state agency had apparent official
nature. Fed.Rules Evid.Rule 403, 28 U.S.C.A.

[11] WITNESSES k306
410k306
Corporation cannot assert Fifth Amendment
privilege. U.S.C.A. Const.Amend. 5.

[12] WITNESSES k309
410k309
Plaintiffs in toxic tort action were entitled to
instruction from district court permitting jury to
draw adverse inference from invocation of the
Fifth Amendment that occurred during
deposition of refinery owner's president, who
had been designated as owner's corporate
representative; president's refusal to testify in his
individual capacity would not have been unduly
prejudicial to corporate refinery owner, and to
allow owner to reap benefit of its
representative's invocation of the Fifth
Amendment would have circumvented Supreme
Court precedent that corporate entities may not
assert a Fifth Amendment privilege. U.S.C.A.
Const.Amend. 5.

[13] FEDERAL CIVIL PROCEDURE k2515
170Ak2515
Absent other evidence that corporate refinery
owner's actions were intentional, adverse
inference from corporate representative's
invocation of his Fifth Amendment privilege
during deposition in refinery workers' toxic tort



case was insufficient to create issue of fact
regarding intentional nature of owner's actions
for purposes of determining applicability of state
workers' compensation exclusivity provision.
U.S.C.A. Const.Amend. 5.

[14] PRODUCTS LIABILITY k14
313Ak14
"Learned intermediary defense" allows
manufacturer to discharge its duty to warn by
providing information to a third person upon
whom it can reasonably rely to communicate the
information to the ultimate users of the product
or those who will be exposed to its hazardous
effects.
See publication Words and Phrases for other
judicial constructions and definitions.

[15] PRODUCTS LIABILITY k43
313Ak43
Pursuant to learned intermediary defense,
manufacturer of toxic chemical processed at
refinery discharged its duty to refinery workers
to warn about hazards of its product by
providing information to independent
intermediary, the refinery's lessee and one of
lessee's owners.

[16] FEDERAL CIVIL PROCEDURE k2515
170Ak2515
Genuine issues of material fact precluding
judgement as a matter of law existed as to
liability of refinery's owner, refinery's lessee,
and one of lessee's owners for illnesses of
refinery workers, in workers' toxic tort action.

[17] EVIDENCE k571(9)
157k571(9)
Refinery workers' spouses failed to support
causation element of their toxic tort action by
credible evidence where expert did not express
reliable opinion as to cause of illnesses sustained
by spouses.

[17] NEGLIGENCE k1677
272k1677
Refinery workers' spouses failed to support
causation element of their toxic tort action by
credible evidence where expert did not express
reliable opinion as to cause of illnesses sustained
by spouses.

[17] PRODUCTS LIABILITY k83
313Ak83
Refinery workers' spouses failed to support
causation element of their toxic tort action by
credible evidence where expert did not express
reliable opinion as to cause of illnesses sustained
by spouses.
 *664 Landman R. Teller, Jr., B. Blake Teller,
Frank Campbell, Teller, Chaney, Hassell &
Hopson, Vicksburg, MS, for Plaintiffs-Counter
Defendants- Appellants and
Plaintiffs-Appellants.

 Ernest G. Taylor, Jr., Jackson, MS, for Mullins
and M&S Petroleum, Inc.

 Silas Wood McCharen, Jackson, MS, for
Barrett Refining Corporation.

 Raymond Michael Ripple, Donna L. Goodman,
Wilmington, DE, Terrence K. Knister, New
Orleans, LA, for E.I. DuPont De Nemours and
Company Incorporated.

 Appeal from the United States District Court for
the Southern District of Mississippi.

 Before DAVIS, SMITH and WIENER, Circuit
Judges.

 W. EUGENE DAVIS, Circuit Judge:

 In this toxic tort case, Plaintiffs, a number of
refinery workers and their wives, allege that they
were exposed to excessive amounts of benzene
due to the intentional and negligent actions of
Defendants and that this exposure caused
numerous health problems. The district court
excluded the testimony of Plaintiffs' expert
witness that was proffered to establish the causal
link between Plaintiffs' health problems and
exposure to excessive amounts of benzene. The
court ruled that this testimony did not meet the
requirements of Daubert. [FN1] The district
court then granted judgment as a matter of law
in favor of Defendants primarily because
Plaintiffs failed to establish the necessary causal
link between their exposure to benzene and their
illnesses.



FN1. Daubert v. Merrell Dow
Pharmaceuticals, 509 U.S. 579, 113
S.Ct. 2786, 125 L.Ed.2d 469 (1993).

 In this appeal, Plaintiffs challenge: (1) the
district court's exclusion of Plaintiffs' expert
witness on the issue of medical causation; (2)
the district court's exclusion of the proffered
testimony of Mississippi Department of
Environmental Quality personnel; and (3) the
district court's refusal to allow Plaintiffs to
introduce evidence that Defendant Barrett
Refining Corporation's corporate representative
invoked his Fifth Amendment privilege at his
deposition.

 For the following reasons, we vacate the district
court's dismissal of the refinery workers' suits
and remand for trial. We affirm the dismissal of
the suits of the refinery workers' wives.

I. Background

 Defendant Barrett Refining Corporation
("BRC") owns a refinery located in Vicksburg,
Mississippi. Plaintiffs Michael Craft, Troy
Luster, Bob Harris, and Larry Oakes (the
"refinery workers") were employed by BRC as
workers at the refinery. *665 The refinery had
been built in 1978 by Vicksburg Refinery, Inc.
for the purpose of processing light sweet crude
oil into naptha (a light distillate used for
gasoline manufacturing), diesel (a fuel oil for
machinery), and residual oil products. BRC
purchased the refinery in 1991 and, after making
several structural changes to the refinery, began
to process light sweet crude oil into jet fuel.
BRC was successful in its operations but
eventually had to shut down the refinery in the
fall of 1994.

 In April 1995, BRC entered into a three-year
operating lease agreement with Defendants
M&S Petroleum, Inc. ("M&S") and Donald
Mullins, one of M&S's owners, under which
M&S would lease and operate the refinery.
Rather than continuing to process light sweet
crude oil, however, M&S planned to process
Heavy Aromatic Distillate ("HAD"), a product
manufactured by Defendant E.I. DuPont De
Nemours and Company ("DuPont"). M&S

proposed to produce a gasoline blend stock and
a marine diesel oil blend stock from HAD.

 HAD, a co-product of DuPont's ethylene
process, is composed of a number of toxic and
hazardous chemicals, the most prevalent being
benzene, which makes up 25-35 percent of
HAD. Because of HAD's toxicity, particularly
the benzene component, DuPont informed M&S
by letter of May 1, 1995, that it would be
"providing product stewardship support" before
DuPont made any shipments of HAD to M&S.
Attached to this letter was a summary of the
OSHA benzene standard, 29 C.F.R. §
1910.1028, providing that the permissible level
of exposure to benzene is one part of benzene
per million parts of air (1 ppm) as an 8-hour
time-weighted average. The summary also
provided instructions for exposure monitoring,
employee notification, methods of compliance,
respiratory protection, medical surveillance, and
communications.

 In compliance with this letter, DuPont
dispatched Brad Kulesza, a Senior Technical
Service Engineer, to the Vicksburg refinery on
May 3, 1995. The purpose of the visit was to
explain how to handle HAD safely, to review the
OSHA benzene standard, to perform a quick
walk-through of the HAD barge unloading and
storage areas, and to answer any questions
concerning HAD.

 After his visit, Mr. Kulesza promptly wrote a
letter to M&S reiterating the dangers of benzene
and identifying six safety items that M&S would
have to complete before DuPont would deliver
HAD to the refinery. These items included
providing benzene awareness training to the
operators and mechanics responsible for
unloading and processing HAD; developing
procedures for unloading and processing HAD;
providing safety showers and eyewash facilities
at the barge unloading area; making available
and using proper protective equipment;
providing employee benzene exposure
monitoring; and providing temporary or
permanent benzene warning signs. Mr. Kulesza
also stated in this letter that he would visit the
refinery again in the future and follow up on his
recommendations.



 Mr. Kulesza did not indicate to M&S the proper
permits it needed to process HAD nor did he
inquire whether BRC or M&S had obtained
these permits. At trial, however, Mr. Kulesza
testified that during his visit to the refinery, he
mentioned the need to obtain the proper permits.

 DuPont also wrote a letter dated May 23, 1995,
to Mr. Mullins, providing safe handling
literature for HAD, specifically DuPont's
Material Safety Data Sheet ("MSDS") on HAD.
The MSDS provided the components of HAD
and the potential health effects due to exposure
to HAD. It warned that skin contact with HAD
could cause skin irritation with discomfort or
rash and that inhalation could cause nausea,
headache, weakness, loss of appetite, or
temporary nervous system depression. [FN2]
*666 Mr. Mullins acknowledged in writing that
he had received the safe handling literature and
that he agreed to instruct his employees and any
others who might handle HAD in the safe
handling procedures. Upon receipt of Mr.
Mullins' acknowledgment, and without further
inspection of the refinery, DuPont began
shipping HAD to the refinery.

FN2. See infra note 6.

 M&S began processing HAD at the refinery in
mid-June 1995 and immediately encountered
serious problems. HAD caused the pump
strainers to become clogged daily and caused
leaks in the heat exchangers and in the fin fan.
When the refinery workers attempted to fix these
mechanical problems, they became soaked in
HAD. Additionally, due to the clogging of the
strainers and the leaks in the heat exchangers
and the fin fan, HAD would collect in the
American Petroleum Institute open air separator
system, or oily water separator, the refinery's
recovery system. Because HAD is lighter than
water, HAD would sit on top of the water in the
separator. On a daily basis, the refinery workers
had to transfer HAD from the separator into a
recovery tank. This process would take
approximately one hour to complete, during
which time the refinery workers were
continuously exposed to HAD fumes that had a
very distinct and strong odor.

 Contemporaneously with the attempts to
process HAD, the refinery workers began to
experience headaches, nausea, dizziness,
diarrhea, and a lack of energy. Plaintiffs Cynthia
Craft and Jeanette Luster, the wives of Michael
Craft and Troy Luster, respectively, also began
to experience these same symptoms when
exposed to their husbands' skin and clothes.

 On July 4, 1995, Larry Oakes, one of the
refinery workers, called BRC headquarters in
Oklahoma and informed BRC Vice-President
Paul Nicholson that the refinery workers were
becoming ill and that HAD was destroying the
refinery. Mr. Nicholson instructed Mr. Oakes to
shut down the refinery and to send him a sample
of HAD for analysis. However, John Barrett, the
president of BRC, telephoned Mr. Oakes a week
later and advised him to restart the refinery.

 At the beginning of August 1995, M&S hired
Plaintiff Terry Nevels [FN3] to manage quality
control and to act as safety manager at the
refinery. Soon after beginning his employment
at the refinery, Mr. Nevels began to experience
diarrhea, disorientation, dizziness, and a lack of
energy, the same symptoms as those of the other
refinery workers. Plaintiff Shari Nevels, Mr.
Nevels' wife, also began to experience these
symptoms when exposed to her husband's skin
and work clothes. Mr. Nevels became concerned
and consulted the MSDS provided by DuPont.
Alarmed by the components of HAD,
specifically benzene, Mr. Nevels began to
conduct research on benzene and obtained the
Code of Federal Regulations on the OSHA
benzene standard, 29 C.F.R. § 1910.1028. He
found that the symptoms he and the other
refinery workers were experiencing were
consistent with those of overexposure to
benzene. [FN4] Although Mr. Nevels showed
the Code of Federal Regulations to Mr. Mullins,
Mr. Mullins informed Mr. Nevels that the Code
did not pertain to the refinery. In response to Mr.
Nevels' concern over his and the others'
symptoms, Mr. Mullins began purchasing milk,
which he encouraged everyone at the refinery to
drink in order to relieve their symptoms.



FN3. Mr. Nevels is hereinafter included
in the term "refinery workers."

FN4. See infra note 7.

 Mr. Nevels remained concerned about the
symptoms that he and the other refinery workers
were experiencing. Through his research, he
concluded that he needed to perform air
monitoring in the refinery. Mr. Nevels requested
an order of Draeger tubes, pump devices used to
monitor benzene levels in the air. The specific
Draeger tubes ordered were only able to monitor
*667 a maximum of ten parts of benzene per
million parts of air (10 ppm). The instructions
for the Draeger tubes stated that the tubes
needed to be pumped twenty times in order to
get an accurate reading of the benzene in the air.
However, when Mr. Nevels operated the
Draeger tubes in several areas of the refinery,
after only two pumps, the tubes became
saturated, registering the maximum reading of
10 ppm. Based upon the Draeger tube tests, Mr.
Nevels concluded that the air in the refinery
contained benzene of at least 10 ppm, exceeding
the permissible exposure level of 1 ppm as
provided in the MSDS and in the OSHA
benzene standard.

 Additionally, Mr. Nevels requested that blood
tests be performed on the workers at the
refinery. Mr. Mullins arranged for a qualified
medical person from the Vicksburg Clinic to
visit the refinery and to take blood samples from
the workers. Mr. Nevels received the results of
the blood tests, which proved to be normal.

 In the meantime, the people in the Vicksburg
community began to complain about the smell
emanating from the refinery. In response, the
Mississippi Department of Environmental
Quality ("MDEQ") visited the refinery on
Friday, September 29, 1995, and met with Mr.
Nevels, Mr. Oakes, Mr. Craft, and Mr. Harris.
At this time, the refinery was not in operation
due to mechanical problems. On Monday,
October 2, 1995, Mr. Mullins instructed that the
refinery be restarted. The refinery workers
refused to restart the refinery due to their
concerns about processing HAD and walked off
the job. They immediately consulted Dr. John

Barnes, a family physician at the Street Clinic in
Vicksburg, who performed additional blood
tests. These blood tests also proved to be within
normal limits.

 In October 1995, Michael Craft, Troy Luster,
Bob Harris, Larry Oakes, Terry Nevels, Cynthia
Craft, Jeanette Luster, and Shari Nevels filed
suit in Mississippi state court against BRC,
M&S, Donald Mullins, and DuPont, alleging
that Defendants' intentional and negligent
actions had caused them to become exposed to
benzene, resulting in numerous health problems
and emotional distress related to their fear of
contracting cancer or other catastrophic diseases.
The suit was removed to federal District Court
approximately one year later. Following lengthy
discovery, BRC filed a motion for summary
judgment seeking dismissal under the
exclusivity provision of the Mississippi
Workers' Compensation Act. This motion was
granted with respect to the claims of Michael
Craft, Troy Luster, Bob Harris, and Larry Oakes,
the employees of BRC.

 Shortly before trial, Defendants moved to
exclude the testimony of Plaintiffs' expert Dr.
Frank Stevens. After conducting a hearing in
limine, during which the district judge heard the
proffered testimony of Dr. Stevens and that of
the defense experts, Dr. William Rock and Dr.
Robert Andrew Budinsky, the district judge
excluded the testimony of Dr. Stevens.

 In response to other motions by Defendants, the
district judge ruled that Plaintiffs could not
introduce the testimony of the MDEQ
representative. The district court also ruled that
it would not instruct the jury that it could draw
an adverse inference from the BRC corporate
representative's invocation of his Fifth
Amendment privilege at his deposition.

 The case was tried before a jury beginning in
August 1997. At the close of Plaintiffs' case,
Defendants moved for judgment as a matter of
law under Fed.R.Civ.P. 50(a). The district court
granted the motion as to all Defendants, holding
that Plaintiffs had failed to make out a prima
facie case and that Defendant DuPont had



violated no legal duty to Plaintiffs. This appeal
followed.

II. Evidentiary Rulings
A. Standard of Review

 [1] We must first review the trial court's
evidentiary rulings under an abuse of discretion
standard. General Electric *668 Co. v. Joiner,
522 U.S. 136, 118 S.Ct. 512, 139 L.Ed.2d 508
(1997). Then, with the record defined, we must
review de novo the order granting judgment as a
matter of law. Allen v. Pennsylvania
Engineering Corp., 102 F.3d 194, 196 (5th
Cir.1996) (citing Christophersen v.
Allied-Signal Corp., 939 F.2d 1106, 1109 (5th
Cir.1991)(en banc), cert. denied, 503 U.S. 912,
112 S.Ct. 1280, 117 L.Ed.2d 506 (1992)).

B. Admissibility of Dr. Frank Stevens's
Testimony

 We first address the district court's evidentiary
ruling excluding Dr. Frank Stevens's expert
testimony on medical causation. Plaintiffs
sought to introduce the testimony of Dr. Stevens,
an industrial hygienist. Dr. Stevens received his
Ph.D. in Environmental Science in 1984 and has
considerable experience in the areas of industrial
hygiene, occupational safety and hazard, and
toxicology. The district judge conducted a
Daubert hearing outside of the presence of the
jury wherein he heard the proffered testimony of
Dr. Stevens concerning the medical causation
between Plaintiffs' exposure to benzene and the
onset of their symptoms. His conclusion was
that exposure to benzene caused the symptoms
experienced by Plaintiffs and that this exposure
subjected them to known long-term health
problems. After reviewing Dr. Stevens's report
and listening to the in limine testimony, the
district court excluded Dr. Stevens's causation
opinion on the grounds that it did not satisfy the
requirements set forth in Daubert.

 [2] The admissibility of expert testimony is
governed by Fed.R.Evid. 702, which provides:

If scientific, technical, or other specialized
knowledge will assist the trier of fact to
understand the evidence or to determine a fact
in issue, a witness qualified as an expert by

knowledge, skill, experience, training, or
education, may testify thereto in the form of
an opinion or otherwise.

 The Supreme Court interpreted Rule 702 in
Daubert. The Court explained that Rule 702
assigns to the district judge a gatekeeping role to
ensure that scientific testimony is both reliable
and relevant. Daubert, 509 U.S. at 597, 113 S.Ct.
at 2799. [FN5] This role requires the district
judge to undertake a two-part analysis. The
district judge must first determine whether the
proffered testimony is reliable, requiring an
assessment of whether the reasoning or
methodology underlying the testimony is
scientifically valid. Second, the district judge
must determine whether that reasoning or
methodology can be properly applied to the facts
in issue; that is, whether it is relevant. Id. at
592-93, 113 S.Ct. at 2796.

FN5. In Kumho Tire Co. v. Carmichael,
--- U.S. ----, 119 S.Ct. 1167, 1171, 143
L.Ed.2d 238 (1999), the Court held that
Rule 702 and the Daubert principles
extend beyond scientific testimony.
Kumho does not affect the result here,
because the instant case involves what is
undeniably scientific evidence.
Although Kumho was decided after
briefing and argument in this case, we
have taken it into account in our
discussion of the Daubert factors.

 [3][4][5] The first part of the analysis concerns
whether the challenged testimony is reliable. In
order to be reliable, the subject of the testimony
must be "scientific ... knowledge." Id. at 590,
113 S.Ct. at 2795. This requirement implies that
the testimony must be grounded in the methods
and procedures of science and must be more
than unsupported speculation or subjective
belief. Id. "[T]he party seeking to have the
district court admit expert testimony must
demonstrate that the expert's findings and
conclusions are based on the scientific method,
and therefore, are reliable." Moore v. Ashland
Chemical, Inc., 151 F.3d 269, 276 (5th
Cir.1998) (en banc). The Supreme Court set out
four non-exclusive factors to aid in the
determination of whether the methodology is
reliable. They are:



(1) whether the theory or technique has been
tested; (2) whether the theory or *669
technique has been subjected to peer review
and publication; (3) the known or potential
rate of error of the method used and the
existence and maintenance of standards
controlling the technique's operation; and (4)
whether the theory or method has been
generally accepted by the scientific
community.

 Daubert, 509 U.S. at 593-94, 113 S.Ct. at
2796-97.

 In accord with the principles set forth above,
Dr. Stevens provided generous support for his
general causation theory that exposure to
excessive levels of benzene will cause harm
such as Plaintiffs experienced. At the Daubert
hearing and in his report, he recited several
scientific studies in support of this premise. Dr.
Stevens stated that he relied on the MSDS
provided by DuPont [FN6] and the OSHA
standard on benzene, 29 C.F.R. § 1910.1028
(1998), [FN7] both of which showed that the
hazardous effects of inhalation of benzene and
of dermal contact with benzene are consistent
with the symptoms experienced by Plaintiffs. He
noted that the MSDS is a valid and accurate
portrayal of the hazards of benzene because
material safety data sheets are prepared to have
all of the information regarding health and
environmental hazards, and because the
manufacturer is required to research the best,
peer- reviewed scientific literature toform these
material safety data sheets.

FN6. The MSDS provided, in part, as
follows:
HUMAN HEALTH EFFECTS:
Skin contact may cause skin irritation
with discomfort or rash; defatting of the
skin resulting in skin irritation with
discomfort or rash. Prolonged contact
may cause drying of the skin with
discomfort, itching, burning sensation,
blister formation, or rash. Evidence
suggests that skin permeation can occur
in amounts capable of producing
systemic toxicity.... Inhalation may
cause irritation of upper respiratory
passages, with coughing and discomfort;

or nausea, headache, weakness, or loss
of appetite; or temporary nervous
system depression with anesthetic
effects such as dizziness, headache,
confusion, incoordination, and loss of
consciousness.

 . . . . .

Higher or prolonged exposure to
benzene may cause reduced white blood
cell production; aplastic anemia or
leukemia with symptoms of
lightheadedness, loss of appetite,
abdominal discomfort, blurring of
vision, shortness of breath, pale skin,
easy bruising, nose bleeds, bleeding
from gums and excessive menstrual
flow; temporary lung irritation with
cough, discomfort, difficulty breathing,
or shortness of breath; temporary
alteration of the heart's electrical activity
with irregular pulse, palpitations, or
inadequate circulation; pulmonary
edema (body fluid in the lungs) with
cough, wheezing, abnormal lung sounds,
possibly progressing to severe shortness
of breath and bluish discoloration of the
skin; decreased pulse rate and blood
pressure; abnormal liver or kidney
function; or temporary nervous system
depression with dizziness, headache,
confusion, incoordination, and loss of
consciousness; or neurological
impairment such as decreased reaction
time and visual disturbances. Symptoms
may be delayed. Fatality may occur
from gross overexposure.

FN7. 29 C.F.R. § 1910.1028 (1998),
Appendix A, provides in part:

 II. Health Hazard Data

A. Ways in which benzene affects your health.
Benzene can affect your health if you inhale it,
or if it comes in contact with your skin or eyes.
Benzene is also harmful if you swallow it.

B. Effects of overexposure. 1.
Short-term (acute) overexposure: If you
are overexposed to high concentrations
of benzene, well above the levels where



its odor is first recognizable, you may
feel breathless, irritable, euphoric, or
giddy; you may experience irritation in
eyes, nose, and respiratory tract. You
may develop a headache, feel dizzy,
nauseated, or intoxicated. Severe
exposures may lead to convulsions and
loss of consciousness.
2. Long-term (chronic) exposure.
Repeated or prolonged exposure to
benzene, even at relatively low
concentrations, may result in various
blood disorders, ranging from anemia to
leukemia, an irreversible, fatal disease.
Many blood disorders associated with
benzene exposure may occur without
symptoms.

 Dr. Stevens also referred to a document called
the toxicological profile for benzene, which was
published by the U.S. Department of Health and
Human Services, the Public Health Service,
Agency for Toxic Substance and Disease
Registry. This document contains all of the
knowledge as of 1995 from the standpoint of
epidemiological *670 studies and toxicological
animal studies regarding the toxicity of benzene
and its adverse health effects. Dr.
Stevensreferred to several of these studies in
discussing the effects of overexposure to
benzene. He also stated that he reviewed the
Supreme Court case of Industrial Union v.
American Petroleum Institute., in which the
Supreme Court discussed several studies
regarding the hazardous effects of benzene and
the exposure levels at which these effects occur.
[FN8]

FN8. Industrial Union v. American
Petrol. Inst., 448 U.S. 607, 100 S.Ct.
2844, 65 L.Ed.2d 1010 (1980).
"Exposure to high concentrations [of
benzene] produces an almost immediate
effect on the central nervous system.
Inhalation of concentrations of 20,000
ppm can be fatal within minutes;
exposures in the range of 250 to 500
ppm can cause vertigo, nausea, and
other symptoms of mild poisoning....
Persistent exposures at levels above
25-40 ppm may lead to blood

deficiencies and diseases of the
blood-forming organs, including aplastic
anemia, which is generally fatal." Id. at
617, 100 S.Ct. at 2851 (citing 43
Fed.Reg. 5921 (1978)).

 [6] In addition to the scientific literature
establishing a connection between benzene and
the symptoms experienced by Plaintiffs, Dr.
Stevens pointed to the strong temporal
connection between the refinery workers'
exposure to benzene and the onset of their
symptoms. The refinery workers developed their
symptoms contemporaneously with the first
attempts to process HAD, and their symptoms
subsided within two weeks after they left the
refinery. A temporal connection standing alone
is entitled to little weight in determining
causation. Moore, 151 F.3d at 278. However, a
temporal connection is entitled to greater weight
when there is an established scientific
connection between exposure and illness or
other circumstantial evidence supporting the
causal link. See Cavallo v. Star Enter., 892
F.Supp. 756 (E.D.Va.1995), aff'd. in part, 100
F.3d 1150 (4th Cir.1996), cert. denied, --- U.S.
----, 118 S.Ct. 684, 139 L.Ed.2d 631 (1998). In
the present case, both scientific literature and
strong circumstantial evidence support the
causal connection.

 We conclude that the district court correctly
determined that Dr. Stevens had adequate
support for his general causation opinion that
exposure to benzene at levels of 200-300 ppm
would cause the injuries suffered by Plaintiffs.
Indeed, Defendants do not seriously challenge
this conclusion.

 The district court excluded Dr. Stevens's
testimony for a related but separate reason. The
court found that Dr. Stevens's ultimate
conclusion that Plaintiffs' symptoms were
caused by their exposure to benzene was not
reliable because they failed to demonstrate with
sufficient certainty the amount of benzene to
which they were exposed. In addition, the
district court found that Dr. Stevens did not
eliminate other possible causes of the symptoms;
in other words, he did not perform a "differential
diagnosis."



 [7][8][9] We recognize that "[s]cientific
knowledge of the harmful level of exposure to a
chemical, plus knowledge that the plaintiff was
exposed to such quantities, are minimal facts
necessary to sustain the plaintiffs' burden in a
toxic tort case." Allen, 102 F.3d at 199. In
Moore, this Court discussed the admissibility of
the proffered testimony of the plaintiff's expert
on causation. After finding that the expert
offered no scientific support for his general
theory that exposure to Toluene solution at any
level would cause Reactive Airways
Dysfunction Syndrome, the Court stated:

Given the paucity of facts Dr. Jenkins had
available about the level of Moore's exposure
to the Toluene solution, his causation opinion
would have been suspect even if he had
scientific support for the position that the
Toluene solution could cause RADS in a
worker exposed to some minor level of the
solution. Under Daubert, "any step that
renders the analysis unreliable ... renders the
expert's testimony inadmissible. This is true
whether the step completely changes a reliable
methodology or merely *671 misapplies that
methodology." In re Paoli R.R. Yard PCB
Litigation, 35 F.3d 717, 745 (3d Cir.1994)
(emphasis in original).

 Moore, 151 F.3d at 279 n. 10. Thus, if Dr.
Stevens's causation opinion was not based on
sufficient information of the level of benzene to
which Plaintiffs were exposed, his methodology
would not be reliable, rendering his causation
opinion inadmissible. However, the law does not
require Plaintiffs to show the precise level of
benzene to which they were exposed. Lakie v.
Smithkline Beecham, 965 F.Supp. 49, 58
(D.D.C.1997). Based upon the evidence elicited
at the Daubert hearing and at the trial, we
conclude that Plaintiffs presented facts that
adequately supported Dr. Stevens' finding of the
level of benzene to which the refinery workers
were exposed. [FN9] Dr. Stevens testified that
the refinery workers were exposed to levels of
benzene that were several hundred times above
the permissible exposure level of 1 ppm. He
relied upon several facts in reaching this
conclusion. First, Dr. Stevens found the
symptoms experienced by the refinery workers
to be extremely important. He testified that the

cluster of symptoms that the refinery workers
began experiencing shortly after HAD was
introduced into the refinery-- headache, nausea,
disorientation, and fatigue--are well-known
symptoms of overexposure to benzene. He
concluded that these symptoms were all
indications of exposure to benzene at levels of at
least 200-300 ppm.

FN9. Dr. Stevens did not reach a
conclusion as to the level of benzene to
which Cynthia Craft, Jeannette Luster,
and Shari Nevels, the refinery workers'
wives, were exposed. His causation
opinion as to these Plaintiffs  is
therefore unreliable and inadmissible.

 Dr. Stevens also relied upon the results of the
Draeger tube tests performed by the refinery
workers. The particular Draeger tubes used were
designed to measure a maximum of 10 ppm
based on twenty pumps. Because these tubes
were only pumped twice before becoming
saturated, measuring the maximum of 10 ppm,
Dr. Stevens calculated that the refinery workers
were exposed to at least 100 ppm.

 Additionally, Dr. Stevens relied upon the work
practices at the refinery. The refinery workers
were required to clean the strainers and the oily
water separator, and gauge the tanks on a daily
basis. All of these functions made exposure to
high levels of benzene likely. Dr. Stevens was
particularly impressed with the testimony of the
refinery workers that they often became soaked
in HAD when required to perform this work.
[FN10]

FN10. At trial, Troy Luster testified:
Q. Okay. How do you pull the strainer
out, Mr. Luster?
A. You'd reach in with your hand and
pull it out.
Q. All right. And did you come in
contact with liquid benzene--or liquid
HAD when you pulled the strainer?
A. Yes, but we were supplied with
gloves. We previously--Barrett--gloves
from Barrett we already had. But you
would have to actually stick your hand
off into the pipe.



Q. In that process would your skin
actually come into contact with the
feedstock?
A. Yes, it would, because when you
pulled the strainer out you would weigh
some of the debris in the bottom of the
pipe, and you would have to get your
hand in there and rake it out.
(Tr., Vol. VI, at 304).

 . . . . .

Q. All right. Would you inevitably get
wet with HAD when you would fix the
fin fan?
A. Yes, even though we had, you know,
slicker suits, rubber boots or gloves. But
we had to test the tubes to find the leak,
and we--that pressure, you would get
some on you. If it was up your sleeve or
around your neck, you got some on you.
(Tr., Vol. VI, at 307).
Bob Harris testified:
Q. Okay. And what action did you have
to take to remedy those in terms of
coming in direct contact with the
material?
A. You had to get in there and if
something was plugged, you had to
unplug  it.
Q. Did it get on you when this occurred?
A. Yes, because this plant is not a very
big plant. Things are not scattered out.
When you get in confined areas, when
you get in these confined areas and you
start working with, like I say, the heat
exchangers, pulling, you know, bolts out
of it and all that kind of stuff, you try to
drain everything out of it. But you still
get product on you because you're right
up against areas, you know. You
can't--You can't hardly keep it off of you
in an area like that.
(Tr., Vol. VI, at 368).
Mike Craft testified:
Q. All right. And what about any actual
contact with the product to your skin?
A. You had it. There was no way to
avoid it. If you were running your arm
up in that six-inch pipe digging packing
out and liquid was still coming down the

pipe, whether you had a slicker suit on
or what, it would get in your sleeves,
running down your arms, down your
legs while you were digging that out.
There was no way to avoid it.
(Tr., Vol. VI, at 550).

 *672 Finally, Dr. Stevens relied on the design
of the refinery. Dr. Stevens testified during the
in limine hearing and stated in his report that the
refinery was not designed to process highly toxic
chemicals such as benzene. Dr. Stevens testified
that refineries that process benzene and other
toxic chemicals are completely enclosed to
eliminate the possibility that these toxic
chemicals can escape into the environment. In
contrast, at this refinery, the storage tanks had
floating roofs, which vented directly to the
atmosphere. Additionally, the oily water
separator was not designed to handle highly
toxic chemicals as it was an open air separator
and had no secondary control devices. Dr.
Stevens found it important that the refinery had
been designed to process crude oil, which
contains only trace amounts of benzene, rather
than to process highly toxic chemicals.
According to Dr. Stevens it was not unexpected
that the refinery--designed to process sweet
crude oil--exposed the workers to excessive
levels of benzene when it attempted to process
HAD.

 The above evidence amply supports Dr.
Stevens's finding that the refinery workers were
exposed to benzene at levels several hundred
times the permissible exposure level of 1 ppm.
Unlike the expert in Moore, Dr. Stevens had
more than a "paucity of facts" about the level of
benzene to which the refinery workers were
exposed. Because Dr. Stevens's causation
opinion was based on scientific knowledge that
would assist the trier of fact as required by Rule
702, his testimony is admissible. The district
court, therefore, abused its discretion in
excluding the testimony of Dr. Stevens on
medical causation. [FN11]

FN11. We note that Plaintiffs have also
offered Dr. Stevens as an expert on
industry standards for handling benzene.
Although this testimony was not at issue



in the Daubert hearing, the district court
later found that there was nothing in Dr.
Stevens's report that would be of
probative value. However, the district
court stated that "If I received [Dr.
Stevens's] analyses into evidence, that
would be a different matter." (Tr., Vol.
VIII, at 1051). Because we have
concluded that Dr. Stevens's testimony
as to medical causation is admissible,
we trust that the district court will
reconsider its exclusion of Dr. Stevens's
proffered testimony on industry
standards.

 C. Admissibility of MDEQ Evidence

 We next address the ruling by the district court
excluding the proffered testimony of MDEQ
personnel. Plaintiffs sought to introduce MDEQ
reports concerning violations by BRC and M&S
of environmental regulations as evidence of
negligence or negligence per se. Specifically, the
reports would have shown that the original
operating permit for the refinery was to refine
crude oil but that an inspection by the MDEQ on
September 29, 1995, showed that the refinery
was processing HAD. As a result of the
inspection, the MDEQ became concerned that
the refinery was not operating in compliance
with its air operating permit and expressed this
concern to Mr. Mullins and later to John Barrett
of BRC. The MDEQ also advised that the New
Source Performance Standards and the National
Emission Standards for Hazardous Air
Pollutants, federal regulations applicable to
certain air emissions, had probably been
violated. After several more inspections, the
MDEQ recommended that the refinery cease
operating to determine whether the refinery was
operating within the permits it held.

 After hearing oral argument on this issue, the
district court excluded the proffered testimony
under Fed.R.Evid. 403, *673 because the
probative value of the evidence was outweighed
by its potential for prejudice. It found that the
MDEQ evidence was cumulative and had very
little probative value; therefore, the risk of
admitting the evidence outweighed the
beneficial effects.

 We have held that Rule 403 determinations will
not be disturbed on appeal absent a showing of "
'clear abuse.' " Sprankle v. Bower Ammonia &
Chemical Co., 824 F.2d 409, 417 (5th Cir.1987)
(quoting Shipp v. General Motors Corp., 750
F.2d 418, 427 (5th Cir.1985)). Plaintiffs have
failed to make this showing.

 [10] The district court was entitled to conclude
that the MDEQ evidence was cumulative.
Plaintiffs sought to introduce this evidence to
show that the refinery was not equipped to
process HAD and that BRC and M&S did not
have the proper permits to process HAD.
However, Plaintiffs introduced other evidence of
the refinery's deficiencies in its ability to process
HAD and of BRC's and M&S's lack of
knowledge concerning the proper permits
necessary to process HAD. See Sprankle, 824
F.2d at 417. Plaintiffs have failed to point to
anything in the record to show that the district
court abused its discretion in excluding the
MDEQ evidence as cumulative.

 Additionally, in Sprankle, this Court affirmed a
district court's order excluding evidence of
OSHA regulations and sanctions imposed by
OSHA for violations of those regulations.
Relying on Rule 403, the district court found
that the danger that the jury would place undue
emphasis on the OSHA regulations substantially
outweighed their probative value, stating that
"the jurywould undoubtedly place great weight
upon the fact that OSHA is a government
agency which follows government regulations."
Id. at 417 n. 10.

 Similarly, in the present case, the district court
was entitled to conclude that the MDEQ
evidence of likely violations of environmental
regulations would have been unduly prejudicial
due to its apparent official nature. See Fowler v.
Firestone Tire & Rubber Co., 92 F.R.D. 1, 2
(N.D.Miss.1980). We therefore conclude that the
district court did not abuse its discretion in
excluding the MDEQ evidence.

D. Admissibility of Invocation of the Fifth
Amendment

1.



 [11] Plaintiffs argue next that the district court
erred by refusing to allow them to introduce
evidence that John Barrett, the corporate
representative and President of BRC, declined to
respond to questions at his deposition on
grounds that the Fifth Amendment did not
require him to incriminate himself. Because a
corporation cannot assert a Fifth Amendment
privilege, Mr. Barrett asserted the privilege in
his individual capacity. See Braswell v. United
States, 487 U.S. 99, 102, 108 S.Ct. 2284, 2287,
101 L.Ed.2d 98 (1988). The district court found
that this evidence had little or no probative value
because it did not reveal anything about
Plaintiffs' alleged exposure to benzene or the
symptoms experienced by Plaintiffs. Rather, the
district court found that the evidence would be
unduly prejudicial under Fed.R.Evid. 403 as it
would allow the jury to draw an adverse
inference against the corporate defendant BRC,
although Mr. Barrett asserted the privilege in his
individual capacity.

 Plaintiffs argue that under Mississippi law, they
are entitled to receive an instruction from the
district court that the jury is permitted to make
an adverse inference from such refusal to testify
in a civil suit. In Morgan v. United States
Fidelity & Guaranty Co., 222 So.2d 820, 828
(Miss.), cert. denied, 396 U.S. 842, 90 S.Ct. 106,
24 L.Ed.2d 93 (1969), the Mississippi Supreme
Court stated that an adverse inference can be
drawn from a defendant's refusal to testify in a
civil case. We have similarly held that while a
person may refuse to testify during civil
proceedings *674 on the grounds that his
testimony might incriminate him, his refusal to
testify may be used against him in a civil suit.
See Farace v. Independent Fire Insurance Co.,
699 F.2d 204, 210 (5th Cir.1983) (citing Baxter
v. Palmigiano, 425 U.S. 308, 96 S.Ct. 1551, 47
L.Ed.2d 810 (1976)). See also Harrell v. DCS
Equipment Leasing Corp., 951 F.2d 1453, 1464
(5th Cir.1992) (stating that "there is no
constitutional reason to exclude an earlier
invocation of the Fifth Amendment in a civil
case").

 [12] Therefore, in the present case, Plaintiffs
were entitled to an instruction from the court
permitting the jury to draw an adverse inference

from Mr. Barrett's refusal to testify. We are not
persuaded that Mr. Barrett's invocation of his
Fifth Amendment privilege in his individual
capacity would be unduly prejudicial to the
corporate defendant BRC. Upon being served
with discovery requests, a corporation must
appoint agents who can, without fear of
self-incrimination, furnish relevant information
available to the corporation. Craig Peyton
Gaumer & Charles L. Nail, Jr., Truth or
Consequences: The Dilemma of Asserting the
Fifth Amendment Privilege Against
Self-Incrimination in Bankruptcy Proceedings,
76 Neb. L.Rev. 497, 519 (1997). " 'It would
indeed be incongruous to permit a corporation to
select an individual to verify the corporation's
answers, who because he fears
self-incrimination may thus secure for the
corporation the benefits of a privilege it does not
have.' Such a result would effectively permit the
corporation to assert on its own behalf the
personal privilege of its individual agents." Id.
(quoting Slone-Stiver v. Kossoff, 188 B.R. 954,
957 (Bankr.S.D.Ohio 1995)).

 BRC designated Mr. Barrett as its corporate
representative. When Plaintiffs attempted to
depose Mr. Barrett, he invoked his Fifth
Amendment privilege in his individual capacity
and refused to answer any questions posed to
him. BRC cannot reap the benefit of its
corporate representative's invocation of the Fifth
Amendment in his individual capacity,
circumventing the Supreme Court precedent that
corporate entities may not assert a Fifth
Amendment privilege. See Braswell, supra.

 BRC points to two cases that hold that the
district court has wide discretion under Rule 403
to exclude this evidence even though the Fifth
Amendment does not forbid adverse inferences
against parties to civil actions when they refuse
to testify in response to probative evidence
offered against them. See Farace, 699 F.2d at
210; Harrell, 951 F.2d at 1464. Those cases are
easily distinguishable from today's case.

 In Farace, the plaintiff refused to cooperate with
the fire marshal's investigation, invoking the
Fifth Amendment. However, the plaintiff later
fully cooperated with the defendant insurance



company in its investigation. The district court
and this Court found this subsequent cooperation
to be a persuasive factor in excluding evidence
of the plaintiff's initial refusal to cooperate with
the fire marshal.

 In Harrell, a defendant invoked the Fifth
Amendment at his initial deposition, but at a
later deposition, answered all questions posed to
him. The trial court excluded the evidence of the
defendant's failure to testify, finding that the
possible prejudice greatly outweighed any
probative value. This Court noted, however, the
district court's statement that it was willing to
reconsider the ruling if the plaintiffs could show
that the evidence was more probative, "for
example, if [the defendant] refused to answer
questions at trial or answered questions
differently at trial." Id. at 1465. This Court
affirmed the district court's ruling, stating that
the potential probative value of the defendant's
invocation of the Fifth Amendment was "further
reduced by the fact that he subsequently
answered all of the questions." Id.

 In contrast, in the present case, Mr. Barrett
never cooperated with Plaintiffs. Plaintiffs did
not request another deposition, *675 nor did Mr.
Barrett appear at trial. The district court
therefore abused its discretion in excluding the
evidence of Mr. Barrett's invocation of his Fifth
Amendment privilege.

2.

 Relatedly, Plaintiffs also argue that the district
court erred in granting summary judgment in
favor of BRC against the refinery workers
employed by BRC, finding that the claims were
barred by the exclusivity provision of the
Mississippi Workers' Compensation Act.
Relying on Royal Oil Co., Inc. v. Wells, 500
So.2d 439 (Miss.1986), Plaintiffs argue that
because Mr. Barrett invoked his privilege under
the Fifth Amendment, the inference under the
law is that all of BRC's actions were intentional
and workers' compensation benefits are
therefore not the workers' exclusive remedy.

 [13] We do not agree with this contention. In
State Farm Life Insurance Co. v. Gutterman, 896

F.2d 116, 119 (5th Cir.1990), we held that the
adverse inference from a party's refusal to
answer questions was not enough to create an
issue of fact to avoid summary judgment.
Similarly, in the present case, Plaintiffs have
presented no other evidence that BRC's actions
were intentional. Without more, the adverse
inference from Mr. Barrett's refusal to answer
questions at his deposition will not preclude
summary judgment. The district court therefore
correctly granted summary judgment in favor of
BRC as to Michael Craft, Troy Luster, Bob
Harris, and Larry Oakes, the refinery workers
employed by BRC.

III. Judgment as a Matter of Law

 With the record now defined, we turn to the
district court's order granting Defendants'
Motion for Judgment as a Matter of Law. The
district court granted the motion as to all
Defendants, finding that Plaintiffs had not
presented sufficient evidence that exposure to
benzene caused their injuries. As to DuPont, the
district court concluded that DuPont did not
breach any duty to Plaintiffs.

 [14] Turning first to the district court's dismissal
of DuPont, Plaintiffs argue that DuPont, as a
manufacturer of a toxic chemical, breached its
duty to warn them of the dangers of its product.
In response, DuPont relies upon the "learned
intermediary" defense, which allows a
manufacturer to discharge its duty to warn by
providing "information to a third person upon
whom it can reasonably rely to communicate the
information to the ultimate users of the product
or those who will be exposed to its hazardous
effects." Swan v. I.P., Inc., 613 So.2d 846, 851
(Miss.1993) (en banc).

 The learned intermediary defense stems from
the Restatement (Second) of Torts § 388, and
Comment "n" under § 388. Section 388 requires
a manufacturer to provide adequate warnings of
the dangers of its product. Comment "n" to §
388 then allows the manufacturer to discharge
its duty to warn by providing necessary
information about the dangers of the product to a
third person upon whom it can reasonably rely



to communicate the information to the ultimate
users of the product.

 Plaintiffs rely heavily on Swan, in which a
schoolteacher was injured when she was
exposed to fumes and spray of polyurethane
roofing materials being used to re-roof the
school where she worked. The manufacturer of
the polyurethane coating filed a Motion for
Summary Judgment based on the learned
intermediary defense, which was granted by the
district court. The Mississippi Supreme Court
reversed the grant of summary judgment in favor
of the manufacturer. The Court reasoned that the
learned intermediary defense requires the
manufacturer to rely reasonably on an
intermediary to convey the information to the
ultimate users of the product or those who will
be exposed to its hazardous effects. Although
the intermediary was an experienced applicator
*676 of polyurethane roofing products, it was
unclear whether the manufacturer had ever
provided information on the product to the
intermediary. Therefore, material issues of fact
were presented as to whether the manufacturer
reasonably relied upon the intermediary.

 As the Mississippi Supreme Court stated in
Swan, the penultimate question is the
reasonableness of the manufacturer in relying on
the intermediary to convey the warning to the
ultimate users of the product. In contrast with
Swan, however, where it was unclear whether
the manufacturer ever provided the intermediary
with information on the product, in today's case,
DuPont provided M&S and Donald Mullins with
extensive information on the dangers of HAD
and benzene.

 DuPont wrote M&S that it would be providing
product stewardship before it made any
shipments of HAD to M&S. DuPont attached a
summary of the benzene OSHA standard. Brad
Kulesza, a DuPont representative, met with Mr.
Mullins at the refinery to explain safe handling
procedures for HAD, to review the benzene
OSHA standard, and to answer any questions
concerning HAD. DuPont later wrote to M&S
and identified six safety items that M&S would
have to complete before DuPont would deliver
HAD to the refinery. Finally, DuPont wrote yet

another letter to M&S providing safe handling
literature for HAD, including the MSDS on
HAD. Mr. Mullins responded to this final letter
by acknowledging in writing that he had
received the safe handling literature and that he
would instruct his employees and any others
who might handle HAD in the safe handling
procedures.

 These facts are similar to those in Adams v.
Union Carbide Corp., 737 F.2d 1453 (6th Cir.),
cert. denied, 469 U.S. 1062, 105 S.Ct. 545, 83
L.Ed.2d 432 (1984), cited with approval in
Swan. In Adams, the plaintiff, an employee of
General Motors, filed suit against Union Carbide
alleging that she was injured as a result of Union
Carbide's failure to warn the employees of
General Motors of the hazards associated with
toluene diisocyanate, which Union Carbide
manufactured and supplied to General Motors.
Union Carbide had provided a manual to
General Motors that addressed the hazards
associated with the product and included
information on the safe use and handling of the
product and a chemical safety data sheet.
Officials from Union Carbide also met with
General Motors to discuss the handling of the
product to minimize personnel exposure. The
court found that Union Carbide had fulfilled its
duty to warn by providing this information to
General Motors, who in turn had a duty to its
employees to provide them with a safe place to
work. It was therefore reasonable for Union
Carbide to rely upon General Motors to convey
the information about the product to its
employees.

 [15] Like the manufacturer in Adams, DuPont
discharged its duty to warn about the hazards of
its product by giving this warning to Donald
Mullins and M&S, an independent intermediary.
The district court correctly granted DuPont's
Motion for Judgment as a Matter of Law.

 [16] We next address the district court's order
granting judgment as a matter of law in favor of
BRC, M&S, and Donald Mullins. As discussed
above, we conclude that the district court erred
in excluding the testimony of Dr. Frank Stevens
and the evidence that Mr. Barrett invoked his
Fifth Amendment privilege. Once we include



this evidence, the record is sufficient to raise
jury issues as to the liability of M&S and
Donald Mullins for the illnesses of Michael
Craft, Troy Luster, Bob Harris, Terry Nevels,
and Larry Oakes, and also jury issues as to the
liability of BRC to Terry Nevels. Therefore, we
vacate the district court's grant of judgment as a
matter of law in favor of M&S and Donald
Mullins on the claims of Michael Craft, Troy
Luster, Bob Harris, Terry Nevels, and Larry
Oakes, and the district *677 court's grant of
judgment as a matter of law in favor of BRC on
the claims of Terry Nevels.

 [17] However, we affirm the district court's
grant of judgment as a matter of law with respect
to the claims of Cynthia Craft, Jeanette Luster,
and Shari Nevels. Because Dr. Stevens did not
express a reliable opinion as to the cause of
these Plaintiffs' illnesses, the critical causation
element is not supported by credible evidence.
Therefore, judgment as a matter of law in favor
of Defendants was proper as to these Plaintiffs.

 The judgment of the district court is therefore

 AFFIRMED IN PART, REVERSED IN PART,
AND REMANDED FOR FURTHER
PROCEEDINGS CONSISTENT WITH THIS
OPINION.

END OF DOCUMENT
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COUNTY, 201ST JUDICIAL DISTRICT NO.
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 Before Chief Justice ABOUSSIE, Justices
JONES and B.A. SMITH.

 ABOUSSIE.

 *1 This is a wrongful death action based on
medical negligence and product liability.
Appellants, Willie Roy Revels, individually and
as next friend of Brandon, Bradley, and Breon
Revels, the Reverend Billy Lindley, and Neldon
Lindley, alleged that Carolyn Revels's [FN1]
ingestion of the drug Parlodel caused her death.
The trial court granted appellees' [FN2] motion
for summary judgment on the ground that

appellants failed to provide admissible evidence
of causation to support their causes of action.
We will affirm the trial court's judgment.

FN1. Carolyn Revels was the wife of
Willie Roy Revels, the mother of
Brandon, Bradley, and Breon Revels,
and the daughter of the Reverend Billy
and Neldon Lindley.

FN2. Appellees are Novartis (f/k/a
Sandoz) Pharmaceuticals Corporation
("Novartis"), St. David's Health Care
System, Inc. d/b/a St. David's Medical
Center ("St.David's"), and Mary E.
Gasal, M.D. Novartis, St. David's and
Dr. Gasal will be referred to collectively
as "appellees."

 BACKGROUND
 Carolyn Revels daily ingested five milligrams
of the drug Parlodel to suppress lactation after
the birth of her third son, Breon. Two weeks
after Breon was born, while talking on the
telephone to her father, Mrs. Revels suffered a
cardiac arrhythmia resulting in sudden death.
The medical examiner attributed Mrs. Revels's
death to cardiomyopathy, an enlarged heart,
which occurred during the postpartum period.
According to the medical examiner, the precise
cause of postpartum cardiomyopathy is
unknown to medical science. She also found
evidence of cardiohypertrophy, which is a
thickening of the heart muscle, and of
sarcoidosis, which is an immune disorder
characterized by granulomas in the body's
organs. The medical examiner stated in her
report that she believed Mrs. Revels's heart
failure was more likely related to the postpartum
cardiomyopathy and not the sarcoidosis.

 Appellants dispute the medical examiner's
report. They believe that Mrs. Revels suffered a



Parlodel-induced coronary artery vasospasm,
which caused cardiac arrhythmia, that led to her
heart failure and death. Appellants filed suit
against Novartis, the manufacturer of Parlodel;
Dr. Gasal, the doctor who prescribed the drug to
Mrs. Revels; and St. David's, the facility that
provided the drug to Mrs. Revels. Appellants
offered seven expert witnesses to testify
regarding general causation, meaning that
Parlodel could cause coronary artery vasospasm
in the general population, and regarding specific
causation, meaning that Parlodel caused Mrs.
Revels to suffer a coronary artery vasospasm.
See Merrell Dow Pharmaceuticals, Inc. v.
Havner, 953 S.W.2d 706, 714 (Tex.1997)
(explaining difference between general and
specific causation).

 Appellees each filed a motion to exclude
appellants' causation testimony, alleging that the
expert testimony failed to meet the admissibility
requirements of Texas Rule of Evidence 702.
The trial court granted appellees' motions,
stating in its order:

The methodology supporting the opinions of
these experts is not sufficiently scientifically
reliable or relevant to satisfy the requirements
of Texas Rule of Civil Evidence 702 as set
forth by the Texas Supreme Court in E.I. du
Pont de Nemours & Co. v. Robinson, 923
S.W.2d 549 (Tex.1995); and Merrell Dow
Pharmaceuticals, Inc. v. Havner, 953 S.W.2d
706 (Tex.1997); see also Daubert v. Merrell
Dow Pharmaceuticals, Inc., 509 U.S. 579, 113
S.Ct. 2786, 125 L.Ed.2d 469 (1993).

 *2 Appellees subsequently filed motions for
summary judgment on the basis that appellants
could provide no admissible evidence to
establish that Parlodel caused Mrs. Revel's
death. See Tex.R. Civ. P. 166a(i). The trial court
granted the motions, rendering judgment that
appellants take nothing from any appellee.
Appellants appeal the trial court's grant of
summary judgment, contending in three issues
that the trial court abused its discretion by
excluding their experts' testimony regarding
causation and erred by granting each appellee's
motion for summary judgment.

DISCUSSION

 Standard of Review

 The decision to admit or exclude evidence rests
within the sound discretion of the trial court. See
E.I. du Pont de Nemours & Co. v. Robinson,
923 S.W.2d 549, 558 (Tex.1995). The test for
abuse of discretion is whether the trial court
acted without reference to any guiding rules or
principles. See id. The Texas Supreme Court has
held that the trial court acts as a gatekeeper
when it comes to the admissibility of expert
testimony; the trial court's role is to make the
initial determination whether the expert's
opinion is relevant and whether the methods and
research upon which it is based are reliable. See
id.

 The factors a trial court should consider in
determining the admissibility of expert evidence
include, but are not limited to, the following: (1)
the extent to which the theory has been or can be
tested; (2) the extent to which the technique
relies upon the subjective interpretation of the
expert; (3) whether the theory has been
subjected to peer review and publication; (4) the
technique's potential rate of error; (5) whether
the underlying theory or technique has been
generally accepted as valid by the relevant
scientific community; and (6) the non-judicial
uses that have been made of the theory. Id. at
557. The factors used to determine whether the
proffered evidence is sufficiently reliable differ
with each case. See id. When properly
considered, this Court cannot conclude that a
trial court abused its discretion, even if, in the
same circumstances, we would have ruled
differently. See id. at 558.

 Appellants' Causation Evidence

 Appellants' experts opined that Parlodel could
cause vasospasms in the general population
based upon their review of pharmacological
actions of structurally similar compounds and of
numerous case reports associating Parlodel with
adverse side effects. The experts testified that
they formed the opinion that Parlodel caused
Mrs. Revels to suffer a coronary artery
vasospasm by employing a process known as
differential diagnosis, that is, by reviewing her



medical records and in their opinion excluding
all other possible causes of death.

 Parlodel's active ingredient is bromocriptine
mesylate, a semi-synthetic ergot alkaloid. Ergot
alkaloids have the ability to cause vasospasm. In
its notice of a proposal to withdraw approval for
the use of Parlodel in suppressing lactation, the
Food and Drug Administration ("FDA") noted:

*3 In the general population, a risk factor for
hypertensive crises and spasms is exposure to
ergot alkaloids. Bromocriptine is a
semi-synthetic ergot alkaloid.... It is therefore
possible that bromocriptine may ... like other
ergot alkaloids ... precipitate
pregnancy-induced hypertension, or other
related adverse events.

 Bromocriptine Mesylate (Parlodel) for the
Prevention of Physiological Lactation;
Opportunity for a Hearing on a Proposal to
Withdraw Approval of the Indication, 59
Fed.Reg. 43,347, 43,351 (1994).

 In addition to their review of the
pharmacological actions of ergot alkaloids,
appellants' experts reviewed a number of
adverse events connected to the use of Parlodel
that have been reported to the FDA. Adverse
event reports are spontaneous reports by health
professionals of serious problems that occur
with medical products, such as drugs, once the
product has been approved by the FDA for
widespread use. A physician who suspects that a
medical product may be related to a serious
event may submit an adverse event report to the
FDA. See Food and Drug Administration, The
Clinical Impact of Adverse Event Reporting 2
(October 1996). These unsolicited adverse event
reports contain "uncontrolled" information, as
opposed to clinical trial data, which are obtained
under strictly controlled conditions. See id. at 5.
The adverse events reports related to Parlodel
usage include incidents of postpartum
hypertension, seizures, and strokes.

 In 1994, the FDA withdrew approval for the use
of Parlodel for postpartum lactation suppression.
By way of explanation, the FDA noted that by
1989, it had received eighty-five serious adverse
event reports associated with bromocriptine,

including ten involving patient deaths. The FDA
went on to note:

The agency concluded that, although the
individual ADEs [adverse drug experiences]
did not prove that bromocriptine caused
hypertensive crises, seizures, or [strokes], in
the aggregate, the ADEs suggested that
bromocriptine may be the cause of these
serious adverse experiences....

 59 Fed.Reg. 43,347, 43,348 (1994). The FDA
notice concluded that "the potential risks
associated with the use of bromocriptine for the
prevention of physiological lactation outweigh
its limited benefits and bromocriptine is no
longer shown to be safe for the use in preventing
physiological lactation." Id. at 43,351.

 Appellants' experts also reviewed over twenty
published case reports by physicians associating
an adverse event to the ingestion of Parlodel.
These reports include such adverse side effects
as hair loss, digital artery vasospasm,
hypertension, and cerebral vascular accidents
(strokes) and myocardial infarctions (heart
attacks) in postpartum women. The reports do
not purport to prove a causal relationship
between the drug and the adverse event, but
merely record the physician's observations of a
particular patient, and note the possible
association between the drug and the event.

 *4 Appellants point to one report of a
bromocriptine challenge/re-challenge test as
direct scientific proof of causation. See F.
Larrazet, et. al., Possible Bromocriptine-Induced
Myocardial Infarction, 118 Annals of Internal
Medicine 199 (February 1993). In the two-page
Larrazet report, the author describes his
experiment on a thirty-two year old woman
taking Parlodel to suppress lactation. The
woman took a 2.5 milligram dose of Parlodel
and two hours later, "at the peak of action of
bromocriptine," the physician observed a
seventy percent constriction of her right
coronary artery. See id. The author noted that
"[t]he mechanism by which bromocriptine could
have precipitated coronary artery spasm is not
clear." Id. at 200. The author concludes with
language similar to most case reports reviewed
by appellants' experts: "Our study suggests that
bromocriptine should be considered as a



possible etiologic agent causing postpartum
myocardial infarction." Id.

 Appellees objected to the reliability of
appellants' general causation testimony, arguing
that a review of structurally similar compounds
and of a series of individual case reports was
insufficient to satisfy the reliability test
established by the Texas Supreme Court in
Robinson and Havner. They argued further that,
absent reliable evidence of general causation,
appellants' experts had no basis for their
opinions regarding specific causation. In other
words, in order for the experts to exclude other
causes of death and conclude that Parlodel
caused Mrs. Revels's death, there must first exist
some reliable theory of general causation to
warrant the inclusion of Parlodel ingestion as a
possible cause of her death.

 Application of Robinson and Havner to
Appellants' Causation Evidence

 In Robinson, the supreme court reviewed the
trial court's decision to exclude expert evidence,
while in Havner, the court evaluated whether the
expert testimony at issue was sufficiently
reliable to constitute some evidence of
causation. While Havner spoke specifically to
the epidemiological evidence offered in that
case, it provides some guidance for the cause
before us. In particular, the court states that case
reports are not "scientifically reliable" evidence
and should be rejected as a basis on which an
expert may base his or her opinion. See Havner,
953 S.W.2d at 720. The court reasons that
"physicians following scientific methodology
would not examine a patient or several patients
in uncontrolled settings to determine whether a
particular drug has favorable effects, nor would
they rely on case reports to determine whether a
substance is harmful." See id. (citing David E.
Bernstein, The Admissibility of Scientific
Evidence After Daubert v. Merrell Dow
Pharmaceuticals, Inc., 15 Cardozo L.Rev. 2139,
2148-49 (1994)). Although appellants' experts
relied on a large number of case reports
associating Parlodel with adverse experiences,
the supreme court has indicated that a study of
case reports alone is a scientifically invalid
manner in which to form an expert opinion:

*5 A physician, even a treating physician, or
other expert who has seen a skewed data
sample, such as one of a few infants who has a
birth defect, is not in a position to infer
causation. The scientific community would
not accept as methodologically sound a
"study" by such an expert reporting that the
ingestion of a particular drug by the mother
caused the birth defect.

 Id. at 719-20; see also Minnesota Mining &
Mfg. Co. v. Atterbury, 978 S.W.2d 183, 199
(Tex.App.--Texarkana 1998, pet. denied) (under
the supreme court's standards in Havner,
published peer-reviewed case reports probably
not sufficiently reliable to support causation
testimony).

 The supreme court recognized that when the
research and the expert's opinion are formed for
the purpose of litigation, this weighs against the
admissibility of the expert testimony. See
Robinson, 923 S.W.2d at 559. Here, two of
appellants' experts testified that they were not
familiar with the drug Parlodel before they were
asked to review Mrs. Revels's file for purposes
of this litigation. A third expert relied on several
of his own case reports he prepared in
conjunction with Parlodel litigation.

 While the case reports illustrate an association
between adverse drug experiences and Parlodel,
the supreme court has clearly warned that such
an association does not equate to causation. See
Havner, 953 S.W.2d at 718, 724. Most of the
adverse event case reports at issue here describe
experiences other than coronary artery
vasospasm, the alleged cause of Mrs. Revels's
death. Even the Larrazet challenge/re-challenge
experiment, appellants' strongest evidence of
general causation, constitutes but one single,
uncontrolled experiment.

 Before Robinson and Havner, the evidence on
which appellants' experts relied might well have
been adequate to bring their opinions before the
jury. However, now the supreme court has given
the lower courts directives and invested the trial
courts with considerable discretion to determine
admissibility of expert testimony, and we must
uphold that decision if the court properly
exercised its discretion. It was within the trial



court's discretion to exclude appellants' expert
testimony regarding general causation on the
grounds that the basis for the testimony was not
sufficiently reliable under the Robinson test.
Thus, we must hold that in the absence of a
scientifically reliable basis for a conclusion
regarding general causation, the trial court did
not abuse its discretion by excluding expert
testimony that Parlodel was the specific cause of
Mrs. Revels's death. See Havner, 953 S.W.2d at
720.

 Despite the suggestion of a relationship between
adverse experiences and Parlodel usage, we are
called upon only to determine whether the trial
court abused its discretion in light of the
guidelines provided by our supreme court
regarding the admissibility of expert witness
testimony. We may not substitute our judgment
for that of the trial court, nor may we reverse the
trial court's ruling even when this Court would
have ruled differently. When we compare
appellants' scientific evidence with the directives
of the supreme court in Robinson and Havner,
we cannot conclude that the trial court abused its
discretion by excluding appellants' causation
evidence. Because appellants presented no
admissible evidence of causation, an essential
element in their claims against appellees, the
trial court did not err by rendering summary
judgment in appellees' favor. Appellants' issues
one, two, and three are overruled.

CONCLUSION
 *6 The judgment of the trial court is affirmed.

END OF DOCUMENT
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 Motorist brought personal injury action against
owner and driver of another vehicle to recover
damages allegedly sustained in collision. After
jury returned verdict for motorist, the District
Court, Lancaster County, Donald E. Endacott, J.,
determined that testimony of motorist's
vocational rehabilitation counselor had been
erroneously admitted and granted defendants'
motion for new trial. Motorist appealed. The
Supreme Court, Wright, J., held that: (1)
vocational rehabilitation counselor's definition
of "disabled" was too generic and lacking in
certainty to be of value to the jury; (2)
counselor's opinion as to motorist's damages,
which relied on unsupported conclusion that she
was disabled, lacked foundation and probative
value; and (3) finding that counselor's
erroneously admitted testimony unfairly
prejudicial defendants was not abuse of
discretion.

 Affirmed.

 Gerrard, J., filed a concurring in which Hendry,
C.J., and Miller-Lerman, J., joined.

[1] APPEAL AND ERROR k977(1)

30k977(1)
Motion for new trial is addressed to the
discretion of the trial court, whose decision will
be upheld in the absence of an abuse of that
discretion.

[1] NEW TRIAL k6
275k6
Motion for new trial is addressed to the
discretion of the trial court, whose decision will
be upheld in the absence of an abuse of that
discretion.

[2] NEW TRIAL k27
275k27
Motion for new trial is to be granted only when
error prejudicial to the rights of the unsuccessful
party has occurred.

[3] NEW TRIAL k27
275k27
Where a party has sustained the burden and
expense of a trial and has succeeded in securing
a verdict on these facts and issues, the party has
the right to keep the benefit of the verdict unless
there is prejudicial error in the proceedings by
which it was secured; thus, a motion for new
trial is to be granted only when error prejudicial
to the rights of the unsuccessful party has
occurred.

[4] EVIDENCE k508
157k508
Admissibility of expert testimony is based on
four factors: (1) whether the witness is qualified
as an expert; (2) whether the testimony is
relevant; (3) whether the testimony will assist
the trier of fact; and (4) whether the probative
value of the testimony, even if relevant, is
outweighed by the danger of unfair prejudice or
other considerations. Neb.Rev.St. § 27-702.

[4] EVIDENCE k535
157k535
Admissibility of expert testimony is based on
four factors: (1) whether the witness is qualified
as an expert; (2) whether the testimony is
relevant; (3) whether the testimony will assist
the trier of fact; and (4) whether the probative
value of the testimony, even if relevant, is



outweighed by the danger of unfair prejudice or
other considerations. Neb.Rev.St. § 27-702.

[5] APPEAL AND ERROR k970(2)
30k970(2)
Supreme Court's review of the trial court's
admission or exclusion of expert testimony
which is otherwise relevant will be for an abuse
of discretion. Neb.Rev.St. § 27-702.

[6] EVIDENCE k555.9
157k555.9
Vocational rehabilitation counselor's definition
of "disabled," which made no differentiation
between people with minor disabilities and those
with serious disabilities or between people with
disabilities which affect their work and those
with disabilities which have no effect on their
work, was too generic and lacking in certainty to
be of value to the jury in personal injury action
to determine whether motorist was disabled as
result of automobile collision. Neb.Rev.St. §
27-702.

[7] EVIDENCE k555.4(2)
157k555.4(2)
Where there is no sound and reasonable basis
such that an expert is able to express a
reasonably accurate conclusion as distinguished
from a mere guess or conjecture, the expert's
opinion is to be stricken. Neb.Rev.St. § 27-702.

[8] EVIDENCE k543.5
157k543.5
Vocational rehabilitation counselor was not
qualified to testify that motorist was disabled as
a result of her cervical strain allegedly suffered
in automobile collision and, thus, his opinion as
to motorist's damages, which relied on
conclusion that she was disabled because her
injury was permanent, lacked foundation and
probative value. Neb.Rev.St. § 27-702.

[9] EVIDENCE k536
157k536
Regardless of how impressive the background of
a witness, his area of expertise should match
fairly closely the subject matter of his testimony.
Neb.Rev.St. § 27-702.

[10] NEW TRIAL k98

275k98
Formerly 30k970(2)
Finding that erroneously admitted testimony of
injured motorist's vocational rehabilitation
counselor unfairly prejudiced owner and driver
of other vehicle involved in collision was not an
abuse of trial court's discretion; testimony lacked
foundation and unfairly permitted the jury to
infer that motorist was entitled to compensation
for loss of employment.

[11] APPEAL AND ERROR k1050.1(1)
30k1050.1(1)
To constitute reversible error in a civil case, the
admission or exclusion of evidence must
unfairly prejudice a substantial right of a litigant
complaining about evidence admitted or
excluded.

[11] APPEAL AND ERROR k1056.1(1)
30k1056.1(1)
To constitute reversible error in a civil case, the
admission or exclusion of evidence must
unfairly prejudice a substantial right of a litigant
complaining about evidence admitted or
excluded.

[12] NEW TRIAL k27
275k27
Only an error which is prejudicial to the rights of
the unsuccessful party justifies a new trial.

[13] NEW TRIAL k27
275k27
What constitutes unfair prejudice, for purposes
of a motion for a new trial, is a matter entrusted
to the discretion of the trial judge.

**378 Syllabus by the Court

 *256 1. Motions for New Trial: Appeal and
Error. A motion for new trial is addressed to the
discretion of the trial court, whose decision will
be upheld in the absence of an abuse of that
discretion.

 2. Motions for New Trial: Appeal and Error. A
motion for new trial is to be granted only when
error prejudicial to the rights of the unsuccessful
party has occurred.



 3. Verdicts: Appeal and Error. Where a party
has sustained the burden and expense of a trial
and has succeeded in securing a verdict on these
facts and issues, the party has the right to keep
the benefit of the verdict unless there is
prejudicial error in the proceedings by which it
was secured.

 4. Expert Witnesses. Admissibility of expert
testimony is based on four factors: (1) whether
the witness is qualified as an expert; (2) whether
the testimony is relevant; (3) whether the
testimony will assist the trier of fact; and (4)
whether the probative value of the testimony,
even if relevant, is outweighed by the danger of
unfair prejudice or other considerations.

 **379 5. Expert Witnesses. Where there is no
sound and reasonable basis such that an expert is
able to express a reasonably accurate conclusion
as distinguished from a mere guess or
conjecture, the expert's opinion is to be stricken.

 Vincent M. Powers and Elizabeth A. Govaerts,
of Vincent M. Powers & Associates, for
appellant.

 Stephanie Frazier Stacy, of Baylor, Evnen,
Curtiss, Grimit & Witt, Lincoln, for appellees.

 HENDRY, C.J., WRIGHT, CONNOLLY,
GERRARD, STEPHAN, McCORMACK, and
MILLER- LERMAN, JJ.

 WRIGHT, J.

NATURE OF CASE

 Following a jury verdict in favor of Michelle
Phillips, the trial court determined that the
testimony of Phillips' expert had been
erroneously admitted. Thus, the trial court
granted a motion for new trial, and Phillips
appeals.

SCOPE OF REVIEW

 [1] A motion for new trial is addressed to the
discretion of the trial court, whose decision will
be upheld in the absence of an *257 abuse of

that discretion. Wheeler v. Bagley, 254 Neb.
232, 575 N.W.2d 616 (1998).

 [2] A motion for new trial is to be granted only
when error prejudicial to the rights of the
unsuccessful party has occurred. Wolfe v.
Abraham, 244 Neb. 337, 506 N.W.2d 692
(1993).

FACTS

 Phillips sued Industrial Machine and Nicholas
Cusick, one of its owners, to recover damages
allegedly sustained when a vehicle owned by
Industrial Machine and driven by Cusick
collided with Phillips' vehicle. Cusick admitted
liability, and a jury trial was held to determine
the nature and extent of the damages sustained
by Phillips as a result of the accident.

 Dr. Daniel R. Ripa, an orthopedic surgeon who
treated Phillips, testified by videotape deposition
that Phillips suffered a posttraumatic cervical
strain as a result of the collision. Ripa stated that
3 years after the collision, Phillips continued to
suffer from a mild amount of restriction in the
extremes of her mobility of the neck. In other
words, she still did not have a full range of
motion in the neck. Given the fact that after 3
years, there were still objective findings of
restricted mobility and subjective complaints of
discomfort, Ripa opined to a reasonable degree
of medical certainty that Phillips' cervical strain
was permanent. However, Ripa stated that he
had never been asked to place any restrictions on
Phillips' work activities.

 Phillips testified that prior to the accident, she
had worked at the Lancaster Office of Mental
Retardation and at Dillard's department store.
After the accident, certain tasks such as lifting or
dressing a client at the office of mental
retardation made her physically uncomfortable
and she became uncomfortable during extended
shifts at Dillard's. As a result, Phillips eventually
left those jobs and at the time of the trial was
operating a day- care business out of her home.
Phillips testified that she continued to
experience heightened discomfort in her neck
and headaches from doing too much
housecleaning and other activities.



 At the time of the trial, it had been
approximately 1 year since Phillips had seen a
doctor regarding her injuries. Her hospital and
medical bills stemming from the accident totaled
$2,236.82. She had not incurred any loss of
wages and had no claim for property damage.

 *258 Alfred J. Marchisio, Jr., a vocational
rehabilitation counselor and consultant, also
testified on Phillips' behalf. Outside the presence
of the jury, Marchisio stated **380 that Phillips
reported to him that she had difficulty with
postures of the neck insofar as she experienced
increased discomfort when moving the neck
repeatedly or quickly and when her neck was
tilted forward for any period of time. She also
experienced increased discomfort in the neck
area when carrying heavy objects. Marchisio
stated that personal histories from clients were
reasonably relied upon by experts in the
vocational rehabilitation field in forming their
opinions and that his opinion with respect to
Phillips' condition and employability was based
on Phillips' medical records and the self-report
she provided. In addition, Marchisio explained
that he relied upon the "New Work Life
Expectancy Tables" published by "Vocational
Econometrics," which tables were reasonably
relied upon by vocational experts, and upon the
definitions for disabilities used within the "State
Vocational Rehabilitation Systems" as well as
the definition used in the Americans with
Disabilities Act. Marchisio said these definitions
were reasonably relied upon by experts in the
vocational field and that, in essence, they define
a disability as "a physical and mental
impairment that interferes with a person's ability
to do certain functions of their major lifestyles,
which include the normal type of things of
walking, seeing, hearing, talking, as well as
work activities or recreational activities."

 A voir dire examination was conducted in
which Marchisio stated that he relies upon
medical doctors, physical therapists, and input
from the client to determine the client's medical
restrictions or limitations. Marchisio stated that
he has no medical training, that he does not
personally diagnose or formulate opinions
concerning limitations that should be placed

upon a client's work activities, and that he was
not aware that any medical doctor had placed a
work restriction on Phillips or determined a
disability rating. He explained, however, that
even without a restriction placed on a client's
work activities or a disability rating, he could
perform a functional capacity evaluation based
upon the information the client gave him, so
long as a physician had diagnosed some type of
medical condition.

 *259 Marchisio stated that a worklife
expectancy table is a statistical comparison
between the worklife expectancy of a healthy
portion of the work force and the "disabled"
portion of the work force. Under the tables, the
term "disabled" refers to a broad continuum of
disabilities spanning from mild or transitory
conditions to conditions that result in total
dependence on others for care. He admitted that
no physician had determined Phillips was
disabled as the term is used in the tables.

 When direct examination was continued, still
outside the presence of the jury, Marchisio
stated that his primary conclusion regarding
Phillips was that she was not going to be in the
work force as long as a healthy person of the
same age. He opined that based upon statistical
probabilities, the worklife expectancy for a
healthy 24-year-old female with the same
education as Phillips was to age 54.2, while a
disabled 24-year-old female with the same
education had a worklife expectancy to age 38.9.
He stated that these probabilities were generally
relied upon by experts in his field and reiterated
that the statistical probability table used did not
distinguish between severities of disability. In
addition, Marchisio explained that the tables did
not distinguish whether the disability had any
effect on the ability to work in the person's prior
occupation. His opinion as to Phillips' worklife
expectancy was based on his understanding that
her condition was chronic.

 Over defense counsel's objection, the trial court
allowed Marchisio to continue his testimony in
front of the jury. Marchisio reiterated his
testimony concerning Phillips and his reliance
upon the New Work Life Expectancy Tables,
again explaining that included in the category of



disabled persons under the tables were persons
with very mild disabilities that did not affect
their work, as well as persons with **381
catastrophic disabilities. He opined within a
reasonable degree of professional probability
that Phillips was not going to stay in the work
force as long as another healthy white female
her age and that she would exit the job market
most likely before the maximum age of a
healthy person. Marchisio explained that under
table 3 of the New Work Life Expectancy
Tables, there was a statistical probability that a
disabled person of Phillips' age and education
*260 would have a worklife expectancy to age
38.9, while a healthy person would be expected
to work to age 54.2 years. However, due to her
positive attitude and motivation, she might be in
the work force longer than the statistical average
for disabled persons of her age and education.

 On cross-examination, Marchisio admitted that
no work restrictions had been placed upon
Phillips by a physician, that he personally had no
medical training, and that he relied upon medical
doctors and physical therapists to determine the
medical restrictions or limitations that should be
placed on a particular individual. Marchisio
stated that he was not aware of any physician
who had specifically determined Phillips to be
disabled as defined by the New Work Life
Expectancy Tables, but relied in part upon
Ripa's assessment that Phillips' cervical strain
injury was a permanent condition. Marchisio
was unable to render an opinion as to Phillips'
loss of earning capacity given the facts that she
was close to completing a bachelor's degree in
horticulture and that her previous employment
consisted of interim jobs.

 The jury was instructed, inter alia, that if it
returned a verdict for Phillips, then it must
decide how much money would fairly
compensate her for her injury. Included among
the list of things the jury was instructed to
consider was "(3) [t]he reasonable value of the
earning capacity the plaintiff is reasonably
certain to lose in the future...." The jury returned
a verdict in favor of Phillips in the amount of
$102,236.82.

 In granting Cusick's motion for new trial and
ordering that the verdict be vacated, the trial
court concluded that Marchisio was not qualified
by either knowledge, skill, experience, training,
or education to provide what amounted to expert
medical testimony that Phillips was disabled as a
result of her cervical strain. The court found
there was no medical evidence that any doctor or
medical professional had placed any restrictions
whatsoever on Phillips' work or other activities
as a result of her cervical strain and no medical
evidence that Phillips' functional capacity was
impaired as a result of her injury. The court
stated that Marchisio's opinion regarding
Phillips' reduced worklife expectancy was
premised upon his own factually unsupported
and inadmissible conclusion that Phillips was
disabled and that the opinion lacked the
necessary and proper foundation and for *261
that reason should have been excluded. In
addition, the court concluded that given the
broad definition of a disabled person as used in
the New Work Life Expectancy Tables and
Marchisio's vague conclusion that Phillips
would work "less" as a result of her disability,
the testimony "was so generic and lacking in
certainty that it failed to make the existence of a
disputed fact more or less probable, and was of
no value to the jury." Given Marchisio's
qualifications, the court concluded it was error
to permit him to provide what amounted to a
medical opinion. The court also concluded that
Marchisio acted as a "human conduit" for the
admission of inadmissible hearsay and that the
instruction on future earning capacity was
erroneous because it was predicated on
Marchisio's inadmissible, uncertain, and
unquantifiable opinion testimony.

ASSIGNMENTS OF ERROR

 In summary, Phillips asserts that the trial court
abused its discretion (1) in granting Cusick a
new trial, because the court erred in finding that
Marchisio's opinion lacked the necessary and
proper foundation; (2) in finding that
Marchisio's opinion was irrelevant; (3) in
finding that **382 Marchisio's testimony was
inadmissible hearsay; (4) in finding that the
evidence was insufficient to instruct the jury as
to the loss of future earning capacity; (5) in



granting a new trial without specifically finding
that a substantial right of Cusick's had been
prejudiced; and (6) in failing to find that the
errors, if any, were harmless.

ANALYSIS

 The issue is whether the trial court abused its
discretion in ordering a new trial. A motion for
new trial is addressed to the discretion of the
trial court, whose decision will be upheld in the
absence of an abuse of that discretion. Wheeler
v. Bagley, 254 Neb. 232, 575 N.W.2d 616
(1998).

 [3] It is well established, however, that where a
party has sustained the burden and expense of a
trial and has succeeded in securing a verdict on
these facts and issues, that the party has the right
to keep the benefit of the verdict unless there is
prejudicial error in the proceedings by which it
was secured. Thus, a motion for new trial is to
be granted only when error prejudicial to the
*262 rights of the unsuccessful party has
occurred. Wolfe v. Abraham, 244 Neb. 337, 506
N.W.2d 692 (1993).

 Whether the trial court abused its discretion in
granting a new trial depends upon the
admissibility of Marchisio's testimony and the
effect of such testimony. Expert testimony is
permitted pursuant to Neb.Rev.Stat. § 27- 702
(Reissue 1995): "If scientific, technical, or other
specialized knowledge will assist the trier of fact
to understand the evidence or to determine a fact
in issue, a witness qualified as an expert by
knowledge, skill, experience, training, or
education, may testify thereto in the form of an
opinion or otherwise."

 [4][5] Admissibility of expert testimony is
based on four factors: (1) whether the witness is
qualified as an expert; (2) whether the testimony
is relevant; (3) whether the testimony will assist
the trier of fact; and (4) whether the probative
value of the testimony, even if relevant, is
outweighed by the danger of unfair prejudice or
other considerations. Seeber v. Howlette, 255
Neb. 561, 586 N.W.2d 445 (1998). Our review
of the trial court's admission or exclusion of
expert testimony which is otherwise relevant

will be for an abuse of discretion. See Mahoney
v. Nebraska Methodist Hosp., 251 Neb. 841, 560
N.W.2d 451 (1997).

 [6] One of the bases for granting the new trial
was the trial court's conclusion that Marchisio's
testimony "was so generic and lacking in
certainty that it failed to make the existence of a
disputed fact more or less probable, and was of
no value to the jury." The court noted that the
definition of "disabled" as used in the New
Work Life Expectancy Tables made no
differentiation between people with minor
disabilities and those with serious disabilities or
between people with disabilities which affect
their work and those with disabilities which have
no effect on their work. The court explained that
under these broad statistics, Marchisio "could
present virtually the same opinion testimony he
presented in this case in any courtroom, with any
injured plaintiff, without modifying the opinion
at all." (Emphasis omitted.) We agree.

 [7] Where there is no sound and reasonable
basis such that an expert is able to express a
reasonably accurate conclusion as distinguished
from a mere guess or conjecture, the expert's
opinion *263 is to be stricken.
Anderson/Couvillon v. Nebraska Dept. of Soc.
Servs., 253 Neb. 813, 572 N.W.2d 362 (1998).
In Anderson/Couvillon, the plaintiff's economics
expert testified as to the plaintiff's loss of future
earning capacity based on another expert's
opinion that the plaintiff was unlikely to attend
college. We held that it was not error for the
district court to determine that the testimony was
speculative where there was no evidence that the
plaintiff, who was 7 years old, would have
attended and graduated from college in the
absence of the injury. We explained that
damages **383 for permanent impairment of
future earning capacity may not be based on
speculation, probability, or uncertainty, but must
be shown by competent evidence that such
damages are reasonably certain as the proximate
result of the pleaded injury. We determined that
the district court did not err in concluding that it
was not " 'reasonably certain' " that the plaintiff
would have graduated from college absent the
injury. Id. at 822, 572 N.W.2d at 369.



 In Uryasz v. Archbishop Bergan Mercy Hosp.,
230 Neb. 323, 431 N.W.2d 617 (1988), the
plaintiff's expert projected her future earning
capacity to be $215,280. The expert testified that
in reaching this conclusion, he assumed the
plaintiff was 46 years of age and he considered
her past employment history and earnings,
which were that she managed a family pharmacy
that had never made a profit and that she was
employed briefly as a manager at $5.75 per
hour. He computed her annual income, using
$5.75 per hour as a base, to be $11,960 and
multiplied that figure by 18, being her
employable years to age 65. No factors
regarding the extent or permanency of her
impairment were considered or used. Upon
cross-examination, the expert stated that if the
plaintiff went back to work and she could handle
the job, she would have no loss, but if she did
not return to work, the figure of $215,280
represented her future earning capacity.

 Although the defendant failed to object to the
testimony, we concluded that the testimony was
subject to objection when adduced and to a later
motion to strike for the following reasons: (1)
The purpose was to give an opinion on
impairment of future earning capacity, which
requires the elements of a shown impairment,
the extent the earning capacity has been
diminished, and the degree of permanency of the
impairment to earning *264 capacity (citing
Lake v. Southwick, 188 Neb. 533, 198 N.W.2d
319 (1972)); (2) the witness must be shown to
possess competent facts and underlying data to
give such an opinion, otherwise it should not be
received and is subject to being stricken (citing
Clearwater Corp. v. City of Lincoln, 202 Neb.
796, 277 N.W.2d 236 (1979)); (3) the only
evidence in the record of the extent and degree
of permanency of the impairment was
speculative and indefinite and, at most,
presented a fact question for the jury, but in any
event, such factors were either not considered or
unknown to the witness; and (4) the witness
assumed the plaintiff was employable, but his
opinion was in terms of total impairment, which
was described as not going back to work. We
explained that the result of the expert's
testimony was that he made a mathematical
computation that was within the capabilities of a

layperson, which he improperly described as
impairment of future earning capacity. This
produced speculation and confusion in the
evidence.

 In Plattsmouth Pol. Dept. Coll. Barg. Comm. v.
City of Plattsmouth, 205 Neb. 567, 288 N.W.2d
729 (1980), we held that it was error to
introduce the testimony of an expert witness
who had relied on questionnaires in order to
express an opinion as to the salaries of like
employees in other cities. We explained that the
questionnaires listed minimum and maximum
salaries for the position, but there was no
indication as to whether the salaries listed were
actually being paid or under what conditions
employees would be entitled to receive the
maximum salaries. We stated that since there
was a lack of foundation evidence to establish
the source and reliability of the information in
the questionnaires and the questionnaires were
the basis for the expert testimony, the court
should have sustained an objection to that
testimony. We explained that an expert witness
should not be allowed to express an opinion
where the evidence shows there is no adequate
basis for the opinion. See, also, State v. Houser,
241 Neb. 525, 490 N.W.2d 168 (1992) (although
results of DNA profile test are generally
accepted by scientific communities, probative
value must also be considered and whether
prejudicial effect exceeds probative value).

 **384 [8][9] In addition, we agree with the trial
court's conclusion that Marchisio was not
qualified to testify that Phillips was disabled
*265 as a result of her cervical strain simply
because Ripa had diagnosed her condition as
permanent. The fact that a medical condition is
permanent does not equate with a medical
opinion that a person is disabled. "Regardless
[of] how impressive the background of a
witness, his area of expertise should match fairly
closely the subject matter of his testimony."
Christopher B. Mueller & Laird C. Kirkpatrick,
Evidence § 7.5 at 721 (1995). Without any
evidence that Phillips was in fact disabled,
Marchisio's opinion, which relied on the
conclusion that Phillips was disabled, lacked
foundation and probative value.



 In summary, Marchisio concluded that Phillips
was disabled because her injury was permanent.
Because he concluded that she was disabled, he
applied the New Work Life Expectancy Tables,
which do not discern between minor and serious
disabilities or take into consideration whether
such disability affects an individual's ability to
work. Marchisio's opinion lacked probative
value. For the foregoing reasons, we conclude
the trial court did not abuse its discretion when
the court determined that it was error to have
admitted Marchisio's testimony.

 [10][11][12][13] The next question is whether
the erroneous admission of this evidence
prejudiced Cusick. To constitute reversible error
in a civil case, the admission or exclusion of
evidence must unfairly prejudice a substantial
right of a litigant complaining about evidence
admitted or excluded. Radecki v. Mutual of
Omaha Ins. Co., 255 Neb. 224, 583 N.W.2d 320
(1998). Only an error which is prejudicial to the
rights of the unsuccessful party justifies a new
trial. Westgate Rec. Assn. v. Papio- Missouri
River NRD, 250 Neb. 10, 547 N.W.2d 484
(1996). What constitutes unfair prejudice is a
matter the Nebraska Evidence Rules entrust to
the discretion of the trial judge. Delicious Foods
Co. v. Millard Warehouse, 244 Neb. 449, 507
N.W.2d 631 (1993).

 We cannot say that the trial court abused its
discretion in finding the testimony of Marchisio
unfairly prejudicial. This testimony was offered
to assist the trier of fact to determine a fact in
issue. Marchisio testified that there was a
statistical probability that a disabled person of
Phillips' age and education would work 15.3
years less than a nondisabled person and that it
was his opinion that as a result of her injury,
Phillips would not be in the work force as long
as she would have otherwise. Marchisio's *266
testimony lacked foundation and unfairly
permitted the jury to infer that Phillips should be
compensated for this loss of employment. We
therefore affirm the order granting a new trial.

 AFFIRMED.

 GERRARD, J., concurring.

 I concur in the majority's determination that the
district court's order granting a new trial should
be affirmed. I write separately, however,
because the time has come to reexamine our
analytical framework for the evaluation of
expert opinion testimony.

INTRODUCTION

 Judge Learned Hand observed nearly a century
ago that "[n]o one will deny that the law should
in some way effectively use expert knowledge
wherever it will aid in settling disputes. The only
question is as to how it can do so best." Learned
Hand, Historical and Practical Considerations
Regarding Expert Testimony, 15 Harv. L.Rev.
40 (1901). The question posed by Judge Hand
has, during the subsequent decades, repeatedly
confronted appellate courts in every jurisdiction,
including Nebraska.

 The most significant recent developments in
this area of law have resulted from the decision
of the U.S. Supreme Court in Daubert v. Merrell
Dow Pharmaceuticals, **385 Inc., 509 U.S. 579,
113 S.Ct. 2786, 125 L.Ed.2d 469 (1993). In that
case, the Supreme Court held that the "general
acceptance" test for the admissibility of
testimony about scientific evidence, as set out in
Frye v. United States, 293 F. 1013
(D.C.Cir.1923), had been superseded by the
adoption of the Federal Rules of Evidence.
Daubert, supra. The Supreme Court rejected the
Frye test and redefined the standard for the
admission of expert testimony in the federal
courts. Id.

 Subsequently, many states with evidentiary
rules modeled after the Federal Rules of
Evidence began to adopt the Daubert standards.
See, generally, Heather G. Hamilton, The
Movement from Frye to Daubert: Where do the
States Stand?, 38 Jurimetrics J. 201 (1998). This
court, however, has rejected the adoption of
Daubert and continued to rely on the Frye test.
See, State v. Carter, 246 Neb. 953, 524 N.W.2d
763 (1994), over*267 ruled on other grounds,
State v. Freeman, 253 Neb. 385, 571 N.W.2d
276 (1997); State v. Dean, 246 Neb. 869, 523
N.W.2d 681 (1994), cert. denied 515 U.S. 1123,
115 S.Ct. 2279, 132 L.Ed.2d 282 (1995),



overruled on other grounds, State v. Burlison,
255 Neb. 190, 583 N.W.2d 31 (1998).

 In light of the subsequent development of the
Daubert standards and the need to set forth a
more comprehensive framework for the
evaluation of expert testimony, our decisions in
Carter, supra, and Dean, supra, should be
reexamined.

ANALYSIS
Frye and Daubert

 This court has described the Frye test as setting
out a "general acceptance" test for the
admissibility of testimony about scientific
evidence. Carter, supra. Under the Frye test,
"[W]hile courts will go a long way in admitting
expert testimony deduced from a
well-recognized scientific principle or discovery,
the thing from which the deduction is made must
be sufficiently established to have gained
general acceptance in the particular field in
which it belongs." Frye, 293 F. at 1014.

 Nebraska has relied on the Frye test where
scientific evidence is concerned. See, e.g.,
Carter, supra. In other areas of expertise, as
noted by the majority, we have simply stated
that the admissibility of expert testimony is
based on (1) whether the witness is qualified as
an expert; (2) whether the testimony is relevant;
(3) whether the testimony will assist the trier of
fact; and (4) whether the probative value of the
testimony, even if relevant, is outweighed by the
danger of unfair prejudice or other
considerations. Seeber v. Howlette, 255 Neb.
561, 586 N.W.2d 445 (1998). Our review of the
trial court's admission or exclusion of expert
testimony which is otherwise relevant will be for
an abuse of discretion. See Mahoney v.
Nebraska Methodist Hosp., 251 Neb. 841, 560
N.W.2d 451 (1997). In other words, while we
have applied the Frye test in attempting to
discern the reliability of scientific evidence, we
have not required an inquiry into the reliability
of testimony relating to other areas of expertise.

 The abrogation of the Frye test by the Federal
Rules of Evidence was recognized in Daubert v.
Merrell Dow Pharmaceuticals, Inc., 509 U.S.

579, 113 S.Ct. 2786, 125 L.Ed.*268 2d 469
(1993). The Daubert Court determined that the
"austere" standard of general acceptance,
"absent from, and incompatible with, the Federal
Rules of Evidence, should not be applied in
federal trials." 509 U.S. at 589, 113 S.Ct. 2786.

 Instead, the Daubert Court determined that the
Federal Rules of Evidence, particularly those
rules specifically relating to expert testimony,
Fed.R.Evid. 701 through 706, had created a new
standard for the admissibility of scientific
evidence. It should be noted that the Federal
Rules of Evidence relating to expert testimony
are essentially identical to their Nebraska
counterparts. See, Neb. Evid. R. 701 through
706; Neb.Rev.Stat. §§ 27-701 through 27-706
(Reissue 1995).

 **386 Under Daubert, when faced with a
proffer of expert scientific testimony, a trial
judge must determine at the outset whether the
expert is proposing to testify to (1) scientific
knowledge that (2) will assist the trier of fact to
understand or determine a fact in issue. This
entails a preliminary assessment whether the
reasoning or methodology underlying the
testimony is scientifically valid and whether that
reasoning or methodology properly can be
applied to the facts in issue. Daubert, supra.

 The Court also set out a list of considerations
that a trial court may use to evaluate the validity
of scientific testimony. Id. These include: (1)
whether the theory or technique can be, and has
been, tested; (2) whether the theory or technique
has been subjected to peer review and
publication; (3) the known or potential rate of
error, and the existence and maintenance of
standards controlling the technique's operation;
and (4) the "general acceptance" of the theory or
technique. Id. Thus, the Court did not
completely sweep away the Frye test, but simply
determined that it was to be one of a myriad of
possible considerations in determining the
validity of evidence.

 The Daubert Court emphasized that this was not
to be a definitive checklist, as many other factors
could bear on the inquiry into validity in
particular cases. The Court stated that the



inquiry was to be a "flexible" one, for which the
"overarching subject is the scientific
validity--and thus the evidentiary relevance and
reliability--of the principles that underlie a
proposed submission." 509 U.S. at 594-95, 113
S.Ct. 2786. "The focus, of course, must be *269
solely on principles and methodology, not on the
conclusions that they generate." 509 U.S. at 595,
113 S.Ct. 2786.

 Subsequent Supreme Court decisions have
further developed the standards first set forth in
Daubert, supra. In General Electric Co. v. Joiner,
522 U.S. 136, 118 S.Ct. 512, 139 L.Ed.2d 508
(1997), the Court determined that in reviewing
the evidentiary rulings of a trial court regarding
expert opinion testimony, abuse of discretion is
the proper standard of appellate review.
Compare Doe v. Gunny's Ltd. Partnership, 256
Neb. 653, 593 N.W.2d 284 (1999) (admission of
evidence reviewed for abuse of discretion where
Nebraska Evidence Rules commit evidentiary
question to discretion of trial court).

 In Kumho Tire Co., Ltd. v. Carmichael, 526
U.S. 137, 119 S.Ct. 1167, 1171, 143 L.Ed.2d
238 (1999), the Supreme Court determined that
"Daubert's general holding--setting forth the trial
judge's general 'gatekeeping' obligation-- applies
not only to testimony based on 'scientific'
knowledge, but also to testimony based on
'technical' and 'other specialized' knowledge."

 It has been written of Fed.R.Evid. 702, which is
identical to Neb. Evid. R. 702, that it

applies to expert testimony involving
scientific, technical, and specialized
knowledge that might be helpful to a jury.
These three categories of knowledge are
commonly defined as follows. "Scientific
knowledge" refers to the "systematic
knowledge of the physical or material world
gained through observation and
experimentation." "Technical knowledge"
refers to practical knowledge or special skills
relating to, primarily, the mechanical or
industrial arts or the applied sciences.
"Specialized knowledge" is a catch- all
category that refers to any knowledge focused
on a particular field of study, occupation,
profession, or experience.

 Jay P. Kesan, An Autopsy of Scientific
Evidence in a Post-Daubert World, 84 Geo.
L.J.1985, 2026 (1996).

 The Court made it clear that the Daubert
standards were to apply, not only to "scientific"
knowledge, but to all types of expert testimony
that are admitted pursuant to rule 702. Kumho
Tire Co., Ltd., supra. The Court also emphasized
that the list of factors for consideration set forth
in Daubert v. Merrell Dow **387 *270
Pharmaceuticals, Inc., 509 U.S. 579, 113 S.Ct.
2786, 125 L.Ed.2d 469 (1993), did not
necessarily or exclusively apply to all experts or
in every case. Kumho Tire Co., Ltd., supra. The
Court stated that

the trial judge must have considerable leeway
in deciding in a particular case how to go
about determining whether particular expert
testimony is reliable. That is to say, a trial
court should consider the specific factors
identified in Daubert where they are
reasonable measures of the reliability of expert
testimony.
The trial court must have the same kind of
latitude in deciding how to test an expert's
reliability, and to decide whether or when
special briefing or other proceedings are
needed to investigate reliability, as it enjoys
when it decides whether or not that expert's
relevant testimony is reliable. Our opinion in
[General Electric Co. v. Joiner, supra] makes
clear that a court of appeals is to apply an
abuse-of-discretion standard when it
"review[s] a trial court's decision to admit or
exclude expert testimony." [Citation omitted.]
That standard applies as much to the trial
court's decisions about how to determine
reliability as to its ultimate conclusion.

 (Emphasis in original.) Kumho Tire Co., Ltd.,
119 S.Ct. at 1176.

 In short, under Daubert, supra, and Kumho Tire
Co., Ltd., supra (Daubert/Kumho Tire), analysis,
a trial court must, when faced with a proffer of
expert testimony, determine if the expert is
proposing to testify to (1) scientific, technical, or
other specialized knowledge that (2) will assist
the trier of fact to understand or determine a fact
in issue. This entails a preliminary assessment
whether the reasoning or methodology



underlying the testimony is valid, and whether
that reasoning or methodology properly can be
applied to the facts in issue. Id. The conclusions
of the trial court will be affirmed absent an
abuse of discretion. Id.; Doe v. Gunny's Ltd.
Partnership, 256 Neb. 653, 593 N.W.2d 284
(1999).

CURRENT STATE OF LAW

 In State v. Carter, 246 Neb. 953, 524 N.W.2d
763 (1994), this court discussed two reasons for
continued adherence to the Frye *271 test: (1)
that the Daubert standards were relatively
undeveloped and uncertain and (2) that Daubert
might fail to exclude unreliable "junk science."
These concerns were, at the time, entirely
reasonable. The experience of the intervening
years, however, has put those concerns to rest.

 Since the U.S. Supreme Court's 1993 decision
in Daubert v. Merrell Dow Pharmaceuticals,
Inc., 509 U.S. 579, 113 S.Ct. 2786, 125 L.Ed.2d
469 (1993), the standards set forth in that
opinion have become the majority rule in the
United States in analyzing expert opinion
testimony. Currently, 27 states have held that the
Daubert standards are either helpful or
controlling in their determinations regarding the
admissibility of expert opinion evidence. See,
State v. Coon, 974 P.2d 386 (Alaska 1999);
Jones v. State, 314 Ark. 289, 862 S.W.2d 242
(1993); State v. Porter, 241 Conn. 57, 698 A.2d
739 (1997), cert. denied --- U.S. ----, 118 S.Ct.
1384, 140 L.Ed.2d 645 (1998); Nelson v. State,
628 A.2d 69 (Del.1993); State v. Fukusaku, 85
Hawai'i 462, 946 P.2d 32 (1997); McGrew v.
State, 682 N.E.2d 1289 (Ind.1997); Leaf v.
Goodyear Tire & Rubber Co., 590 N.W.2d 525
(Iowa 1999); Mitchell v. Com., 908 S.W.2d 100
(Ky.1995), overruled on other grounds, Fugate
v. Com., 993 S.W.2d 931 (Ky.1999); State v.
Foret, 628 So.2d 1116 (La.1993); State v.
MacDonald, 1998 Me. 212, 718 A.2d 195
(1998); Commonwealth v. Lanigan, 419 Mass.
15, 641 N.E.2d 1342 (1994); State v. Moore,
268 Mont. 20, 885 P.2d 457 (1994), abrogated
on other grounds, State v. Gollehon, 274 Mont.
116, 906 P.2d 697 (1995), and City of Billings
v. Bruce, 290 Mont. 148, 965 P.2d 866 (1998);
State v. Hungerford, 142 N.H. 110, 697 A.2d

916 (1997); State v. Alberico, 116 N.M. 156,
861 P.2d 192 (1993); State v. **388 Goode, 341
N.C. 513, 461 S.E.2d 631 (1995); Breding v.
State, 1998 N.D. 170, 584 N.W.2d 493 (1998)
(Meschke, J., concurring specially); Miller v.
Bike Athletic Co., 80 Ohio St.3d 607, 687
N.E.2d 735 (1998); Taylor v. State, 889 P.2d
319 (Okla.Crim.App.1995); State v. O'Key, 321
Or. 285, 899 P.2d 663 (1995); State v. Morel,
676 A.2d 1347 (R.I.1996); State v. Hofer, 512
N.W.2d 482 (S.D.1994); McDaniel v. CSX
Transp., Inc., 955 S.W.2d 257 (Tenn.1997), cert.
denied --- U.S. ----, 118 S.Ct. 2296, 141 L.Ed.2d
157 (1998); E.I. du Pont de Nemours & Co. v.
Robinson, 923 S.W.2d *272 549 (Tex.1995);
State v. Crosby, 927 P.2d 638 (Utah 1996); State
v. Brooks, 162 Vt. 26, 643 A.2d 226 (1993);
Wilt v. Buracker, 191 W.Va. 39, 443 S.E.2d 196
(1993), cert. denied 511 U.S. 1129, 114 S.Ct.
2137, 128 L.Ed.2d 867 (1994); Springfield v.
State, 860 P.2d 435 (Wyo.1993).

 Eleven states have specifically rejected Daubert,
supra, in favor of retaining the standards
enunciated in Frye v. United States, 293 F. 1013
(D.C.Cir.1923). See, Turner v. State, No.
1952024, --- So.2d ----, 1998 WL 12625 (Ala.
Jan. 16, 1998); State v. Tankersley, 191 Ariz.
359, 956 P.2d 486 (1998); People v. Leahy, 8
Cal.4th 587, 34 Cal.Rptr.2d 663, 882 P.2d 321
(1994); Flanagan v. State, 625 So.2d 827
(Fla.1993); Armstead v. State, 342 Md. 38, 673
A.2d 221 (1996); Gleeton v. State, 716 So.2d
1083 (Miss.1998); Carter, supra; State v.
Harvey, 151 N.J. 117, 699 A.2d 596 (1997);
People v. Wesley, 83 N.Y.2d 417, 611 N.Y.S.2d
97, 633 N.E.2d 451 (1994); Com. v. Blasioli,
552 Pa. 149, 713 A.2d 1117 (1998); State v.
Copeland, 130 Wash.2d 244, 922 P.2d 1304
(1996). Five states have rejected Daubert in
favor of their own unique evidentiary standards.
See, Norfolk Southern Railway Co. v. Baker,
237 Ga.App. 292, 514 S.E.2d 448 (1999); State
v. Merwin, 131 Idaho 642, 962 P.2d 1026
(1998); Dow Chemical Co. v. Mahlum, 114
Nev. 1468, 970 P.2d 98 (1998), rehearing denied
973 P.2d 842 (1999); State v. Council, 335 S.C.
1, 515 S.E.2d 508 (1999); State v. Peters, 192
Wis.2d 674, 534 N.W.2d 867 (Wis.App.1995),
review denied 537 N.W.2d 572 (Wis.).



 Of the seven states that have not yet decisively
addressed the question, one continues to rely on
its own unique standard. See Spencer v. Com.,
238 Va. 275, 384 S.E.2d 775 (1989), cert.
denied 493 U.S. 1036, 110 S.Ct. 759, 107
L.Ed.2d 775 (1990). The remaining jurisdictions
continue to rely on Frye, supra. See, Brooks v.
People, 975 P.2d 1105 (Colo.1999); People v.
Miller, 173 Ill.2d 167, 670 N.E.2d 721, 219
Ill.Dec. 43 (1996), cert. denied 520 U.S. 1157,
117 S.Ct. 1338, 137 L.Ed.2d 497 (1997); State
v. Chastain, 265 Kan. 16, 960 P.2d 756 (1998);
People v. Peterson, 450 Mich. 349, 537 N.W.2d
857 (1995); State v. Klawitter, 518 N.W.2d 577
(Minn.1994); Callahan v. Cardinal Glennon
Hosp., 863 S.W.2d 852 (Mo.1993).

 *273 It is evident, then, that in the United
States, Daubert v. Merrell Dow Pharmaceuticals,
Inc., 509 U.S. 579, 113 S.Ct. 2786, 125 L.Ed.2d
469 (1993), has become the majority rule, and
Frye, supra, has become an ever- shrinking
minority view. Given the number of jurisdictions
that have adopted the Daubert standards, and the
extensive development of the Daubert/ Kumho
Tire standards in the state and federal courts, it
can no longer be said that the nature and
implications of Daubert/Kumho Tire are
unknown. Compare State v. Carter, 246 Neb.
953, 524 N.W.2d 763 (1994).

 In fact, to the extent that this consideration is
still relevant, it militates in favor of adopting the
Daubert/Kumho Tire standards. Nebraska courts
risk losing the benefit of helpful and persuasive
authority from other jurisdictions on newly
presented evidentiary issues by its continued
reliance on a test that is increasingly removed
from the jurisprudential mainstream.

 The concern about "junk science" expressed in
Carter, supra, now also weighs in favor of
adopting the Daubert/Kumho Tire standards.
The "gatekeeper" function **389 exercised by
trial courts under the Daubert/Kumho Tire
analysis is, in fact, a more effective means of
excluding unreliable expert testimony than is the
Frye test. The experience in jurisdictions which
have adopted the Daubert standards suggests
that the admission of so-called "junk science"

evidence is a minimal risk. As the Supreme
Court of Alaska has stated:

We are not convinced that "junk science" is
more likely to be admitted under Daubert than
under Frye. Post-Daubert reported decisions
suggest that courts are acting with restraint,
and are giving rigorous consideration to the
reliability of scientific evidence. Furthermore,
Frye also potentially permits admission of
unreliable scientific evidence, because a
methodology that has been generally accepted
might nonetheless have been discredited
during a Daubert inquiry.

 State v. Coon, 974 P.2d 386, 397 (Alaska
1999).

 Furthermore, there is cause to question one of
the assumptions underlying this court's decision
in Carter, supra: that the Frye test provides a
more critical assessment of the reliability of
*274 proffered evidence than does the Daubert
analysis. See Carter, supra. As the Supreme
Court of Alaska noted:

Frye is potentially capricious because it
excludes scientifically reliable evidence which
is not yet generally accepted, and admits
scientifically unreliable evidence which
although generally accepted, cannot meet
rigorous scientific scrutiny. Because the Frye
test potentially excludes evidence that should
be admitted under our rules, and also
potentially admits evidence that should be
excluded under our rules, we conclude that it
is both unduly restrictive and unduly
permissive.

 Coon, 974 P.2d at 393-94.

 In practice, in other jurisdictions, the Daubert
standards have proved to be more accepting of
newly developed but well-reasoned theories, but
more critical of older, more well-established
theories that are vulnerable to a searching
inquiry. As one writer has noted:

To say that Daubert is less restrictive of expert
evidence, to say that it opens the door for the
introduction of expert evidence that would not
have been admissible under the Frye test, is
not to say that Daubert's test is an easier test. It
may be more lenient in that it allows
more--and more novel-- science into evidence,
but it can be much more difficult in that the



Daubert test can require a more exacting,
expensive, and time consuming foundation.
....
"On the one hand, more science comes in.
Science does not have to be generally accepted
by other scientists to be admissible in court;
the universe of admissible science is expanded
by doing away with the general acceptance
requirement. On the other hand, less science
comes in. The trial judge is to act as
gatekeeper and is to scrutinize carefully the
proffered scientific evidence and to keep out
what is not good science. The universe of
science actually admitted may be contracted
by the close scrutiny judges are supposed to
give this evidence. While it may be that most
science generally accepted in the relevant
scientific community will be good science, it
is not necessarily so."

 *275 Citation omitted.) G. Michael Fenner, The
Daubert Handbook: The Case, Its Essential
Dilemma, and Its Progeny, 29 Creighton L.Rev.
939, 953 (1996). See, also, Williams v. Hedican,
561 N.W.2d 817 (Iowa 1997).

 As Professor Fenner states, the shift from Frye
to Daubert/Kumho Tire allows the admission of
more expert testimonial evidence, but
specifically forecloses the admission of
testimony that is unreliable. Under the
Daubert/Kumho Tire analysis, the question is
not whether the evidence is generally accepted,
but whether the evidence is, in fact, reliable.
This gatekeeper **390 function, in my opinion,
provides a more effective way of ensuring that
unreliable testimony is properly excluded from
evidence.

 The gatekeeper function is particularly
important in light of the inordinate weight and
deference that jurors are often inclined to afford
expert testimony. See, generally, Daniel W.
Shuman et al., Assessing the Believability of
Expert Witnesses: Science in the Jurybox, 37
Jurimetrics J. 23 (1996); Daniel W. Shuman et
al., Juror Assessments of the Believability of
Expert Witnesses: A Literature Review, 36
Jurimetrics J. 371 (1996). The Supreme Court of
Connecticut has stated that

a gatekeeping role for trial judges in relation
to scientific evidence is appropriate. Although

the extent to which juries give scientific
evidence undue deference is uncertain, the
potential risk can be greatly reduced simply by
allowing the judge, as the participant in the
judicial process with both the greater access
and ability to gather relevant information, to
exclude wholly invalid scientific testimony
altogether. Moreover, a trial judge who does
admit scientific evidence will be in a better
position, by virtue of the knowledge gained
during the preliminary assessment, to conduct
the trial and instruct the jury in such away as
to minimize the risk that jurors will give that
evidence undue deference.

 State v. Porter, 241 Conn. 57, 73, 698 A.2d 739,
749 (1997).

 The court in State v. Carter, 246 Neb. 953, 524
N.W.2d 763 (1994), noted that one of the
primary objectives of the Frye test was to shield
jurors from misleading or prejudicial scientific
testimony because of the weight and deference
generally accorded *276 by jurors to expert
testimony. As the Supreme Court of Connecticut
observed, the gatekeeper function of the trial
court performing the Daubert/Kumho Tire
analysis accomplishes this goal more effectively
than does the Frye test.

 Moreover, as the U.S. Supreme Court noted in
Kumho Tire Co., Ltd. v. Carmichael, 526 U.S.
137, 119 S.Ct. 1167, 143 L.Ed.2d 238 (1999),
this gatekeeper function for the trial court
retains its utility and imperative regardless of
whether the testimony at issue is "scientific"
or otherwise. The evidentiary rationale that
underlies the Daubert/Kumho Tire
gatekeeping responsibility is not limited to
scientific knowledge. As the Court stated,
it would prove difficult, if not impossible, for
judges to administer evidentiary rules under
which a gatekeeping obligation depended
upon a distinction between "scientific"
knowledge and "technical" or "other
specialized" knowledge. There is no clear line
that divides the one from the others....
Neither is there a convincing need to make
such distinctions. Experts of all kinds tie
observations to conclusions through the use of
what Judge Learned Hand called "general
truths derived from ... specialized experience."



Hand, Historical and Practical Considerations
Regarding Expert Testimony, 15 Harv. L.Rev.
40, 54(1901). And whether the specific expert
testimony focuses upon specialized
observations, the specialized translation of
those observations into theory, a specialized
theory itself, or the application of such a
theory in a particular case, the expert's
testimony will often rest "upon an experience
confessedly foreign in kind to [the jury's]
own." Ibid. The trial judge's effort to assure
that the specialized testimony is reliable and
relevant can help the jury evaluate that foreign
experience, whether the testimony reflects
scientific, technical, or other specialized
knowledge.

 Kumho Tire Co., Ltd., 119 S.Ct. at 1174-75.

 Despite the evident wisdom of applying the trial
court's gatekeeper function to all varieties of
specialized expert testimony, Nebraska's
reliance on the Frye test and the limitation of
that test to scientific evidence precludes the trial
court from acting **391 as *277 gatekeeper
where technical or other specialized knowledge
is concerned. Adoption of the Daubert/Kumho
Tire standards, on the other hand, both
encourages the trial court to act as gatekeeper
and places that function in the context of a
sensible and uniform scheme for the evaluation
of all types of expert opinion testimony.

 Finally, as was noted in the Daubert opinion,
Fed.R.Evid. 702, which is identical to § 27-702,
does not establish " 'general acceptance' as an
absolute prerequisite to admissibility," and "a
rigid 'general acceptance' requirement would be
at odds with the 'liberal thrust' of the [rules of
evidence] and their 'general approach of relaxing
the traditional barriers to "opinion" testimony.' "
Daubert v. Merrell Dow Pharmaceuticals, Inc.,
509 U.S. 579, 588, 113 S.Ct. 2786, 125 L.Ed.2d
469 (1993). While the U.S. Supreme Court's
interpretation of a federal statute is not binding
with reference to a state statute, State v. Carter,
246 Neb. 953, 524 N.W.2d 763 (1994), it is
persuasive where the state statute is identical to
the federal law at issue. In this instance, I
believe that the U.S. Supreme Court was correct
in noting the tension between rule 702 and the
Frye test and that the Court's determination is

equally applicable to the corresponding
Nebraska statute.

 Ultimately, ensuring the relevance and
reliability of expert testimony is the intent of an
inquiry pursuant to Daubert/Kumho Tire or
Frye, and Daubert/Kumho Tire is the
better-reasoned and more effective means of
accomplishing this end. I believe that we should
join the vast majority of jurisdictions in the
United States in adopting the standards
enunciated in Daubert/Kumho Tire as the
appropriate criteria for evaluating the
admissibility of expert opinion testimony in the
courts of Nebraska.

Marchisio's Testimony Under Daubert/Kumho
Tire

 The parties do not contest that Marchisio was
qualified to testify as an expert in vocational
rehabilitation. Evidence presented at trial
established that Marchisio has a master's degree
in guidance and counseling and a bachelor's
degree in sociology, and was, at the time of trial,
president of Midlands Rehabilitations
Consultants, Inc. Marchisio has extensive
experience in the field of vocational
rehabilitation, was licensed by the Nebraska
*278 Department of Health and Human Services
as a certified professional counselor and as a
mental health practitioner, and was certified by
the Nebraska Workers' Compensation Court as a
vocational rehabilitation counselor and job
placement specialist.

 As the majority notes, the issues presented on
appeal relate to the foundation presented for
certain opinions to which Marchisio testified.
Specifically, the majority addresses two aspects
of Marchisio's opinion: (1) his description of
Phillips as "disabled" and (2) his determination
that Phillips' worklife expectancy had been
reduced from 54.2 years to 38.9 years.

 I do not agree with the majority's conclusion
that Marchisio's opinion lacked foundation
because Marchisio was not qualified to
determine that Phillips was disabled. The
majority assumes that the word "disability" is
uniquely associated with a medical diagnosis,



such that only a qualified medical expert may
use the term. This, in fact, is not the case.

 The Supreme Court of South Dakota addressed
a similar situation in Marnette v. Morgan, 485
N.W.2d 595, 598 (S.D.1992). The court stated:
"We continue to hold that a disability may be
established through testimony other than a
doctor. There is a distinction between a
disability rating and an impairment rating."
(Emphasis in original.) The court articulated that
distinction as follows:

"Although the medical impairment rating
given by a doctor is an important factor, the
extent of loss of use does not necessarily equal
the extent of medical impairment...."
**392 ....
"Permanent medical impairment is related
directly to the health status of the individual,
whereas disability can be determined only
within the context of the personal, social, or
occupational demands, or statutory or
regulatory requirements that the individual is
unable to meet as a result of the impairment."

 (Citation omitted.) (Emphasis in original.) Id.

 In Marnette, the court determined that the
vocational rehabilitation expert's testimony
lacked foundation because there was no medical
testimony establishing that the plaintiff suffered
any medical impairment. This result was entirely
proper, as medical *279 impairment can be
established only through properly qualified
medical testimony.

 In the present case, however, Ripa testified that
Phillips suffered from "restriction in the
extremes of her mobility of the neck" such that
she did not have full range of motion in her
neck. Ripa further testified that it was his
opinion, within a reasonable degree of medical
probability, that Phillips' injury was permanent.
In addition, Phillips herself testified regarding
the discomfort and limitations she suffered as a
result of the injury. Finally, Marchisio testified
that in preparing his opinion, he also relied on
his interview of Phillips and an examination of
Phillips' medical records.

 Based on this evidence, Marchisio could
appropriately determine that Phillips was

disabled. The testimony of Ripa, Phillips herself,
and Phillips' self- report and medical records,
provided an adequate assessment of Phillips'
medical impairment. Given that assessment,
Marchisio could conclude that Phillips was
disabled, as that term is used in the field of
vocational rehabilitation, by determining the
effect of Phillips' physical impairment in the
context of her "personal, social, and
occupational demands." See Marnette, supra.

 I agree, however, with the majority's conclusion
regarding Marchisio's opinion tat Phillips'
worklife had been reduced by the specific figure
of 15.3 years. This testimony, when subjected to
a Daubert/Kumho Tire analysis, lacks the
validity required under the Nebraska rules of
evidence, and the district court did not abuse its
discretion in determining that the erroneous
admission of this evidence was prejudicial error
requiring a new trial.

 Based on the testimony of Phillips and Ripa and
Ripa's examination of Phillips and her medical
records, as summarized above and in the
majority opinion, Marchisio could appropriately
offer his opinion regarding Phillips' reduced
functional capacity and reduced earning
capacity. As a vocational expert, Marchisio
would be qualified by education, training, and
experience to address how Phillips' physical
limitations might affect her employability status.

 The specific figure regarding Phillips' reduced
worklife expectancy, however, was derived
entirely from the "New Work Life Expectancy
Tables" published by "Vocational
Econometrics." *280 Marchisio's reliance on
this questionable data is the methodological flaw
in his analysis.

 The usual foundation for expert reliance on
external data, and the guarantee that such data is
trustworthy, is generally that it is of the kind that
is normally relied upon by experts in the
particular field at issue. See § 27- 703.
Nonetheless, the gatekeeping responsibility of
the trial court still requires it to determine
whether the basis of an expert's opinion meets
minimum standards of reliability before that
expert's opinion is admissible. See Daubert v.



Merrell Dow Pharmaceuticals, Inc., 509 U.S.
579, 113 S.Ct. 2786, 125 L.Ed.2d 469 (1993). If
the underlying data are so lacking in reliability
that no reasonable expert would rely on them,
then an opinion that is derived entirely from
them must be excluded from evidence. See In re
Paoli R.R. Yard PCB Litigation, 35 F.3d 717 (3d
Cir.1994), cert. denied, General Electric **393
Co. et al. v. Ingram et al., 513 U.S. 1190, 115
S.Ct. 1253, 131 L.Ed.2d 134 (1995).

[I]t is the judge who makes the determination
of reasonable reliance, and ... for the judge to
make the factual determination under
[Fed.R.Evid.] 104(a) that an expert is basing
his or her opinion on a type of data reasonably
relied upon by experts, the judge must conduct
an independent evaluation into reasonableness.
The judge can of course take into account the
particular expert's opinion that experts
reasonably rely on that type of data, as well as
the opinions of other experts as to its
reliability, but the judge can also take into
account other factors he or she deems relevant.

 (Emphasis in original.) In re Paoli R.R. Yard
PCB Litigation, 35 F.3d at 748.

 Marchisio testified that the New Work Life
Expectancy Tables were reasonably relied upon
by experts in his field. However, Marchisio's
opinion about "reasonable" reliance is not
determinative. A court must conduct an
independent assessment of the data to determine
if reliance upon them is indeed reasonable.

 Many courts have addressed the reliance of
expert witnesses on worklife expectancy tables
that are published by the U.S. Department of
Labor, Bureau of Labor Statistics, and have
*281 stated that such tables are generally
considered to be reliable. See, e.g., Boucher v.
U.S. Suzuki Motor Corp., 73 F.3d 18 (2d
Cir.1996); Mealey v. Slaton Machinery Sales,
Inc., 508 F.2d 87 (5th Cir.1975); Sales v.
Republic of Uganda, 828 F.Supp. 1032
(S.D.N.Y.1993); Earl v. Bouchard Transp. Co.,
Inc., 735 F.Supp. 1167 (E.D.N.Y.1990), aff'd. in
part and in part rev'd, and remanded on other
grounds, 917 F.2d 1320 (2d Cir.). But see In re
Air Crash Disaster at Charlotte, N.C., 982
F.Supp. 1101 (D.S.C.1997) (U.S. Department of
Labor worklife expectancy tables not persuasive

because they ignore demographic changes made
since 1986).

 Even if those courts approving of the U.S.
Department of Labor tables were correct,
however, their determinations are not persuasive
in the present case. The New Work Life
Expectancy Tables, used in this case, were not
published by the U.S. Department of Labor and
contain such broadly defined classifications that
reliance on them is not reasonable.

 The New Work Life Expectancy Tables
represent a statistical model that attempts to
compare the worklife expectancy of the healthy
segment of the work force with the "disabled"
segment. The tables attempt to quantify how
long a "disabled" person usually remains in the
work force as opposed to a healthy person.

 For purposes of the tables, however, the term
"disabled" refers to a broad continuum of
disabilities, from mild or transitory conditions to
conditions that result in total dependence on
others for care. In other words, the tables
measure and average together the experiences of
individuals within a tremendously diverse range
of occupations and injuries such that, for
statistical purposes, a police officer with a
broken arm is equivalent to an attorney who
develops a hearing impairment, who is in turn
equivalent to a surgeon who becomes a
paraplegic.

 The flaw in this methodology is apparent. The
degree of an individual's unique disability
obviously has an effect on how long that
individual will remain in the work force. The
nature of a person's disability, relative to his or
her particular occupation, will also have a
commensurate effect on that person's
employability status and worklife expectancy. A
statistical average of such a broad range of
disabilities, applied to an equally broad *282
range of occupations, renders the result almost
meaningless when attempting to determine what
effect a disability will have on an individual
person under particular circumstances. The use
of actuarial tables in determining worklife
expectancy should be rejected where the tables



do not sufficiently relate to the unique
circumstances of the person under evaluation.

 **394 In the present case, evidence was
presented of facts specific to Phillips, and for
Marchisio to render an opinion supported by
these facts was not error. Marchisio's opinion
specifically quantifying Phillips' reduced
worklife expectancy, however, was not based on
any facts particular to her but was based solely
on data that were too generic to support a
reliable opinion.

 The use of statistical data by an expert in
reaching an opinion is, of course, permissible,
but can result in admissible evidence only where
the basis for the opinion includes evidence
particular to the case, demonstrating the
pertinent applicability of the statistical data to
the circumstances. That foundation was not
present in this case. Marchisio's "reasoning and
methodology" were not valid, as the New Work
Life Expectancy Tables could not "properly ...
be applied to the facts in issue." See Daubert v.
Merrell Dow Pharmaceuticals, Inc., 509 U.S.
579, 593, 113 S.Ct. 2786, 125 L.Ed.2d 469
(1993).

 Consequently, it was error to admit Marchisio's
opinion that Phillips' worklife expectancy had
been reduced by 15.3 years. The
Daubert/Kumho Tire requirement that an
expert's conclusions be supported by good
grounds for each step in the analysis means that
any step that renders the analysis unreliable
under the Daubert/Kumho Tire factors renders
the expert's testimony inadmissible. See In re
Paoli R.R. Yard PCB Litigation, 35 F.3d 717 (3d
Cir.1994).

 Given our standard of review, I cannot say that
the district court abused its discretion in
determining that the admission of Marchisio's
testimony was error, or in determining that the
error was prejudicial and required a new trial. It
is for these reasons that I concur in the
judgment.

 HENDRY, C.J., and MILLER-LERMAN, J.,
join in this concurrence.

END OF DOCUMENT
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MEMORANDUM AND ORDER

 KELLY.

 *1 Presently before the Court is Defendant
Howell Electric Motors, Incorporated's
("Howell") Motion for Summary Judgment.
Third-party Defendants American Floor
Machine Company and Clarke Industries,
Incorporated ("American Floor") also move for
summary judgment on Plaintiffs Noel and
Barbara Kent's claims against them. Both
Howell's and American Floor's motions attack
the admissibility of the proposed testimony of
Professor Arthur Larky, whom Plaintiffs would
like to present as an expert witness. Because
Plaintiffs' claims, and ability to withstand
summary judgment, depend entirely on
Professor Larky's testimony, the Court recently
held a hearing to determine whether his
proposed testimony would be admissible at trial.
For the reasons that follow, the Court finds
Plaintiffs may not present Professor Larky as an
expert witness. Further, because Professor
Larky's proposed testimony constitutes the sum
of Plaintiffs' case against Defendants, Howell's
and American Floor's motions for summary
judgment are granted.

 I. BACKGROUND

 Plaintiffs' decedent, Eric Kent, was electrocuted
while operating a floor sander. The sander was

comprised, in general terms, of a chassis and a
motor. Eric Kent's employer, R & S Hardwood
Flooring ("R & S"), purchased the previously
owned chassis from a distributor. The parties
basically agree that American Floor or its
predecessor manufactured the chassis at least
forty years ago. Howell manufactured the motor
in the mid-1980s, very likely in 1986. R & S
itself installed the Howell motor in the American
Floor chassis after it broke the original chassis.
This installation was not entirely consistent with
American Floor's design; although it could
accommodate Howell's four horsepower motor,
American Floor designed the chassis to house a
two horsepower motor. As the record
unfortunately shows, this was not the sole
instance in which R & S or its employees used
the sander in an unintended way.

 Kent's death occurred only because a variety of
circumstances converged. Of the three extension
cords connected to the sander, one had a broken
ground pin and another was badly worn. The
cords were plugged into the top of the sander,
from where power traveled over two fuses,
bypassed by copper wire. [FN1] Electrical
power then passed through the motor's middle
capacitor. A retaining ring on this capacitor had
become dislodged and welded both to
uninsulated terminals and the capacitor's metal
cover. The weld essentially allowed electricity,
perhaps as little as one thousandth of an ampere,
to travel to the sander's case. Kent was
electrocuted when, while touching the sander's
case, he bumped into a metal radiator, thereby
completing an electrical circuit.

FN1. Professor Larky believes the cords
were plugged into the machine at a point
lower than where the fuses are located,
but at the hearing and his deposition
Larky admitted there was no evidence in
the record to support that theory. (Hrg.



at 50-51; Larky Dep. at 61-63.) He
further admitted there was evidence that
the machine had been tampered with
after the accident and before he
inspected the sander. (Hrg. at 52-53.)
The basis for his theory is purely
inferential: because one of the machine's
fuses was blown, and the wires
connecting the switch box were
unconnected, power had to enter the
sander at some lower point for Kent to
have used it. Id. at 64-65. The record on
this point, largely eyewitness accounts
of the accident scene, contradicts
Larky's hypothesis.

 Professor Larky testified that the electrocution
would not have occurred if any of these factors
was absent. Kent's use of the extension cord
with a broken ground pin allowed deadly current
to enter the machine. Because one fuse was
blown, the machine itself would not have been
operable if someone had not bypassed the fuses.
Once in the machine and beyond the fuses, the
electrical current would not have traveled to the
sander case if the retaining ring had not welded
to the terminals and metal cover. Finally, the
circuit would not have been completed, and
Kent would not have been electrocuted, if he had
not come into contact with the metal radiator
while in contact with the sander's case.

 *2 Professor Larky developed this theory by
testing the resistance and continuity of the
sander's electrical connections with an
ohmmeter. Through this method, he was able to
isolate the fault to the area of the capacitors.
Larky then discovered, upon visual inspection,
the weld in the middle capacitor. He tested the
resistance of that capacitor with the weld in
place and found a low resistance where there
should have been a very high one. When the
weld was broken, however, he found a high
resistance. Professor Larky therefore concluded
he found the fault that caused the accident.

 Because he believes the fallen retaining ring
proximately caused the accident, Professor
Larky stated several opinions on how the
accident could have been avoided. Larky found
the terminals should have been insulated and the

cardboard by the retaining ring should have been
extended to ensure the ring was fixed in place.
Larky also expressed an opinion, however
casually, that the motor and chassis
manufacturers should have provided warnings
not to operate the sander unless the power
supply was grounded. These warnings were
necessary, Professor Larky stated, because the
manufacturers should have known that "ordinary
workmen might break off the ground pin on the
extension cord and/or jumper the fuses in order
to get the machine to run rather than take time
off to get the machine to an electrician to be
repaired." (Larky Rep. at 7.)

 Howell and American Floor believe Professor
Larky is not qualified to give this testimony.
Specifically, Howell and American Floor point
to the facts that Professor Larky has never
designed a motor like Howell's and has never
investigated the costs associated with
implementing his proposed design changes.
[FN2] Further, Professor Larky admits to not
having any expertise in the area of warnings and
has no knowledge, other than his every day
experience, to support his claim that workers
like Kent routinely break ground pins off of
extension cords.

FN2. Professor Larky testified otherwise
at the hearing, (Hrg. at 69-70), but his
investigation into the costs associated
with implementing his design seems to
have gone no further than noting the
minimal cost of shrink tubing, id. at 70.

 Moreover, claim Howell and American Floor,
some areas of Professor Larky's testimony will
not assist the jury. Howell in particular
emphasizes that Professor Larky has never
investigated why the retaining ring fell. Without
this evidence, Howell argues, Professor Larky
cannot fairly say Howell or American Floor
failed to anticipate the inadequacy of some
elements of their designs. Howell also reminds
the Court that Professor Larky was not able to
rule out tampering or normal wear and tear as
causes of the fallen ring, (Hrg. at 60, 62), which
Howell finds particularly significant in view of
their claim that the ring's failure is
unprecedented.



 I. DISCUSSION

 A. Whether Professor Larky May Testify As An
Expert.

1. Rule 702's Application In The Third Circuit.

 The Third Circuit has held Rule 702 presents a
minimal standard for the Court to accept
testimony as expert testimony. In re Paoli R.R.
PCB Litig., 35 F.3d 717, 741 (3d Cir.1994), cert.
denied sub nom., General Elec. Co. v. Ingram,
513 U.S. 1190, 115 S.Ct. 1253, 131 L.Ed.2d 134
(1995). None of Rule 702's three requirements is
particularly rigorous, however. The Third
Circuit held in In re Paoli that courts liberally
should interpret the first requirement, that the
expert be qualified by knowledge, skill,
experience, education, or training. Id. A witness
may be qualified as an expert even if the
opposing party can point to various deficiencies
in the witness's qualifications. Once the court
finds a witness has passed the minimal threshold
of knowledge, skill, experience, training, or
education to qualify as an expert, any remaining
observations of shortcomings are reserved for
cross- examination. Kannankeril v. Terminix
Int'l, Inc., 128 F.3d 802, 809 (3d Cir.1997) ("If
the expert meets the liberal minimum
qualifications, then the level of the expert's
expertise goes to credibility and weight, not
admissibility.").

 *3 Rule 702's second requirement is that the
expert must testify to "scientific, technical or
other specialized knowledge [that] will assist the
trier of fact." Fed.R.Evid. 702; In re Paoli, 35
F.3d at 742. Like the first requirement, this
standard also is fairly attainable: an expert's
opinion must be based on a reliable
methodology or technique. Heller, 167 F.3d at
152; In re Paoli, 35 F.3d at 742. This inquiry is
satisfied when the proposed testimony is based
on "good grounds." Kannankeril, 128 F.3d at
807. [FN3]

FN3. Also, the party offering the expert
testimony is not required to show by a
preponderance that their expert's
conclusions are correct, but must

demonstrate only that they are reliable
by a preponderance of evidence. In re
Paoli, 35 F.3d at 744. This burden,
however, is more than a mere prima
facie showing that the evidence is
reliable. Id. at 743-44.

 District courts here are encouraged to employ
an expanded battery of inquiries to determine
whether a proposed expert opinion meets the
"good grounds" test. Under Daubert, a district
court should consider: (1) whether the expert's
hypothesis can be and has been tested; (2)
whether the expert's methodology has been
subjected to peer review and publication; (3)
how often the methodology yields erroneous
results; (4) whether controls over the
methodology exist and are maintained; and (5)
whether the scientific community has accepted
the methodology. Daubert v. Merrill Dow
Pharms., 509 U.S. 579, 593-94, 113 S.Ct. 2786,
125 L.Ed.2d 469 (1993). The Daubert Court
borrowed these factors from the many Chief
Judge Becker listed in United States v.
Downing, 753 F.2d 1224 (3d Cir.1985), and the
Third Circuit has continued to encourage district
courts to use the other Downing factors.
Accordingly, district courts in this circuit also
should consider the relationship of expert's
methodology to other techniques known to be
reliable, the witness's qualifications as they
relate to the methodology, and the non-judicial
uses to which the expert's methods have been
put. In re Paoli, 35 F.3d at 742 & n. 8.

 Significantly, the Supreme Court recently held
that this detailed inquiry, previously applied
only to scientific testimony, should be extended
to technical and other testimony based on
specialized knowledge. In Kumho Tire Co. v.
Carmichael, 526 U.S. 137, 119 S.Ct. 1167, 143
L.Ed.2d 238 (1999), the Court held Daubert 's
gatekeeping obligation applies to all expert
testimony, specifically addressing testimony
offered by engineers. Id. at 1175. The Court
acknowledged that Daubert 's factors may not be
appropriate for every inquiry, but nevertheless
encouraged the initial use of these factors while
preserving the trial judge's broad leeway in
deciding whether the proposed testimony is
reliable. Id. at 1176.



 One minimum reliability threshold seems to
have emerged: for his testimony to be reliable,
an expert must rule out obvious alternative
causes. Heller, 167 F.3d at 156 (quoting Daniel
J. Capra, The Daubert Puzzle, 32 Ga. L.Rev.
699, 728 (1998)). This does not mean, however,
that the expert must eliminate all other possible
causes for his methodology to be reliable.
Rather, when his conclusion is challenged by
reference to an alternative cause, the expert must
offer some explanation why that alternative
cause was not the sole cause. Id. His
methodology is unreliable if he cannot offer any
reason to rule out the alternative cause. Id.
("[O]nly 'where a defendant points to a plausible
alternative cause and the doctor offers no
explanation for why he or she has concluded that
was not the sole cause, that doctor's
methodology is unreliable.' ") (quoting In re
Paoli, 35 F.3d at 759 n. 27) (emphasis in
original).

 *4 The third Rule 702 requirement is that the
witness's testimony assist the jury. To meet this
requirement of "fit," the testimony must connect
the witness's conclusions, based on a reliable
methodology, to an issue presented in the case.
In re Paoli, 35 F.3d at 743. "[E]ven if an expert's
proposed testimony constitutes scientific
knowledge, his or her testimony will be
excluded if it is not scientific knowledge for the
purposes of the case." Id. (emphasis omitted).
The standard for this factor "is not that high."
Lauria v. National R.R. Passenger Corp., 145
F.3d 593, 600 (3d Cir.1998) (citing In re Paoli,
35 F.3d at 745). [FN4] "The requirement of fit is
essentially a relevance requirement." In re
Unisys Sav. Plan Litig., 173 F.3d 145, 168 (3d
Cir.1999) (Becker, J., dissenting).
Notwithstanding these pronouncements,
relevance in this context is not as expansive a
concept as under, for instance, the Rules of Civil
Procedure; the expert's opinion must be drawn
from the facts of the case, not from the expert's
own speculation. An opinion is not relevant,
therefore, where the only bridge between the
expert's conclusion and the data is the expert
herself. General Elec. Co. v. Joiner, 522 U.S.
136, 146-47, 118 S.Ct. 512, 139 L.Ed.2d 508
(1998). Moreover, even relevant evidence may

be excluded for other reasons, such as when the
evidence is unduly prejudicial. See United States
v. Sheffer, 523 U.S. 303, 308, 118 S.Ct. 1261,
140 L.Ed.2d 413 (1998); United States v. Hall,
93 F.3d 1337, 1343-44 (7th Cir.1996).

FN4. The party presenting the expert
must make a proffer of relevance on
the record, Downing, 753 F.2d at 1242,
but other than this low procedural
hurdle, that party faces few obstacles in
the relevance inquiry.

 2. Professor Larky's Qualifications.

 Plaintiffs are pursuing four theories of liability
against Howell and American Floor: (1)
Howell's manufacture of the motor was
defective because the terminals were uninsulated
and the retaining ring was not adequately held in
place; (2) American Floor's design of the motor
was defective because it did not require Howell
to insulate the terminals and extend the
cardboard next to the retaining ring; (3)
American Floor failed to properly instruct
Howell in its assembly of the motor; and (4) the
warnings American Floor designed and Howell
placed on the motor were defective because they
did not warn of the possibility of electrocution.
(Hrg. at 43-44.) Plaintiffs' evidence supporting
these theories consists entirely of Professor
Larky's opinions. (Pls.' Resp. Defs.' Mots.
Summ. J. at third to seventh unnumbered pages.)
Howell and American Floor believe Professor
Larky is not qualified to give these opinions.

 Professor Larky is an Emeritus Professor of
Electrical and Computer Engineering at Lehigh
University. Defendants focus on the facts that he
is not a mechanical engineer and has never
designed motors, but Professor Larky did teach a
course on motors at Stanford University.
Defendants sensibly point out that he taught this
course forty years ago, but Professor Larky
effectively counters this in two ways: first, he
claims motors and motor design have not
changed for a hundred years; and second, he
cites his supervision of student projects
involving motors and his own use of motors as
experience enabling him to give a design
opinion. Given the Third Circuit's liberal



standard, the Court finds Professor Larky is
qualified to testify as an expert about his
theories concerning American Floor's design and
Howell's manufacture.

 *5 The Court is not constrained to be as
forgiving with respect to Professor Larky's
ability to render an opinion on Plaintiffs'
warnings theories. Professor Larky himself
admits he is not an expert in warnings design.
(Hrg. at 13, 102.) In view of his inability to cite
any experience or training in the design of
warnings or the effect warnings have on
machinery users, the Court finds he is not
qualified to express an opinion on whether
Defendants' warnings were adequate.

3. The Reliability of Professor Larky's
Methodology

 Professor Larky arrived at his opinions by
employing both technical knowledge and
personal experience. His examination of the
capacitor at issue combined some electrical
testing with his observations of the capacitor
after the electrocution event. Essentially, he
checked all electrical connections for evidence
of faults with an ohmmeter and isolated the area
of the fault to the capacitor. He then determined,
upon visual inspection, that the retaining ring
caused the accident.

 As the Court in Kumho predicted, some of the
Daubert factors are inapplicable to this
methodology. Neither side addressed how
frequently this method might produce erroneous
results, whether the methodology has been or
could be subjected to peer review or publication,
or what controls over the methodology existed.
Similarly, some of the Downing factors bear
little significance. The parties offered no
testimony concerning non-judicial uses of the
ohmmeter or how, if at all, his technique relates
to other methodologies known to be reliable.

 Some portions of Professor Larky's testimony
applied to a few of the remaining Daubert and
Downing factors. At the hearing he testified he
brought a textbook that verified an ohmmeter is
the standard instrument for measuring resistance
and continuity, and this evidence seems to

indicate his technique is generally accepted.
Also, Professor Larky's background as an
electrical engineer relates precisely to his
technique of testing the sander's electrical
connections. Finally, he tested his line to case
fault theory when he checked the capacitor's
resistance with the weld broken and then in
place, and neither Defendant challenged this
testimony with different test results. The Court
likely would find Professor Larky's
methodology reliable if the Court's inquiry was
compelled to end here.

 Professor Larky's opinions are unreliable, and
he will not be permitted to testify at trial,
because he cannot rule out reasonable alternative
theories of what caused the retaining ring to fail.
Defendants suggested tampering or normal use
led to the fallen retaining ring, and Professor
Larky offered no explanation at all to rebut these
theories. (Hrg. at 60, 62.) Because Professor
Larky cannot produce any reason to rule either
alternative cause out, his methodology is
unreliable.

 B. Howell's and American Floor's Summary
Judgment Motions.

 *6 Summary judgment is appropriate if the
record shows there is no genuine issue as to any
material fact and the moving party is entitled to
judgment as a matter of law. Fed.R.Civ.P. 56(c).
An issue of fact is genuine only if "the evidence
is such that a reasonable jury could return a
verdict for the nonmoving party," and a fact is
material if it might affect the outcome of the suit
under the applicable substantive law. Anderson
v. Liberty Lobby, Inc., 477 U.S. 242, 248, 106
S.Ct. 2505, 91 L.Ed.2d 202 (1986). The
nonmoving party is entitled to every favorable
inference that can be drawn from the record.
Sharrar v. Felsing, 128 F.3d 810, 817 (3d
Cir.1997). The nonmovant, however, may not
avoid summary judgment by relying on evidence
that is merely colorable or not significantly
probative, Anderson, 477 U.S. at 249-50, and
similarly may not rely on mere allegations,
general denials, or vague statements, Quiroga v.
Hasbro, Inc., 934 F.2d 497, 500 (3d Cir.), cert.
denied, 502 U.S. 940, 112 S.Ct. 376, 116
L.Ed.2d 327 (1991). It is the movant's initial



burden to identify portions of the record
demonstrating what it believes is an absence of
genuine issues of material fact. Celotex Corp. v.
Catrett, 477 U.S. 317, 323, 106 S.Ct. 2548, 91
L.Ed.2d 265 (1986). Where the burden of proof
at trial is the non-movant's, however, the movant
can meet its obligation under Celotex by
"pointing out to the district court that there is an
absence of evidence to support the non-moving
party's case." Id. at 325. Summary judgment is
appropriate if the non-movant is unable to rebut
the movant's absence of evidence claim. Id. at
323.

 Plaintiffs have attempted to withstand summary
judgment by relying entirely on Professor
Larky's testimony. (See Pls.' Resp. Defs.' Mots.
Summ. J. at third to seventh unnumbered pages.)
This strategy is entirely appropriate in this
Circuit, where expert testimony alone may be
enough to prevent entry of summary judgment in
a product liability case. Surace v. Caterpillar,
Inc., 111 F.3d 1039, 1049 (3d Cir.1997) (citing
Hollinger v. Wagner Mining Equip. Co., 667
F.2d 402, 409-10 (3d Cir.1981)). This tactic,
however, carries with it the risk that if the expert
is not permitted to testify, the record suddenly is
pared down to the point that summary judgment
is warranted. See, e.g., Heller, 167 F.3d at 150
(affirming the district court's exclusion of expert
testimony and grant of summary judgment).
Such is the case here. Once Professor Larky's
proposed testimony is factored out of the record,
Plaintiffs cannot cite to any evidence supporting
their claims. Because they will not be able to
sustain their burden of proof at trial, the
Courtwill enter summary judgment against
Plaintiffs and in favor of Howell and American
Floor.

 *7 Significantly, this result would have
occurred even if Plaintiffs could have presented
Professor Larky as an expert. In this design
defect case, the Court would have engaged in the
risk-utility analysis first adopted in Azzarello v.
Black Brothers Co., 480 Pa. 547, 391 A.2d 1020
(Pa.1978), and later developed in Dambacher v.
Mallis, 336 Pa.Super. 22, 485 A.2d 408
(Pa.Super.Ct.1984). The Court accordingly
would have examined: (1) the usefulness and
desirability of the product; (2) the likelihood that

the product would cause injury and the
probability that injury would be serious; (3) the
availability of a substitute product that is safer;
(4) the manufacturer's ability to eliminate the
unsafe element of the product while preserving
its usefulness and avoiding prohibitive costs; (5)
the user's ability to avoid injury through careful
utilization of the product; (6) the user's
anticipated awareness of the product's dangers,
in view of the general public's knowledge of the
products obvious dangers, or because of
warnings or instructions accompanying the
product; and (7) the manufacturer's ability to
spread whatever loss it experiences or procure
additional insurance. Id. at 423 n. 5. This
Azzarello risk-utility inquiry is not whether the
evidence establishes a genuine issue of material
fact for the jury, however. It merely is a
threshold inquiry into whether the product was
unreasonably dangerous. Surace, 111 F.3d at
1049.

 Summary judgment would be appropriate even
under this minimal standard. The ability to avoid
electrocution could hardly have been greater.
The machine would not have been operational if
the fuses had not been bypassed. Deadly current
would not have entered the sander if the ground
pin had not been broken. Each instance of
tampering, both obviously avoidable,
demonstrates R & S's or Kent's lack of care
when using the sander.

 Other Dambacher factors weigh entirely in
Defendants' favor. Plaintiffs concede the
products' utility and desirability, and fail to
suggest safer substitute products. Professor
Larky testified that the accident would not have
occurred if the fuses had not been bypassed and
the ground pin broken, and this testimony
emphatically highlights the effectiveness of the
motor's safety features when not tampered with.
The balance irretrievably is tipped in favor of
Defendants, and the Court readily could have
said the sander, both chassis and motor, were not
unreasonably dangerous as a matter of law.

 An Order follows.

ORDER



 AND NOW, this 20th day of July, 1999, upon
consideration of Defendant Howell Electric
Motors' and American Floor Machine
Company's Motions for Summary Judgment,
and Plaintiffs Noel and Barbara Kent's response
thereto, and in further consideration of the
evidentiary hearing this Court held on June 28,
1999, it is hereby ORDERED:

 *8 1. Plaintiffs will not be permitted to present
Professor Arthur Larky as an expert witness at
trial;

 2. Defendant Howell Electric Motors' and
Defendant American Floor Machine Company's
Motions for Summary Judgment (Document
Nos. 82 and 84) are GRANTED;

 3. Judgment is entered in favor of Defendant
Howell Electric Motors and against Plaintiffs
Noel and Barbara Kent;

 4. Judgment is entered in favor of Defendant
American Floor Machine Company and against
Plaintiffs Noel and Barbara Kent;

 5. In view of the rulings expressed in the
accompanying Memorandum,the Court finds
summary judgment appropriately is entered in
favor of Defendant Emhart Industries,
Incorporated, and against Plaintiffs Noel and
Barbara Kent; and

 6. Plaintiffs will have ten (10) days from the
date of this Order to raise any objections to the
Court's entry of summary judgment in favor of
Defendant Emhart Industries, Incorporated.

END OF DOCUMENT



Reprinted from Westlaw (source) by permission from West Group Copyright services.

Copr. © West 1999 No Claim to Orig. U.S. Govt. Works

983 P.2d 869
(Cite as: 983 P.2d 869)

Darlene GILKEY, Plaintiff and Appellant,
v.

Mike SCHWEITZER, M.D., Defendant and
Respondent.

No. 98-646.

Supreme Court of Montana.

Submitted on Briefs April 1, 1999

Decided Aug. 10, 1999

 Deceased patient's spouse brought a medical
malpractice suit against an anesthesiologist,
alleging that he failed to obtain the patient's
informed consent before inserting a thoracic
spinal epidural catheter while the patient was
under anesthesia and that he negligently inserted
the catheter. The District Court, Thirteenth
Judicial District, Yellowstone County, Diane G.
Barz, J., granted summary judgment to the
anesthesiologist, and the spouse appealed. The
Supreme Court, Trieweiler, J., held that: (1) the
Daubert test did not govern the admissibility of a
physician's expert opinion about informed
consent, and (2) the expert opinion was
admissible.

 Reversed and remanded.

[1] APPEAL AND ERROR k893(1)

30k893(1)
Standard of review on appeal from summary
judgment orders is de novo. Rules Civ.Proc.,
Rule 56.

[2] APPEAL AND ERROR k970(2)
30k970(2)
District Court has broad discretion to determine
whether evidence is relevant and admissible, and
absent a showing of abuse of discretion, the trial
court's determination will not be overturned.

[2] EVIDENCE k99
157k99
District Court has broad discretion to determine
whether evidence is relevant and admissible, and
absent a showing of abuse of discretion, the trial
court's determination will not be overturned.

[3] PHYSICIANS AND SURGEONS k14(1)
299k14(1)
Threshold obligation of a medical malpractice
plaintiff is twofold: first, evidence must be
presented to establish the standard of
professional care in the type of case involved;
second, it must be shown that the doctor
negligently departed from this recognized
standard in his treatment of the plaintiff.

[3] PHYSICIANS AND SURGEONS k15(.5)
299k15(.5)
Threshold obligation of a medical malpractice
plaintiff is twofold: first, evidence must be
presented to establish the standard of
professional care in the type of case involved;
second, it must be shown that the doctor
negligently departed from this recognized
standard in his treatment of the plaintiff.

[4] EVIDENCE k508
157k508
Daubert test for admitting expert testimony
should be used only for novel scientific
evidence. Rules of Evid., Rule 702.

[5] EVIDENCE k555.10
157k555.10
Physician's expert opinion that an
anesthesiologist cannot obtain a patient's
informed consent to the insertion of a thoracic
spinal epidural catheter without first advising the
patient that the procedure is riskier when the
patient is asleep required only the specialized
knowledge of a medical professional, not novel
scientific evidence; thus, its admissibility in a



medical malpractice suit was not subject to the
Daubert foundational requirements for admitting
expert testimony. Rules of Evid., Rule 702.

[6] EVIDENCE k512
157k512
Physician's expert opinion that an
anesthesiologist cannot obtain a patient's
informed consent to the insertion of a thoracic
spinal epidural catheter without first advising the
patient that the procedure is riskier when the
patient is asleep was admissible in a medical
malpractice suit. Rules of Evid., Rule 702.
 *869 James G. Edmiston III, Edmiston &
Schermerhorn; Billings, Montana, For
Appellant.

 Herbert I. Pierce III and Colette Baumgardner
Davies, Crowley, Haughey, Hanson, Toole &
Dietrich, Billings, Montana, For Respondent.

 Justice TERRY N. TRIEWEILER delivered the
opinion of the Court.

 ¶ 1 The plaintiff, Darlene Gilkey, individually
and on behalf of the estate of her deceased
husband, Joseph Gilkey, filed a complaint in the
District Court for the Thirteenth Judicial District
in Yellowstone County, in which she alleged
that the defendant, Mike Schweitzer, M.D.,
failed to obtain her husband's informed consent
for placement of an epidural catheter in his
thoracic spine *870 while under anesthesia and
that Dr. Schweitzer negligently inserted the
catheter, and that as a result her husband was
injured. The District Court granted summary
judgment to Dr. Schweitzer on the basis that
Gilkey failed to establish a prima facie case. She
appeals from that order and judgment. We
reverse the judgment of the District Court.

 ¶ 2 The issue on appeal is whether the District
Court erred when it relied on the Daubert [FN1]
rule to exclude opinion evidence offered by
Gilkey to prove that the defendant breached the
applicable standard of care.

FN1. Daubert v. Merrell Dow Pharm.
(1993), 509 U.S. 579, 113 S.Ct. 2786,
125 L.Ed.2d 469.

 FACTUAL BACKGROUND

 ¶ 3 The following facts were before the District
Court by deposition or affidavit. Because
Gilkey's claim was resolved by summary
judgment, we set forth the facts most favorable
to her claim. However, we note these facts are
controverted and factual issues have not been
resolved.

 ¶ 4 Joseph Gilkey was afflicted with cancer of
the colon and rectum which, despite treatment,
spread to his left lung. On June 4, 1991, he
underwent a pneumonectomy to remove part of
the lung. In order to remove the lung, the
procedure required that a large incision be made
from approximately the middle of Joseph's back
to the middle of his chest.

 ¶ 5 Anesthesiologist Mike Schweitzer, M.D.
discussed with Joseph the significant pain that
he would probably experience following the
surgery and recommended that he be allowed to
insert a "thoracic spinal epidural catheter"
between the vertebrae of Joseph's thoracic spine
and alongside his spinal cord. From the catheter,
anesthetic drugs could then be delivered directly
to the area of the spinal cord nearest the pain
source. The purpose of this procedure was to
significantly reduce Joseph's postsurgical pain
without administration of postoperative
narcotics in a manner that would disburse them
throughout his entire body. Joseph consented to
the procedure as described to him. Dr.
Schweitzer later admitted that, during his
discussion with Joseph about the procedure, he
did not differentiate the risks of administering an
epidural catheter while a patient is asleep under
general anesthesia as opposed to while a patient
is awake.

 ¶ 6 Dr. Schweitzer's first attempt to insert the
catheter failed, but on the second attempt,
Joseph's medical chart indicates that the catheter
was inserted "without complications." However,
after the surgery Joseph's left leg was paralyzed.
By the time he left the hospital a few days later
he was able to walk with a cane, but according
to one of Gilkey's medical experts, he continued
to manifest objective signs of upper motor



neuron injury until his death from cancer
approximately two and one-half years later.

 ¶ 7 Gilkey retained Eric Grigsby, M.D. as an
expert. It was his opinion that Dr. Schweitzer
violated the standard of carewhen he failed to
inform Joseph that a greater risk was posed by
the catheterization procedure if it was
administered while Joseph was under general
anesthesia, as opposed to while he was awake.
Dr. Grigsby opined in his deposition that Dr.
Schweitzer breached the standard of care "with
regard to ... informed consent."

 ¶ 8 Dr. Schweitzer moved for summary
judgment on the basis that there was no medical
or scientific basis to support Dr. Grigsby's
conclusion that placement of a thoracic spinal
epidural catheter while a patient is anesthetized
increases the risk of injury. The District Court
agreed and concluded that Dr. Grigsby's opinion
regarding the standard of care was inadmissible
because it was not based on scientific evidence
supported by reliable methodology or research.
The District Court awarded summary judgment
on the basis that without a qualified medical
opinion, Gilkey could not prove medical
malpractice.

STANDARD OF REVIEW
 [1] ¶ 9 Our standard of review on appeal from
summary judgment orders is de novo. See
Motarie v. Northern Montana Joint Refuse
Disposal Dist. (1995), 274 Mont. 239, 242, 907
P.2d 154, 156; Mead v. M.S.B., Inc. (1994), 264
Mont. 465, 470, 872 P.2d 782, *871 785. We
review a district court's summary judgment to
determine whether it was correctly decided
pursuant to Rule 56, M.R.Civ.P., which provides
that summary judgment is only appropriate
where there is no genuine issue of material fact,
and the moving party is entitled to judgment as a
matter of law.

DISCUSSION

 ¶ 10 Did the District Court err when it relied on
the Daubert rule to exclude Dr. Grigsby's
opinion regarding the proper standard of care?

 ¶ 11 The District Court concluded that Gilkey's
efforts to establish a standard of care for
informed consent through expert witness
testimony were efforts to introduce novel
scientific evidence of the type contemplated by
this court in Hulse v. State of Montana, 1998
MT 108, 289 Mont. 94, 961 P.2d 75, and by the
United States Supreme Court in Daubert v.
Merrell Dow Pharm. (1993), 509 U.S. 579, 113
S.Ct. 2786, 125 L.Ed.2d 469. The District Court
further concluded that Dr. Grigsby was not
qualified pursuant to Rule 702, M.R.Evid., to
testify concerning the applicable standard of
care in this case.

 ¶ 12 Gilkey contends that she sought to offer,
through Dr. Grigsby, medical opinion testimony
that Dr. Schweitzer deviated from the
appropriate standard of care as a result of his
failure to obtain Joseph's implied consent. She
argues that Dr. Grigsby's testimony was not
offered to establish that placing the catheter
during sleep deviates from the standard of care,
but to establish that a reasonable medical doctor
would have informed his patient of the
difference in potential risks involved if the
procedure is performed while the patient is
asleep rather than awake, and that without that
advice, informed consent could not be given.
She contends that Dr. Grigsby's credentials as a
Board Certified Anesthesiologist, qualified him
to express that opinion.

 ¶ 13 Gilkey contends that Dr. Grigsby's opinion
does not introduce the type of novel scientific
evidence contemplated by Hulse and Daubert,
but simply the opinion of another medical
professional as to what information a doctor
should provide to his patient so that the patient
may give his informed consent to a medical
procedure.

 ¶ 14 Dr. Schweitzer contends that Dr. Grigsby's
testimony articulates a novel theory, which is
that there is an increased risk from placing the
catheter while asleep, rather than while awake.
He contends that because Dr. Grigsby's opinion
relies on this theory to support his conclusion
that it was necessary for Dr. Schweitzer to
inform Joseph of the difference in levels of risk,
Dr. Grigsby was required to show that his



opinion was arrived at by reliable scientific
methods or that there was some medical
literature or other objective evidence supporting
his opinion.

 [2] ¶ 15 The District Court has broad discretion
to determine whether evidence is relevant and
admissible, and absent a showing of abuse of
discretion, the trial court's determination will not
be overturned. See Burlingham v. Mintz (1995),
270 Mont. 277, 279, 891 P.2d 527, 529.

 ¶ 16 Rule 702, M.R.Evid. provides:
If scientific, technical, or other specialized
knowledge will assist the trier of fact to
understand the evidence or to determine a fact
in issue, a witness qualified as an expert by
knowledge, skill, experience, training, or
education may testify thereto in the form of an
opinion or otherwise.

 [3] ¶ 17 In Montana, the threshold obligation of
a plaintiff in a medical malpractice case is
twofold: first, evidence must be presented to
establish the standard of professional care in the
type of case involved; second, it must be shown
that the doctor negligently departed from this
recognized standard in his treatment of the
plaintiff. This is typically established through
expert testimony because the conduct
complained of is usually not readily
ascertainable by a layman. See Montana
Deaconess Hosp. v. Gratton (1976), 169 Mont.
185, 189, 545 P.2d 670, 672.

 [4] ¶ 18 "[T]he Daubert test should be used only
to determine the admissibility of novel scientific
evidence." Hulse, ¶ 57, reaffirming State v.
Cline (1996), 275 Mont. 46, 909 P.2d 1171. The
issue in Daubert was the *872 admissibility of a
novel scientific theory that the ingestion of the
antinausea drug Bendectin by pregnant women
caused birth defects in their children. See
Daubert, 509 U.S. at passim, 113 S.Ct. at
passim, 125 L.Ed.2d at passim. Justice
Blackmun, writing for the majority in Daubert,
noted that in addition to scientific expert
testimony, "Rule 702 also applies to 'technical,
or other specialized knowledge.' [The Court's]
discussion is limited to the scientific context
because that is the nature of the expertise offered

here." Daubert, 509 U.S. at 590 n. 8, 113 S.Ct. at
2795 n. 8, 125 L.Ed.2d at 481 n. 8.

 ¶ 19 The issue in Hulse was the admissibility of
opinion testimony from a police officer that a
person's failure of the Horizontal Gaze
Nystagmus(HGN) field sobriety test accurately
predicted intoxication. See Hulse, ¶ 43. The
defendant argued that the HGN test was novel
scientific evidence to which the Daubert test
must be applied. We disagreed that Daubert
applied to the facts in that case. It is equally
important to note what was said about Daubert's
application to circumstances such as these.
Citing with approval, decisions from other
jurisdictions that involved medical opinion
testimony, we stated:

Other jurisdictions have similarly held that
Daubert is limited to novel scientific evidence.
Recently, a federal district court concluded
that "Fed.R.Evid. 702 is still viable and the
principles enunciated in Daubert should be
narrowly limited to controversial and novel
scientific evidence." Thornton v. Caterpillar,
Inc. (D.S.C.1997), 951 F.Supp. 575, 578
(holding that mechanical engineer's testimony
concerning design defect and lack of adequate
warning fell within technical and specialized
knowledge," not within the narrowly limited
area of unique, untested and novel scientific
evidence as enunciated in Daubert"). See
Waitek v. Dalkon Shield Claimants Trust
(N.D.Iowa 1996), 934 F.Supp. 1068, 1087-89
n. 10 (providing an extensive list of federal
courts so holding) (concluding in the case sub
judice that Daubert did not apply to a
gynecologist's expert testimony because his
opinions "were not based on a novel scientific
test or a unique, controversial methodology or
technique; rather, he based his opinions on his
experience and training as both a gynecologist
and as a doctor experienced in the use of and
medical problems associated with the Dalkon
Shield"). See also Williams v. Hedican (Iowa
1997), 561 N.W.2d 817, 825-27 (concluding,
in dicta, that the approach taken in Thornton
and other federal courts restricting Daubert in
favor of a conventional Rule 702 analysis was
reasonable); Collins v. Commonwealth
(Ky.1997), 951 S.W.2d 569,
574-75(concluding that although the court



previously adopted the Daubert analysis,
Daubert was not triggered because the doctor's
expert testimony concerned basic female
anatomical findings that "did not involve any
novel scientific techniques or theories"); and
State v. Hodgson (Minn.1994), 512 N.W.2d
95, 98 (acknowledging that Minnesota follows
the Frye test and declining to address the
impact of Daubert because the issue sub judice
involved the expert testimony of a forensic
odontologist concerning bite mark analysis
which was not a novel or emerging type of
scientific evidence).

 See Hulse, ¶ 58 (emphasis added).

 [5] ¶ 20 In this case, Gilkey sought to establish
through Dr. Grigsby's testimony the amount of
information an anesthesiologist should provide
to his patient in order to obtain the patient's
informed consent prior to performing a
procedure to insert a thoracic spinal epidural
catheter. Dr. Grigsby's opinion required the
specialized knowledge of a medical
professional. It did not involve novel scientific
evidence. Therefore, we conclude that it was not
subject to the Daubert foundational
requirements.

 ¶ 21 Dr. Schweitzer has argued that there is no
scientific evidence that there is an increased risk
to the patient when the catheter is placed during
sleep. Gilkey responds that a patient's simple
ability to experience and report pain, if awake,
makes the procedure safer while awake and that
this common sense observation does not require
scientific support. These arguments go to the
weight of Dr. Grigsby's opinion, rather than to
the admissibility of the opinion.

 *873 [6] ¶ 22 We conclude that the District
Court abused its discretion when it decided that
Dr. Grigsby was not qualified to testify to the
applicable standard of care in this case and that
his testimony was not admissible. We reverse
the decision of the District Court to exclude Dr.
Grigsby's testimony.

 ¶ 23 The District Court's award of summary
judgment was based on its conclusion that
without expert testimony which established a
standard of care, Gilkey could not establish the

existence of a legal duty as part of her prima
facie case. Because we conclude that the District
Court erred when it excluded Dr. Grigsby's
opinion testimony, we reverse the order which
granted summary judgment and remand for
proceedings consistent with our decision.

 J.A. TURNAGE, C.J., W. WILLIAM
LEAPHART, JAMES C. NELSON, and
KARLA M. GRAY, JJ., concur.

END OF DOCUMENT
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 Parents of child who suffered from limb
reduction birth defect brought products liability
action against manufacturer of prescription drug
(Bendectin) ingested by mother during
pregnancy. The 214th District Court, Nueces
County, Mike Westergren, J., entered judgment
on jury verdict awarding actual and exemplary
damages to plaintiffs, and manufacturer
appealed. After panel initially reversed and
rendered judgment, rehearing en banc was
granted, and on rehearing, the Corpus Christi
Court of Appeals, 907 S.W.2d 535, affirmed as
to actual damages, and reversed and rendered as
to punitive damages. Application for writ of
error was granted, and the Supreme Court,
Owen, J., held that: (1) properly designed and
executed epidemiological studies indicating that
exposure more than doubled risk of injury may
be part of evidence supporting finding of
causation in toxic tort case; but (2) other factors
must be considered, and plaintiff must in
addition offer evidence excluding other possible
causes of disease with reasonable certainty; and
(3) evidence was legally insufficient to establish
that child's defect was caused by exposure to
drug..

 Court of Appeals reversed, and judgment
rendered for defendant.

 Gonzalez, J., concurred and filed opinion.

 Spector, J., concurred and filed opinion.

[1] APPEAL AND ERROR k930(3)

30k930(3)
In determining whether there is no evidence of
probative force to support jury's finding, all
record evidence must be considered in light most
favorable to party in whose favor verdict has
been rendered, and every reasonable inference
deducible from evidence is to be indulged in that
party's favor.

[2] APPEAL AND ERROR k1001(3)
30k1001(3)
No evidence point of error will be sustained
when (1) there is complete absence of evidence
of a vital fact, (2) court is barred by rules of law
or of evidence from giving weight to only
evidence offered to prove a vital fact, (3)
evidence offered to prove a vital fact is no more
than a mere scintilla, or (4) evidence
conclusively establishes the opposite of the vital
fact.

[3] APPEAL AND ERROR k1001(3)
30k1001(3)
"More than a scintilla" of evidence exists to
support jury finding, and no evidence point of
error will be denied, when evidence supporting
finding, as a whole, rises to level that would
enable reasonable and fair-minded people to
differ in their conclusions.
See publication Words and Phrases for other
judicial constructions and definitions.

[4] APPEAL AND ERROR k842(7)
30k842(7)



Expert's bare opinion testimony will not suffice
to support factual finding, and substance of
testimony must be considered in reviewing legal
sufficiency of evidence.

[4] EVIDENCE k570
157k570
Expert's bare opinion testimony will not suffice
to support factual finding, and substance of
testimony must be considered in reviewing legal
sufficiency of evidence.

[5] EVIDENCE k546
157k546
Testimony of expert is generally opinion
testimony, and whether such testimony rises to
level of evidence is determined under Rules of
Evidence.

[6] EVIDENCE k546
157k546
While rule governing admission of expert
testimony deals with admissibility of evidence, it
offers substantive guidelines in determining if
expert testimony is some evidence of probative
value. Rules of Civ.Evid., Rule 702.

[7] EVIDENCE k555.2
157k555.2
Factors that should be considered in looking
beyond bare opinion of expert witness to
determining whether expert's scientific
testimony is of some probative value include (1)
extent to which theory has been or can be tested,
(2) extent to which technique relies upon
subjective interpretation of expert, (3) whether
theory has been subjected to peer review and
publication, (4) technique's potential rate of
error, (5) whether underlying theory or
technique has been generally accepted as valid
by relevant scientific community, and (6)
nonjudicial uses that have been made of theory
or technique. Rules of Civ.Evid., Rule 702.

[8] EVIDENCE k555.2
157k555.2
If foundational data underlying scientific
opinion testimony are unreliable, expert will not
be permitted to base opinion on that data,
because any opinion drawn from that data is

likewise unreliable. Rules of Civ.Evid., Rule
702.

[9] EVIDENCE k555.2
157k555.2
Expert's scientific testimony is unreliable, even
when underlying data are sound, if expert draws
conclusions from that data based on flawed
methodology. Rules of Civ.Evid., Rule 702.

[10] EVIDENCE k555.2
157k555.2
Flaw in expert witness' reasoning from data may
render reliance on scientific study unreasonable,
and render the inferences drawn therefrom
dubious; under that circumstance, expert's
scientific testimony is unreliable and, legally, no
evidence. Rules of Civ.Evid., Rule 702.

[11] EVIDENCE k150
157k150
Properly designed and executed epidemiological
studies may be part of evidence supporting
finding of causation in toxic tort case.

[12] EVIDENCE k150
157k150
Epidemiological studies indicating that exposure
to a substance more than doubled risk of injury
may be part of evidence supporting causation in
toxic tort case; however, other factors must be
considered, and to raise fact issue on causation,
and thus to survive legal sufficiency review,
plaintiff must show that he or she is similar to
those in studies, including proof of exposure to
same substance, that exposure or dose levels
were comparable to or greater than those in
studies, that exposure occurred before injury,
and that timing of onset of injury was consistent
with that experienced by those in study, and also
must offer evidence excluding other possible
causes of disease with reasonable certainty.

[12] PRODUCTS LIABILITY k15
313Ak15
Epidemiological studies indicating that exposure
to a substance more than doubled risk of injury
may be part of evidence supporting causation in
toxic tort case; however, other factors must be
considered, and to raise fact issue on causation,
and thus to survive legal sufficiency review,



plaintiff must show that he or she is similar to
those in studies, including proof of exposure to
same substance, that exposure or dose levels
were comparable to or greater than those in
studies, that exposure occurred before injury,
and that timing of onset of injury was consistent
with that experienced by those in study, and also
must offer evidence excluding other possible
causes of disease with reasonable certainty.

[12] PRODUCTS LIABILITY k87.1
313Ak87.1
Epidemiological studies indicating that exposure
to a substance more than doubled risk of injury
may be part of evidence supporting causation in
toxic tort case; however, other factors must be
considered, and to raise fact issue on causation,
and thus to survive legal sufficiency review,
plaintiff must show that he or she is similar to
those in studies, including proof of exposure to
same substance, that exposure or dose levels
were comparable to or greater than those in
studies, that exposure occurred before injury,
and that timing of onset of injury was consistent
with that experienced by those in study, and also
must offer evidence excluding other possible
causes of disease with reasonable certainty.

[13] DRUGS AND NARCOTICS k21
138k21
Evidence was legally insufficient to establish
that child's limb reduction birth defect was
caused by mother's in vitro ingestion of morning
sickness drug (Bendectin); isolated
epidemiological study finding statistically
significant association between exposure to drug
and limb reduction defect was not scientifically
reliable, in vivo and in vitro animal studies could
not support conclusion of causation in humans,
and testimony of physician that drug had caused
defect, which was based in part on testimony of
other experts, was opinion rather than science.

[14] EVIDENCE k555.2
157k555.2
Publication and other peer review is significant
indicia of reliability of scientific evidence when
expert's testimony is in area in which peer
review or publication would not be uncommon,
and while publication is not prerequisite for
scientific reliability in every case, courts must be

especially skeptical of scientific evidence that
has not been published or subjected to peer
review. Rules of Civ.Evid., Rule 702.

[15] EVIDENCE k150
157k150
Particularly where direct experimentation has
not been conducted, it is important that any
conclusions about causation in toxic tort case be
reached only after association is observed in
epidemiological studies among different groups
and association continues to hold when effects
of other variables are taken into account.

[15] PRODUCTS LIABILITY k82.1
313Ak82.1
Particularly where direct experimentation has
not been conducted, it is important that any
conclusions about causation in toxic tort case be
reached only after association is observed in
epidemiological studies among different groups
and association continues to hold when effects
of other variables are taken into account.

[16] EVIDENCE k596(1)
157k596(1)
Legal system requires that claimants prove their
cases by a preponderance of the evidence, and in
keeping with that proposition, law should not be
hasty to impose liability in toxic tort cases when
scientifically reliable evidence is unavailable.

[16] PRODUCTS LIABILITY k82.1
313Ak82.1
Legal system requires that claimants prove their
cases by a preponderance of the evidence, and in
keeping with that proposition, law should not be
hasty to impose liability in toxic tort cases when
scientifically reliable evidence is unavailable.

[17] PRODUCTS LIABILITY k82.1
313Ak82.1
Testimony to the effect that substance "could" or
"can" cause disease or disorder is not evidence
that in reasonable probability it does, as is
required to support recovery in toxic tort case.
 *708 John L. Hill, Austin, Russell W. Miller,
Dallas, James E. Essig, Kamela Bridges,
Houston, Robert L. Dickson, Hall R. Marston,
George E. Berry, Santa Monica, CA, Gene M.



Williams, Beaumont, Rob L. Wiley, Steven
Goode, Austin, for Petitioner.

 Guy H. Allison, Kevin W. Grillo, Corpus
Christi, Barry J. Nace, Washington, DC, Roberrt
C. Hilliard, Corpus Christi, Rebecca E.
Hamilton, Rockwall, John T. Flood, Corpus
Christi, for Respondents.

 OWEN, Justice, delivered the opinion of the
Court in which PHILLIPS, Chief Justice, and
GONZALEZ, HECHT, CORNYN, ENOCH and
ABBOTT, Justices, join.

 The issue in this case is whether there is any
evidence that the drug Bendectin caused Kelly
Havner to be born with a birth defect. We hold
that the evidence offered is legally insufficient to
establish causation. Accordingly, we reverse the
judgment of the court of appeals. 907 S.W.2d
535.

I

 Kelly Havner was born with a limb reduction
birth defect. The fingers on her right hand were
not formed. Kelly's mother had taken the
prescription drug Bendectin in 1981 during her
pregnancy to relieve nausea and other symptoms
associated with morning sickness. Bendectin
was formulated by Merrell Dow and its
predecessors and marketed in the United States
from 1957 to 1983. It was sold in other countries
as well, but was called Debendox in the British
Commonwealth, Ireland, and Australia and
Lenotan in West Germany. The Bendectin
Marilyn Havner ingested had two components:
doxylamine succinate, which is an antihistamine,
and pyridoxine hydrochloride, which is vitamin
B-6. Prior to 1977, Bendectin had contained a
third component, dicylomine hydrochloride,
which is an anticholergenic. Approximately
thirty million women took Bendectin in either
the two- or three-ingredient form.

 More than twenty years ago, questions were
raised about Bendectin and its possible
association with birth defects. The FDA
investigated the concerns, but failed to conclude
that Bendectin increased the risk of birth defects.
More than thirty studies on Bendectin and birth

defects have been conducted and published in
peer-reviewed scientific and medical journals
since questions were first raised. None of these
studies concludes that children of women who
took Bendectin during pregnancy had an
increased risk of limb reduction birth defects.
Some of these studies affirmatively conclude
that there is no association between Bendectin
and birth defects and that Bendectin is a safe
drug. Although FDA approval of Bendectin has
never been revoked, Merrell Dow withdrew the
drug from the market in 1983, a little over a year
after Kelly Havner was born.

 The Havners' suit is based on theories of
negligence, defective design, and defective
marketing. It is one of thousands brought against
Merrell Dow and its predecessors for the
manufacture and distribution of Bendectin. In
virtually all the Bendectin litigation, the central
issue has been the scientific reliability of the
expert testimony offered to establish causation.
Merrell Dow challenged the Havners' causation
evidence at several junctures in these
proceedings. It filed a motion for summary
judgment, contending that there is no
scientifically reliable evidence that Bendectin
causes limb reduction birth defects or that it
caused Kelly Havner's birth defect. Before
denying the motion, the trial court held a hearing
at which the scientific *709 reliability of the
Havners' summary judgment evidence was
extensively aired.

 Just before trial, the scientific reliability of the
Havners' evidence was again raised by Merrell
Dow in motions in limine that sought to exclude
the testimony of certain of the Havners' experts
and other causation evidence. One of these
motions requested that testimony about
causation be excluded until a prima facie case
had been established that there was a statistically
significant elevated risk that a child would be
born with limb reduction birth defects if the
child's mother ingested Bendectin. Another
motion sought to preclude the Havners'
witnesses from relying on in vitro and in vivo
animal studies. Other motions sought to exclude
entirely the testimony of three of the Havners'
causation witnesses. The issues were fully



briefed, and after a lengthy hearing, the trial
court denied each of the motions.

 A bifurcated jury trial ensued. In the liability
phase, the Havners called five experts on the
causation question. Merrell Dow objected to the
admission of some, but not all, of this evidence.
Merrell Dow also unsuccessfully moved for a
directed verdict on the issue of causation at the
close of the Havners' evidence. As can be seen
from the record, the question of scientific
reliability was raised repeatedly.

 At the conclusion of the liability phase, the jury
found in favor of the Havners and awarded
$3.75 million. In the punitive damages stage, the
jury awarded $30 million, but that amount was
reduced by the trial court to $15 million
pursuant to former TEX. CIV. PRAC. &
REM.CODE § 41.007. Merrell Dow appealed.

 The panel of the court of appeals that originally
heard the case reversed and rendered judgment
that the Havners take nothing, holding that the
evidence of causation was legally insufficient.
907 S.W.2d at 548. The panel concluded that
"[t]he Havners have failed to bring forward
anything more than suspicion on the essential
element of causation." Id. On rehearing en banc,
a divided court disagreed. It affirmed the trial
court's award of actual damages, but reversed
and rendered the award of punitive damages. Id.
at 564. We granted Merrell Dow's application
for writ of error.

 Merrell Dow challenges the legal sufficiency of
the Havners' causation evidence and the
admissibility of some of that evidence and
further contends that its due process rights under
the United States Constitution and its due course
rights under the Texas Constitution were denied.
Because of our disposition of this case, we reach
only the no evidence point of error.

II

 All the expert witnesses on causation have
appeared in other cases in which Bendectin was
claimed to have caused limb reduction birth
defects. The Sixth Circuit commented that the
Bendectin suits are "variations on a theme,

somewhat like an orchestra which travels to
different music halls, substituting musicians
from time to time but playing essentially the
same repertoire." Turpin v. Merrell Dow
Pharms., Inc., 959 F.2d 1349, 1351 (6th
Cir.1992).

 The federal courts have dealt extensively with
Bendectin litigation. To date, no plaintiff has
ultimately prevailed in federal court. The
evidence in those cases has been similar to that
offered by the Havners. The federal decisions
have discussed the substance of the evidence in
detail, and often the testimony under scrutiny
included that of Drs. Palmer, Newman, Glasser,
Gross, and Swan, the Havners' witnesses. These
decisions are not binding on our Court, but they
do provide extensive consideration of the
scientific reliability of the causation evidence.

 Some federal courts have concluded that the
expert evidence of causation is legally
insufficient. See Elkins v. Richardson-Merrell,
Inc., 8 F.3d 1068 (6th Cir.1993); Turpin, 959
F.2d 1349; Brock v. Merrell Dow Pharms., Inc.,
874 F.2d 307 (5th Cir.), modified on reh'g, 884
F.2d 166 (5th Cir.1989); Richardson v.
Richardson-Merrell, Inc., 857 F.2d 823
(D.C.Cir.1988); LeBlanc v. Merrell Dow
Pharms., Inc., 932 F.Supp. 782 (E.D.La.1996);
Hull v. Merrell Dow Pharms., Inc., 700 F.Supp.
28 (S.D.Fla.1988); Monahan v. Merrell-National
Labs., No. 83-3108-WD, 1987 WL 90269
(D.Mass. Dec.18, 1987).

 *710 Other federal courts have found the expert
evidence to be inadmissible. See Raynor v.
Merrell Pharms., Inc., 104 F.3d 1371
(D.C.Cir.1997); Daubert v. Merrell Dow
Pharms., Inc., 43 F.3d 1311 (9th Cir.) (on
remand), cert. denied, --- U.S. ----, 116 S.Ct.
189, 133 L.Ed.2d 126 (1995); Ealy v.
Richardson-Merrell, Inc., 897 F.2d 1159
(D.C.Cir.1990); Lynch v. Merrell-National
Labs., 830 F.2d 1190 (1st Cir.1987); DeLuca v.
Merrell Dow Pharms., Inc., 791 F.Supp. 1042
(D.N.J.1992), aff'd, 6 F.3d 778 (3d Cir.1993);
Lee v. Richardson- Merrell, Inc., 772 F.Supp.
1027 (W.D.Tenn.1991), aff'd, 961 F.2d 1577
(6th Cir.1992); Cadarian v. Merrell Dow
Pharms., Inc., 745 F.Supp. 409



(E.D.Mich.1989); Ambrosini v.
Richardson-Merrell, Inc., No. 86-278, 1989 WL
298429 (D.D.C. June 30, 1989), aff'd, 946 F.2d
1563 (D.C.Cir.1991); Will v.
Richardson-Merrell, Inc., 647 F.Supp. 544
(S.D.Ga.1986).

 One federal circuit court initially found the
expert testimony admissible and reversed a
summary judgment for Merrell Dow. DeLuca v.
Merrell Dow Pharms., Inc., 911 F.2d 941,
952-59 (3d Cir.1990). However, on remand the
trial court once again found the evidence
inadmissible and, after entering extensive
findings of fact and conclusions of law, granted
summary judgment for Merrell Dow. The Third
Circuit affirmed that judgment with an
unpublished opinion. DeLuca v. Merrell Dow
Pharms., Inc., 791 F.Supp. 1042 (D.N.J.1992),
aff'd, 6 F.3d 778 (3d Cir.1993).

 A few federal district courts have denied
summary judgment for Merrell Dow on the basis
that the evidence raised a fact question.
Longmore v. Merrell Dow Pharms., Inc., 737
F.Supp. 1117 (D.Idaho 1990); In re Bendectin
Prods. Liab. Litig., 732 F.Supp. 744
(E.D.Mich.1990); Hagen v. Richardson-Merrell,
Inc., 697 F.Supp. 334 (N.D.Ill.1988); see also
Lanzilotti v. Merrell Dow Pharms., Inc., No.
82-0183, 1986 WL 7832 (E.D.Pa. July 10, 1986)
(denying motion for directed verdict).

 Decisions in which Merrell Dow obtained a jury
verdict in its favor include Wilson v. Merrell
Dow Pharmaceuticals, Inc., 893 F.2d 1149 (10th
Cir.1990), and In re Bendectin Litigation, 857
F.2d 290 (6th Cir.1988).

 However, a state trial court recently entered
judgment on a jury verdict against Merrell Dow
that included a finding of fraud. In a written
opinion, the court was highly critical of the
evidence offered by Merrell Dow, concluding
that there was ample evidence Merrell Dow had
made misrepresentations to the FDA, including
misrepresentations about its animal studies on
Bendectin. Blum v. Merrell Dow Pharm., Inc.,
No. 1027 (Pa.Ct.C.P. Dec. 13, 1996) (appeal
pending).

 At least one state court has granted summary
disposition for Merrell Dow on the basis that the
expert testimony of Drs. Newman, Palmer, and
Swan was inadmissible. DePyper v. Navarro,
No. 83-303467-NM, 1995 WL 788828
(Mich.Cir.Ct. Nov.27, 1995) (holding plaintiffs'
experts' testimony inadmissible under the
Davis/Frye rule and rendering judgment for
Merrell Dow).

 The only appellate decision we have found,
state or federal, that has upheld a verdict in favor
of a plaintiff in a Bendectin case is from the
court of appeals for the District of Columbia in
Oxendine v. Merrell Dow Pharmaceuticals, Inc.,
506 A.2d 1100 (D.C.1986) (reversing judgment
notwithstanding the verdict and remanding for
reinstatement of compensatory damages and
determination of punitive damages). However,
the subsequent history of that case is somewhat
extraordinary. Upon remand to the trial court,
instead of following the court of appeals'
directive, the trial court granted Merrell Dow's
motion for new trial and vacated the judgment.
Another appeal ensued, and the case was
remanded with instructions that a judgment be
entered on the verdict. Oxendine v. Merrell Dow
Pharmaceuticals, Inc., 563 A.2d 330, 331, 338
(D.C.1989). Judgment was entered. Yet another
appeal was taken, but the appeal was dismissed
for lack of finality because the question of
punitive damages remained to be tried. Merrell
Dow Pharms., Inc. v. Oxendine, 593 A.2d 1023
(D.C.1991). Following remand, judgment was
entered, but Merrell Dow sought relief from the
judgment in light of post-trial developments
including epidemiological studies that were not
completed at the time of trial. Merrell Dow also
relied on appellate decisions decided on the
heels of the first appellate *711 decision in
Oxendine that had concluded that there was no
scientifically reliable evidence of causation in
the Bendectin cases. The trial court declined to
set aside the judgment. Merrell Dow Pharms.,
Inc. v. Oxendine, 649 A.2d 825, 827
(D.C.1994). The fourth appeal ensued, and the
appellate court remanded the case to the trial
court for a determination of whether Merrell
Dow could demonstrate "that the newly
discovered evidence 'would probably produce a
different verdict if a new trial were granted.' "



Id. at 832. On remand, the trial court extensively
reviewed the evidence, including the testimony
or affidavits of Drs. Newman, Swan, Palmer,
Gross, and Glasser, and granted relief from the
verdict, rendering judgment for Merrell Dow.
Oxendine v. Merrell Dow Pharms., Inc., No.
82-1245, 1996 WL 680992 (D.C.Super.Ct. Oct.
24, 1996) (appeal pending).

 Thus, we are not the first court to wrestle with
the issues presented by the Bendectin litigation.

III
 As in most of the Bendectin cases, the central
issue before us is not whether the plaintiffs'
witnesses possessed adequate credentials, skills,
or experience to testify about causation. The
only witness whose qualifications have been
challenged is Dr. Palmer, whose experience in
identifying the cause of birth defects is
questioned by Merrell Dow. Cf. United Blood
Servs. v. Longoria, 938 S.W.2d 29, 30-31
(Tex.1997); Broders v. Heise, 924 S.W.2d 148,
151-54 (Tex.1996). Indeed, the Havners'
causation witnesses, including Dr. Palmer,
testified in a case that reached the United States
Supreme Court, and that Court deemed their
credentials "impressive." Daubert v. Merrell
Dow Pharms., Inc., 509 U.S. 579, 583 & n. 2,
113 S.Ct. 2786, 2792 & n. 2, 125 L.Ed.2d 469
(1993). The issue before us, as in most of the
previously cited Bendectin cases, is whether the
Havners' evidence is scientifically reliable and
thus some evidence to support the judgment in
their favor.

 [1][2][3] In determining whether there is no
evidence of probative force to support a jury's
finding, all the record evidence must be
considered in the light most favorable to the
party in whose favor the verdict has been
rendered, and every reasonable inference
deducible from the evidence is to be indulged in
that party's favor. Harbin v. Seale, 461 S.W.2d
591, 592 (Tex.1970). A no evidence point will
be sustained when (a) there is a complete
absence of evidence of a vital fact, (b) the court
is barred by rules of law or of evidence from
giving weight to the only evidence offered to
prove a vital fact, (c) the evidence offered to
prove a vital fact is no more than a mere

scintilla, or (d) the evidence conclusively
establishes the opposite of the vital fact. Robert
W. Calvert, "No Evidence" and "Insufficient
Evidence" Points of Error, 38 TEX. L.REV. 361,
362-63 (1960). More than a scintilla of evidence
exists when the evidence supporting the finding,
as a whole, " 'rises to a level that would enable
reasonable and fair-minded people to differ in
their conclusions.' " Burroughs Wellcome Co. v.
Crye, 907 S.W.2d 497, 499 (Tex.1995) (quoting
Transportation Ins. Co. v. Moriel, 879 S.W.2d
10, 25 (Tex.1994)).

 [4] Several of the Havners' experts testified that
Bendectin can cause limb reduction birth
defects. Dr. Palmer testified that, to a reasonable
degree of medical certainty, Kelly Havner's birth
defect was caused by the Bendectin her mother
ingested during pregnancy. We have held,
however, that an expert's bare opinion will not
suffice. See Burroughs Wellcome, 907 S.W.2d
at 499-500; Schaefer v. Texas Employers' Ins.
Ass'n, 612 S.W.2d 199, 202-04 (Tex.1980). The
substance of the testimony must be considered.
Burroughs Wellcome, 907 S.W.2d at 499-500;
Schaefer, 612 S.W.2d at 202.

 In Schaefer, a workers' compensation case, the
plaintiff suffered from atypical tuberculosis,
some strains of which were carried by fowl. An
expert testified that based on reasonable medical
probability, the plaintiff's disease resulted from
his employment as a plumber in which he was
exposed to soil contaminated with the feces of
birds. Schaefer, 612 S.W.2d at 202.
Nevertheless, this Court looked at the testimony
in its entirety, noting that to accept the expert's
opinion as some evidence "simply because he
used the magic words" would effectively remove
the *712 jurisdiction of the appellate courts to
determine the legal sufficiency of the evidence
in any case requiring expert testimony. Id. at
202-05. After considering the record in
Schaefer, this Court held that there was no
evidence of causation because despite the
"magic language" used, the expert testimony
was not based on reasonable medical probability
but instead relied on possibility, speculation, and
surmise. Id. at 204-05.



 Other courts have likewise recognized that it is
not so simply because "an expert says it is so."
Viterbo v. Dow Chem. Co., 826 F.2d 420, 421
(5th Cir.1987). When the expert "br[ings] to
court little more than his credentials and a
subjective opinion," this is not evidence that
would support a judgment. Id. at 421-22. The
Fifth Circuit in Viterbo affirmed a summary
judgment and the exclusion of expert testimony
that was unreliable, holding that "[i]f an opinion
is fundamentally unsupported, then it offers no
expert assistance to the jury." Id. at 422; see also
Rosen v. Ciba- Geigy Corp., 78 F.3d 316, 319
(7th Cir.) ("[A]n expert who supplies nothing
but a bottom line supplies nothing of value to the
judicial process."), cert. denied, --- U.S. ----, 117
S.Ct. 73, 136 L.Ed.2d 33 (1996); Turpin v.
Merrell Dow Pharms., Inc., 959 F.2d 1349, 1360
(6th Cir.1992) (holding evidence legally
insufficient in Bendectin case when no
understandable scientific basis was stated).

 It could be argued that looking beyond the
testimony to determine the reliability of
scientific evidence is incompatible with our no
evidence standard of review. If a reviewing
court is to consider the evidence in the light
most favorable to the verdict, the argument runs,
a court should not look beyond the expert's
testimony to determine if it is reliable. But such
an argument is too simplistic. It reduces the no
evidence standard of review to a meaningless
exercise of looking to see only what words
appear in the transcript of the testimony, not
whether there is in fact some evidence. We have
rejected such an approach. See Schaefer, 612
S.W.2d at 205; see also Burroughs Wellcome,
907 S.W.2d at 499-500.

 [5][6] Justice Gonzalez, in writing for the
Court, gave rather colorful examples of
unreliable scientific evidence in E.I. du Pont de
Nemours & Co. v. Robinson, 923 S.W.2d 549,
558 (Tex.1995), when he said that even an
expert with a degree should not be able to testify
that the world is flat, that the moon is made of
green cheese, or that the Earth is the center of
the solar system. If for some reason such
testimony were admitted in a trial without
objection, would a reviewing court be obliged to
accept it as some evidence? The answer is no. In

concluding that this testimony is scientifically
unreliable and therefore no evidence, however, a
court necessarily looks beyond what the expert
said. Reliability is determined by looking at
numerous factors including those set forth in
Robinson and Daubert. The testimony of an
expert is generally opinion testimony. Whether it
rises to the level of evidence is determined under
our rules of evidence, including Rule 702, which
requires courts to determine if the opinion
testimony will assist the jury in deciding a fact
issue. [FN1] While Rule 702 deals with the
admissibility of evidence, it offers substantive
guidelines in determining if the expert testimony
is some evidence of probative value.

FN1. Rule 702 provides:
If scientific, technical, or other
specialized knowledge will assist the
trier of fact to understand the evidence
or to determine a fact in issue, a witness
qualified as an expert by knowledge,
skill, experience, training, or education,
may testify in the form of an opinion or
otherwise.
Tex.R. Civ. Evid. 702.

 Similarly, to say that the expert's testimony is
some evidence under our standard of review
simply because the expert testified that the
underlying technique or methodology supporting
his or her opinion is generally accepted by the
scientific community is putting the cart before
the horse. As we said in Robinson, an expert's
bald assurance of validity is not enough. 923
S.W.2d at 559 (quoting Daubert v. Merrell Dow
Pharms., Inc., 43 F.3d 1311, 1316 (9th Cir.) (on
remand) (holding that expert's assertion of
validity is not enough; there must be objective,
independent validation of the expert's
methodology), cert. denied, --- U.S. ----, 116
S.Ct. 189, 133 L.Ed.2d 126 (1995)).

 *713 The view that courts should not look
beyond an averment by the expert that the data
underlying his or her opinion are the type of data
on which experts reasonably rely has likewise
been rejected by other courts. The underlying
data should be independently evaluated in
determining if the opinion itself is reliable. See,
e.g., In re Paoli R.R. Yard PCB Litig., 35 F.3d



717, 747-48 (3d Cir.1994); Richardson v.
Richardson-Merrell, Inc., 857 F.2d 823, 829
(D.C.Cir.1988); In re Agent Orange Liab. Litig.,
611 F.Supp. 1223, 1245 (E.D.N.Y.1985), aff'd,
818 F.2d 187 (2d Cir.1987). In the wake of the
Supreme Court's decision in Daubert, the Third
Circuit overruled its prior holding in DeLuca v.
Merrell Dow Pharmaceuticals, Inc., 911 F.2d
941, 952 (3d Cir.1990), that an expert's
averment that his or her testimony is based on
the type of data on which experts reasonably
rely is generally enough to survive a Federal
Rule of Evidence 703 inquiry. In re Paoli, 35
F.3d at 747-48. The Third Circuit was persuaded
by Judge Weinstein's opinion in In re Agent
Orange: " 'If the underlying data are so lacking
in probative force and reliability that no
reasonable expert could base an opinion on
them, an opinion which rests entirely upon them
must be excluded.' " Id. at 748 (quoting In re
Agent Orange, 611 F.Supp. at 1245). If the
expert's scientific testimony is not reliable, it is
not evidence. The threshold determination of
reliability does not run afoul of our no evidence
standard of review.

 Indeed, the United States Supreme Court would
agree that a determination of scientific reliability
is appropriate in reviewing the legal sufficiency
of evidence. While admissibility rather than
sufficiency was the focus of the Supreme Court's
decision in Daubert, that Court explained that
when "wholesale exclusion" is inappropriate and
the evidence is admitted, a review of its
sufficiency is not foreclosed:

[I]n the event the trial court concludes that the
scintilla of evidence presented supporting a
position is insufficient to allow a reasonable
juror to conclude that the position more likely
than not is true, the court remains free to direct
a judgment ... and likewise to grant summary
judgment.

 509 U.S. at 595, 113 S.Ct. at 2798.

 The Court cited two Bendectin decisions in
support of this statement, Turpin, 959 F.2d
1349, and Brock v. Merrell Dow
Pharmaceuticals, Inc., 874 F.2d 307 (5th Cir.),
modified on reh'g, 884 F.2d 166 (5th Cir.1989).
In Turpin, the Sixth Circuit held that the
scientific evidence, viewed in the light most

favorable to the plaintiffs, was not sufficient to
allow a jury to find that it was more probable
than not that the defendant caused the injury.
Turpin, 959 F.2d at 1350. In Brock, the Fifth
Circuit reversed a judgment entered on a jury
verdict because the evidence of causation was
legally insufficient. Brock, 874 F.2d at 315; see
also Raynor v. Merrell Pharms. Inc., 104 F.3d
1371, 1376 (D.C.Cir.1997) (affirming judgment
notwithstanding the verdict and noting that even
if expert testimony were admissible under
Daubert, it was "unlikely" that a jury could
reasonably find it sufficient to show causation).

 As already discussed, a number of other
decisions in the Bendectin litigation have held
that the causation evidence was legally
insufficient, sometimes setting aside a jury
verdict and in other cases granting summary
judgment or a directed verdict. See supra at 709.
The decision in Richardson-Merrell said in no
uncertain terms that the trial court did not err in
granting judgment notwithstanding the verdict
because "[w]hether an expert's opinion has an
adequate basis" is an issue "falling within the
province of the court." 857 F.2d at 833.

 There are many decisions outside the Bendectin
litigation that have examined the reliability of
scientific evidence in a review of the legal
sufficiency of the evidence. See, e.g., Conde v.
Velsicol Chem. Corp., 24 F.3d 809, 813 (6th
Cir.1994) (stating that even if evidence is
admissible under Daubert, it can still be legally
insufficient to withstand summary judgment);
Wade- Greaux v. Whitehall Labs., Inc., 874
F.Supp. 1441, 1485-86 (D.Vi.) (granting
summary judgment in toxic tort case when
evidence of causation was insufficient to sustain
a jury verdict), aff'd, 46 F.3d 1120 (3d
Cir.1994); see also Vadala v. Teledyne Indus.,
Inc., 44 F.3d 36, 39 (1st Cir.*714 1995) (noting
that even if expert testimony about cause of
plane crash were admitted, it would not be
sufficient to permit a jury to find in plaintiffs'
favor); In re Paoli, 35 F.3d at 750 n. 21 ("[I]f the
scintilla of evidence presented is insufficient to
allow a reasonable juror to conclude that the
position more likely than not is true, the court
remains free to direct a judgment ... [or] to grant
summary judgment."); cf. In re Joint Eastern &



Southern Dist. Asbestos Litig., 52 F.3d 1124,
1131-37 (2d Cir.1995) (finding evidence of
causation in asbestos case legally sufficient and
reversing trial court's judgment notwithstanding
the verdict); Gruca v. Alpha Therapeutic Corp.,
51 F.3d 638, 643 (7th Cir.1995) (holding that
trial court abdicated its responsibility by
refusing to rule on admissibility and by
instructing a verdict for the defendant in a blood
bank case; assuming admissibility of the
evidence, it would be legally sufficient). But see
Joiner v. General Elec. Co., 78 F.3d 524, 534
(11th Cir.1996) (Birch, J., concurring) (stating
that the sufficiency and weight of evidence are
beyond the scope of a Daubert analysis), cert.
granted, --- U.S. ----, 117 S.Ct. 1243, 137
L.Ed.2d 325 (1997).

 [7] In Robinson, we set forth some of the
factors that courts should consider in looking
beyond the bare opinion of the expert. Those
factors include:

(1) the extent to which the theory has been or
can be tested;
(2) the extent to which the technique relies
upon the subjective interpretation of the
expert;
(3) whether the theory has been subjected to
peer review and publication;
(4) the technique's potential rate of error;
(5) whether the underlying theory or technique
has been generally accepted as valid by the
relevant scientific community; and
(6) the non-judicial uses that have been made
of the theory or technique.

 See Robinson, 923 S.W.2d at 557. The issue in
Robinson was admissibility of evidence, but as
we have explained the same factors may be
applied in a no evidence review of scientific
evidence.

 [8][9][10] If the foundational data underlying
opinion testimony are unreliable, an expert will
not be permitted to base an opinion on that data
because any opinion drawn from that data is
likewise unreliable. Further, an expert's
testimony is unreliable even when the
underlying data are sound if the expert draws
conclusions from that data based on flawed
methodology. A flaw in the expert's reasoning
from the data may render reliance on a study

unreasonable and render the inferences drawn
therefrom dubious. Under that circumstance, the
expert's scientific testimony is unreliable and,
legally, no evidence.

 We next consider some of the difficult issues
surrounding proof of causation in a toxic tort
case such as this.

IV

 The Havners do not contend that all limb
reduction birth defects are caused by Bendectin
or that Bendectin always causes limb reduction
birth defects even when taken at the critical time
of limb development. Experts for the Havners
and Merrell Dow agreed that some limb
reduction defects are genetic. These experts also
agreed that the cause of a large percentage of
limb reduction birth defects is unknown. Given
these undisputed facts, what must a plaintiff
establish to raise a fact issue on whether
Bendectin caused an individual's birth defect?
The question of causation in cases like this one
has engendered considerable debate. Courts that
have addressed the issue have not always
agreed, and commentators have expressed
widely divergent views on the quantum and
quality of evidence necessary to sustain a
recovery.

 Sometimes, causation in toxic tort cases is
discussed in terms of general and specific
causation. See, e.g., Raynor v. Merrell Pharms.,
Inc., 104 F.3d 1371, 1376 (D.C.Cir.1997);
Joseph Sanders, From Science to Evidence: The
Testimony on Causation in the Bendectin Cases,
46 STAN. L.REV. 1, 14 (1993). General
causation is whether a substance is capable of
causing a particular injury or condition in the
general population, while specific causation is
whether a substance caused a particular
individual's injury. In some cases, controlled
scientific experiments *715 can be carried out to
determine if a substance is capable of causing a
particular injury or condition, and there will be
objective criteria by which it can be determined
with reasonable certainty that a particular
individual's injury was caused by exposure to a
given substance. However, in many toxic tort
cases, direct experimentation cannot be done,



and there will be no reliable evidence of specific
causation.

 In the absence of direct, scientifically reliable
proof of causation, claimants may attempt to
demonstrate that exposure to the substance at
issue increases the risk of their particular injury.
The finder of fact is asked to infer that because
the risk is demonstrably greater in the general
population due to exposure to the substance, the
claimant's injury was more likely than not
caused by that substance. Such a theory
concedes that science cannot tell us what caused
a particular plaintiff's injury. It is based on a
policy determination that when the incidence of
a disease or injury is sufficiently elevated due to
exposure to a substance, someone who was
exposed to that substance and exhibits the
disease or injury can raise a fact question on
causation. See generally Daubert v. Merrell Dow
Pharms., Inc., 43 F.3d 1311, 1320 n. 13 (9th
Cir.) (on remand), cert. denied, --- U.S. ----, 116
S.Ct. 189, 133 L.Ed.2d 126 (1995). The Havners
rely to a considerable extent on epidemiological
studies for proof of general causation.
Accordingly, we consider the use of
epidemiological studies and the "more likely
than not" burden of proof.

A

 Epidemiological studies examine existing
populations to attempt to determine if there is an
association between a disease or condition and a
factor suspected of causing that disease or
condition. See, e.g., Bert Black & David E.
Lilienfeld, Epidemiologic Proof in Toxic Tort
Litigation, 52 FORDHAM L.REV. 732, 750
(1984). However, witnesses for the Havners and
commentators in this area uniformly
acknowledge that epidemiological studies
cannot establish that a given individual
contracted a disease or condition due to
exposure to a particular drug or agent. See, e.g.,
Michael Dore, A Commentary on the Use of
Epidemiological Evidence in Demonstrating
Cause-In-Fact, 7 HARV.ENVTL. L. REV. 429,
431-35 (1983); Steve Gold, Causation in Toxic
Torts: Burdens of Proof, Standards of
Persuasion, and Statistical Evidence, 96 YALE
L.J. 376, 380 (1986). Dr. Glasser, a witness for

the Havners, gave as an example a study
designed to see if a given drug causes rashes.
Even though a study may show that ten people
who took the drug exhibited a rash, while rashes
appeared on only three people who did not take
the drug, Dr. Glasser explained that the study
cannot tell us which of the exposed ten got the
rash because of the drug. We know that things
other than the drug cause rashes.

 Recognizing that epidemiological studies
cannot establish the actual cause of an
individual's injury or condition, a difficult
question for the courts is how a plaintiff faced
with this conundrum can raise a fact issue on
causation and meet the "more likely than not"
burden of proof. Generally, more recent
decisions have been willing to recognize that
epidemiological studies showing an increased
risk may support a recovery. Judge Weinstein,
whose decision in the Agent Orange litigation
has been widely discussed and followed, has
observed that courts have been divided between
the "strong" and "weak" versions of the
preponderance rule. In re "Agent Orange" Prod.
Liab. Litig., 611 F.Supp. 1223, 1261
(E.D.N.Y.1985) (citing David Rosenberg, The
Causal Connection in Mass Exposure Cases: A
"Public Law" Vision of the Tort System, 97
HARV. L.REV. 851, 857 (1984)). The "strong"
version requires a plaintiff to offer both
epidemiological evidence that the probability of
causation exceeds fifty percent in the exposed
population and "particularistic" proof that the
substance harmed the individual. The "weak"
version allows verdicts to be based solely on
statistical evidence. Rosenberg, supra, 97
HARV. L. REV. at 857-58. Judge Weinstein
concluded that the plaintiffs in Agent Orange
were required to offer evidence that causation
was "more than 50 percent probable," 611
F.Supp. at 1262, and that the plaintiffs' experts
were required to "rule out the myriad other
possible causes of the veterans' afflictions," id.
at 1263.

 *716 Other courts have likewise found that the
requirement of a more than 50% probability
means that epidemiological evidence must show
that the risk of an injury or condition in the
exposed population was more than double the



risk in the unexposed or control population. See,
e.g., Daubert, 43 F.3d at 1320 (requiring
Bendectin plaintiffs to show that mothers'
ingestion of the drug more than doubled the
likelihood of birth defects); DeLuca v. Merrell
Dow Pharms., Inc., 911 F.2d 941, 958 (3d
Cir.1990) (requiring that Bendectin plaintiffs
establish relative risk of limb reduction defects
arising from epidemiological data of at least 2.0,
which equates to more than a doubling of the
risk); Hall v. Baxter Healthcare Corp., 947
F.Supp. 1387, 1403 (D.Or.1996) (requiring
breast-implant plaintiffs to demonstrate that
exposure to breast implants more than doubled
the risk of their alleged injuries, which, in
epidemiological terms, requires a relative risk of
more than 2.0); Manko v. United States, 636
F.Supp. 1419, 1434 (W.D.Mo.1986) (stating that
a relative risk of 2.0 in an epidemiological study
means that the disease more likely than not was
caused by the event), aff'd in relevant part, 830
F.2d 831 (8th Cir.1987); Marder v. G.D. Searle
& Co., 630 F.Supp. 1087, 1092 (D.Md.1986)
(stating that in IUD litigation, a showing of
causation by a preponderance of the evidence, in
epidemiological terms, requires a relative risk of
at least 2.0), aff'd, 814 F.2d 655 (4th Cir.1987);
Cook v. United States, 545 F.Supp. 306, 308
(N.D.Cal.1982) (stating that in vaccine case,
when relative risk is greater than 2.0, there is a
greater than 50% chance that the injury was
caused by the vaccine).

 Some courts have reached a contrary
conclusion, holding that epidemiological
evidence showing something less than a
doubling of the risk may support a jury's finding
of causation. In In re Joint Eastern & Southern
District Asbestos Litigation, 52 F.3d 1124, 1134
(2d Cir.1995), the Second Circuit observed that
the district court cited no authority for the "bold"
assertion that standardized mortality ratios of 1.5
are statistically insignificant and cannot be relied
upon by a jury. The circuit court held that it was
far preferable to instruct the jury on statistical
significance and to let the jury decide whether
studies over the 1.0 mark have any significance.
Id.; see also Allen v. United States, 588 F.Supp.
247, 418-19 (D.Utah 1984) (explicitly rejecting
the greater than 50% standard of causation in
connection with statistical evidence), rev'd on

other grounds, 816 F.2d 1417 (10th Cir.1987);
Grassis v. Johns-Manville Corp., 248 N.J.Super.
446, 591 A.2d 671, 674-76 (App.Div.1991)
(holding that trial court erred in precluding
opinion testimony based on epidemiological
studies showing relative risks of less than 2.0).

 The "doubling of the risk" issue in toxic tort
cases has provided fertile ground for the
scholarly plow. Those who advocate that
something short of a doubling of the risk is
adequate to support liability or who advocate
that some type of proportionate liability should
be imposed include Daniel A. Farber, Toxic
Causation, 71 MINN. L.REV. 1219, 1237-51
(1987); Gold, supra, 96 YALE L.J. at 395-401;
Khristine L. Hall & Ellen K. Silbergeld,
Reappraising Epidemiology: A Response to Mr.
Dore, 7 HARV. ENVTL. L.REV. 441, 445-46
(1983); Rosenberg, supra, 97 HARV. L.REV. at
859-60; see also 2 AMERICAN LAW INST.,
ENTERPRISE RESPONSIBILITY FOR
PERSONAL INJURY 369-75 (1991)
(discussing toxic tort cases and suggesting that
proportionate compensation to all with the
disease or disorder should be based on the
attributable fractions of causation); D.H. Kaye,
Apples and Oranges: Confidence Coefficients
and the Burden of Persuasion, 73 CORNELL
L.REV. 54, 71-73 (1987).

 On the other end of the spectrum is Michael
Dore, who asserts that epidemiological studies
cannot, standing alone, establish causation. See
Dore, A Commentary on the Use of
Epidemiological Evidence, supra, 7 HARV.
ENVTL. L. REV. at 434; see also Michael D.
Green, Expert Witnesses and Sufficiency of
Evidence in Toxic Substances Litigation: The
Legacy of Agent Orange and Bendectin
Litigation, 86 NW. U.L.REV. 643, 691 (1992)
(concluding that in the absence of other
information, a doubling of the risk would be
inadequate to support a plaintiff's verdict, but
advocating that a lower risk might be sufficient
if other risk factors could be eliminated);
Melissa Moore Thompson, Causal Inference in
Epidemiology: Implications for *717 Toxic Tort
Litigation, 71 N.C. L.REV. 247, 253, 289 (1992)
(arguing that a strong association requires a risk
ratio greater than or equal to 8.0, although



moderate association of 3.0 to 8.0 could suffice
if coupled with other factors).

 Some commentators have been particularly
critical of attempts by the courts to meld the
more than 50% probability requirement with the
relative risks found in epidemiological studies in
determining if the studies were admissible or
were some evidence that would support an
award for the claimant. But there is
disagreement on how epidemiological studies
should be used. Some commentators contend
that the more than 50% probability requirement
is too stringent, while others argue that
epidemiological studies have no relation to the
legal requirement of "more likely than not."
Compare Gold, supra, 96 YALE L.J. at 395-97
(advocating a relaxed threshold of proof), with
Diana B. Petitti, Reference Guide on
Epidemiology, 36 JURIMETRICS J. 159,
167-68 (1996) (finding no support in textbooks
of epidemiology or from empirical studies for
the proposition that when attributable risk
exceeds 50% an agent is more likely than not to
be the cause of the plaintiff's disease), and
Thompson, supra, 71 N.C. L.REV. at 264-65
(asserting that the use of statistical association to
satisfy a more likely than not standard is
"misguided"). See also Carl F. Cranor et al.,
Judicial Boundary Drawing and the Need for
Context- Sensitive Science in Toxic Torts after
Daubert v. Merrell Dow Pharmaceuticals, Inc.,
16 VA. ENVTL. L.J. 1, 37-40 (1996) (arguing
that epidemiological evidence should not be
excluded simply because it reveals a relative risk
less than 2.0, unless there is no other supporting
evidence); Kaye, supra, 73 CORNELL L.REV.
at 69 (arguing that it is fallacious to reason that
"if the data are more probable under one
hypothesis than another, then the former
hypothesis is more likely to be true than the
latter"); James Robins & Sander Greenland, The
Probability of Causation Under a Stochastic
Model for Individual Risk, 45 BIOMETRICS
1125, 1131 (1989) (concluding that proportional
liability schemes cannot be based on
epidemiological data alone).

B

 [11][12] Although we recognize that there is not
a precise fit between science and legal burdens
of proof, we are persuaded that properly
designed and executed epidemiological studies
may be part of the evidence supporting causation
in a toxic tort case and that there is a rational
basis for relating the requirement that there be
more than a "doubling of the risk" to our no
evidence standard of review and to the more
likely than not burden of proof. See generally
DeLuca v. Merrell Dow Pharms., Inc., 911 F.2d
941, 958-59 (3d Cir.1990); Black & Lilienfeld,
supra, 52 FORDHAM L.REV. at 767; see also
Daubert, 43 F.3d at 1321; Cook, 545 F.Supp. at
308.

 Assume that a condition naturally occurs in six
out of 1,000 people even when they are not
exposed to a certain drug. If studies of people
who did take the drug show that nine out of
1,000 contracted the disease, it is still more
likely than not that causes other than the drug
were responsible for any given occurrence of the
disease since it occurs in six out of 1,000
individuals anyway. Six of the nine incidences
would be statistically attributable to causes other
than the drug, and therefore, it is not more
probable that the drug caused any one incidence
of disease. This would only amount to evidence
that the drug could have caused the disease.
However, if more than twelve out of 1,000 who
take the drug contract the disease, then it may be
statistically more likely than not that a given
individual's disease was caused by the drug.

 This is an oversimplification of statistical
evidence relating to general causation, as we
discuss below, but it illustrates the thinking
behind the doubling of the risk requirement. For
another viewpoint in this same vein, see Robert
P. Charrow & David E. Bernstein, Washington
Legal Foundation, Scientific Evidence in the
Courtroom: Admissibility and Statistical
Significance After Daubert 28-34 (1994), who
advocate thatthere is a mathematically
demonstrable relationship between relative risk
and the more likely than not standard. They
contend that a relative risk of slightly more than
2.0 will rarely, if ever, satisfy the legal causation
*718 standard. From a mathematical
perspective, the probability of general causation



changes as the level of statistical significance
changes. Id. at 29-31. A relative risk of 2.2 may
be sufficient to show more than a 50%
probability at the 0.05 level (5 chances out of
100 that result occurred by chance), but not at
the 0.10 level (10 chances out of 100). With
calculations that we do not attempt to set out
here, these commentators offer an example in
which a relative risk ratio of 2.75 results in a
probability of general causation of about 52%
with a statistical significance of 0.05, but only
about a 43% probability of general causation
with a statistical significance of 0.10. Id. at
31-32.

 We recognize, as does the federal Reference
Manual on Scientific Evidence, that a disease or
condition either is or is not caused by exposure
to a suspected agent and that frequency data,
such as the incidence of adverse effects in the
general population when exposed, cannot
indicate the actual cause of a given individual's
disease or condition. See Linda A. Bailey et al.,
Reference Guide on Epidemiology, in
FEDERAL JUDICIAL CENTER, REFERENCE
MANUAL ON SCIENTIFIC EVIDENCE 169
(1994). But the law must balance the need to
compensate those who have been injured by the
wrongful actions of another with the concept
deeply imbedded in our jurisprudence that a
defendant cannot be found liable for an injury
unless the preponderance of the evidence
supports cause in fact. The use of scientifically
reliable epidemiological studies and the
requirement of more than a doubling of the risk
strikes a balance between the needs of our legal
system and the limits of science.

C

 We do not hold, however, that a relative risk of
more than 2.0 is a litmus test or that a single
epidemiological test is legally sufficient
evidence of causation. Other factors must be
considered. As already noted, epidemiological
studies only show an association. There may in
fact be no causal relationship even if the relative
risk is high. For example, studies have found
that there is an association between silicone
breast implants and reduced rates of breast
cancer. This does not necessarily mean that

breast implants caused the reduced rate of breast
cancer. See David E. Bernstein, The
Admissibility of Scientific Evidence After
Daubert v. Merrell Dow Pharmaceuticals, Inc.,
15 CARDOZO L.REV. 2139, 2167 (1994)
(citing H. Berkel et al., Breast Augmentation: A
Risk Factor for Breast Cancer?, 326 NEW ENG.
J. MED. 1649 (1992)). Likewise, even if a
particular study reports a low relative risk, there
may in fact be a causal relationship. The strong
consensus among epidemiologists is that
conclusions about causation should not be
drawn, if at all, until a number of criteria have
been considered. One set of criteria widely used
by epidemiologists was published by Sir Austin
Bradford Hill in 1965. [FN2] Another set of
criteria *719 used by epidemiologists in
studying disease is the Henle-Koch-Evans
Postulates. [FN3] Although epidemiologists do
not consider it necessary that all these criteria be
met before drawing inferences about causation,
they are part of sound methodology generally
accepted by the current scientific community.

FN2. The Bradford Hill criteria are
summarized as follows:
1. Strength of association. "First upon
my list I would put the strength of
association. To take a very old example,
by comparing the occupations of
patients with scrotal cancer with the
occupations of patients presenting with
other diseases, Percival Pott could reach
the correct conclusion because of the
enormous increase of scrotal cancer in
the chimney sweeps."
2. Consistency. "Next on my list of
features to be specifically considered I
would place the consistency of
association. Has it been repeatedly
observed by different persons, in
different places, circumstances and
times?"
3. Specificity. "If ... the association is
limited to specific workers and to
particular sites and types of disease and
there is no association between the work
and other modes of dying, then clearly
that is a strong argument in favor of
causation."



4. Temporality. "Which is the cart and
which the horse?"
5. Biological gradient. "Fifthly, if the
association is one which can reveal a
biological gradient, or dose-response
curve, then we should look most
carefully for such evidence.... The
clear-dose response curve admits of a
simple explanation and obviously puts
the case in a clearer light."  6.
Plausibility. "It would be helpful if the
causation we suspect is biologically
plausible. But this is a feature I am
convinced we cannot demand. What is
biologically plausible depends on the
biological knowledge of the day."
7. Coherence. "The cause-and-effect
interpretation of our data should not
seriously conflict with the generally
known facts of the natural history and
biology of the disease."
8. Experiment. "Occasionally it is
possible to appeal to experimental ...
evidence.... Here the strongest support
for the causation hypothesis may be
revealed."
9. Analogy. "In some circumstances it
would be fair to judge by analogy. With
the effects of thalidomide and rubella
before us we would surely be ready to
accept slighter but similar evidence with
another drug or another viral disease in
pregnancy."
Bernstein, supra, 15 CARDOZO
L.REV. at 2167-68 (quoting Austin
Bradford Hill, The Environment and
Disease: Association or Causation?, 58
PROC. ROYAL SOC'Y MED. 295, 299
(1965)); see also Thompson, supra, 71
N.C. L.REV. at 268-74.

FN3. See, e.g., Black & Lilienfeld,
supra, 52 FORDHAM L.REV. at 762-
63; Christopher L. Callahan,
Establishment of Causation in Toxic
Tort  Litigation, 23 Ariz. St. L.J. 605,
626 (1991); Michael Dore, A Proposed
Standard For Evaluating the Use of
Epidemiological Evidence in Toxic Tort
and other Personal Injury Cases, 28
How. L.J. 677, 691 (1985); see also

Bailey et al., Reference Guide on
Epidemiology, in Reference Manual on
Scientific Evidence, supra, at 160-64.

 Sound methodology also requires that the
design and execution of epidemiological studies
be examined. For example, bias can dramatically
affect the scientific reliability of an
epidemiological study. See, e.g., Bailey et al.,
Reference Guide on Epidemiology, in
REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 138-43; Thompson,
supra, 71 N.C. L.REV. at 259-61. Bias can result
from confounding factors, selection bias, and
information bias. Thompson, supra, 71 N.C.
L.REV. at 260. We will not undertake an
extended discussion of the many ways in which
bias may cause results of a study to be
misleading. We note only that epidemiological
studies "are subject to many biases and therefore
present formidable problems in design and
execution and even greater problems in
interpretation." Marcia Angell, The
Interpretation of Epidemiologic Studies, 323
NEW ENG. J. MED. 823, 824 (1996).

 We also note that some of the literature
indicates that epidemiologists consider a relative
risk of less than three to indicate a weak
association. See Thompson, supra, 71 N.C.
L.REV. at 252 (citing Ernest L. Wynder,
Guidelines to the Epidemiology of Weak
Associations, 16 PREVENTIVE MED. 139, 139
(1987)). The executive editor of the New
England Journal of Medicine, Marcia Angell,
has stated that "[a]s a general rule of thumb, we
are looking for a relative risk of three or more
[before accepting a paper for publication],
particularly if it is biologically implausible or if
it's a brand-new finding." Gary Taubes,
Epidemiology Faces Its Limits, SCIENCE, July
14, 1995, at 168. Similarly, Robert Temple, the
director of drug evaluation at the FDA, has said
that "[m]y basic rule is if the relative risk isn't at
least three or four, forget it." Id. We hasten to
point out that these statements are contained in
what is more akin to the popular press, not peer-
reviewed scientific journals, and the context of
those statements is not altogether clear. We draw
no conclusions from any of the foregoing
articles other than to point out that there are a



number of reasons why reliance on a relative
risk of 2.0 as a bright-line boundary would not
be in accordance with sound scientific
methodology in some cases. Careful exploration
and explication of what is reliable scientific
methodology in a given context is necessary.

D

 A few courts that have embraced the
more-than-double-the-risk standard have
indicated in dicta that in some instances,
epidemiological studies with relative risks of
less than 2.0 might suffice if there were other
evidence of causation. See, e.g., Daubert, 43
F.3d at 1321 n. 16; Hall, 947 F.Supp. at 1398,
1404. We need not decide in this case whether
epidemiological evidence with a relative risk
less than 2.0, coupled with other credible and
reliable evidence, may be legally sufficient to
support causation. We emphasize, however, that
evidence of causation from whatever source
must be scientifically reliable. Post hoc,
speculative testimony will not suffice.

 A physician, even a treating physician, or other
expert who has seen a skewed data sample, such
as one of a few infants who has a birth defect, is
not in a position to infer causation. The scientific
community would not accept as
methodologically sound *720 a "study" by such
an expert reporting that the ingestion of a
particular drug by the mother caused the birth
defect. Similarly, an expert's assertion that a
physical examination confirmed causation
should not be accepted at face value. In
O'Conner v. Commonwealth Edison Co., 13
F.3d 1090 (7th Cir.1994), a treating physician
testified that he knew what radiation-induced
cataracts looked like because they are clinically
describable and definable and "cannot be
mistaken for anything else." Id. at 1106.
Nevertheless, his opinion that exposure to
radiation caused the plaintiff's cataracts was
found to be inadmissible because it had no
scientific basis. The literature on which the
expert relied did not support his assertion that
radiation-induced cataracts could be diagnosed
by visual examination. Id. at 1106-07. For a
good discussion of the evils of "evidence" of this
nature, see Bernstein, supra, 15 CARDOZO

L.REV. at 2148-49. Further, as we discuss in
Part VI(A), an expert cannot dissect a study,
picking and choosing data, or "reanalyze" the
data to derive a higher relative risk if this
process does not comport with sound scientific
methodology.

 The FDA has promulgated regulations that
detail the requirements for clinical investigations
of the safety and effectiveness of drugs. 21
C.F.R. § 314.126 (1996). These regulations state
that "[i]solated case reports, random experience,
and reports lacking the details which permit
scientific evaluation will not be considered." Id.
§ 314.126(e). Courts should likewise reject such
evidence because it is not scientifically reliable.
As Bernstein points out, physicians following
scientific methodology would not examine a
patient or several patients in uncontrolled
settings to determine whether a particular drug
has favorable effects, nor would they rely on
case reports to determine whether a substance is
harmful. See Bernstein, supra, 15 CARDOZO
L.REV. at 2148-49; see also Rosenberg, supra,
97 HARV. L.REV. at 870 (arguing that
anecdotal or particularized evidence
accomplishes no more than a false appearance of
direct and actual knowledge of a causal
relationship). Expert testimony that is not
scientifically reliable cannot be used to shore up
epidemiological studies that fail to indicate more
than a doubling of the risk.

E

 To raise a fact issue on causation and thus to
survive legal sufficiency review, a claimant must
do more than simply introduce into evidence
epidemiological studies that show a substantially
elevated risk. A claimant must show that he or
she is similar to those in the studies. This would
include proof that the injured person was
exposed to the same substance, that the exposure
or dose levels were comparable to or greater
than those in the studies, that the exposure
occurred before the onset of injury, and that the
timing of the onset of injury was consistent with
that experienced by those in the study. See
generally Thompson, supra, 71 N.C. L.REV. at
286-88. Further, if there are other plausible
causes of the injury or condition that could be



negated, the plaintiff must offer evidence
excluding those causes with reasonable
certainty. See generally E.I. du Pont de Nemours
& Co. v. Robinson, 923 S.W.2d 549, 559
(Tex.1995) (finding that the failure of the expert
to rule out other causes of the damage rendered
his opinion little more than speculation); Parker
v. Employers Mut. Liab. Ins. Co., 440 S.W.2d
43, 47 (Tex.1969) (holding that a cause becomes
"probable" only when "in the absence of other
reasonable causal explanations it becomes more
likely than not that the injury was a result").

 In sum, we emphasize that courts must make a
determination of reliability from all the
evidence. Courts should allow a party, plaintiff
or defendant, to present the best available
evidence, assuming it passes muster under
Robinson, and only then should a court
determine from a totality of the evidence,
considering all factors affecting the reliability of
particular studies, whether there is legally
sufficient evidence to support a judgment.

 Finally, we are cognizant that science is
constantly reevaluating conclusions and theories
and that over time, not only scientific knowledge
but scientific methodology in a particular field
may evolve. We have strived to make our
observations and holdings in light of current,
generally accepted scientific *721 methodology.
However, courts should not foreclose the
possibility that advances in science may require
reevaluation of what is "good science" in future
cases.

V

 Certain conventions are used in conducting
scientific studies, and statistics are used to
evaluate the reliability of scientific endeavors
and to determine what the results tell us. In this
opinion, we consider some of the basic concepts
currently used in scientific studies and statistical
analyses and how those concepts mesh with our
legal sufficiency standard of review. For an
extended discussion of statistical methodology
and its use in epidemiological studies, see
DeLuca v. Merrell Dow Pharmaceuticals, Inc.,
911 F.2d 941, 945- 48 (3d Cir.1990). See also
Turpin v. Merrell Dow Pharms., Inc., 959 F.2d

1349, 1353 n. 1 (6th Cir.1992); Bailey et al.,
Reference Guide on Epidemiology, in
REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 138-43, 171-78. We do
not attempt to discuss all the multifaceted
aspects of the scientific method and statistics,
but focus on the principles that shed light on the
particular facts and issues in this case.

A

 One way to study populations is by a
retrospective case-control or case- comparison
epidemiological study. For example, this type of
study identifies individuals with a disease and a
suitable control group of people without the
disease and then looks back to examine
postulated causes of the disease. See Bailey et
al., Reference Guide on Epidemiology, in
REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 136-38, 172. Another
type of epidemiological study is a cohort study,
or incidence study, which is a prospective study
that identifies groups and observes them over
time to see if one group is more likely to
develop disease. Id. at 134-36, 173.

 An "odds ratio" can be calculated for a
case-control study. Id. at 175. For example, an
odds ratio could be used to show the odds that
ingestion of a drug is associated with a particular
disease. The odds ratio compares the odds of
having the disease when exposed to the drug
versus when not exposed. If the ratio is 2.67, the
odds are that a person exposed to the drug is
2.67 times more likely to develop the disease
under study.

 Similarly, the "relative risk" that a person who
took a drug will develop a particular disease can
be determined in a cohort study. Id. at 173, 176.
The relative risk is calculated by comparing the
incidence of disease in the exposed population
with the incidence of the disease in the control
population. If the relative risk is 1.0, the risk in
exposed individuals is the same as unexposed
individuals. If the relative risk is greater than
1.0, the risk in exposed individuals is greater
than in those not exposed. If the relative risk is
less than 1.0, the risk in exposed individuals is
less than in those not exposed. For the result to



indicate a doubling of the risk, the relative risk
must be greater than 2.0. See id. at 147-48.

 Perhaps the most useful measure is the
attributable proportion of risk, which is the
statistical measure of a factor's relationship to a
disease in the population. It represents the
"proportion of the disease among exposed
individuals that is associated with the exposure."
Id. at 149. In other words, it reflects the
percentage of the disease or injury that could be
prevented by eliminating exposure to the
substance. For a more detailed discussion of the
calculation and use of the attributable proportion
of risk, see id. at 149-50; Black & Lilienfeld,
supra, 52 FORDHAM L.REV. at 760-61. See
also Thompson, supra, 71 N.C. L.REV. at
252-56.

 The numeric value of an odds ratio is at least
equal to the relative risk, but the odds ratio often
overstates the relative risk, especially if the
occurrence of the event is not rare. For an
example of the difference between the
mathematical calculation of the odds ratio and
the relative risk, see BARBARA HAZARD
MUNRO & ELLIS BATTEN PAGE,
STATISTICAL METHODS FOR HEALTH
CARE RESEARCH 233-35 (2d ed. 1993). In
the example given by Munro and Page, the odds
ratio was 3.91, while the relative risk was only
3.0 based on the same set of data. See also
Bailey et al., Reference Guide on Epidemiology,
in REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 149; Thompson, supra, 71
N.C. L.REV. at 250 n. 22.

 *722 The relative risk may be expressed
algebraically as:

RR = I sube / I subc
 where RR is the relative risk, I sube is the
incidence of the disease in the exposed
population, and I subc is the incidence of disease
in the control population. A sample calculation
is as follows:

. the incidence of the disease in exposed
individuals (I sube ) is 30 cases per 100
persons, or 0.3
. the incidence of the disease in the unexposed
individuals (I subc ) is 10 cases per 100
persons, or 0.1

. the relative risk is the incidence in the
exposed group (0.3) divided by the incidence
in the unexposed group (0.1), which equals 3.0

 Using this hypothetical, can we conclude that
people who are exposed are three times more
likely to contract disease than those who are
not? Not necessarily. The result in any given
study or comparison may not be representative
of the entire population. The result may have
occurred by chance. The discipline of statistics
has determined means of telling us how
significant the results of a study may be.

B

 The first step in understanding significance
testing is to understand how research is often
conducted. A researcher tests hypotheses and
does so by testing whether the data support a
particular hypothesis. The starting point is the
null hypothesis, which assumes that there is no
difference or no effect. If you were studying the
effects of Bendectin, for example, the null
hypothesis would be that it has no effect. The
researcher tries to find evidence against the
hypothesis. See DAVID S. MOORE &
GEORGE P. MCCABE, INTRODUCTION TO
THE PRACTICE OF STATISTICS 449 (2d ed.
1993); MUNRO & PAGE, supra, at 54. The
statement that the researcher suspects may be
true is stated as the alternative hypothesis. If a
significant difference is found, the null
hypothesis is rejected. If a significant difference
is not found, the null hypothesis is accepted.
MUNRO & PAGE, supra, at 54. This concept is
important because it is the basis of the statistical
test. Id.

 A study may contain error in deciding to reject
or accept a hypothesis, and this error can be one
of two types. Id.; MOORE & MCCABE, supra,
at 482-87. A Type I error occurs when the null
hypothesis is true but has been rejected, and a
Type II error occurs when the null hypothesis is
false but has been accepted. MUNRO & PAGE,
supra, at 55. An example of the two types of
error given by Munro and Page is a comparison
of two groups of people who have been taught
statistics by different methods. Id. Group A
scored significantly higher than Group B on a



test of their knowledge of statistics. The null
hypothesis is that there is no difference between
the teaching methods, but because the study
indicated there was a difference, the null
hypothesis was rejected. Suppose, however, that
Group A was composed of people with higher
math ability and that in actuality the teaching
method did not matter at all. The rejection of the
null hypothesis is a Type I error. Id.

 The probability of making a Type I error can be
decreased by changing the level of significance,
that is, the probability that the results occurred
by chance. Id. If the level of significance had
been five in one hundred (0.05), there is only a
five in one hundred chance that the result
occurred by chance alone. If the level of
significance is one in one hundred (0.01), there
is only a one in one hundred chance that the
result occurred by chance alone. However, as the
significance level is made more stringent (e.g.,
from 0.05 to 0.01), it will be more difficult to
find a significant result. Id. Altering the
significance level in this manner also increases
the risk of a Type II error, which is accepting a
false null hypothesis. Id. To avoid Type II
errors, the level of significance can be lowered,
for example, to ten in one hundred (0.1). Id.

 Different levels of significance may be
appropriate for different types of studies
depending on how much risk one is willing to
accept that the conclusion reached is wrong.
Again, to take examples offered by Munro and
Page, assume that a test for a particular genetic
defect exists and that if the defect is *723
diagnosed at an early stage, a child with the
defect can be successfully treated. If the genetic
defect is not diagnosed in time, the child's
development will be severely impaired. If a
child is mistakenly diagnosed as having the
defect and treated, there are no harmful effects.
Most would agree that it would be preferable to
make a Type I error rather than a Type II error
under these circumstances. Id. A Type II error
would be failing to diagnose a child that had the
genetic defect.

 Contrast that hypothetical with one in which a
federal study is conducted to determine whether
a particular method of teaching underprivileged

children increases their success in school. Id.
The cost of implementing this teaching method
in a nationwide program would be very great. A
Type I error would be to conclude that the
program had an effect when it did not. Id. The
significance level for this project would
probably be higher than the one used to screen
for genetic defects in the other hypothetical. In
the genetic defects example, it is preferable to
treat children even if they may not have the
disease, but in the teaching method example, it
is not preferable to teach children at
considerable cost if it has no effect.

 A confidence level can be used in
epidemiological studies to establish the
boundaries of the relative risk. These boundaries
are known as the confidence interval. See id. at
59-63; see also David H. Kaye & David A.
Freedman, Reference Guide on Statistics, in
REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 376-77, 396; MOORE &
MCCABE, supra, at 432-37. The confidence
interval tells us if the results of a given study are
statistically significant at a particular confidence
level. See MOORE & MCCABE, supra, at
432-33. A confidence interval shows a "range of
values within which the results of a study
sample would be likely to fall if the study were
repeated numerous times." Bailey et al.,
Reference Guide on Epidemiology, in
REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 173. If, based on a
confidence level of 95%, a study showed a
relative risk of 2.3 and had a confidence interval
of 1.3 to 3.8, we would say that, if the study
were repeated, it would produce a relative risk
between 1.3 and 3.8 in 95% of the repetitions.
However, if the interval includes the number
1.0, the studyis not statistically significant or,
said another way, is inconclusive. This is
because the confidence interval includes relative
risk values that are both less than and greater
than the null hypothesis (1.0), leaving the
researcher with results that suggest both that the
null hypothesis should be accepted and that it
should be rejected. See, e.g., Turpin, 959 F.2d at
1353 n. 1; Brock v. Merrell Dow Pharms., Inc.,
874 F.2d 307, 312 (5th Cir.), as modified on
reh'g, 884 F.2d 166 (5th Cir.1989); Bailey et al.,
Reference Guide on Epidemiology, in



REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 173. This concept was
explained to the jury in this case by Dr. Glasser,
one of the Havners' witnesses. Thus, a study
may produce a relative risk of 2.3, meaning the
risk is 2.3 times greater based on the data, but at
a confidence level of 95%, the confidence
interval has boundaries of 0.8 and 3.2. The
results are therefore insignificant at the 95%
level. If the researcher is willing to accept a
greater risk of error and lowers the confidence
level to 90%, the results may be statistically
significant at that lower level because the range
does not include the number 1.0. See generally
Bailey et al., Reference Guide on Epidemiology,
in REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 151-55. "[T]he narrower
the confidence interval, the greater the
confidence in the relative risk estimate found in
the study." Id. at 173.

C

 The generally accepted significance level or
confidence level in epidemiological studies is
95%, meaning that if the study were repeated
numerous times, the confidence interval would
indicate the range of relative risk values that
would result 95% of the time. See DeLuca v.
Merrell Dow Pharms., Inc., 791 F.Supp. 1042,
1046 (D.N.J.1992), aff'd, 6 F.3d 778 (3d
Cir.1993); Bailey et al., Reference Guide on
Epidemiology, in REFERENCE MANUAL ON
SCIENTIFIC EVIDENCE, supra, at 153; Dore,
A Proposed Standard, supra note 3, 28 HOW.
L.J. at 693; Thompson, supra, 71 N.C. L.REV.
at 256. Virtually all the published,
peer-reviewed studies on Bendectin have *724 a
confidence level of at least 95%. Although one
of the Havners' witnesses, Dr. Swan, advocated
the use of a 90% confidence level (10 in 100
chance of error), she and other of the Havners'
witnesses conceded that 95% is the generally
accepted level.

 Another of the Havners' witnesses, Dr. Glasser,
explained that in any scientific application, the
confidence interval is kept very high. He
testified that you "don't ever see [confidence
intervals of 50% or 60%] in a scientific study
because that means we're going to miss it a lot of

times and [scientists] are not willing to take that
risk." One commentator advocates that the
confidence level for admissibility of
epidemiological studies should be higher than
the generally accepted 95% and should be 99%.
See Dore, A Proposed Standard, supra note 3, 28
HOW. L.J. at 693-95. But cf. DeLuca, 911 F.2d
at 948 (discussing statistics expert Kenneth
Rothman's view that the predominate choice of a
95% confidence level is an arbitrarily selected
convention of his discipline); Longmore v.
Merrell Dow Pharms., Inc., 737 F.Supp. 1117,
1119-20 (D.Idaho 1990) (concluding that the
scientific standard for determining causation is
much stricter than the standard employed by the
court and that confidence levels of 95%, 90%, or
even 80% should not be required).

 We think it unwise to depart from the
methodology that is at presentgenerally accepted
among epidemiologists. See generally Bert
Black, The Supreme Court's View of Science:
Has Daubert Exorcised the Certainty Demon?,
15 CARDOZO L.REV. 2129, 2135 (1994)
(stating that " '[a]lmost all thoughtful scientists
would agree ... that [a significance level of five
percent] is a reasonable general standard' "
(quoting Amicus Curiae Brief of Professor
Alvan R. Feinstein in Support of Respondent at
16, Daubert v. Merrell Dow Pharms., Inc., 509
U.S. 579, 113 S.Ct. 2786, 125 L.Ed.2d 469
(1993) (No. 92-102))). Accordingly, we should
not widen the boundaries at which courts will
acknowledge a statistically significant
association beyond the 95% level to 90% or
lower values.

 It must be reiterated that even if a statistically
significant association is found, that association
does not equate to causation. Although there
may appear to be an increased risk associated
with an activity or condition, this does not mean
the relationship is causal. As the original panel
of the court of appeals observed in this case,
there is a demonstrable association between
summertime and death by drowning, but
summertime does not cause drowning. 907
S.W.2d at 544 n. 8.

 There are many other factors to consider in
evaluating the reliability of a scientific study



including, but certainly not limited to, the
sample size of the study, the power of the study,
confounding variables, and whether there was
selection bias. These factors are not central to a
resolution of this appeal, and we do no more
than acknowledge that determining scientific
reliability can have many facets.

VI

 Armed with some of the basic principles
employed by the scientific community in
conducting studies, we turn to an examination of
the evidence in this case measured against the
Robinson factors. See E.I. du Pont de Nemours
& Co. v. Robinson, 923 S.W.2d 549, 557
(Tex.1995). The evidence relied upon by the
Havners' experts falls into four categories: (1)
epidemiological studies; (2) in vivo animal
studies; (3) in vitro animal studies; and (4) a
chemical structure analysis of doxylamine
succinate, the antihistamine component of
Bendectin. We consider each in turn.

A

 [13] Dr. J. Howard Glasser, an associate
professor at the University of Texas School of
Public Health at the Texas Medical Center in
Houston, is an epidemiologist with a Ph.D. in
experimental statistics and a Master of Science
of Bio-Statistics. He gave the jury an overview
of statistics. As noted earlier, he explained that
statistics are used to determine if there is a
significant association between two events or
occurrences, but cautioned that a statistical
association is not the same thing as causation.

 Glasser identified a number of epidemiological
studies from which he concluded that it was
more likely than not that there is an *725
association between Bendectin and birth defects,
even though the authors of those studies did not
find such an association. One study was done by
Cordero and had a relative risk of 1.18 and a
confidence interval of 0.65 to 2.13. However,
the relative risk would need to exceed 2.0, and
the confidence interval could not include 1.0, for
the results to indicate more than a doubling of
the risk and a statistically significant association
between Bendectin and limb reduction birth

defects. See supra Part V; see also Daubert v.
Merrell Dow Pharms., Inc., 43 F.3d 1311, 1320
(9th Cir.) (on remand) (noting that more likely
than not standard requires, in terms of statistical
proof, a more than doubling of the risk), cert
denied, --- U.S. ----, 116 S.Ct. 189, 133 L.Ed.2d
126 (1995). Noneof the other studies identified
by Glasser showed a doubling of the risk. The
McCredie study had a relative risk of 1.1 and a
confidence interval of 0.8 to 1.5. The data in the
Eskanzi study that considered limb reduction
birth defects resulted in a relative risk of 4.18,
but the confidence interval was 0.48 to 36.3, a
very large interval that included 1.0. Dr. Glasser
agreed that results with a confidence interval
that included 1.0 or a lower number would be
inconclusive and statistically insignificant.

 Dr. Glasser did, however, reanalzye some data,
called the Jick data, that had been included in a
report to the FDA. Glasser isolated information
on women who had filled two or more
prescriptions of Bendectin and who were not
exposed to spermicide, which resulted in a
relative risk of 13.0 of limb reduction birth
defects. However, the confidence level he used
was 90%. Further, there is no testimony or other
evidence regarding the confidence interval. The
confidence interval may or may not have
contained 1.0.

 The Havners also point to a memorandum
prepared within the FDA that was identified by
Dr. Glasser. The document indicates that the
relative risk of limb defects when Bendectin is
given within the first three lunar months of
pregnancy is 2.13. The only conclusion drawn
by Dr. Glasser from this memorandum is that,
taken in conjunction with the other articles he
had discussed, there is an "importance of time"
and an "importance of exposure with the highest
relative risk coming when the exposure period
one to three lunar months is counted." The
memo itself was not introduced into evidence,
and there is no evidence of the confidence level
at which the relative risk of 2.13 was found or of
the confidence interval. The confidence interval
may or may not have contained 1.0.

 Finally, Glasser testified about published
studies on Bendectin that did show statistically



significant results, but they dealt with birth
defects other than limb reduction defects. These
studies cannot of course support a finding that
Bendectin causes limb reduction defects.
Further, later studies of these other types of birth
defects did not bear out an association with
Bendectin.

 The other expert witness for the Havners who
testified about epidemiological studies was Dr.
Shanna Swan. She has a doctorate in statistics
and is the Chief of the Reproductive
Epidemiological Program for the state of
California. She also teaches epidemiology at the
University of California at Berkeley.

 Dr. Swan conceded that none of the published
epidemiological studies found an association
between Bendectin and limb reduction defects.
She identified a number of these studies and
confirmed that the confidence intervals in each
of them included 1.0. However, Dr. Swan
testified about these studies at some length and
criticized the methodology. Then, relying on
these same studies, she opined that Bendectin
more probably than not is associated with limb
reduction birth defects. Swan considered the
findings of these studies in the aggregate and
testified that the results fall along a curve in
which the "weight of the curve" was in the
direction of an increased risk. Yet, she also said
that these studies were consistent with a relative
risk that was between 0.7 and 1.8. That is not a
doubling of the risk. It may support her opinion
that it is more probable than not that there is an
association between Bendectin and limb
reduction defects, but the magnitude of the
association she gleaned from these studies is not
more than 2.0, based on her own testimony.

 Dr. Swan also performed a reanalysis of data
from at least two studies. One reanalysis was of
raw unpublished data underlying *726 the Jick
study of limb reduction birth defects, the same
data about which Dr. Glasser testified. Dr. Swan
derived a relative risk estimate of 2.2 for women
exposed to Bendectin during the first trimester.
She also testified that the relative risk for
women who were exposed to Bendectin but not
exposed to spermicide was 8.8 and finally, that
if women who were exposed to two or more

Bendectin prescriptions were considered,
without regard to exposure to spermicide, the
relative risk was 13 with a confidence interval
from 3 to 53. She did not reveal the confidence
level used in obtaining these results, and there is
no evidence of the confidence level in the
record.

 The other reanalysis by Dr. Swan was of data in
the Cordero study, which was based on
information collected by the Center for Disease
Control in Atlanta. An abstract she prepared
regarding this data was published in the Journal
for the Society of Epidemiological Research in
1983 or 1984 and states that the original Cordero
study found the odds ratio for limb reduction
birth defects to be 1.2. Swan concluded,
however, that when a different control group is
selected, the relative risk estimates are affected.
Swan's abstract stated that, "under certain
assumptions," which are not identified, "the
odds ratio for limb reduction defects" are "a
highly significant" 2.8. There is no explanation
in the abstract or in Dr. Swan's testimony of the
significance level used to obtain the 2.8 result.
The result may well be statistically inconclusive
at a 95% confidence level. We simply do not
know from this record. Without knowing the
significance level or the confidence interval,
there is no scientifically reliable basis for saying
that the 2.8 result is an indication of anything.
Further, her choice of the control group could
have skewed the results. Although her abstract
does not identify what control group she used,
Swan testified at trial that she chose births of
Downs Syndrome babies. Swan's reanalysis
using Downs Syndrome babies as the control
group was considered in Lynch and in
Richardson-Merrell, and those courts likewise
found it insufficient. See Lynch v.
Merrell-National Labs., 830 F.2d 1190, 1195
(1st Cir.1987), aff'd, 857 F.2d 823
(D.C.Cir.1988); Richardson v.
Richardson-Merrell, Inc., 649 F.Supp. 799, 802
n. 10 (D.D.C.1986), aff'd, 857 F.2d 823
(D.C.Cir.1988).

 In addition to the statistical shortcomings of the
Havners' epidemiological evidence, another
strike against its reliability is that it has never
been published or otherwise subjected to peer



review, with the exception of Dr. Swan's
abstract, which she acknowledges is not the
equivalent of a published paper. Dr. Swan has
published a number of papers in scientific
journals, including a study that concluded
Bendectin is not associated with cardiac birth
defects. Although she has been testifying in
Bendectin limb reduction birth defect cases for
many years, Dr. Swan has never attempted to
publish her opinions or conclusions about
Bendectin and limb reduction defects. Similarly,
studies by Dr. Glasser have been published in
refereed journals, but none of his 32 to 33
publications mentions Bendectin or limb
reduction birth defects.

 As already discussed, there are over thirty
published, peer-reviewed epidemiological
studies on the relationship between Bendectin
and birth defects. None of the findings offered
by the Havners' five experts in this case have
been published, studied, or replicated by the
relevant scientific community. As Judge
Kozinski has said, "the only review the
plaintiffs' experts' work has received has been by
judges and juries, and the only place their
theories and studies have been published is in
the pages of federal and state reporters."
Daubert, 43 F.3d at 1318 (commenting on the
same five witnesses called by the Havners). A
related factor that should be considered is
whether the study was prepared only for
litigation. Has the study been used or relied upon
outside the courtroom? Is the methodology
recognized in the scientific community? Has the
litigation spawned its own "community" that is
not part of the purely scientific community? The
opinions to which the Havners' witnesses
testified have never been offered outside the
confines of a courthouse.

 [14] Publication and other peer review is a
significant indicia of the reliability of scientific
evidence when the expert's testimony is in an
area in which peer review or publication would
not be uncommon. Publication in *727
reputable, established scientific journals and
other forms of peer review "increases the
likelihood that substantive flaws in methodology
will be detected." Daubert v. Merrell Dow
Pharms., Inc., 509 U.S. 579, 593, 113 S.Ct.

2786, 2797, 125 L.Ed.2d 469 (1993). One legal
commentator has suggested that the ultimate test
of the integrity of an expert witness in the
scientific arena is "her readiness to publish and
be damned." Daubert, 43 F.3d at 1318 (quoting
PETER W. HUBER, GALILEO'S REVENGE:
JUNK SCIENCE IN THE COURTROOM 209
(1991)). Further, "the examination of a scientific
study by a cadre of lawyers is not the same as its
examination by others trained in the field of
science or medicine." Richardson v.
Richardson-Merrell, Inc., 857 F.2d 823, 831 n.
55 (D.C.Cir.1988) (quoting Perry v. United
States, 755 F.2d 888, 892 (11th Cir.1985)).

 We do not hold that publication is a prerequisite
for scientific reliability in every case, but courts
must be "especially skeptical" of scientific
evidence that has not been published or
subjected to peer review. Brock v. Merrell Dow
Pharms., Inc., 874 F.2d 307, 313 (5th Cir.), as
modified on reh'g, 884 F.2d 166 (5th Cir.1989);
see also Bert Black et al., Science and the Law
in the Wake of Daubert: A New Search for
Scientific Knowledge, 72 TEX. L.REV. 715,
778 (1994). Publication and peer review allow
an opportunity for the relevant scientific
community to comment on findings and
conclusions and to attempt to replicate the
reported results using different populations and
different study designs.

 [15] The need for the replication of results was
acknowledged by the Havners' witnesses.
Moreover, it must be borne in mind that the
discipline of epidemiology studies associations,
not "causation" per se. Particularly where, as
here, direct experimentation has not been
conducted, it is important that any conclusions
about causation be reached only after an
association is observed in studies among
different groups and that the association
continues to hold when the effects of other
variables are taken into account. See, e.g.,
MOORE & MCCABE, supra, at 202.

 As we have already observed, an isolated study
finding a statistically significant association
between Bendectin and limb reduction defects
would not be legally sufficient evidence of
causation. The Havners' witnesses conceded that



when a number of studies have been done, it
would not be good practice to pick out one to
support a conclusion. As the federal Reference
Manual on Scientific Evidence points out,
"[m]ost researchers are conservative when it
comes to assessing causal relationships, often
calling for stronger evidence and more research
before a conclusion of causation is drawn."
Bailey et al., Reference Guide on Epidemiology,
in REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 157. For example, Dr.
Swan explained that initially, some studies
showed a statistically significant association
between Bendectin and the birth defect pyloric
stenosis. However, subsequent, much larger
studies did not bear out that association, and in
fact, Swan herself has published studies that
failed to find an association between Bendectin
and this type of birth defect.

 Accordingly, if scientific methodology is
followed, a single study would not be viewed as
indicating that it is "more probable than not" that
an association exists. See, e.g., Richardson v.
Richardson-Merrell, Inc., 649 F.Supp. 799, 802
n. 10 (D.D.C.1986) (noting that no single study
would be sufficient to exonerate or to implicate
Bendectin with certainty and that studies
become "conclusive" only in the aggregate),
aff'd, 857 F.2d 823 (D.C.Cir.1988). In affirming
the district court in Richardson-Merrell, the
District of Columbia Circuit recognized that the
plaintiffs' expert had recalculated
epidemiological data and had obtained a
statistically significant result. See Richardson,
857 F.2d at 831. The court nevertheless held this
was not evidence that would support a verdict.
Id. Courts should not embrace inferences that
good science would not draw. But cf. Lynch,
830 F.2d at 1194 (asserting that a new study
coming to a different conclusion and challenging
the consensus would be admissible).

 The argument is sometimes made that waiting
until an association found in one study is
confirmed by others will mean that early
claimants will be denied a recovery. See, e.g.,
Green, supra, 86 NW. U.L.REV. at *728
680-81; Wendy E. Wagner, Trans-Science in
Torts, 96 YALE L.J. 428, 428-29 (1986). A
related argument is that history tells us that the

scientific community has been slow at times to
accept valid research and its results. While these
observations are true, history also tells us that
valid and reliable research and theories are
generally accepted quickly within the scientific
community when sufficient explanation is
provided and empirical data are adequate. See
Black et al., supra, 72 TEX. L. REV. at 779-82
(discussing Galileo, Pasteur, DNA, and
continental drift).

 [16] Others have argued that liability should not
be allocated only on the basis of reliable proof of
fault because legal rules should have the goals of
"risk spreading, deterrence, allocating costs to
the cheapest cost- avoider, and encouraging
socially favored activities," and because "
'consumers of American justice want people
compensated.' " Rochelle Cooper Dreyfuss, Is
Science a Special Case? The Admissibility of
Scientific Evidence After Daubert v. Merrell
Dow, 73 TEX. L.REV. 1779, 1795-96 (1995)
(quoting Kenneth R. Feinberg, Civil Litigation
in the Twentieth-First Century: A Panel
Discussion, 59 BROOK. L.REV. 1199, 1206
(1993)). It has been contended that "[f]or some
cases that very well may mean creating a
compensatory mechanism even in the absence of
clear scientific proof of cause and effect" and
that "[d]eferring to scientific judgments about
fault only obscures the core policy questions that
are addressed by the laws that the court is
applying." Id. We expressly reject these views.
Our legal system requires that claimants prove
their cases by a preponderance of the evidence.
In keeping with this sound proposition at the
heart of our jurisprudence, the law should not be
hasty to impose liability when scientifically
reliable evidence is unavailable. As Judge
Posner has said, "[l]aw lags science; it does not
lead it." Rosen v. Ciba-Geigy Corp., 78 F.3d
316, 319 (7th Cir.), cert. denied, --- U.S. ----,
117 S.Ct. 73, 136 L.Ed.2d 33 (1996).

B

 The Havners relied on in vivo animal studies to
support the conclusion that Bendectin causes
limb reduction birth defects in humans. This
evidence was presented by Dr. Adrian Gross, a
veterinarian and a veterinary pathologist who



had worked at the FDA from 1964 to 1979,
served as the Chief of the Toxicology Branch at
the Environmental Protection Agency from 1979
to 1980, and thereafter was a Senior Science
Advisor at the EPA. Dr. Gross confirmed that
the FDA and EPA consider animal studies in
assessing the potential human response to drugs
or pesticides. He testified that what will affect an
animal is likely to affect humans in the same
way and that the only reason animal studies are
done is to predict if the drug at issue will have
an adverse effect on humans.

 Dr. Gross reviewed a number of animal studies
that had been conducted on Bendectin. He
described studies on rabbits exposed to
Bendectin in which he saw "a lot of malformed
kits." Gross testified about another study of
rabbits that he found statistically significant. He
opined that the probability that the
malformations in this study occurred by chance
were six in 10,000. With respect to another
animal study on rabbits, he stated that the
probability that the drug was harmless was less
than one per 1,000,000. He listed studies on
monkeys, rats, and mice showing "highly
significant deleterious harmful effects as far as
birth defects are concerned." Based on these
animal studies, Dr. Gross was of the opinion that
Bendectin was teratogenic in humans, which
means that it causes birth defects. However, he
conceded that the dosage levels at which
Bendectin became associated with birth defects
in rats was at 100 milligrams per kilogram per
day, which would be the equivalent of a daily
dosage of 1200 tablets for a woman weighing
132 pounds.

 The Havners assert in their briefing before this
Court that the accepted technique for
determining if a substance is a teratogen in
humans is to look at all information, including
epidemiological data, animal data, biological
plausibility, and in vitro studies. Dr. Swan
confirmed that these are the relevant sources of
information in determining teratogenicity. See
also Brent, Comment on Comments on
"Teratogen Update: Bendectin," *729
Teratology 31:429-30 (1985) (stating process for
determining if a substance is a teratogen: (1)
consistent, reproducible findings in human

epidemiological studies; (2) development of an
animal model; (3) embryo toxicity that is dose
related; and (4) consistency with basic,
recognized concepts of embryology and fetal
development). Thus, scientific methodology
would not rely on animal studies, standing alone,
as conclusive evidence that a substance is a
teratogen in humans. See Raynor v. Merrell
Pharms., Inc., 104 F.3d 1371, 1375
(D.C.Cir.1997) (noting that the only way to test
whether data from nonhuman studies can be
extrapolated to humans would be to conduct
human experiments or to use epidemiological
data); Elkins v. Richardson- Merrell, Inc., 8 F.3d
1068, 1071 (6th Cir.1993) (holding that expert
opinion indicating a basis of support in animal
studies is admissible but is simply inadequate to
permit a jury to conclude that Bendectin more
probably than not causes limb defects); Lynch,
830 F.2d at 1194 (asserting that in vivo and in
vitro animal studies singly or in combination do
not have the capability of proving causation in
human beings in the absence of any confirming
epidemiological data); see also Brock, 874 F.2d
at 313 (recognizing that animal studies are of
very limited usefulness when confronted with
questions of toxicity); Allen v. Pennsylvania
Eng'g Corp., 102 F.3d 194, 197 (5th Cir.1996)
(quoting and following Brock in toxic tort case).

 We further note that with respect to the in vivo
studies about which Dr. Gross testified, their
reliability as predictors of the effect of
Bendectin in humans is questionable because of
the dosage levels. Dr. Gross offered no
explanation of how the very high dosages could
be extrapolated to humans. Other courts have
rejected animal studies that relied on high
dosage levels as evidence of causation in
humans. See, e.g., Turpin v. Merrell Dow
Pharms., Inc., 959 F.2d 1349 (6th Cir.1992)
(reasoning that to eliminate drugs toxic to
embryos at high dosage levels would eliminate
most drugs and many useful chemicals on which
modern society depends heavily) (citing James
Wilson, Current Status of Teratology, in
HANDBOOK OF TERATOLOGY 60 (1977)).
Gross also failed to explain why the published
studies from which he extracted his data had
concluded Bendectin was not harmful.



 The in vivo studies identified in this case cannot
support the jury's verdict.

C

 Dr. Stuart Allen Newman also relied on animal
studies to support his opinion that Bendectin is a
teratogen in humans. Dr. Newman holds a
doctorate in chemical physics and is a professor
at New York Medical College. He has published
over fifty articles, although none contain the
opinions or conclusions to which he testified in
this case.

 The studies Newman reviewed were in vitro
studies, which are based on tests conducted on
cells in a test tube or petri dish. Doxylamine
succinate was placed directly on the limb bud
cells of animals including chickens and mice.
The development of cartilage was affected.
Newman acknowledged that in these studies, the
researchers who had conducted them concluded
only that doxylamine succinate was potentially
capable of inducing genetic damage and that it
should be tested on other systems. But Newman
testified that if you find an effect that prevails
across a number of different species, "you can
be awfully sure that the same thing will prevail
in humans."

 [17] Newman opined that Kelly Havner's defect
was due to loss of portions of the skeleton that
could with scientific certainty have been caused
by a teratogen that affected the embryo.
Similarly, he testified that the findings of one
study, the Hassell/Horigan Study, indicated to
him that doxylamine succinate can interfere with
chondrogenesis, which is the process of certain
cells turning into cartilage. We note that
testimony to the effect that a substance "could"
or "can" cause a disease or disorder is not
evidence that in reasonable probability it does.
See, e.g., Parker v. Employers Mut. Liab. Ins.
Co., 440 S.W.2d 43, 47 (Tex.1969); Bowles v.
Bourdon, 148 Tex. 1, 219 S.W.2d 779, 785
(1949). Newman testified, however, that based
on the Hassell/Horigan and other animal studies,
he concluded with a reasonable degree of
medical certainty that doxylamine succinate is a
teratogen for cartilage development and *730
that doxylamine succinate is a teratogen in

humans. He also testified that he had reviewed
the records surrounding Marilyn Havner's
pregnancy and that to a reasonable certainty, she
was not exposed to any teratogen other than
Bendectin.

 The in vitro studies are similar to the cell
biology data at issue in Allen v. Pennsylvania
Engineering, 102 F.3d at 198. The fact that
Bendectin may have an adverse effect on limb
bud cells is "the beginning, not the end of the
scientific inquiry and proves nothing about
causation without other scientific evidence." Id.;
see also Richardson, 857 F.2d at 830 ("Positive
results from in vitro studies may provide a clue
signaling the need for further research, but alone
do not provide a satisfactory basis for opining
about causation in the human context."); Bailey
et al., Reference Guide on Epidemiology, in
REFERENCE MANUAL ON SCIENTIFIC
EVIDENCE, supra, at 130-31 (noting that the
problem with in vitro studies is extrapolating the
findings "from tissues in laboratories to whole
human beings").

 Logical support for Dr. Newman's opinions was
also lacking. A number of substances, such as
vitamin C, have been shown to damage animal
cells when placed directly on tissue. Dr.
Newman offered no explanation of how he made
the logical leap from the in vitro studies on
animal tissue to his conclusion that Bendectin
causes birth defects in humans. Dr. Newman's
testimony is not evidence of causation.

D

 Of the five witnesses who testified on the
question of causation, the only witness who
opined that Bendectin was the cause of Kelly
Havner's birth defect, as opposed to birth defects
in general, was Dr. John Davis Palmer. Dr.
Palmer is a licensed medical doctor and holds a
doctorate in pharmacology. He is a professor at
the University of Arizona College of Medicine
and the acting head of its Pharmacology
Department. His opinion was based in part on
the testimony of the Havners' other witnesses.

 Dr. Palmer testified that there is a critical period
during gestation when the limbs of a fetus are



forming. Marilyn Havner took Bendectin
somewhere between the 32nd and 42nd day of
gestation, depending on how the date of
conception is calculated, which was within the
period for the development of Kelly Havner's
hand and arm. Palmer explained that the
molecular structure of doxylamine succinate,
one of the two components of Bendectin,
permits it to cross the placenta from the mother's
body and reach the fetus. Based on this fact and
on in vitro animal studies, intact animal studies,
and epidemiological information, he concluded
that doxylamine succinate is a teratogen in
humans. Relying on this same information and
on information concerning Kelly Havner,
including the date her mother ingested
Bendectin, Dr. Palmer concluded that to a
reasonable degree of medical certainty,
Bendectin caused the birth defect seen in Kelly
Havner's hand.

 However, Dr. Palmer's testimony is based on
epidemiological studies that conclude just the
opposite. To the extent that he relied on the
opinions of Drs. Swan, Glasser, Newman, or
Gross, there is no scientifically reliable evidence
to support their opinions, as we have seen.
Palmer identified no other study or body of
knowledge that would support his opinion, other
than the chemical structure of doxylamine
succinate and a study done on antihistamines,
not Bendectin. The Sixth Circuit captured the
essence of Dr. Palmer's testimony when it said,
"no understandable scientific basis is stated.
Personal opinion, not science, is testifying here."
Turpin, 959 F.2d at 1360. That court further
observed that Dr. Palmer's conclusions so
overstated their predicate that it could not
legitimately form the basis for a jury verdict. Id.
We agree with that observation based on the
record in this case.

* * * * * *

 There is no scientifically reliable evidence to
support the verdict in this case. Accordingly, we
reverse the judgment of the court of appeals in
part and render judgment for Merrell Dow.

 BAKER, J., not sitting.

 *731 GONZALEZ, Justice, concurring.

 I join the Court's opinion and judgment. I write
separately to reiterate that the guidelines we
established in E.I. du Pont de Nemours & Co. v.
Robinson, 923 S.W.2d 549 (Tex.1995), are not
limited to expert testimony based on a novel
scientific theory.

 In Robinson, we held that Texas Rule of
Evidence 702 requires the proponent of
scientific expert testimony to show that the
testimony is both relevant and reliable.
Robinson, 923 S.W.2d at 556. In doing so, we
followed the lead of the United States Supreme
Court and the Texas Court of Criminal Appeals
and adopted a list of non-exclusive factors for
determining whether such testimony is
admissible. [FN1] See id. at 554-57 (citing
Daubert v. Merrell Dow Pharmaceuticals, Inc.,
509 U.S. 579, 113 S.Ct. 2786, 125 L.Ed.2d 469
(1993); Kelly v. State, 824 S.W.2d 568
(Tex.Crim.App.1992)). Here, the Court applies
the Robinson criteria to Merrell Dow's legal
sufficiency challenge and concludes that the
Havners' expert testimony is no evidence of
causation. 953 S.W.2d 706. I agree with this
approach. But I am concerned that some litigants
may misread Robinson to apply only to novel
scientific evidence because of my later writings
applying it to "junk science" cases. See S.V. v.
R.V., 933 S.W.2d 1, 26 (Tex.1996) (Gonzalez,
J., concurring); Burroughs Wellcome Co. v.
Crye, 907 S.W.2d 497, 500 (Tex.1995)
(Gonzalez, J., concurring).

FN1. These factors are:
(1) the extent to which the theory has
been or can be tested;
(2) the extent to which the technique
relies upon the subjective interpretation
of the expert;
(3) whether the theory has been
subjected to peer review and/or
publication;
(4) the technique's potential rate of
error;
(5) whether the underlying theory or
technique has been generally accepted
as valid by the relevant scientific
community; and



(6) the non-judicial uses which have
been made of that theory or technique.
E.I. du Pont de Nemours & Co. v.
Robinson, 923 S.W.2d 549, 557
(Tex.1995) (citation and footnote
omitted).

 Recently, the Court of Criminal Appeals
addressed a similar attack on Kelly, that court's
equivalent of Robinson. In rejecting this
argument, the court stated:

Nowhere in Kelly did we limit the
two-pronged standard to novel scientific
evidence. The [United States] Supreme Court
in Daubert directly addressed the issue in a
footnote, stating "[a]lthough the Frye decision
itself focused exclusively on 'novel' scientific
techniques, we do not read the requirements of
Rule 702 to apply specifically or exclusively
to unconventional evidence." Daubert, 509
U.S. at 593 n. 11, 113 S.Ct. at 2796 n. 11. The
Supreme Court noted that "under the Rules,
the trial judge must ensure that any and all
scientific testimony or evidence admitted is
not only relevant, but reliable." Id. at 589, 113
S.Ct. at 2795 (emphasis added). We likewise
see no value in having a different standard of
admissibility for novel scientific evidence.
The problems presented in determining
whether or not a particular type of evidence
would be considered "novel" are daunting
enough to reject application of a dual standard.
Moreover, we observe that the factors and
criteria set forth in Kelly as bearing upon the
reliability of proffered scientific evidence are
adequate measure for assuring that "novel"
scientific evidence which is "junk science" is
excluded. These factors "address the
soundness of the underlying scientific theory
and technique." Jordan v. State, 928 S.W.2d
550, 554 (Tex.Crim.App.1996)....

 Hartman v. State, 946 S.W.2d 60, 63
(Tex.Crim.App.1997). This analysis applies
equally to Robinson. As I have said before, we
intended Robinson to "provide the exclusive
standard for evaluating the reliability of expert
testimony about anything characterized as
science." S.V. v. R.V., 933 S.W.2d at 42
(Gonzalez, J., concurring on rehearing). We did
not intend to free from Robinson 's grasp what
might be considered routine science.

 The Havners attempted to prove causation
primarily through expert testimony based on
epidemiological and animal studies. These
foundations are by no means novel. By applying
the Robinson factors to Merrell Dow's
no-evidence challenge, the Court implicitly
holds that Robinson applies to scientific expert
testimony across the board. The trial *732 court
must only determine whether the evidence is
relevant and reliable. See Robinson, 923 S.W.2d
at 556. It need not decide whether the evidence
is also novel.

 SPECTOR, Justice, concurring.

 The Court today fails to heed its own warning
that "the examination of a scientific study by a
cadre of lawyers is not the same as its
examination by others trained in the field of
science or medicine." 953 S.W.2d at 727
(internal citations omitted). I agree that the
Havners' expert witness testimony is not legally
sufficient evidence of causation. However, as a
judge, and not a scientist, I am uncomfortable
with the majority's ambitious scientific analysis
and its unnecessarily expansive application of
the Daubert standard. The majority's opinion,
replete with dicta, gives courts no practical
guidance outside the context of Bendectin
litigation. Accordingly, I concur only in the
judgment of the Court.

ON MOTION FOR REHEARING
ORDER

 The motion for rehearing filed on behalf of the
Havners is overruled. However, the tenor of that
motion requires that we address the conduct of
Respondents' counsel.

 This is not the first time in this case that the
Havners' counsel have engaged in less than
exemplary conduct. Following the decision of
the original panel of the court of appeals, which
had reversed the judgment of the trial court and
rendered judgment that the Havners take
nothing, Robert C. Hilliard filed two briefs with
the court of appeals which that court, sitting en
banc, found to be "insulting, disrespectful, and
unprofessional." Merrell Dow Pharmaceuticals,



Inc. v. Havner, 907 S.W.2d 565, 566
(Tex.App.--Corpus Christi 1994) (en banc) (per
curiam). The court of appeals further concluded
that the briefs "evidence[d] a violation of the
Texas Disciplinary Rules of Professional
Conduct that raises a substantial question as to
the lawyer's honesty, trustworthiness, or fitness."
Id. The court of appeals accordingly forwarded
copies of those briefs to the Office of General
Counsel of the State Bar of Texas pursuant to
Texas Code of Judicial Conduct, Canon 3(D)(2).
Id.

 In assessing the appropriate response to the
motion for rehearing that has now been filed by
Hilliard and his co-counsel in this Court, we
agree with another of our courts of appeals who
recently found it necessary to address attacks on
the integrity of that court:

A distinction must be drawn between
respectful advocacy and judicial denigration.
Although the former is entitled to a protected
voice, the latter can only be condoned at the
expense of the public's confidence in the
judicial process. Even were this court willing
to tolerate the personal insult levied by
[counsel], we are obligated to maintain the
respect due this Court and the legal system we
took an oath to serve.

 In re Maloney, 949 S.W.2d 385, 388
(Tex.App.--San Antonio 1997, no writ) (en
banc) (per curiam); see also Johnson v. Johnson,
948 S.W.2d 835, 840- 41 (Tex.App.--San
Antonio 1997, writ requested) [FN1]
(sanctioning counsel for disparaging remarks
about the trial court and forwarding the court of
appeals' opinion to the Office of General
Counsel, concluding that a substantial question
had been raised about counsel's honesty,
trustworthiness, or fitness as a lawyer).

FN1. An application for writ of error is
pending in this Court, and we express no
opinion on the merits of that appeal.

 Courts possess inherent power to discipline an
attorney's behavior. " 'Courts of justice are
universally acknowledged to be vested, by their
very creation, with power to impose silence,
respect, and decorum, in their presence.' "
Chambers v. NASCO, Inc., 501 U.S. 32, 43, 111

S.Ct. 2123, 115 L.Ed.2d 27 (1991) (further
observing that a federal court has the power to
control admission to its bar and to discipline
attorneys who appear before it) (quoting
Anderson v. Dunn, 19 U.S. (6 Wheat.) 204, 227
(1821)); see also Public Util. Comm'n v. Cofer,
754 S.W.2d 121, 124 (Tex.1988); Johnson, 948
S.W.2d at 840-41.

 The Disciplinary Rules governing the conduct
of a lawyer provide:

*733 A lawyer should demonstrate respect for
the legal system and for those who serve it,
including judges, other lawyers and public
officials. While it is a lawyer's duty, when
necessary, to challenge the rectitude of official
action, it is also a lawyer's duty to uphold legal
process.

 TEX. DISCIPLINARY R. PROF'L CONDUCT
preamble ¶ 4, reprinted in TEX. GOV'T CODE,
tit. 2, subtit. G app. A (Vernon Supp.1997)
(TEX. STATE BAR R. art. X, § 9).

 Rule 8.02(a) of the Disciplinary Rules
specifically states:

A lawyer shall not make a statement that the
lawyer knows to be false or with reckless
disregard as to its truth or falsity concerning
the qualifications or integrity of a judge,
adjudicatory official or public legal officer, or
of a candidate for election or appointment to
judicial or legal office.

 Id. Rule 8.02(a).

 The Legislature has also provided a mechanism
for courts to sanction counsel who file pleadings
presented for an improper purpose or to harass.
Tex. Civ. Prac. & Rem.Code §§ 10.001--10.005.
In addition, one of the lawyers for the Havners,
Barry Nace, is a non-resident attorney. His
appearance in Texas courts is subject to the
Rules Governing Admission to the Bar,
including Rule XIX.

 The specific portions of the "Respondents'
Motion for Rehearing" filed in this Court that
raise particular concerns are the "Statement of
the Case for Rehearing" (pages 1-5), the "Brief
of the Argument" (pages 8, 14, and 16), and the
"Prayer for Relief" (pages 19-20). Counsel for
Respondents Robert C. Hilliard of the firm of



Hilliard & Munoz, Barry J. Nace of the firm of
Paulson, Nace, Norwind & Sellinger, and
Rebecca E. Hamilton of the firm of White,
White & Hamilton, P.C., are hereby afforded the
opportunity to respond as to why the Court
should not

1) refer each of them to the appropriate
disciplinary authorities;
2) prohibit attorney Nace from practicing in
Texas courts; and
3) impose monetary penalties as sanctions.

 Any response must be filed in this Court by
5:00 p.m., Monday, November 24, 1997.

 Done at the City of Austin, this 13th day of
November, 1997.

 BAKER, J., not sitting.

END OF DOCUMENT
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 Following global settlement of claims against
manufacturer of asbestos- containing products,
certification of settlement class action was
sought. The United States District Court for the
Eastern District of Texas, Robert M. Parker,
Circuit Judge, sitting by designation, certified
class and approved settlements. Appeals were
taken and consolidated, and the Court of
Appeals for the Fifth Circuit affirmed, 90 F.3d
963. On petition for writ of certiorari, the United
States Supreme Court vacated and remanded for
reconsideration in light of Amchem Products,
Inc. v. Windsor, 521 U.S. 591, 117 S.Ct. 2231,
138 L.Ed.2d 689. On remand, the Court of
Appeals again affirmed, 134 F.3d 668. Certiorari
was granted, and the Supreme Court, Justice
Souter, held that: (1) issue of propriety of class
certification would be addressed before issue of
Article III standing; (2) certification of
mandatory settlement class on limited fund
theory requires showing that fund is limited
independently of agreement by parties, and that
class include all those with claims unsatisfied at
time of settlement, with intraclass conflicts
addressed; and (3) class certification was
impermissible, as insufficient showing was
made that fund was so limited, or to establish
inclusiveness of proposed class and equitable
treatment of class members.

 Reversed and remanded.

 Chief Justice Rehnquist filed a concurring
opinion in which Justices Scalia and Kennedy
joined.

 Justice Breyer filed a dissenting opinion in
which Justice Stevens joined.

[1] FEDERAL COURTS k30

170Bk30
Ordinarily, Supreme Court, or any other Article
III court, must be sure of its own jurisdiction
before getting to the merits of action.

[1] FEDERAL COURTS k441
170Bk441
Ordinarily, Supreme Court, or any other Article
III court, must be sure of its own jurisdiction
before getting to the merits of action.

[2] FEDERAL CIVIL PROCEDURE k103.2
170Ak103.2
Federal court may properly treat issue of
statutory standing of plaintiffs to bring suit
before addressing issue of Article III standing.

[3] FEDERAL CIVIL PROCEDURE k103.7
170Ak103.7
Standing requirements under rule governing
class actions must be interpreted in keeping with
Article III constraints on exercise of federal
jurisdiction. Fed.Rules Civ.Proc.Rule 23, 28
U.S.C.A.

[4] FEDERAL COURTS k460.1
170Bk460.1
In reviewing certification of mandatory
settlement class in limited fund class action
involving claims against manufacturer of
asbestos-containing products, Supreme Court
would first address issuesof propriety of class
certification, which pertained to statutory



standing and were logically antecedent to
concerns relating to standing to bring suit under
Article III.

[5] FEDERAL CIVIL PROCEDURE k161
170Ak161
Class actions as recognized today developed as
an exception to the formal rigidity of the
necessary parties rule in equity, as well as from
the bill of peace, which was an equitable device
for combining multiple suits. Fed.Rules
Civ.Proc.Rule 23, 28 U.S.C.A.

[6] FEDERAL CIVIL PROCEDURE k201
170Ak201
"Necessary parties rule" in equity mandated that
all persons materially interested, either as
plaintiffs or defendants in the subject matter of
the bill, ought to be made parties to the suit,
however numerous they may be.
See publication Words and Phrases for other
judicial constructions and definitions.

[7] FEDERAL CIVIL PROCEDURE k161
170Ak161
Drafters of rule governing types of class actions
maintainable sought to catalogue in functional
terms those recurrent life patterns which call for
mass litigation through representative parties.
Fed.Rules Civ.Proc.Rule 23(b), 28 U.S.C.A.

[8] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
Rule governing class actions provides for
certification of a class whose members have no
right to withdraw, when the prosecution of
separate actions would create a risk of
adjudications which would as a practical matter
be dispositive of the interests of nonparties, or
substantially impair or impede their ability to
protect their interests. Fed.Rules Civ.Proc.Rule
23(b)(1)(B), (c)(2), 28 U.S.C.A.

[9] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
Classic examples of matters in which
prosecution of separate actions would create risk
of impairment of ability of nonparties to protect
their interests, as will potentially warrant
certification of class action, may be found in
suits brought to reorganize fraternal-benefit

societies, actions by shareholders to declare a
dividend or otherwise to fix their rights, and
actions charging a breach of trust by an
indenture trustee or other fiduciary similarly
affecting the members of a large class of
beneficiaries, requiring an accounting or similar
procedure to restore the subject of the trust.
Fed.Rules Civ.Proc.Rule 23(b)(1)(B), 28
U.S.C.A.

[10] FEDERAL CIVIL PROCEDURE k177.1
170Ak177.1
Class actions which are certified on basis that
prosecution of separate actions would create risk
of inconsistent or varying adjudications, or
impairment of ability of nonparties to protect
their interests, do not provide for absent class
members to receive notice and to exclude
themselves from class membership as a matter
of right, and for this reason are often referred to
as "mandatory class actions." Fed.Rules
Civ.Proc.Rule 23(b)(1), 28 U.S.C.A.
See publication Words and Phrases for other
judicial constructions and definitions.

[10] FEDERAL CIVIL PROCEDURE k180
170Ak180
Class actions which are certified on basis that
prosecution of separate actions would create risk
of inconsistent or varying adjudications, or
impairment of ability of nonparties to protect
their interests, do not provide for absent class
members to receive notice and to exclude
themselves from class membership as a matter
of right, and for this reason are often referred to
as "mandatory class actions." Fed.Rules
Civ.Proc.Rule 23(b)(1), 28 U.S.C.A.
See publication Words and Phrases for other
judicial constructions and definitions.

[11] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
Among the traditional varieties of representative
suit encompassed by rule allowing class
certification on basis that separate actions would
create risk of impeding ability of nonparties to
protect their interest were those involving the
presence of property which called for
distribution or management, including a limited
fund class action aggregating claims against a



fund insufficient to satisfy all claims. Fed.Rules
Civ.Proc.Rule 23(b)(1)(B), 28 U.S.C.A.

[12] EXECUTORS AND ADMINISTRATORS
k415
162k415
In equity, legatee and creditor bills against the
assets of a decedent's estate had to be brought on
behalf of all similarly situated claimants where it
was clear from the pleadings that the available
portion of the estate could not satisfy the
aggregate claims against it.

[13] COMPROMISE AND SETTLEMENT k67
89k67
Demonstration that action has characteristics of
one in reference to a "fund" with a definitely
ascertained limit, all of which would be
distributed to satisfy all those with liquidated
claims based on a common theory of liability, by
an equitable, pro rata distribution, is
presumptively necessary, and not merely
sufficient, to satisfy limited fund rationale for
certification of mandatory settlement class
action. Fed.Rules Civ.Proc.Rule 23(b)(1)(B), 28
U.S.C.A.

[13] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
Demonstration that action has characteristics of
one in reference to a "fund" with a definitely
ascertained limit, all of which would be
distributed to satisfy all those with liquidated
claims based on a common theory of liability, by
an equitable, pro rata distribution, is
presumptively necessary, and not merely
sufficient, to satisfy limited fund rationale for
certification of mandatory settlement class
action. Fed.Rules Civ.Proc.Rule 23(b)(1)(B), 28
U.S.C.A.

[14] COMPROMISE AND SETTLEMENT k67
89k67
To extent that a mandatory, limited fund
rationale may under some circumstances be
applied to a settlement class of tort claimants to
allow certification of class action on basis that
separate actions would create risk of impeding
ability of nonparties to protect their interests, it
is essential that fund be shown to be limited
independently of agreement of parties, and

equally essential that the class include all those
with claims unsatisfied at the time of the
settlement negotiations, with intraclass conflicts
addressed by recognizing independently
represented subclasses. Fed.Rules Civ.Proc.Rule
23(a), (b)(1)(B), 28 U.S.C.A.

[14] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
To extent that a mandatory, limited fund
rationale may under some circumstances be
applied to a settlement class of tort claimants to
allow certification of class action on basis that
separate actions would create risk of impeding
ability of nonparties to protect their interests, it
is essential that fund be shown to be limited
independently of agreement of parties, and
equally essential that the class include all those
with claims unsatisfied at the time of the
settlement negotiations, with intraclass conflicts
addressed by recognizing independently
represented subclasses. Fed.Rules Civ.Proc.Rule
23(a), (b)(1)(B), 28 U.S.C.A.

[15] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
When rule governing certification of class action
on basis that adjudications with respect to
individual class members would create risk of
impairing or impeding ability of absent class
members to protect their interests was devised to
cover limited fund actions, object was to stay
close to historical model for such limited fund
actions. Fed.Rules Civ.Proc.Rule 23(b)(1)(B),
28 U.S.C.A.

[16] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
While all three subdivisions of rule establishing
types of class actions maintainable were drafted
in general, practical terms, drafters were
consciously retrospective with intent to codify
pre-Rule categories under subdivision allowing
class certification to avoid risk of inconsistent
adjudications, or where party opposing class had
acted on grounds generally applicable to class,
and not forward-looking, as drafters were in
anticipating innovations under subdivision
permitting class actions where common
questions of law and fact predominate.



Fed.Rules Civ.Proc.Rule 23(b)(1, 3), 28
U.S.C.A.

[17] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
Drafters of rule governing certification of class
actions did not contemplate that the mandatory
class action codified in subdivision allowing
certification on basis that adjudications with
respect to individual class members would
create risk of impairing or impeding ability of
absent class members to protect their interests
would be used to aggregate unliquidated tort
claims on a limited fund rationale. Fed.Rules
Civ.Proc.Rule 23(b)(1)(B), 28 U.S.C.A.

[18] FEDERAL CIVIL PROCEDURE k161
170Ak161
No reading of rule governing certification of
class actions can ignore mandate of Rules
Enabling Act that rules of procedure shall not
abridge, enlarge, or modify any substantive
right. 28 U.S.C.A. § 2072; Fed.Rules
Civ.Proc.Rule 23, 28 U.S.C.A.

[19] JURY k31.2(1)
230k31.2(1)
Certification of a mandatory class, followed by
settlement of its action for money damages,
implicates the Seventh Amendment jury trial
rights of absent class members. U.S.C.A.
Const.Amend. 7; Fed.Rules Civ.Proc.Rule 23,
28 U.S.C.A.

[20] JURY k13(3)
230k13(3)
Class action plaintiffs have a Seventh
Amendment right to obtain a jury trial on any
legal issues they present. U.S.C.A.
Const.Amend. 7; Fed.Rules Civ.Proc.Rule 23,
28 U.S.C.A.

[21] CONSTITUTIONAL LAW k309(1.5)
92k309(1.5)
Mandatory class actions aggregating damage
claims implicate the due process principle of
general application that one is not bound by a
judgment in personam in a litigation in which he
is not designated as a party, or to which he has
not been made a party by service of process.

U.S.C.A. Const.Amends. 5, 14; Fed.Rules
Civ.Proc.Rule 23, 28 U.S.C.A.

[21] CONSTITUTIONAL LAW k315
92k315
Mandatory class actions aggregating damage
claims implicate the due process principle of
general application that one is not bound by a
judgment in personam in a litigation in which he
is not designated as a party, or to which he has
not been made a party by service of process.
U.S.C.A. Const.Amends. 5, 14; Fed.Rules
Civ.Proc.Rule 23, 28 U.S.C.A.

[22] CONSTITUTIONAL LAW k315
92k315
Exception to general due process principle that
party is not bound by a judgment in personam in
a litigation in which he is not designated as a
party or as to which he has not been made a
party by service of process is recognized when,
in certain limited circumstances, a person,
although not a party, has his interests adequately
represented by someone with the same interests
who is a party, or where a special remedial
scheme exists expressly foreclosing successive
litigation by nonlitigants, as in bankruptcy or
probate; however, burden of justification rests
on the exception. U.S.C.A. Const.Amends. 5,
14.

[23] COMPROMISE AND SETTLEMENT k67
89k67
No showing was made that fund consisting of
manufacturer's general assets of manufacturer of
asbestos-containing products, and insurance
assets provided by its policies, was limited
except by agreement of parties, as required for
certification of mandatory limited fund class
action following global settlement of claims
against manufacturer to be permissible; no
adequate demonstration was made of fund's
upper limit, as estimate of manufacturer's
then-current sale value may have been
inadequate, and instead of undertaking
independent evaluation of potential insurance
funds, district court simply accepted settlement
agreement figure as maximum available amount.
Fed.Rules Civ.Proc.Rule 23(b)(1)(B), 28
U.S.C.A.



[23] FEDERAL CIVIL PROCEDURE k181
170Ak181
No showing was made that fund consisting of
manufacturer's general assets of manufacturer of
asbestos-containing products, and insurance
assets provided by its policies, was limited
except by agreement of parties, as required for
certification of mandatory limited fund class
action following global settlement of claims
against manufacturer to be permissible; no
adequate demonstration was made of fund's
upper limit, as estimate of manufacturer's
then-current sale value may have been
inadequate, and instead of undertaking
independent evaluation of potential insurance
funds, district court simply accepted settlement
agreement figure as maximum available amount.
Fed.Rules Civ.Proc.Rule 23(b)(1)(B), 28
U.S.C.A.

[24] COMPROMISE AND SETTLEMENT k67
89k67
When district court certifies a class action for
settlement only, moment of certification requires
heightened attention to the justifications for
binding the class members; this is so because
certification of a mandatory settlement class,
however provisional technically, effectively
concludes the proceeding save for the final
fairness hearing, which is no substitute for
rigorous adherence to those provisions of class
action rule designed to protect absentees.
Fed.Rules Civ.Proc.Rule 23, 28 U.S.C.A.

[24] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
When district court certifies a class action for
settlement only, moment of certification requires
heightened attention to the justifications for
binding the class members; this is so because
certification of a mandatory settlement class,
however provisional technically, effectively
concludes the proceeding save for the final
fairness hearing, which is no substitute for
rigorous adherence to those provisions of class
action rule designed to protect absentees.
Fed.Rules Civ.Proc.Rule 23, 28 U.S.C.A.

[25] COMPROMISE AND SETTLEMENT k67
89k67

Where certification is sought of limited fund
class action for purposes of settlement, on basis
that adjudications with respect to individual
class members would create risk of impairing or
impeding ability of absent class members to
protect their interests, settling parties must
present not only their agreement, but evidence
on which the district court may ascertain limit
and the insufficiency of the fund, with support in
findings of fact following a proceeding in which
the evidence is subject to challenge. Fed.Rules
Civ.Proc.Rule 23(b)(1)(B), 28 U.S.C.A.

[25] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
Where certification is sought of limited fund
class action for purposes of settlement, on basis
that adjudications with respect to individual
class members would create risk of impairing or
impeding ability of absent class members to
protect their interests, settling parties must
present not only their agreement, but evidence
on which the district court may ascertain limit
and the insufficiency of the fund, with support in
findings of fact following a proceeding in which
the evidence is subject to challenge. Fed.Rules
Civ.Proc.Rule 23(b)(1)(B), 28 U.S.C.A.

[26] COMPROMISE AND SETTLEMENT k67
89k67
No showing was made of inclusiveness of
proposed class following global settlement of
claims against manufacturer of
asbestos-containing products, or equitable
treatment among members of class, as required
to allow certification of mandatory limited fund
class action incorporating settlement; proposed
class definition excluded myriad claimants with
causes of action, or foreseeable causes of action,
no subclasses were created for holders of present
and future claims to alleviate potential conflicts
of interest on part of counsel, and class included
those exposed to asbestos both before and after
year of expiration of insurance policy providing
bulk of settlement funds. Fed.Rules
Civ.Proc.Rule 23(b)(1)(B), 28 U.S.C.A.

[26] FEDERAL CIVIL PROCEDURE k181
170Ak181
No showing was made of inclusiveness of
proposed class following global settlement of



claims against manufacturer of
asbestos-containing products, or equitable
treatment among members of class, as required
to allow certification of mandatory limited fund
class action incorporating settlement; proposed
class definition excluded myriad claimants with
causes of action, or foreseeable causes of action,
no subclasses were created for holders of present
and future claims to alleviate potential conflicts
of interest on part of counsel, and class included
those exposed to asbestos both before and after
year of expiration of insurance policy providing
bulk of settlement funds. Fed.Rules
Civ.Proc.Rule 23(b)(1)(B), 28 U.S.C.A.

[27] COMPROMISE AND SETTLEMENT k67
89k67
While equity of treatment of class members in
simple sense of pro rata distribution of the
limited fund is unattainable in a settlement
covering present claims not specifically proven
and claims not even due to arise, if at all, until
some future time, in order for such a settlement
to be sufficiently equitable to allow certification
of mandatory limited fund class action, at the
least such a settlement must seek equity by
providing for procedures to resolve the difficult
issues of treating such differently situated
claimants with fairness as among themselves.
Fed.Rules Civ.Proc.Rule 23(b)(1)(B), 28
U.S.C.A.

[27] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
While equity of treatment of class members in
simple sense of pro rata distribution of the
limited fund is unattainable in a settlement
covering present claims not specifically proven
and claims not even due to arise, if at all, until
some future time, in order for such a settlement
to be sufficiently equitable to allow certification
of mandatory limited fund class action, at the
least such a settlement must seek equity by
providing for procedures to resolve the difficult
issues of treating such differently situated
claimants with fairness as among themselves.
Fed.Rules Civ.Proc.Rule 23(b)(1)(B), 28
U.S.C.A.

[28] FEDERAL CIVIL PROCEDURE k176
170Ak176

Class which is divided between holders of
present and future claims, with some of the latter
involving no physical injury and injury to
claimants not yet born, requires division into
homogeneous subclasses, with separate
representation to eliminate conflicting interests
of counsel. Fed.Rules Civ.Proc.Rule
23(c)(4)(B), 28 U.S.C.A.

[29] COMPROMISE AND SETTLEMENT k67
89k67
Class action rule requires protections against
inequity and potential inequity at the
precertification stage of settlement class action,
quite independently of the required
determination at postcertification fairness review
that any settlement is fair in an overriding sense.
Fed.Rules Civ.Proc.Rule 23(a, b, e), 28
U.S.C.A.

[29] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
Class action rule requires protections against
inequity and potential inequity at the
precertification stage of settlement class action,
quite independently of the required
determination at postcertification fairness review
that any settlement is fair in an overriding sense.
Fed.Rules Civ.Proc.Rule 23(a, b, e), 28
U.S.C.A.

[30] BANKRUPTCY k3032.1
51k3032.1
While there is no inherent conflict between a
limited fund class action certified on basis that
separate actions would create risk of impeding
ability of nonparties to protect their interests,
and the Bankruptcy Code, if limited fund
certification is allowed in a situation where a
company provides only a de minimis
contribution to the ultimate settlement fund, the
incentives such a resolution would provide to
companies facing tort liability to engineer
settlements would, in all likelihood, significantly
undermine protections for creditors built into
Bankruptcy Code. Fed.Rules Civ.Proc.Rule
23(b)(1)(B), 28 U.S.C.A.

[30] COMPROMISE AND SETTLEMENT k67
89k67



While there is no inherent conflict between a
limited fund class action certified on basis that
separate actions would create risk of impeding
ability of nonparties to protect their interests,
and the Bankruptcy Code, if limited fund
certification is allowed in a situation where a
company provides only a de minimis
contribution to the ultimate settlement fund, the
incentives such a resolution would provide to
companies facing tort liability to engineer
settlements would, in all likelihood, significantly
undermine protections for creditors built into
Bankruptcy Code. Fed.Rules Civ.Proc.Rule
23(b)(1)(B), 28 U.S.C.A.

[30] FEDERAL CIVIL PROCEDURE k161.1
170Ak161.1
While there is no inherent conflict between a
limited fund class action certified on basis that
separate actions would create risk of impeding
ability of nonparties to protect their interests,
and the Bankruptcy Code, if limited fund
certification is allowed in a situation where a
company provides only a de minimis
contribution to the ultimate settlement fund, the
incentives such a resolution would provide to
companies facing tort liability to engineer
settlements would, in all likelihood, significantly
undermine protections for creditors built into
Bankruptcy Code. Fed.Rules Civ.Proc.Rule
23(b)(1)(B), 28 U.S.C.A.

*2299 Syllabus [FN*]

FN* The syllabus constitutes no part of
the opinion of the Court but has been
prepared by the Reporter of Decisions
for the convenience of the reader. See
United States v. Detroit Timber &
Lumber Co., 200 U.S. 321, 337, 26 S.Ct.
282, 50 L.Ed. 499.

 Respondent Fibreboard Corporation, an
asbestos manufacturer, was locked in litigation
for decades. Plaintiffs filed a stream of personal
injury claims against it, swelling throughout the
1980's and 1990's to thousands of claims for
compensatory damages each year. Fibreboard
engaged in litigation with its insurers,
respondent Continental Casualty Company and
respondent Pacific Indemnity Company, over
insurance coverage for the personal injury

claims. In 1990, a California trial court ruled
against Continental and Pacific, and the insurers
appealed. At around the same time, Fibreboard
approached a group of asbestos plaintiffs'
lawyers, offering to discuss a "global settlement"
of Fibreboard's asbestos liability. Negotiations at
one point led tothe settlement of some 45,000
pending claims, and the parties eventually
agreed upon $1.535 billion as the key term of a
"Global Settlement Agreement." Of this sum,
$1.525 billion would come from Continental and
Pacific, which had joined the negotiations, while
Fibreboard would contribute $10 million, all but
$500,000 of it from other insurance proceeds. At
plaintiffs' counsels' insistence, Fibreboard and its
insurers then reached a backup settlement of the
coverage dispute in the "Trilateral Settlement
Agreement," under which the insurers agreed to
provide Fibreboard with $2 billion to defend
against asbestos claimants and pay the winners,
should the Global Settlement Agreement fail to
win court approval. Subsequently, a group of
named plaintiffs filed the present action in
Federal District Court, seeking certification for
settlement purposes of a mandatory class that
comprised three groups--claimants who had not
yet sued Fibreboard, those who had dismissed
such claims and retained the right to sue in the
future, and relatives of class members--but
excluded claimants who had actions pending
against Fibreboard or who had filed and, for
negotiated value, dismissed such claims, and
whose only retained right is to sue Fibreboard
upon development of an asbestos-related
malignancy. The District Court allowed
petitioners and other objectors to intervene, held
a fairness hearing under Federal Rule of Civil
Procedure 23(e), ruled that the threshold Rule
23(a) numerosity, commonality, typicality, and
adequacy of representation requirements were
met, and certified the class under Rule
23(b)(1)(B). In response to intervenors'
objections that the absence of a "limited fund"
precluded Rule 23(b)(1)(B) certification, the
District Court ruled that both the disputed
insurance asset liquidated by the $1.535 billion
global settlement, and, alternatively, the sum of
the value of Fibreboard plus the value of its
insurance coverage, as measured by the
insurance funds' settlement value, were relevant
"limited funds." The Fifth Circuit affirmed both



as to class certification and adequacy of
settlement. Agreeing with the District Court's
application of Rule 23(a), the Court of Appeals
found, inter alia, that there were no conflicts of
interest sufficiently serious to undermine the
adequacy of class counsel's representation. As to
Rule 23(b)(1)(B), the court approved the class
certification on a "limited fund" rationale based
on the threat to other class members' ability to
receive full payment from Fibreboard's limited
assets. This Court then decided Amchem
Products, Inc. v. Windsor, 521 U.S. 591, 117
S.Ct. 2231, 138 L.Ed.2d 689, vacated the Fifth
Circuit's *2300 judgment, and remanded for
further consideration in light of that decision.
The Fifth Circuit again affirmed the District
Court's judgment on remand.

 Held:

 1. This Court need not resolve two threshold
matters before proceeding to the nub of the case.
First, petitioners call the class claims
nonjusticiable under Article III, saying that this
is a feigned action initiated by Fibreboard to
control its future asbestos tort liability, with the
vast majority of the exposure-only class
members being without injury in fact and hence
without standing to sue. While an Article III
court ordinarily must be sure of its own
jurisdiction before getting to the merits, Steel
Co. v. Citizens For a Better Environment, 523
U.S. 83, 88-89, 118 S.Ct. 1003, 140 L.Ed.2d
210, a Rule 23 question should be treated first
because class certification issues are "logically
antecedent" to Article III concerns, Amchem,
supra, at 612, 117 S.Ct. 2231, and pertain to
statutory standing, which may properly be
treated before Article III standing, see Steel Co.,
supra, at 92, 118 S.Ct. 1003. Second, although
petitioners are correct that the Fifth Circuit on
remand fell short in its attention to Amchem in
passing on the Rule 23(a) issues, these points are
dealt with in the Court's review of the
certification on the Fifth Circuit's "limited fund"
theory under Rule 23(b)(1)(B). Pp. 2307-2308.

 2. Applicants for contested certification of a
mandatory settlement class on a limited fund
theory under Rule 23(b)(1)(B) must show that
the fund is limited by more than the agreement

of the parties, and has been allocated to
claimants belonging within the class by a
process addressing the conflicting interests of
class members. Pp. 2308-2315.

 (a) In drafting Rule 23(b), the Civil Rules
Advisory Committee sought to catalogue in
functional terms those recurrent life patterns
which call for mass litigation through
representative parties. Rule 23(b)(1)(B) (read
with subdivision (c)(2)) provides for
certification of a class whose members have no
right to withdraw, when "the prosecution of
separate actions ... would create a risk" of
"adjudications with respect to individual [class]
members ... which would as a practical matter be
dispositive of the interests of the other members
not parties to the adjudications or substantially
impair or impede their ability to protect their
interests." Among the traditional varieties of
representative suits encompassed by Rule
23(b)(1)(B) is the limited fund class action. In
such a case, equity required absent parties to be
represented, joinder being impractical, where
individual claims to be satisfied from the one
asset would, as a practical matter, prejudice the
rights of absent claimants against a fund
inadequate to pay them all. Pp. 2308-2310.

 (b) The cases forming the limited fund class
action's pedigree as understood by Rule 23's
drafters have a number of common
characteristics, despite the variety of
circumstances from which they arose. These
characteristics show what the Advisory
Committee must have assumed would be at least
a sufficient set of conditions to justify binding
absent members of a Rule 23(b)(1)(B) class,
from which no one has the right to secede. In
sum, mandatory class treatment through
representative actions on a limited fund theory
was justified with reference to a "fund" with a
definitely ascertained limit that was inadequate
to pay all claims against it, all of which was
distributed to satisfy all those with claims based
on a common theory of liability, by an equitable,
pro rata distribution. Pp. 2311-2312.

 (c) There are good reasons to treat the foregoing
characteristics as presumptively necessary, and
not merely sufficient, to satisfy the limited fund



rationale for a mandatory class action. At the
least, the burden of justification rests on the
proponent of any departure from the traditional
norm. Although Rule 23(b)(1)(B)'s text is open
to a more lenient limited fund concept, the
greater the leniency in departing from the
historical model, the greater the likelihood of
abuse in ways that are apparent when the limited
fund criteria are applied to this case. The prudent
course, therefore, is to presume that when
subdivision (b)(1)(B) was devised to cover
limited fund actions, the object was to stay close
to the historical model. This limiting
construction finds support in the Advisory
Committee's expressions of understanding,
*2301 which clearly did not contemplate that the
mandatory class action codified in subdivision
(b)(1)(B) would be used to aggregate
unliquidated tort claims on a limited fund
rationale. The construction also minimizes
potential conflict with the Rules Enabling Act,
which requires that rules of procedure "not
abridge, enlarge or modify any substantive
right," 28 U.S.C. § 2072(b). See, e.g., Amchem,
supra, at 613, 117 S.Ct. 2231. Finally, the
Court's construction avoids serious
constitutional concerns, including the Seventh
Amendment jury trial rights of absent class
members, and the due process principle that,
with limited exceptions, one is not bound by a
judgment in personam in litigation in which he
is not a party, Hansberry v. Lee, 311 U.S. 32, 40,
61 S.Ct. 115, 85 L.Ed. 22. Pp. 2312-2315.

 3. The record on which the District Court rested
its class certification did not support the
essential premises of a mandatory limited fund
class action. It did not demonstrate that the fund
was limited except by the agreement of the
parties, and it affirmatively allowed exclusions
from the class and allocations of assets at odds
with the concept of limited fund treatment and
the Rule 23(a) structural protections explained in
Amchem. Pp. 2316-2322.

 (a) The certification defect going to the most
characteristic feature of a limited fund action
was the uncritical adoption by both courts below
of figures agreed upon by the parties in defining
the fund's limits. In a settlement-only class
action such as this, the settling parties must

present not only their agreement, but evidence
on which the district court may ascertain the
fund's limits, with support in findings of fact
following a proceeding in which the evidence is
subject to challenge. Here, there was no
adequate demonstration of the fund's upper
limit. The "fund" comprised both Fibreboard's
general assets and the insurance provided by the
two policies. As to the general assets, the lower
courts concluded that Fibreboard had a
then-current sale value of $235 million that
could be devoted to the limited fund. While that
estimate may have been conservative, at least
the District Court heard evidence and made an
independent finding at some point in the
proceedings. The same, however, cannot be said
for the value of the disputed insurance. Instead
of independently evaluating potential insurance
funds, the courts below simply accepted the $2
billion Trilateral Settlement Agreement figure,
concluding that where insurance coverage is
disputed, it is appropriate to value the insurance
asset at a settlement value. Such value may be
good evidence of the maximum available if one
can assume that parties of equal knowledge and
negotiating skill agreed upon the figure through
arms-length bargaining, unhindered by any
considerations tugging against the interests of
the parties ostensibly represented in the
negotiation. No such assumption may be
indulged in here, since at least some of the same
lawyers representing the class also negotiated
the separate settlement of 45,000 pending
claims, the full payment of which was
contingent on a successful global settlement
agreement or the successful resolution of the
insurance coverage dispute. Class counsel thus
had great incentive to reach any global
settlement that they thought might survive a
Rule 23(e) fairness hearing, rather than the best
possible arrangement for the substantially
unidentified global settlement class. See
Amchem, supra, at 626-627, 117 S.Ct. 2231. Pp.
2316-2318.

 (b) The settlement certification also fell short
with respect to the inclusiveness of the class and
the fairness of distributions to those within it.
The class excludes myriad claimants with causes
of action, or foreseeable causes of action, arising
from exposure to Fibreboard asbestos. The



number of those outside the class who settled
with a reservation of rights may be uncertain,
but there is no such uncertainty about the
significance of the settlement's exclusion of the
45,000 inventory plaintiffs and the plaintiffs in
the unsettled present cases, estimated at more
than 53,000. A mandatory limited fund
settlement class cannot qualify for certification
when in the very negotiations aimed at a class
settlement, class counsel agree to exclude what
may turn out to be as much as a third of the
claimants that negotiators thought might
eventually be involved, a substantial number of
whom class counsel represent. *2302 The
settlement certification is likewise deficient as to
the fairness of the fund's distribution among
class members. First, a class including holders of
present and future claims (some of the latter
involving no physical injury and claimants not
yet born) requires division into homogeneous
subclasses under Rule 23(c)(4)(B), with separate
representation to eliminate conflicting interests
of counsel. See Amchem, supra, at 627, 117
S.Ct. 2231. No such procedure was employed
here. Second, the class included those exposed
to Fibreboard's asbestos products both before
and after 1959, the year that saw the expiration
of Fibreboard's Continental policy, which
provided the bulk of the insurance funds for the
settlement. Pre-1959 claimants accordingly had
more valuable claims than post-1959 claimants,
the consequence being a second instance of
disparate interests within the certified class.
While at some point there must be an end to
reclassification with separate counsel, these two
instances of conflict are well within Amchem's
structural protection requirement. Pp.
2318-2321.

 (c) A third contested feature that departs
markedly from the limited fund antecedents is
the ultimate provision for a fund smaller than the
assets understood by the Fifth Circuit to be
available for payment of the mandatory class
members' claims. Most notably, Fibreboard was
allowed to retain virtually its entire net worth.
Given this Court's treatment of the two
preceding certification deficiencies, there is no
need to decide whether this feature would alone
be fatal to the global settlement. To ignore it
entirely, however, would be so misleading that

the Court simply identifies the issue it raises,
without purporting to resolve it at this time.
Fibreboard listed its supposed entire net worth as
a component of the total (and allegedly
inadequate) assets available for claimants, but
subsequently retained all but $500,000 of that
equity for itself. It hardly appears that such a
regime is the best that can be provided for class
members. Whether in a case where a settlement
saves transaction costs that would never have
gone into a class member's pocket in the absence
of settlement, a credit for some of the savings
may be recognized as an incentive to settlement
is at least a legitimate question, which the Court
leaves for another day. Pp. 2321-2322.

 134 F.3d 668, reversed and remanded.

 SOUTER, J., delivered the opinion of the Court,
in which REHNQUIST, C.J., and O'CONNOR,
SCALIA, KENNEDY, THOMAS, and
GINSBURG, JJ., joined. REHNQUIST, C.J.,
filed a concurring opinion, in which SCALIA
and KENNEDY, JJ., joined. BREYER, J., filed
a dissenting opinion, in which STEVENS, J.,
joined.

 Laurence H. Tribe, Cambridge, MA, for
petitioners.

 Elihu Inselbuch, New York City, for
respondents.
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 Justice SOUTER delivered the opinion of the
Court.

 This case turns on the conditions for certifying a
mandatory settlement class on a limited fund
theory under Federal Rule of Civil Procedure
23(b)(1)(B). We hold that applicants for
contested certification on this rationale must
show that the fund is limited by more than the
agreement of the parties, and has been allocated
to claimants belonging within the class by a
process addressing any conflicting interests of
class members.

I

 Like Amchem Products, Inc. v. Windsor, 521
U.S. 591, 117 S.Ct. 2231, 138 L.Ed.2d 689
(1997), this case is a class action prompted by
the elephantine mass of asbestos cases, and our
discussion in Amchem will suffice to show how
this litigation defies customary judicial
administration and calls for national legislation.
[FN1] In 1967, one of the first actions *2303 for
personal asbestos injury was filed in the United
States District Court for the Eastern District of
Texas against a group of asbestos manufacturers.
App. to Pet. for Cert. 252a. In the 1970's and
1980's, plaintiffs' lawyers throughout the
country, particularly in East Texas, honed the
litigation of asbestos claims to the point of
almost mechanical regularity, improving the
forensic identification of diseases caused by
asbestos, refining theories of liability, and often
settling large inventories of cases. See D.
Hensler, W. Felstiner, M. Selvin, & P. Ebener,
Asbestos in the Courts: The Challenge of Mass
Toxic Torts vii (1985); McGovern, Resolving
Mature Mass Tort Litigation, 69 B.U.L.Rev.
659, 660-661 (1989); see also App. to Pet. for
Cert. 253a.

FN1. "[This] is a tale of danger known
in the 1930s, exposure inflicted upon
millions of Americans in the 1940s and

1950s, injuries that began to take their
toll in the 1960s, and a flood of lawsuits
beginning in the 1970s." On the basis of
past and current filing data, and because
of a latency period that may last as long
as 40 years for some asbestos related
diseases, a continuing stream of claims
can be expected. The final toll of
asbestos related injuries is unknown.
Predictions have been made of 200,000
asbestos disease deaths before the year
2000 and as many as 265,000 by the
year 2015.
" 'The most objectionable aspects of
asbestos litigation can be briefly
summarized: dockets in both federal and
state courts continue to grow; long
delays are routine; trials are too long;
the same issues are litigated over and
over; transaction costs exceed the
victims' recovery by nearly two to one;
exhaustion of assets threatens and
distorts the process; and future claimants
may lose altogether.' " Amchem
Products, Inc. v. Windsor, 521 U.S., at
598, 117 S.Ct. 2231 (quoting Report of
The Judicial Conference Ad Hoc
Committee on Asbestos Litigation 2-3
(Mar.1991) (hereinafter Report)). We
noted in Amchem that the Judicial
Conference Ad Hoc Committee on
Asbestos Litigation in 1991 had called
for "federal legislation creating a
national asbestos dispute-resolution
scheme." Ibid. (citing Report 3, 27-35
(Mar.1991)). To date Congress  has not
responded.

 Respondent Fibreboard Corporation was a
defendant in the 1967 action. Although it was
primarily a timber company, from the 1920's
through 1971 the company manufactured a
variety of products containing asbestos, mainly
for high-temperature industrial applications. As
the tide of asbestos litigation rose, Fibreboard
found itself litigating on two fronts. On one,
plaintiffs were filing a stream of personal injury
claims against it, swelling throughout the 1980's
and 1990's to thousands of new claims for
compensatory damages each year. Id., at 265a;
App. 1040a. On the second front, Fibreboard



was battling for funds to pay its tort claimants.
From May, 1957, through March, 1959,
respondent Continental Casualty Company had
provided Fibreboard with a comprehensive
general liability policy with limits of $1 million
per occurrence, $500,000 per claim, and no
aggregate limit. Fibreboard also claimed that
respondent Pacific Indemnity Company had
insured it from 1956 to 1957 under a similar
policy. App. to Pet. for Cert. 267a-268a.
Beginning in 1979, Fibreboard was locked in
coverage litigation with Continental and Pacific
in a California state trial court, which in 1990
held Continental and Pacific responsible for
indemnification as to any claim by a claimant
exposed to Fibreboard asbestos products prior to
their policies' respective expiration dates. Id., at
268a-269a. The decree also required the insurers
to pay the full cost of defense for each claim
covered. Ibid. The insurance companies
appealed.

 With asbestos case filings continuing unabated,
and its secure insurance assets almost depleted,
Fibreboard in 1988 began a practice of
"structured settlement," paying plaintiffs 40
percent of the settlement figure up front with the
balance contingent upon a successful resolution
of the coverage dispute. [FN2] By 1991,
however, the pace of filings forced Fibreboard to
start settling cases entirely with the assignments
of its rights against Continental, with no initial
payment. To reflect the risk that Continental
might prevail in the coverage dispute, these
assignment agreements generally carried a figure
about twice the nominal amount of earlier
settlements. Continental challenged Fibreboard's
right to make unilateral assignments, *2304 but
in 1992 a California state court ruled for
Fibreboard in that dispute. [FN3]

FN2. Because Fibreboard's insurance
policy with Continental expired in 1959,
before the global settlement the
settlement value of claims by victims
exposed to Fibreboard's asbestos prior to
1959 was much higher than for victims
exposed after 1959, where the only right
of recovery was against Fibreboard
itself. See In re Asbestos Litigation, 90

F.3d 963, 1012-1013 (C.A.5 1996)
(SMITH, J., dissenting).

FN3. Id., at 969, and n. 1 (citing Andrus
v. Fibreboard, No. 614747- 3 (Sup.Ct.,
Alameda Cty. June 1, 1992)).
Continental appealed, and, after the
Global Settlement Agreement was
reached in this case, but before the
fairness hearing, see infra, at 2305, a
California appellate court reversed. See
90 F.3d, at 969, and n. 1 (citing
Fibreboard Corp. v. Continental
Casualty Co., No. A059716 (Cal.App.,
Oct. 19, 1994)). See 90 F.3d, at 969 and
n. 1. Continental and Fibreboard had
each brought actions seeking to establish
(or challenge) the validity of
Fibreboard's assignment-settlement
program, but only Andrus produced a
definitive ruling as opposed to a
settlement. See App. to Pet. for Cert.
288a-290a.

 Meanwhile, in the aftermath of a 1990 Federal
Judicial Center conference on the asbestos
litigation crisis, Fibreboard approached a group
of leading asbestos plaintiffs' lawyers, offering
to discuss a "global settlement" of its asbestos
personal-injury liability. Early negotiations bore
relatively little fruit, save for the December 1992
settlement by assignment of a significant
inventory of pending claims. This settlement
brought Fibreboard's deferred settlement
obligations to more than $1.2 billion, all
contingent upon victory over Continental on the
scope of coverage and the validity of the
settlement assignments.

 In February 1993, after Continental had lost on
both issues at the trial level, and thus faced the
possibility of practically unbounded liability, it
too joined the global settlement negotiations.
Because Continental conditioned its part in any
settlement on a guarantee of "total peace,"
ensuring no unknown future liabilities, talks
focused on the feasibility of a mandatory class
action, one binding all potential plaintiffs and
giving none of them any choice to opt out of the
certified class. Negotiations continued
throughout the spring and summer of 1993, but



the difficulty of settling both actually pending
and potential future claims simultaneously led to
an agreement in early August to segregate and
settle an inventory of some 45,000 pending
claims, being substantially all those filed by one
of the plaintiffs' firms negotiating the global
settlement. The settlement amounts per claim
were higher than average, with one-half due on
closing and the remainder contingent upon either
a global settlement or Fibreboard's success in the
coverage litigation. This agreement provided the
model for settling inventory claims of other
firms.

 With the insurance companies' appeal of the
consolidated coverage case set to be heard on
August 27, the negotiating parties faced a
motivating deadline, and about midnight before
the argument, in a coffee shop in Tyler, Texas,
the negotiators finally agreed upon $1.535
billion as the key term of a "Global Settlement
Agreement." $1.525 billion of this sum would
come from Continental and Pacific, in the
proportion established by the California trial
court in the coverage case, while Fibreboard
would contribute $10 million, all but $500,000
of it from other insurance proceeds, App. 84a.
The negotiators also agreed to identify unsettled
present claims against Fibreboard and set aside
an as-then unspecified fund to resolve them,
anticipating that the bulk of any excess left in
that fund would be transferred to class
claimants. Ahearn v. Fibreboard Corp., 162
F.R.D. 505, 517 (E.D.Tex.1995). The next day,
as a hedge against the possibility that the Global
Settlement Agreement might fail, plaintiffs'
counsel insisted as a condition of that agreement
that Fibreboard and its two insurers settle the
coverage dispute by what came to be known as
the "Trilateral Settlement Agreement." The two
insurers agreed to provide Fibreboard with funds
eventually set at $2 billion to defend against
asbestos claimants and pay the winners, should
the Global Settlement Agreement fail to win
approval. Id., at 517, 521; see also App. to Pet.
for Cert. 492a. [FN4]

FN4. Two related settlement agreements
accompanied the Global and Trilateral
Settlement Agreements. The first,
negotiated with representatives of

Fibreboard's major codefendants,
preserved credit rights for codefendant
third parties, In re Asbestos Litigation,
90 F.3d 963, 973 (C.A.5 1996); the
second provided that final approval of
the Global Settlement Agreement would
not constitute a "settlement" under the
Longshore and Harbor Workers'
Compensation Act, 33 U.S.C. § 933(g),
162 F.R.D., at 521-522. Neither of these
agreements is before the Court.

 *2305 On September 9, 1993, as agreed, a
group of named plaintiffs filed an action in the
United States District Court for the Eastern
District of Texas, seeking certification for
settlement purposes of a mandatory class
comprising three groups: all persons with
personal injury claims against Fibreboard for
asbestos exposure who had not yet brought suit
or settled their claims before the previous
August 27; those who had dismissed such a
claim but retained the right to bring a future
action against Fibreboard; and "past, present and
future spouses, parents, children, and other
relatives" of class members exposed to
Fibreboard asbestos. [FN5] The class did not
include claimants with actions presently pending
against Fibreboard or claimants "who filed and,
for cash payment or some other negotiated
value, dismissed claims against Fibreboard, and
whose only retained right is to sue Fibreboard
upon development of an asbestos-related
malignancy." Id., at 534a-535a. The complaint
pleaded personal injury claims against
Fibreboard, and, as justification for class
certification, relied on the shared necessity of
ensuring insurance funds sufficient for
compensation. Id., at 552a-569a. After
Continental and Pacific had obtained leave to
intervene as party- defendants, the District Court
provisionally granted class certification,
enjoined commencement of further separate
litigation against Fibreboard by class members,
and appointed a guardian ad litem to review the
fairness of the settlement to the class members.
See In re Asbestos Litigation, 90 F.3d 963, 972
(C.A.5 1996).



FN5. The final judgment regarding class
certification in the District Court defined
the class as follows:
"(a) All persons (or their legal
representatives) who prior to August 27,
1993 were exposed, directly or
indirectly (including but not limited to
exposure through the exposure of a
spouse, household member or any other
person), to asbestos or to
asbestos-containing products for which
Fibreboard may bear legal liability and
who have not, before August 27, 1993,
(i) filed a lawsuit for any asbestos
related personal injury, or damage, or
death arising from such exposure in any
court against Fibreboard or persons or
entities for whose actions or omissions
Fibreboard bears legal liability; or (ii)
settled a claim for any asbestos-related
personal injury, or damage, or death
arising from such exposure with
Fibreboard or with persons or entities
for whose actions or omissions
Fibreboard bears legal liability;
"(b) All persons (or their legal
representatives) exposed to asbestos or
to  asbestos-containing products,
directly or indirectly (including but not
limited to exposure through the
exposure of a spouse, household
member or any other person), who
dismissed an action prior to August 27,
1993 without prejudice against
Fibreboard, and who retain the right to
sue Fibreboard upon development of a
nonmalignant disease process or a
malignancy; provided, however, that the
Settlement Class does not include
persons who filed and, for cash payment
or some other negotiated value,
dismissed claims against Fibreboard,
and whose only retained right is to sue
Fibreboard upon development of an
asbestos-related malignancy; and
"(c) All past, present and future spouses,
parents, children and other relatives (or
their legal representatives) of the class
members described in paragraphs (a)
and (b) above, except for any such
person who has, before August 27,

1993, (i) filed a lawsuit for the
asbestos-related personal injury, or
damage, or death of a class member
described in paragraph (a) or (b) above
in any court against Fibreboard (or
against entities for whose actions or
omissions Fibreboard bears legal
liability), or (ii) settled a claim for the
asbestos-related personal injury, or
damage, or death of a class member
described in (a) or (b) above with
Fibreboard (or with entities for whose
actions or omissions Fibreboard bears
legal liability)." App. to Pet. for Cert.
534a-535a.

 As finally negotiated, the Global Settlement
Agreement provided that in exchange for full
releases from class members, Fibreboard,
Continental, and Pacific would establish a trust
to process and pay class members' asbestos
personal injury and death claims. Claimants
seeking compensation would be required to try
to settle with the trust. If initial settlement
attempts failed, claimants would have to proceed
to mediation, arbitration, and a mandatory
settlement conference. Only after exhausting
that process could claimants go to court against
the trust, subject to a limit of $500,000 per
claim, with punitive damages and prejudgment
interest barred. Claims resolved without
litigation would be discharged over three years,
while judgments would be paid out over a 5- to
10-year period. The Global Settlement
Agreement also contained spendthrift provisions
to conserve the trust, and provided for paying
more serious claims first in the event of a
shortfall in any given year. Id., at 973.

 After an extensive campaign to give notice of
the pending settlement to potential class *2306
members, the District Court allowed groups of
objectors, including petitioners here, to
intervene. After an 8-day fairness hearing, the
District Court certified the class and approved
the settlement as "fair, adequate, and
reasonable," under Rule 23(e). Ahearn, 162
F.R.D., at 527. Satisfied that the requirements of
Rule 23(a) were met, id., at 523-526, [FN6] the
District Court certified the class under Rule
23(b)(1)(B), [FN7] citing the risk that



Fibreboard might lose or fare poorly on appeal
of the coverage case or lose the
assignment-settlement dispute, leaving it without
funds to pay all claims. Id., at 526. The
"allowance of individual adjudications by class
members," the District Court concluded, "would
have destroyed the opportunity to compromise
the insurance coverage dispute by creating the
settlement fund, and would have exposed the
class members to the very risks that the
settlement addresses." Id., at 527. In response to
intervenors' objections that the absence of a
"limited fund" precluded certification under
Rule 23(b)(1)(B), the District Court ruled that
although the subdivision is not so restricted, if it
were, this case would qualify. It found both the
"disputed insurance asset liquidated by the
$1.535 billion Global Settlement," and,
alternatively, "the sum of the value of
Fibreboard plus the value of its insurance
coverage," as measured by the insurance funds'
settlement value, to be relevant "limited funds."
App. to Pet. for Cert. 491a-492a.

FN6. "Rule 23(a) states four threshold
requirements applicable to all class
actions: (1) numerosity (a 'class [so
large] that joinder of all members is
impracticable'); (2) commonality
('questions of law or fact common to the
class'); (3) typicality (named parties'
claims or defenses 'are typical ... of the
class'); and (4) adequacy of
representation  (representatives 'will
fairly and adequately protect the
interests of the class')." Amchem
Products, Inc. v. Windsor, 521 U.S. 591,
613, 117 S.Ct. 2231, 138 L.Ed.2d 689
(1997).

FN7. Rule 23(b)(1)(B) provides that
"[a]n action may be maintained as a
class action if the prerequisites of
subdivision (a) are satisfied, and in
addition: (1) the prosecution of separate
actions by or against individual
members of the class would create a risk
of ... (B) adjudications with respect to
individual members of the class which
would as a practical matter be
dispositive of the interests of the other

members not parties to the adjudications
or substantially impair or impede their
ability to protect their interests."

 On appeal, the Fifth Circuit affirmed both as to
class certification and adequacy of settlement. In
re Asbestos Litigation, supra. [FN8] Agreeing
with the District Court's application of Rule
23(a), the Court of Appeals found that there was
commonality in class members' shared interest
in securing and equitably distributing maximum
possible settlement funds, and that the
representative plaintiffs were sufficiently typical
both in sharing that interest and in basing their
claims on the same legal and remedial theories
that absent class members might raise. Id., at
975-976. The Fifth Circuit also thought that
there were no conflicts of interest sufficiently
serious to undermine the adequacy of class
counsel's representation. Id., at 976-982. [FN9]
As to Rule 23(b)(1)(B), the Court approved the
class certification on a "limited fund" rationale
based on the threat to "the ability of other
members of the class to receive full payment for
their injuries from Fibreboard's limited assets."
Ibid. [FN10] The Court of Appeals cited expert
testimony that Fibreboard faced enormous
potential liabilities and defense costs that would
likely equal or exceed the amount of damages
paid out, and concluded that even combining
Fibreboard's value of some $235 million with
the $2 billion provided in the Trilateral
Settlement Agreement, the company would be
unable *2307 to pay all valid claims against it
within five to nine years. Ibid. Judge Smith
dissented, arguing among other things that the
majority had skimped on serious due process
concerns, had glossed over problems of
commonality, typicality, and adequacy of
representation, and had ignored a number of
justiciability issues. See generally id., at
993-1026. [FN11]

FN8. Continental and Pacific also filed a
class action against a defendant class
essentially identical to the plaintiff class
in the Global Settlement Agreement as
well as a class of third parties with
asbestos-related claims against
Fibreboard, seeking a declaration that
the Trilateral Settlement Agreement was



fair and reasonable. The District Court
certified the class  and approved
the Trilateral Settlement Agreement,
which the Fifth Circuit consolidated
with the review of the case below and
affirmed. See In re Asbestos Litigation,
90 F.3d, at 974, 991-993. That decision
is now final and is not before this Court.

FN9. As the objectors did not challenge
the adequacy of representation of class
representatives, the Fifth Circuit did not
consider the issue. Id., at 976, n. 10.
Likewise, no party raised concerns with
Rule 23(a)'s numerosity requirement.

FN10. Abandoning the District Court's
alternative rationale, the Court of
Appeals rested entirely on a limited fund
theory.

FN11. The Fifth Circuit denied
rehearing en banc, with Judge Smith,
joined by five other Circuit Judges,
dissenting. In re Asbestos Litigation,
101 F.3d 368, 369 (1996).

 Shortly thereafter, this Court decided Amchem
and proceeded to vacate the Fifth Circuit's
judgment and remand for further consideration
in light of that decision. 521 U.S. 1114, 117
S.Ct. 2503, 138 L.Ed.2d 1008 (1997). On
remand, the Fifth Circuit again affirmed, in a
brief per curiam opinion, distinguishing
Amchem on the grounds that the instant action
proceeded under Rule 23(b)(1)(B) rather than
(b)(3), and did not allocate awards according to
the nature of the claimant's injury. In re
Asbestos Litigation, 134 F.3d 668, 669-670
(1998). Again citing the findings on certification
under Rule 23(b)(1)(B), the Fifth Circuit
affirmed as "incontestable" the District Court's
conclusion that the terms of the subdivision had
been met. Id., at 670. The Court of Appeals
acknowledged Amchem 's admonition that
settlement class actions may not proceed unless
the requirements of Rule 23(a) are met, but
noted that the District Court had made extensive
findings supporting its Rule 23(a)
determinations. Ibid. Judge Smith again
dissented, reiterating his previous concerns, and

argued specifically that the District Court erred
in certifying the class under Rule 23(b)(1)(B) on
a "limited fund" theory because the only limited
fund in the case was a creature of the settlement
itself. Id., at 671-674.

 We granted certiorari, 524 U.S. ----, 118 S.Ct.
2339, 141 L.Ed.2d 711 (1998), and now reverse.

II

 [1][2][3][4] The nub of this case is the
certification of the class under Rule 23(b)(1)(B)
on a limited fund rationale, but before we reach
that issue, there are two threshold matters. First,
petitioners call the class claims nonjusticiable
under Article III, saying that this is a feigned
action initiated by Fibreboard to control its
future asbestos tort liability, with the "vast
majority" of the "exposure-only" class members
being without injury in fact and hence without
standing to sue. Brief for Petitioners 44-50.
Ordinarily, of course, this or any other Article
III court must be sure of its own jurisdiction
before getting to the merits. Steel Co. v. Citizens
for a Better Environment, 523 U.S. 83, 88-89,
118 S.Ct. 1003, 140 L.Ed.2d 210 (1998). But the
class certification issues are, as they were in
Amchem, "logically antecedent" to Article III
concerns, 521 U.S., at 612, 117 S.Ct. 2231, and
themselves pertain to statutory standing, which
may properly be treated before Article III
standing, see Steel Co., supra, at 92, 118 S.Ct.
1003. Thus the issue about Rule 23 certification
should be treated first, "mindful that [the Rule's]
requirements must be interpreted in keeping
with Article III constraints...." Amchem, supra,
at 612-613, 117 S.Ct. 2231.

 Petitioners also argue that the Fifth Circuit on
remand disregarded Amchem in passing on the
Rule 23(a) issues of commonality, typicality,
and adequacy of representation. Brief for
Petitioners 13-22. We agree that in reinstating its
affirmance of the District Court's certification
decision, the Fifth Circuit fell short in its
attention to Amchem 's explanation of the
governing legal standards. Two aspects in
particular of the District Court's certification
should have received more detailed treatment by
the Court of Appeals. First, the District Court's



enquiry into both commonality and typicality
focused almost entirely on the terms of the
settlement. See Ahearn, 162 F.R.D., at 524.
[FN12] *2308 Second, and more significantly,
the District Court took no steps at the outset to
ensure that the potentially conflicting interests of
easily identifiable categories of claimants be
protected by provisional certification of
subclasses under Rule 23(c)(4), relying instead
on its post-hoc findings at the fairness hearing
that these subclasses in fact had been adequately
represented. As will be seen, however, these
points will reappear when we review the
certification on the Court of Appeals's "limited
fund" theory under Rule 23(b)(1)(B). We
accordingly turn directly to that.

FN12. In Amchem, the Court found that
class members' shared exposure to
asbestos was insufficient to meet the
demanding predominance requirements
of Rule 23(b)(3). Amchem Products,
Inc. v. Windsor, 521 U.S. 591, 623-624,
117 S.Ct. 2231, 138 L.Ed.2d 689
(1997). We left open the possibility,
however, that such commonality might
suffice for the purposes of Rule 23(a).
Ibid.

 III
 A

 [5][6][7] Although representative suits have
been recognized in various forms since the
earliest days of English law, see generally S.
Yeazell, From Medieval Group Litigation to the
Modern Class Action (1987); see also Marcin,
Searching for the Origin of the Class Action, 23
Cath. U.L.Rev. 515, 517-524 (1973), class
actions as we recognize them today developed as
an exception to the formal rigidity of the
necessary parties rule in equity, see Hazard,
Gedid, & Sowle, An Historical Analysis of the
Binding Effect of Class Suits, 146 U. Pa. L.Rev.
1849, 1859-1860 (1998) (hereinafter Hazard,
Gedid, & Sowle), as well as from the bill of
peace, an equitable device for combining
multiple suits, see Z. Chafee, Some Problems of
Equity 161-167, 200-203 (1950). The necessary
parties rule in equity mandated that "all persons
materially interested, either as plaintiffs or

defendants in the subject matter of the bill ought
to be made parties to the suit, however numerous
they may be." West v. Randall, 29 F. Cas. 718,
721 (No. 17,424) (C.C.D.R.I.1820) (Story, J.).
But because that rule would at times unfairly
deny recovery to the party before the court,
equity developed exceptions, among them one to
cover situations "where the parties are very
numerous, and the court perceives, that it will be
almost impossible to bring them all before the
court; or where the question is of general
interest, and a few may sue for the benefit of the
whole; or where the parties form a part of a
voluntary association for public or private
purposes, and may be fairly supposed to
represent the rights and interests of the whole...."
Id., at 722; see J. Story, Commentaries on
Equity Pleadings § 97 (J. Gould 10th rev. ed.
1892); F. Calvert, A Treatise upon the Law
Respecting Parties to Suits in Equity 17- 29
(1837) (hereinafter Calvert, Parties to Suits in
Equity). From these roots, modern class action
practice emerged in the 1966 revision of Rule
23. In drafting Rule 23(b), the Advisory
Committee sought to catalogue in "functional"
terms "those recurrent life patterns which call
for mass litigation through representative
parties." Kaplan, A Prefatory Note, 10 B.C. Ind.
& Com. L.Rev. 497 (1969).

 [8][9][10] Rule 23(b)(1)(B) speaks from "a
vantage point within the class, [from which the
Advisory Committee] spied out situations where
lawsuits conducted with individual members of
the class would have the practical if not
technical effect of concluding the interests of the
other members as well, or of impairing the
ability of the others to protect their own
interests." Kaplan, Continuing Work of the Civil
Committee: 1966 Amendments of the Federal
Rules of Civil Procedure (I), 81 Harv. L.Rev.
356, 388 (1967) (hereinafter Kaplan, Continuing
Work). Thus, the subdivision (read with
subdivision (c)(2)) provides for certification of a
class whose members have no right to withdraw,
when "the prosecution of separate actions ...
would create a risk" of "adjudications with
respect to individual members of the class which
would as a practical matter be dispositive of the
interests of the other members not parties to the
adjudications or substantially impair or impede



their ability to protect their interests." Fed. Rule
Civ. Proc. 23(b)(1)(B). [FN13] Classic examples
of such a risk of impairment may, for example,
be *2309 found in suits brought to reorganize
fraternal-benefit societies, see, e.g., Supreme
Tribe of Ben-Hur v. Cauble, 255 U.S. 356, 41
S.Ct. 338, 65 L.Ed. 673 (1921); actions by
shareholders to declare a dividend or otherwise
to "fix [their] rights," Kaplan, Continuing Work
388; and actions charging "a breach of trust by
an indenture trustee or other fiduciary similarly
affecting the members of a large class" of
beneficiaries, requiring an accounting or similar
procedure "to restore the subject of the trust,"
Advisory Committee's Notes on Fed. Rule Civ.
Proc. 23, 28 U.S.C.App., p. 696 (hereinafter
Adv. Comm. Notes). In each of these categories,
the shared character of rights claimed or relief
awarded entails that any individual adjudication
by a class member disposes of, or substantially
affects, the interests of absent class members.

FN13. In contrast to class actions
brought under subdivision (b)(3), in
cases brought under subdivision (b)(1),
Rule 23 does not provide for absent
class members to receive notice and to
exclude themselves from class
membership as a matter of right. See 1
H. Newberg & A. Conte, Class Actions
§ 4.01, p. 4-6 (3d ed.1992) (hereinafter
Newberg). It is for this reason that such
cases are often referred to as
"mandatory" class actions.

 [11] Among the traditional varieties of
representative suit encompassed by Rule
23(b)(1)(B) were those involving "the presence
of property which call [ed] for distribution or
management," J. Moore & J. Friedman, 2
Federal Practice 2240 (1938) (herein after
Moore & Friedman). One recurring type of such
suits was the limited fund class action,
aggregating "claims ... made by numerous
persons against a fund insufficient to satisfy all
claims." Adv. Comm. Notes 697; cf. Newberg §
4.09, at 4-33 ("Classic" limited fund class
actions "include claimants to trust assets, a bank
account, insurance proceeds, company assets in
a liquidation sale, proceeds of a ship sale in a
maritime accident suit, and others"). [FN14] The

Advisory Committee cited Dickinson v.
Burnham, 197 F.2d 973(CA2), cert. denied, 344
U.S. 875, 73 S.Ct. 169, 97 L.Ed. 678 (1952), as
illustrative of this tradition. In Dickinson,
investors hoping to save a failing company had
contributed some $600,000, which had been
misused until nothing was left but a pool of
secret profits on a fraction of the original
investment. In a class action, the District Court
took charge of this fund, subjecting it to a
constructive trust for division among subscribers
who demonstrated their claims, in amounts
proportional to each class member's percentage
of all substantiated claims. 197 F.2d, at 978.
[FN15] The Second Circuit approved the class
action and the distribution of the entire pool to
claimants, noting that "[a]lthough none of the
contributors has been paid in full, no one ... now
asserts or suggests that they should have full
recovery ... as on an ordinary tort liability for
conspiracy and defrauding. The court's power of
disposition over the fund was therefore absolute
and final." Id., at 980. [FN16] As the Advisory
Committee recognized *2310 in describing
Dickinson, equity required absent parties to be
represented, joinder being impractical, where
individual claims to be satisfied from the one
asset would, as a practical matter, prejudice the
rights of absent claimants against a fund
inadequate to pay them all.

FN14. Indeed, Professor Kaplan,
reporter to the Advisory Committee's
1966 revision of Rule 23, commented in
a letter to another member of the
Advisory Committee that the phrase "
'impair or impede the ability of the other
members to protect their interests' " is
"redolent of claims against a fund."
Letter from Benjamin Kaplan to John P.
Frank, Feb. 7, 1963, Congressional
Information Service Records of the U.S.
Judicial Conference, Committee on
Rules of Practice and Procedure
1935-1988, No. CI-6312- 31, p. 2.
Some fund-related class actions
involved claims for the creation or
preservation of a specific fund subject to
the interests of numerous claimants. See,
e.g., City & County of San Francisco v.
Market Street  R. Co., 95 Cal.App.2d



648, 213 P.2d 780 (1950). The rationale
in such cases for representative plaintiffs
suing on behalf of all similarly situated
potential parties was that benefits arising
from the action necessarily inured to the
class as a whole. Another type of fund
case involved the adjudication of the
rights of all participants in a fund in
which the participants had common
rights. See, e.g., Hartford Life Ins. Co.
v. Ibs, 237 U.S. 662, 35 S.Ct. 692, 59
L.Ed. 1165 (1915); Supreme Council of
Royal Arcanum v. Green, 237 U.S. 531,
35 S.Ct. 724, 59 L.Ed. 1089 (1915);
Hartford Life Ins. Co. v. Barber, 245
U.S. 146, 38 S.Ct. 54, 62 L.Ed. 208
(1917); see also Smith v. Swormstedt,
16 How. 288, 14 L.Ed. 942 (1853). In
such cases, regardless of the size of any
individual claimant's stake, the
adjudication would determine the
operating rules governing the fund for
all participants. This category is more
analogous in modern practice to class
actions seeking structural injunctions
and is not at issue in this case.

FN15. The District Court in Dickinson,
as was the usual practice in such cases,
distributed the limited fund only after
notice had been given to all class
members, allowing them to come into
the suit, prove their claim, and share in
the recovery. See 197 F.2d, at 978; see
also Adv. Comm. Notes 697 (describing
limited fund class actions as involving
an  "action by or against
representative members to settle the
validity of the claims as a whole, or in
groups, followed by separate proof of
the amount of each valid claim and
proportionate distribution of the fund").

FN16. As Dickinson demonstrates, the
immediate precursor to the type of
limited fund class action invoked in this
case was a subset of "hybrid" class
actions under the 1938 version of Rule
23. Cf. 1 Newberg § 1.09, at 1-25. The
original Rule 23 categorized class
actions by "the character of the right

sought to be enforced for or against the
class," dividing such actions into "(1)
joint, or common, or secondary in the
sense that the owner of a primary right
refuses to enforce that right and a
member of the class thereby becomes
entitled to enforce it; (2) several, and the
object of the action is the adjudication of
claims which do or may affect specific
property involved in the action; or (3)
several, and there is a common question
of law or fact affecting the several rights
and a common relief is sought." Fed.
Rule Civ. Proc. 23(a) (1938 ed., Supp.
V). See Moore & Friedman 2240; see
also Moore & Cohn, Federal Class
Actions, 32 Ill. L.Rev. 307, 317-318
(1937); Moore, Federal Rules of Civil
Procedure: Some Problems Raised by
the Preliminary Draft, 25 Geo. L.J. 551,
574 (1937).

 Equity, of course, recognized the same
necessity to bind absent claimants to a limited
fund when no formal imposition of a
constructive trust was entailed. In Guffanti v.
National Surety Co., 196 N.Y. 452, 458, 90 N.E.
174, 176 (1909), for example, the defendant
received money to supply steamship tickets and
had posted a $15,000 bond as required by state
law. He converted to personal use funds
collected from more than 150 ticket purchasers,
was then adjudged bankrupt, and absconded.
One of the defrauded ticket purchasers sued the
surety in equity on behalf of himself and all
others like him. Over the defendant's objection,
the New York Court of Appeals sustained the
equitable class suit, citing among other
considerations the fact that all recovery had to
come from a "limited fund out of which the
aggregate recoveries must be sought" that was
inadequate to pay all claims, and subject to pro
rata distribution. Id., at 458, 90 N.E. 174, 90
N.E., at 176. See Hazard, Gedid, & Sowle 1915
("[Guffanti ] explained that when a debtor's
assets were less than the total of the creditors'
claims, a binding class action was not only
permitted but was required; otherwise some
creditors (the parties) would be paid and others
(the absentees) would not"). See also Morrison
v. Warren 174 Misc. 233, 234, 20 N.Y.S.2d 26,



27 (1940) (suit on behalf of more than 400
beneficiaries of an insurance policy following a
fire appropriate where "the amount of the claims
... greatly exceeds the amount of the insurance");
National Surety Co. v. Graves, 211 Ala. 533,
534, 101 So. 190 (1924) (suit against a surety
company by stockholders "for the benefit of
themselves and all others similarly situate who
will join the suit" where it was alleged that
individual suits were being filed on surety bonds
that "would result in the exhaustion of the
penalties of the bonds, leaving many
stockholders without remedy").

 [12] Ross v. Crary, 1 Paige Ch. 416, 417-418
(N.Y.Ch.1829), presents the concept of the
limited fund class action in another incarnation.
"[D]ivers suits for general legacies," id., at 417,
were brought by various legatees against the
executor of a decedent's estate. The Ross court
stated that where "there is an allegation of a
deficiency of the fund, so that an account of the
estate is necessary," the court will "direc[t] an
account in one cause only" and "stay the
proceedings in the others, leaving all the parties
interested in the fund, to come in under the
decree." Id., at 417-418. Thus, in equity, legatee
and creditor bills against the assets of a
decedent's estate had to be brought on behalf of
all similarly situated claimants where it was
clear from the pleadings that the available
portion of the estate could not satisfy the
aggregate claims against it. [FN17]

FN17. In early creditors' bills, for
example, equity would order a master to
call for all creditors to prove their debts,
to take account of the entire estate, and
to apply the estate in payment of the
debts. See 1 J.  Story, Commentaries
on Equity Jurisprudence §§ 547, 548 (I.
Redfield 8th rev. ed. 1861). This decree,
with its equitable benefit and
incorporation of all creditors was not,
however, available when the executor of
the estate admitted assets sufficient to
cover its debts, because where assets
were not limited, no prejudice to the
other creditors would result from the
simple payment of the debt to the
creditor who brought the bill. See

Woodgate v. Field, 2 Hare 211, 213, 67
Eng. Rep. 88, 89 (Ch. 1842) ("The
reason for ... the usual form of decree ...
has no application where assets are
admitted, for the executor thereby
makes himself liable to the payment of
the debt. In such a case, the other
creditors cannot be prejudiced by a
decree for payment of the Plaintiff's
debt; and the object of the special form
of the decree in a creditors' suit fails");
see also Hallett v. Hallett, 2 Paige 15, 21
(N.Y.1829) ("[I]f by the answer of the
defendant [in a creditors' or legatees'
suit] it appears there will be a deficiency
of assets so that all the creditors cannot
be paid in full, or that there must be an
abatement of the complainant's legacy,
the court will make a decree for the
general administration of the estate, and
a distribution of the same among the
several parties entitled thereto, agreeable
to equity").

 *2311 B

 [13][14] The cases forming this pedigree of the
limited fund class action as understood by the
drafters of Rule 23 have a number of common
characteristics, despite the variety of
circumstances from which they arose. The points
of resemblance are not necessarily the points of
contention resolved in the particular cases, but
they show what the Advisory Committee must
have assumed would be at least a sufficient set
of conditions to justify binding absent members
of a class under Rule 23(b)(1)(B), from which
no one has the right to secede.

 The first and most distinctive characteristic is
that the totals of the aggregated liquidated
claims and the fund available for satisfying
them, set definitely at their maximums,
demonstrate the inadequacy ofthe fund to pay all
the claims. The concept driving this type of suit
was insufficiency, which alone justified the limit
on an early feast to avoid a later famine. See,
e.g., Guffanti, supra, at 457, 90 N.E., at 176
("The total amount of the claims exceeds the
penalty of the bond .... A just and equitable
payment from the bond would be a distribution



pro rata upon the amount of the several
embezzlements. Unless in a case like this the
amount of the bond is so distributed among the
persons having claims which are secured
thereby, it must necessarily result in a scramble
for precedence in payment, and the amount of
the bond may be paid to the favored, or to those
first obtaining knowledge of the
embezzlements"); Graves, supra, at 534, 101
So., at 190 ("The primary equity of the bill is the
adjustment of claims and the equitable
apportionment of a fund provided by law, which
is insufficient to pay claimants in full"). The
equity of the limitation is its necessity.

 Second, the whole of the inadequate fund was
to be devoted to the overwhelming claims. See,
e.g., Dickinson, 197 F.2d, at 979-980 (rejecting
a challenge by holder of funds to the court's
disposition of the entire fund); see also United
States v. Butterworth-Judson Corp., 269 U.S.
504, 513, 46 S.Ct. 179, 70 L.Ed. 380 (1926)
("Here, the fund being less than the debts, the
creditors are entitled to have all of it distributed
among them according to their rights and
priorities"). It went without saying that the
defendant or estate or constructive trustee with
the inadequate assets had no opportunity to
benefit himself or claimants of lower priority by
holding back on the amount distributed to the
class. The limited fund cases thus ensured that
the class as a whole was given the best deal;
they did not give a defendant a better deal than
seriatim litigation would have produced.

 Third, the claimants identified by a common
theory of recovery were treated equitably among
themselves. The cases assume that the class will
comprise everyone who might state a claim on a
single or repeated set of facts, invoking a
common theory of recovery, to be satisfied from
the limited fund as the source of payment. Each
of the people represented in Ross, for example,
had comparable entitlement as a legatee under
the testator's will. Those subject to
representation in Dickinson had a common
source of claims in the solicitation of funds by
parties whose subsequent defalcation left them
without their investment, while in Guffanti the
individuals represented had each entrusted
money for ticket purchases. In these cases the

hope of recovery was limited, respectively, by
estate assets, the residuum of profits, and the
amount of the bond. Once the represented
classes were so identified, there was no question
of omitting anyone whose claim shared the
common theory of liability and would contribute
to the calculated shortfall of recovery. See
Nashville & Decatur Railroad Co. v. Orr, 18
Wall. 471, 474, 21 L.Ed. 810 (1873) (reciting
the "well settled" general rule "that when it
appears on the face of the bill that there will be a
deficiency in the fund, and that there are other
creditors or legatees who are entitled *2312 to a
ratable distribution with the complainants, and
who have a common interest with them, such
creditors or legatees should be made parties to
the bill, or the suit should be brought by the
complainants in behalf of themselves and all
others standing in a similar situation"). The
plaintiff appeared on behalf of all similarly
situated parties, see Calvert, Parties to Suits in
Equity 24 ("[I]t is not sufficient that the plaintiff
appear on behalf of numerous parties: the rule
seems to be, that he must appear on behalf of all
who are interested"); thus, the creditors' bill was
brought on behalf of all creditors, cf. Leigh v.
Thomas, 2 Ves. Sen. 312, 313, 28 Eng. Rep. 201
(Ch. 1751) ("No doubt but a bill may be by a
few creditors in behalf of themselves and the
rest ... but there is no instance of a bill by three
or four to have an account of the estate, without
saying they bring it in behalf of themselves and
the rest of the creditors"), the constructive trust
was asserted on behalf of all victims of the
fraud, and the surety suit was brought on behalf
of all entitled to a share of the bond. [FN18]
Once all similar claims were brought directly or
by representation before the court, these
antecedents of the mandatory class action
presented straightforward models of equitable
treatment, with the simple equity of a pro rata
distribution providing the required fairness, see
1 Pomeroy Equity Jurisprudence § 407, p. 764
(4th ed. 1918) ("[I]f the fund is not sufficient to
discharge all claims upon it in full ... equity will
incline to regard all the demands as standing
upon an equal footing, and will decree a pro rata
distribution or payment"). [FN19]

FN18. Professor Chafee explained, in
discussing bills of peace, that where a



case presents a limited fund, "it is
impossible to make a fair distribution of
the fund or limited liability to all
members of the multitude except in a
single proceeding where the claim of
each can be adjudicated with due
reference to the claims of the rest. The
fund or limited liability is like a mince
pie, which can not be satisfactorily
divided until the carver counts the
number of persons at the table." Bills of
Peace with Multiple Parties, 45 Harv.
L.Rev. 1297, 1311 (1932).

FN19. As noted above, traditional
limited fund class actions typically
provided notice to all claimants and the
opportunity for those claimants to
establish their claims before the actual
distribution took place. See, e.g.,
Dickinson v. Burnham, 197 F.2d 973,
978 (C.A.2 1952); Terry v. President
and Directors of the Bank of Cape Fear,
20 F. 777, 782 (C.C.W.D.N.C.1884); cf.
Johnson v. Waters, 111 U.S. 640, 674, 4
S.Ct. 619, 28 L.Ed. 547 (1884) (in a
creditors' bill, "it is the usual and correct
course to open a reference in the
master's office and to give other
creditors, having valid claims against
the fund, an opportunity to come in and
have the benefit of the decree"). Rule
23, however, specifies no notice
requirement for subdivision (b)(1)(B)
actions beyond that required by
subdivision (e) for settlement purposes.
Plaintiffs in this case made an attempt to
notify all presently identifiable class
members in connection with the fairness
hearing, though the adequacy of the
effort is disputed. Since satisfaction or
not of a notice requirement would not
effect the disposition of this case, we
express no opinion on the need for
notice or the sufficiency of the effort to
give it in this case.

 In sum, mandatory class treatment through
representative actions on a limited fund theory
was justified with reference to a "fund" with a
definitely ascertained limit, all of which would

be distributed to satisfy all those with liquidated
claims based on a common theory of liability, by
an equitable, pro rata distribution.

C

 The Advisory Committee, and presumably the
Congress in approving subdivision (b)(1)(B),
must have assumed that an action with these
characteristics would satisfy the limited fund
rationale cognizable under that subdivision. The
question remains how far the same
characteristics are necessary for limited fund
treatment. While we cannot settle all the details
of a subdivision (b)(1)(B) limited fund here (and
so cannot decide the ultimate question whether
settlements of multitudes of related tort actions
are amenable to mandatory class treatment),
there are good reasons to treat these
characteristics as presumptively necessary, and
not merely sufficient, to satisfy the limited fund
rationale for a mandatory action. At the least, the
burden of justification rests on the proponent of
any departure from the traditional norm.

 [15] It is true, of course, that the text of Rule
23(b)(1)(B) is on its face open to a more lenient
limited fund concept, just as it covers more
historical antecedents than the limited *2313
fund. But the greater the leniency in departing
from the historical limited fund model, the
greater the likelihood of abuse in ways that will
be apparent when we apply the limited fund
criteria to the case before us. The prudent
course, therefore, is to presume that when
subdivision (b)(1)(B) was devised to cover
limited fund actions, the object was to stay close
to the historical model. As will be seen, this
limiting construction finds support in the
Advisory Committee's expressions of
understanding, minimizes potential conflict with
the Rules Enabling Act, and avoids serious
constitutional concerns raised by the mandatory
class resolution of individual legal claims,
especially where a case seeks to resolve future
liability in a settlement-only action.

 [16] To begin with, the Advisory Committee
looked cautiously at the potential for creativity
under Rule 23(b)(1)(B), at least in comparison
with Rule 23(b)(3). Although the committee



crafted all three subdivisions of the Rule in
general, practical terms, without the formalism
that had bedeviled the original Rule 23, see
Kaplan, Continuing Work 380-386, the
Committee was consciously retrospective with
intent to codify pre-Rule categories under Rule
23(b)(1), not forward-looking as it was in
anticipating innovations under Rule 23(b)(3).
Compare Civil Rules Advisory Committee
Meeting, Oct. 31-Nov. 2, 1963, Congressional
Information Service Records of the U.S. Judicial
Conference, Committee on Rules of Practice and
Procedure 1935-1988, CI 7104-53, p. 11
(hereinafter Civil Rules Meeting) (comments of
Reporter Prof. Benjamin Kaplan) (Rule 23(b)(3)
represents "the growing point of the law"); id., at
16 (comments of Committee Member Prof.
Albert M. Sacks) (Rule 23(b)(3) is "an evolving
area"). Thus, the Committee intended
subdivision (b)(1) to capture the " 'standard' "
class actions recognized in pre-Rule practice,
Kaplan, Continuing Work 394.

 [17] Consistent with its backward look under
subdivision (b)(1), as commentators have
pointed out, it is clear that the Advisory
Committee did not contemplate that the
mandatory class action codified in subdivision
(b)(1)(B) would be used to aggregate
unliquidated tort claims on a limited fund
rationale. See Monaghan, Antisuit Injunctions
and Preclusion Against Absent Nonresident
Class Members, 98 Colum. L.Rev. 1148, 1164
(1998) ("The 'framers' of Rule 23 did not
envision the expansive interpretations of the rule
that have emerged.... No draftsmen
contemplated that, in mass torts, (b)(1)(B)
'limited fund' classes would emerge as the
functional equivalent to bankruptcy by
embracing 'funds' created by the litigation
itself"); see also Schwarzer, Settlement of Mass
Tort Class Actions: Order Out of Chaos, 80
Cornell L.Rev. 837, 840 (1995) ("The original
concept of the limited fund class does not
readily fit the situation where a large volume of
claims might eventually result in judgments that
in the aggregate could exceed the assets
available to satisfy them"); Marcus, They Can't
Do That, Can They? Tort Reform Via Rule 23,
80 Cornell L.Rev. 858, 877 (1995). None of the
examples cited in the Advisory Committee

Notes or by Professor Kaplan in explaining Rule
23(b)(1)(B) remotely approach what was then
described as a "mass accident" case. While the
Advisory Committee focused much attention on
the amenability of Rule 23(b)(3) to such cases,
the Committee's debates are silent about
resolving tort claims under a mandatory limited
fund rationale under Rule 23(b)(1)(B). [FN20] It
is simply implausible that the Advisory
Committee, so concerned about the potential
difficulties posed by dealing *2314 with mass
tort cases under Rule 23(b)(3), with its
provisions for notice and the right to opt out, see
Rule 23(c)(2), would have uncritically assumed
that mandatory versions of such class actions,
lacking such protections, could be certified
under Rule 23(b)(1)(B). [FN21] We do not, it is
true, decide the ultimate question whether Rule
23(b)(1)(B) may ever be used to aggregate
individual tort claims, cf. Ticor Title Ins. Co. v.
Brown, 511 U.S. 117, 121, 114 S.Ct. 1359, 128
L.Ed.2d 33 (1994) (per curiam). But we do
recognize that the Committee would have
thought such an application of the Rule
surprising, and take this as a good reason to limit
any surprise by presuming that the Rule's
historical antecedents identify requirements.

FN20. To the extent that members of the
Advisory Committee explicitly
considered cases resembling the current
mass tort limited fund class action, they
did so in the context of the debate about
bringing "mass accident" class actions
under Rule 23(b)(3). There was much
concern on the Advisory Committee
about the degree to which subdivision
(b)(3), which the Committee was
drafting to replace the old spurious class
action  category, would be applied to
"mass accident" cases. Compare, e.g.,
Civil Rules Meeting 9, 14, with, e.g., id.,
at 13, 44-45. See also id., at 51. As a
compromise, the Advisory Committee
Notes state that a " 'mass accident'
resulting in injuries to numerous persons
is ordinarily not appropriate for a class
action because of the likelihood that
significant questions, not only of
damages but of liability and defenses of
liability, would be present, affecting the



individuals in different ways." Adv.
Comm. Notes 697. See also Kaplan,
Continuing Work 393.

FN21. The Advisory Committee noted,
moreover, that "[w]here the class- action
character of the lawsuit is based solely
on the existence of a 'limited fund,' the
judgment, while extending to all claims
of class members against the fund, has
ordinarily left unaffected the personal
claims of nonappearing members
against the debtor." Adv. Comm. Notes
698. Cf. Bone, Personal and Impersonal
Litigative Forms: Reconceiving the
History of Adjudicative Representation,
70 B.U.L.Rev. 213, 282 (1990)
(historically suits involving individual
claims in the absence of a common fund
did not automatically bind class
members, instead providing a
mechanism for notice and the
opportunity to join the suit). This
recognition underscores doubt that the
Advisory Committee would have
intended liberality in allowing such a
circumscribed tradition to be
transmogrified by operation of Rule
23(b)(1)(B) into a mechanism for
resolving the claims of individuals not
only against the fund, but also against an
individual tortfeasor.

 [18] The Rules Enabling Act underscores the
need for caution. As we said in Amchem, no
reading of the Rule can ignore the Act's mandate
that "rules of procedure 'shall not abridge,
enlarge or modify any substantive right,' "
Amchem, 521 U.S., at 613, 117 S.Ct. 2231
(quoting 28 U.S.C. § 2072(b)); cf. Guaranty
Trust Co. v. York, 326 U.S. 99, 105, 65 S.Ct.
1464, 89 L.Ed. 2079 (1945) ("In giving federal
courts 'cognizance' of equity suits in cases of
diversity jurisdiction, Congress never gave, nor
did the federal courts ever claim, the power to
deny substantive rights created by State law or
to create substantive rights denied by State
law"). Petitioners argue that the Act has been
violated here, asserting that the Global
Settlement Agreement's priorities of claims and
compromise of full recovery abrogated the state

law that must govern this diversity action under
28 U.S.C. § 1652. See Brief for Petitioners
31-36. Although we need not grapple with the
difficult choice-of- law and substantive state-law
questions raised by petitioners' assertion, we do
need to recognize the tension between the
limited fund class action's pro rata distribution in
equity and the rights of individual tort victims at
law. Even if we assume that some such tension
is acceptable under the Rules Enabling Act, it is
best kept within tolerable limits by keeping
limited fund practice under Rule 23(b)(1)(B)
close to the practice preceding its adoption.

 [19][20] Finally, if we needed further counsel
against adventurous application of Rule
23(b)(1)(B), the Rules Enabling Act and the
general doctrine of constitutional avoidance
would jointly sound a warning of the serious
constitutional concerns that come with any
attempt to aggregate individual tort claims on a
limited fund rationale. First, the certification of a
mandatory class followed by settlement of its
action for money damages obviously implicates
the Seventh Amendment jury trial rights of
absent class members. [FN22] We noted in Ross
v. Bernhard, 396 U.S. 531, 90 S.Ct. 733, 24
L.Ed.2d 729 (1970), that since the merger of law
and equity in 1938, it has become settled among
the lower courts that "class action plaintiffs may
obtain a jury trial on any legal issues they
present." Id., at 541, 90 S.Ct. 733. By its nature,
however, a mandatory settlement-only class
action with legal issues and future claimants
compromises their Seventh Amendment rights
without their consent.

FN22. The Seventh Amendment
provides: "In Suits at common law,
where the value in controversy shall
exceed twenty dollars, the right of trial
by jury shall be preserved...."

 [21][22] Second, and no less important,
mandatory class actions aggregating damage
claims implicate the due process "principle of
general application in Anglo-American
jurisprudence that one is not bound by a
judgment in personam in a litigation in which he
*2315 is not designated as a party or to which he
has not been made a party by service of



process," Hansberry v. Lee, 311 U.S. 32, 40, 61
S.Ct. 115, 85 L.Ed. 22 (1940), it being "our
'deep-rooted historic tradition that everyone
should have his own day in court,' " Martin v.
Wilks, 490 U.S. 755, 762, 109 S.Ct. 2180, 104
L.Ed.2d 835 (1989) (quoting 18 C. Wright, A.
Miller, & E. Cooper, Federal Practice and
Procedure § 4449, p. 417 (1981)); see Richards
v. Jefferson County, 517 U.S. 793, 798-799, 116
S.Ct. 1761, 135 L.Ed.2d 76 (1996). Although "
'[w]e have recognized an exception to the
general rule when, in certain limited
circumstances, a person, although not a party,
has his interests adequately represented by
someone with the same interests who is a party,'
" or "where a special remedial scheme exists
expressly foreclosing successive litigation by
nonlitigants, as for example in bankruptcy or
probate," Martin, supra, at 762, n. 2, 109 S.Ct.
2180 (citations omitted), the burden of
justification rests on the exception.

 The inherent tension between representative
suits and the day-in-court ideal is only magnified
if applied to damage claims gathered in a
mandatory class. Unlike Rule 23(b)(3) class
members, objectors to the collectivism of a
mandatory subdivision (b)(1)(B) action have no
inherent right to abstain. The legal rights of
absent class members (which in a class like this
one would include claimants who by definition
may be unidentifiable when the class is certified)
are resolved regardless either of their consent,
or, in a class with objectors, their express wish
to the contrary. [FN23] And in settlement-only
class actions the procedural protections built into
the Rule to protect the rights of absent class
members during litigation are never invoked in
an adversarial setting, see Amchem, supra, at
620, 117 S.Ct. 2231.

FN23. It is no answer in this case that
the settlement agreement provided for a
limited, back-end "opt out" in the form
of a right on the part of class members
eventually to take their case to court if
dissatisfied with the amount provided by
the trust. The "opt out" in this case
requires claimants to exhaust a variety
of alternative dispute mechanisms, to
bring suit against the trust, and not

against Fibreboard, and it limits
damages to $500,000, to be paid out in
installments over 5 to 10 years, see
supra, at 2305, despite
multimillion-dollar jury verdicts
sometimes reached in asbestos suits, In
re Asbestos Litigation, 90 F.3d 963,
1006, n. 30 (C.A.5 1996) (Smith, J.,
dissenting). Indeed, on approximately a
dozen occasions, Fibreboard had settled
for more than $500,000. See App. to
Pet. for Cert. 373a.

 In related circumstances, we raised the flag on
this issue of due process more than a decade ago
in Phillips Petroleum Co. v. Shutts, 472 U.S.
797, 105 S.Ct. 2965, 86 L.Ed.2d 628 (1985).
Shutts was a state class action for small sums of
interest on royalty payments suspended on the
authority of a federal regulation. Id., at 800, 105
S.Ct. 2965. After certification of the class, the
named plaintiffs notified each member by
first-class mail of the right to opt out of the
lawsuit. Out of a class of 33,000, some 3,400
exercised that right, and another 1,500 were
excluded because their notices could not be
delivered. Id., at 801, 105 S.Ct. 2965. After
losing at trial, the defendant, Phillips Petroleum,
argued that the state court had no jurisdiction
over claims of out-of-state plaintiffs without
their affirmative consent. We said no and held
that out-of-state plaintiffs could not invoke the
same due process limits on personal jurisdiction
that out-of-state defendants had under
International Shoe Co. v. Washington, 326 U.S.
310, 66 S.Ct. 154, 90 L.Ed. 95 (1945), and its
progeny. 472 U.S., at 806-808, 105 S.Ct. 2965.
But we also saw that before an absent class
member's right of action was extinguishable due
process required that the member "receive notice
plus an opportunity to be heard and participate
in the litigation," and we said that "at a
minimum ... an absent plaintiff [must] be
provided with an opportunity to remove himself
from the class." Id., at 812, 105 S.Ct. 2965.
[FN24]

FN24. We also reiterated the
constitutional requirement articulated in
Hansberry v. Lee, 311 U.S. 32, 61 S.Ct.
115, 85 L.Ed. 22 (1940), that "the



named plaintiff at all times adequately
represent the interests of the absent class
members." Phillips Petroleum Co. v.
Shutts, 472 U.S., at 812, 105 S.Ct. 2965
(citing Hansberry, supra, at 42-43, 45,
61 S.Ct. 115). In Shutts, as an important
caveat to our holding, we made clear
that we were only examining the
procedural protections attendant on
binding out-of-state class members
whose claims were "wholly or
predominately for money judgments,"
472 U.S., at 811, n. 3, 105 S.Ct. 2965.

 *2316 IV

 The record on which the District Court rested its
certification of the class for the purpose of the
global settlement did not support the essential
premises of mandatory limited fund actions. It
failed to demonstrate that the fund was limited
except by the agreement of the parties, and it
showed exclusions from the class and
allocations of assets at odds with the concept of
limited fund treatment and the structural
protections of Rule 23(a) explained in Amchem.

A

 [23][24][25] The defect of certification going to
the most characteristic feature of a limited fund
action was the uncritical adoption by both the
District Court and the Court of Appeals of
figures [FN25] agreed upon by the parties in
defining the limits of the fund and demonstrating
its inadequacy. [FN26] When a district court, as
here, certifies for class action settlement only,
the moment of certification requires
"heightene[d] attention," Amchem, 521 U.S., at
620, 117 S.Ct. 2231, to the justifications for
binding the class members. This is so because
certification of a mandatory settlement class,
however provisional technically, effectively
concludes the proceeding save for the final
fairness hearing. And, as we held in Amchem, a
fairness hearing under Rule 23(e) is no substitute
for rigorous adherence to those provisions of the
Rule "designed to protect absentees," ibid.,
among them subdivision (b)(1)(B). [FN27]
Thus, in an action such as this the settling parties
must present not only their agreement, but

evidence on which the district court may
ascertain the limit and the insufficiency of the
fund, with support in findings of fact following a
proceeding in which the evidence is subject to
challenge, see In re Bendectin Products Liability
Litigation, 749 F.2d 300, 306 (C.A.6 1984)
("[T]he district court, as a matter of law, must
have a fact-finding inquiry on this question and
allow the opponents of class certification to
present evidence that a limited fund does not
exist"); see also In re Temple, 851 F.2d 1269,
1272 (C.A.11 1988) ("Without a finding as to
the net worth of the defendant, it is difficult to
see how the fact of a limited fund could have
been established given that all of [the
defendant's] assets are potentially available to
suitors"); In re Dennis Greenman Securities
Litigation, 829 F.2d 1539, 1546 (C.A.11 1987)
(discussing factual findings necessary for
certification of a limited fund class action).

FN25. The plural reflects the fact that
the insurers agreed to provide $1.525
billion under the Global Settlement
Agreement and $2 billion under the
Trilateral Settlement Agreement.

FN26. The federal courts have differed
somewhat in articulating the standard to
evaluate whether, in fact, a fund is
limited, in cases involving mass torts.
Compare, e.g., In re Northern Dist. of
California, Dalkon Shield IUD Products
Liability Litigation, 693 F.2d 847, 852
(C.A.9 1982), cert. denied sub nom.
A.H. Robins Co., Inc. v. Abed et al., 459
U.S. 1171, 103 S.Ct. 817, 74 L.Ed.2d
1015 (1983) (class proponents must
demonstrate that allowing the
adjudication of individual claims will
inescapably compromise the claims of
absent class members), with, e.g., In re
"Agent Orange" Product Liability
Litigation, 100 F.R.D. 718, 726
(E.D.N.Y.1983), aff'd. 818 F.2d 145
(C.A.2 1987), cert. denied sub nom.
Fraticelli v. Dow Chemical Co., 484
U.S. 1004, 108 S.Ct. 695, 98 L.Ed.2d
648 (1988) (requiring only a "substantial
probability--that is less than a
preponderance but more than a mere



possibility--that if damages are awarded,
the claims of earlier litigants would
exhaust the defendants' assets"). Cf. In
re Bendectin Products Liability
Litigation, 749 F.2d 300, 306 (C.A.6
1984). Because under either
formulation, the class certification in
this case cannot stand, it would be
premature to decide the appropriate
standard at this time.

FN27. See Issacharoff, Class Action
Conflicts, 30 U.C.D.L.Rev. 805, 822
(1997) ("[I]n the context of a mandatory
settlement class, the individual class
member is presented with what purports
to be a binding fait accompli, with the
only recourse a likely futile objection at
the fairness hearing required by Rule
23(e)").

 We have already alluded to the difficulties
facing limited fund treatment of huge numbers
of actions for unliquidated damages arising from
mass torts, the first such hurdle being a
computation of the total claims. It is simply not
a matter of adding up the liquidated amounts, as
in the models of limited fund actions. Although
we might assume arguendo that prior judicial
experience with asbestos claims would allow a
court to make a sufficiently reliable
determination of the probable total, the District
Court here apparently thought otherwise,
concluding that *2317 "there is no way to
predict Fibreboard's future asbestos liability with
any certainty." 162 F.R.D., at 528. Nothing turns
on this conclusion, however, since there was no
adequate demonstration of the second element
required for limited fund treatment, the upper
limit of the fund itself, without which no
showing of insufficiency is possible.

 The "fund" in this case comprised both the
general assets of Fibreboard and the insurance
assets provided by the two policies, see 90 F.3d,
at 982 (describing fund as Fibreboard's entire
equity and $2 billion in insurance assets under
the Trilateral Settlement Agreement). As to
Fibreboard's assets exclusive of the contested
insurance, the District Court and the Fifth
Circuit concluded that Fibreboard had a

then-current sale value of $235 million that
could be devoted to the limited fund. While that
estimate may have been conservative, [FN28] at
least the District Court heard evidence and made
an independent finding at some point in the
proceedings. The same, however, cannot be said
for the value of the disputed insurance.

FN28. The District Court based the $235
million figure on evidence provided by
an investment banker regarding what a
"financially prudent buyer" would pay
to acquire Fibreboard free of its personal
injury asbestos liabilities, less
transaction costs. App. to Pet. for Cert.
377a, 492a. In 1997, however,
Fibreboard was acquired for about $515
million, plus $85 million of assumed
debt. See In re Asbestos Litigation, 134
F.3d 668,  674 (C.A.5 1998)
(Smith, J., dissenting); see also Coffee,
Class Wars: The Dilemma of the Mass
Tort Class Action, 95 Colum. L.Rev.
1343, 1402 (1995) (noting the surge in
Fibreboard's stock price following the
settlement below).

 The insurance assets would obviously be
"limited" in the traditional sense if the total of
demonstrable claims would render the insurers
insolvent, or if the policies provided aggregate
limits falling short of that total; calculation
might be difficult, but the way to demonstrate
the limit would be clear. Neither possibility is
presented in this case, however. Instead, any
limit of the insurance asset here had to be a
product of potentially unlimited policy coverage
discounted by the risk that Fibreboard would
ultimately lose the coverage dispute litigation.
This sense of limit as a value discounted by risk
is of course a step removed from the historical
model, but even on the assumption that it would
suffice for limited fund treatment, there was no
adequate finding of fact to support its
application here. Instead of undertaking an
independent evaluation of potential insurance
funds, the District Court (and, later, the Court of
Appeals), simply accepted the $2 billion
Trilateral Settlement Agreement figure as
representing the maximum amount the insurance
companies could be required to pay tort victims,



concluding that "[w]here insurance coverage is
disputed, it is appropriate to value the insurance
asset at a settlement value." See App. to Pet. for
Cert. 492a. [FN29]

FN29. In describing possible limited
funds in this case, the District Court
discounted the $2 billion Trilateral
Settlement Agreement figure by the
amount necessary to resolve present
claims included neither in the inventory
settlements nor the global class claims
and other items, yielding a figure equal
to the $1.535 billion available under the
Global Settlement Agreement. App. to
Pet. for Cert. 492a. The Court of
Appeals, by contrast, assumed that the
full $2 billion represented by the
Trilateral Settlement Agreement would
be available to class claims. In re
Asbestos Litigation, 90 F.3d 963, 982
(C.A.5 1996). The Court of Appeals
provided no explanation for using the
higher figure in light of the District
Court's conclusion that only $1.535
billion of the $2 billion Trilateral
Settlement Agreement figure would
actually be available to the class. Either
way, the figure represented only the
amount the insurance companies agreed
to pay, and not an independent
evaluation of the limits of their payment
obligations.

 Settlement value is not always acceptable,
however. One may take a settlement amount as
good evidence of the maximum available if one
can assume that parties of equal knowledge and
negotiating skill agreed upon the figure through
arms-length bargaining, unhindered by any
considerations tugging against the interests of
the parties ostensibly represented in the
negotiation. But no such assumption may be
indulged in this case, or probably in any class
action settlement with the potential for gigantic
fees. [FN30] In this case, certainly, any
assumption *2318 that plaintiffs' counsel could
be of a mind to do their simple best in
bargaining for the benefit of the settlement class
is patently at odds with the fact that at least
some of the same lawyers representing plaintiffs

and the class had also negotiated the separate
settlement of 45,000 pending claims, 90 F.3d, at
969-970, 971, the full payment of which was
contingent on a successful global settlement
agreement or the successful resolution of the
insurance coverage dispute (either by litigation
or by agreement, as eventually occurred in the
Trilateral Settlement Agreement), id., at 971, n.
3; App. 119a-120a. Class counsel thus had great
incentive to reach any agreement in the global
settlement negotiations that they thought might
survive a Rule 23(e) fairness hearing, rather than
the best possible arrangement for the
substantially unidentified global settlement
class. Cf. Cramton, Individualized Justice, Mass
Torts, and "Settlement Class Actions": An
Introduction, 80 Cornell L.Rev. 811, 832 (1995)
("[S]ide settlements suggest that class counsel
has been laboring under an impermissible
conflict of interest and that it may have preferred
the interests of current clients to those of the
future claimants in the settlement class"). The
resulting incentive to favor the known plaintiffs
in the earlier settlement was, indeed, an
egregious example of the conflict noted in
Amchem resulting from divergent interests of
the presently injured and future claimants. See
521 U.S, at 626-627, 117 S.Ct. 2231 (discussing
adequacy of named representatives under Rule
23(a)(4)).

FN30. In a strictly rational world,
plaintiffs' counsel would always press
for the limit of what the defense would
pay. But with an already enormous fee
within counsel's grasp, zeal for the client
may relax sooner than it would in a case
brought on behalf of one claimant.

 We do not, of course, know exactly what an
independent valuation of the limit of the
insurance assets would have shown. It might
have revealed that even on the assumption that
Fibreboard's coverage claim was sound, there
would be insufficient assets to pay claims,
considered with reference to their probable
timing; if Fibreboard's own assets would not
have been enough to pay the insurance shortfall
plus any claims in excess of policy limits, the
projected insolvency of the insurers and
Fibreboard would have indicated a truly limited



fund. (Nothing in the record, however, suggests
that this would have been a supportable finding.)
Or an independent valuation might have
revealed assets of insufficient value to pay all
projected claims if the assets were discounted by
the prospects that the insurers would win the
coverage cases. Or the Court's independent
valuation might have shown, discount or no
discount, the probability of enough assets to pay
all projected claims, precluding certification of
any mandatory class on a limited fund rationale.
Throughout this litigation the courts have
accepted the assumption that the third possibility
was out of the question, and they may have been
right. But objecting and unidentified class
members alike are entitled to have the issue
settled by specific evidentiary findings
independent of the agreement of defendants and
conflicted class counsel.

B

 [26] The explanation of need for independent
determination of the fund has necessarily
anticipated our application of the requirement of
equity among members of the class. There are
two issues, the inclusiveness of the class and the
fairness of distributions to those within it. On
each, this certification for settlement fell short.

 The definition of the class excludes myriad
claimants with causes of action, or foreseeable
causes of action, arising from exposure to
Fibreboard asbestos. While the class includes
those with present claims never filed, present
claims withdrawn without prejudice, and future
claimants, it fails to include those who had
previously settled with Fibreboard while
retaining the right to sue again "upon
development of an asbestos related malignancy,"
plaintiffs with claims pending against
Fibreboard at the time of the initial
announcement of the Global Settlement
Agreement, and the plaintiffs in the "inventory"
claims settled as a supposedly necessary step in
reaching the global settlement, see 90 F.3d, at
971. The number of those outside the class who
settled with a reservation of rights may be
uncertain, but there is no such uncertainty about
the significance of the settlement's exclusion of
the 45,000 inventory plaintiffs and the plaintiffs

in the unsettled present cases, estimated by the
Guardian Ad Litem at more than 53,000 as of
August 27, 1993, see App. in No.
95-40635(CA5), 6 Record, *2319 Tab 55, p. 72
(Report of the Guardian Ad Litem). It is a fair
question how far a natural class may be depleted
by prior dispositions of claims and still qualify
as a mandatory limited fund class, but there can
be no question that such a mandatory settlement
class will not qualify when in the very
negotiations aimed at a class settlement, class
counsel agree to exclude what could turn out to
be as much as a third of the claimants that
negotiators thought might eventually be
involved, a substantial number of whom class
counsel represent, see App. to Pet. for Cert. 321a
(noting that the parties negotiating the global
settlement agreed to use a negotiating
benchmark of 186,000 future claims against
Fibreboard).

 Might such class exclusions be forgiven if it
were shown that the class members with present
claims and the outsiders ended up with
comparable benefits? The question is academic
here. On the record before us, we cannot
speculate on how the unsettled claims would
fare if the Global Settlement were approved, or
under the Trilateral Settlement. As for the settled
inventory claims, their plaintiffs appeared to
have obtained better terms than the class
members. They received an immediate payment
of 50 percent of a settlement higher than the
historical average, and would get the remainder
if the global settlement were sustained (or the
coverage litigation resolved, as it turned out to
be by the Trilateral Settlement Agreement); the
class members, by contrast, would be assured of
a 3-year payout for claims settled, whereas the
unsettled faced a prospect of mediation followed
by arbitration as prior conditions of instituting
suit, which would even then be subject to a
recovery limit, a slower payout and the
limitations of the trust's spendthrift protection.
See supra, at 2309. Finally, as discussed below,
even ostensible parity between settling nonclass
plaintiffs and class members would be
insufficient to overcome the failure to provide
the structural protection of independent
representation as for subclasses with conflicting
interests.



 [27] On the second element of equity within the
class, the fairness of the distribution of the fund
among class members, the settlement
certification is likewise deficient. Fair treatment
in the older cases was characteristically assured
by straightforward pro rata distribution of the
limited fund. See supra, at 2321. While equity in
such a simple sense is unattainable in a
settlement covering present claims not
specifically proven and claims not even due to
arise, if at all, until some future time, at the least
such a settlement must seek equity by providing
for procedures to resolve the difficult issues of
treating such differently situated claimants with
fairness as among themselves.

 [28] First, it is obvious after Amchem that a
class divided between holders of present and
future claims (some of the latter involving no
physical injury and to claimants not yet born)
requires division into homogeneous subclasses
under Rule 23(c)(4)(B), with separate
representation to eliminate conflicting interests
of counsel. See Amchem, 521 U.S., at 627, 117
S.Ct. 2231 (class settlements must provide
"structural assurance of fair and adequate
representation for the diverse groups and
individuals affected"); cf. 5 J. Moore, T.
Chorvat, D. Feinberg, R. Marmer, & J. Solovy,
Moore's Federal Practice § 23.25[5][e], p.
23-149 (3d ed.1998) (an attorney who represents
another class against the same defendant may
not serve as class counsel). [FN31] As we said
in Amchem, "for the *2320 currently injured,
the critical goal is generous immediate
payments," but "[t]hat goal tugs against the
interest of exposure-only plaintiffs in ensuring
an ample, inflation- protected fund for the
future." Amchem, supra, at 626, 117 S.Ct. 2231.
No such procedure was employed here, and the
conflict was as contrary to the equitable
obligation entailed by the limited fund rationale
as it was to the requirements of structural
protection applicable to all class actions under
Rule 23(a)(4).

FN31. This adequacy of representation
concern parallels the enquiry required at
the threshold under Rule 23(a)(4), but as
we indicated in Amchem, the same

concerns that drive the threshold
findings under Rule 23(a) may also
influence the propriety of the
certification decision under the
subdivisions of Rule 23(b). See
Amchem, 521 U.S., at 623, n. 18, 117
S.Ct. 2231.
In Amchem, we concentrated on the
adequacy of named plaintiffs, but we
recognized that the adequacy of
representation enquiry is also concerned
with the "competency and conflicts of
class counsel." Id., at 626, n. 20, 117
S.Ct. 2231 (citing General Telephone
Co. of Southwest v. Falcon, 457 U.S.
147, 157, n. 13, 102 S.Ct. 2364, 72
L.Ed.2d 740 (1982)); see also 5 Moore's
Federal Practice § 23.25[3][a] (adequacy
of representation concerns named
plaintiff and class counsel). In this case,
of course, the named representatives
were not even "named [until] after the
agreement in principle was reached,"
App. to Pet. for Cert. 483a; and they
then relied on class counsel in
subsequent settlement negotiations, ibid.

 Second, the class included those exposed to
Fibreboard's asbestos products both before and
after 1959. The date is significant, for that year
saw the expiration of Fibreboard's insurance
policy with Continental, the one which provided
the bulk of the insurance funds for the
settlement. Pre-1959 claimants accordingly had
more valuable claims than post-1959 claimants,
see 90 F.3d, at 1012-1013 (SMITH, J.,
dissenting), the consequence being a second
instance of disparate interests within the
certified class. While at some point there must
be an end to reclassification with separate
counsel, these two instances of conflict are well
within the requirement of structural protection
recognized in Amchem.

 It is no answer to say, as the Fifth Circuit said
on remand, that these conflicts may be ignored
because the settlement makes no disparate
allocation of resources as between the
conflicting classes. See 134 F.3d, at 669-670.
The settlement decides that the claims of the
immediately injured deserve no provisions more



favorable than the more speculative claims of
those projected to have future injuries, and that
liability subject to indemnification is no
different from liability with no indemnification.
The very decision to treat them all the same is
itself an allocation decision with results almost
certainly different from the results that those
with immediate injuries or claims of indemnified
liability would have chosen.

 [29] Nor does it answer the settlement's failures
to provide structural protections in the service of
equity to argue that the certified class members'
common interest in securing contested insurance
funds for the payment of claims was so weighty
as to diminish the deficiencies beneath
recognition here. See Brief for Respondent Class
Representatives Ahearn, et al. 31 (discussing
this issue in the context of the Rule 23(a)(4)
adequacy of representation requirement); id., at
35-36 (citing, e.g., In re "Agent Orange" Product
Liability Litigation, 996 F.2d 1425, 1435-1436
(C.A.2 1993); In re "Agent Orange" Product
Liability Litigation, 800 F.2d 14, 18- 19 (C.A.2
1986)). This argument is simply a variation of
the position put forward by the proponents of the
settlement in Amchem, who tried to discount the
comparable failure in that case to provide
separate representatives for subclasses with
conflicting interests, see Brief for Petitioners in
Amchem Products, Inc. v. Windsor, O.T.1996,
No. 96-270, p. 48 (arguing that "achieving a
global settlement" was "an overriding concern
that all plaintiffs [held] in common"); see also
id., at 42 (arguing that the requirement of Rule
23(b)(3) that there be predominance of common
questions of law or fact had been met by shared
interest in "the fairness of the settlement"). The
current position is just as unavailing as its
predecessor in Amchem. There we gave the
argument no weight, see 521 U.S., at 625-628,
117 S.Ct. 2231, observing that "[t]he benefits
asbestos-exposed persons might gain from the
establishment of a grand-scale compensation
scheme is a matter fit for legislative
consideration," but the determination whether
"proposed classes are sufficiently cohesive to
warrant adjudication" must focus on "questions
that preexist any settlement," id., at 622-623,
117 S.Ct. 2231. [FN32] Here, just as in the
earlier case, the proponents of the settlement are

trying to rewrite Rule 23; each ignores the fact
that Rule 23 requires protections under
subdivisions (a) and (b) against inequity and
potential inequity at the pre-certification stage,
quite independently of the required
determination at postcertification fairness review
under subdivision (e) that any settlement is fair
in an overriding sense. A fairness hearing under
subdivision (e) can no more swallow the
preceding *2321 protective requirements of Rule
23 in a subdivision (b)(1)(B) action than in one
under subdivision (b)(3). [FN33]

FN32. We made this observation in the
context of Rule 23(b)(3)'s predominance
enquiry, see Amchem, 521 U.S., at
622-623, 117 S.Ct. 2231, and noted that
no " 'limited fund' capable of supporting
class treatment under Rule 23(b)(1)(B)"
was involved, id., at 623, n. 19, 117
S.Ct. 2231.

FN33. As a variation of the argument
that class members' common interest in
securing the insurance settlement
overrode any internal conflicts,
respondents put forth an alternative
rationale for sustaining the certification
in this case under Rule 23(b)(1)(B).
They assert that  "failure by the class to
file and maintain a class action to
resolve the coverage disputes on a
unitary basis--allowing class members
instead to prosecute their claims
separately--would have put class
members to the 'significant risk[s]' that
Fibreboard would lose its claimed
insurance as a result of the coverage
disputes," and that "any separate action
by any class member could have itself
resulted in an adjudication that the
insurers owed no coverage to
Fibreboard...." Brief for Respondents
Continental et al. 25 (quoting Rule
23(b)(1)(B)). Whatever its merits, this
rationale for certification is foreclosed
by the class conflicts, rehearsed above,
that tainted the negotiation of the global
settlement, and that at this point cannot
be undone. Thus, whether a mandatory
class could now be certified without the



excluded inventory plaintiffs (whose
settlements would appear to be final), or
with properly represented subclasses, is
an issue we need not address.

 C

 A third contested feature of this settlement
certification that departs markedly from the
limited fund antecedents is the ultimate
provision for a fund smaller than the assets
understood by the Court of Appeals to be
available for payment of the mandatory class
members' claims; most notably, Fibreboard was
allowed to retain virtually its entire net worth.
Given our treatment of the two preceding
deficiencies of the certification, there is of
course no need to decide whether this feature of
the agreement would alone be fatal to the Global
Settlement Agreement. To ignore it entirely,
however, would be so misleading that we have
decided simply to identify the issue it raises,
without purporting to resolve it at this time.

 [30] Fibreboard listed its supposed entire net
worth as a component of the total (and allegedly
inadequate) assets available for claimants, but
subsequently retained all but $500,000 of that
equity for itself. [FN34] On the face of it, the
arrangement seems irreconcilable with the
justification of necessity in denying any
opportunity for withdrawal of class members
whose jury trial rights will be compromised,
whose damages will be capped, and whose
payments will be delayed. With Fibreboard
retaining nearly all its net worth, it hardly
appears that such a regime is the best that can be
provided for class members. Given the nature of
a limited fund and the need to apply its criteria
at the certification stage, it is not enough for a
District Court to say that it "need not ensure that
a defendant designate a particular source of its
assets to satisfy the class' claims; [but only that]
the amount recovered by the class [be] fair." 162
F.R.D., at 527.

FN34. We need not decide here how
close to insolvency a limited fund
defendant must be brought as a
condition of class certification. While
there is no inherent conflict between a

limited fund class action under Rule
23(b)(1)(B) and the Bankruptcy Code,
cf., e.g., In re Drexel Burnham Lambert
Group, Inc., 960 F.2d 285, 292 (C.A.2
1992), it is worth noting that if limited
fund certification is allowed in a
situation where a company provides
only a de minimis contribution to the
ultimate settlement fund, the incentives
such a resolution would provide to
companies facing tort liability to
engineer settlements similar to the one
negotiated in this case would, in all
likelihood, significantly undermine the
protections for creditors built into the
Bankruptcy Code. We note further that
Congress in the Bankruptcy Reform Act
of 1994, Pub.L. 103-394 § 111(a),
amended the Bankruptcy Code to enable
a debtor in a Chapter 11 reorganization
in certain circumstances to establish a
trust toward which the debtor may
channel future asbestos-related liability,
see 11 U.S.C. §§ 524(g), (h).

 The District Court in this case seems to have
had a further point in mind, however. One great
advantage of class action treatment of mass tort
cases is the opportunity to save the enormous
transaction costs of piecemeal litigation, an
advantage to which the settlement's proponents
have referred in this case. [FN35] Although the
District Court made no *2322 specific finding
about the transaction cost saving likely from this
class settlement, estimating the amount in the
"hundreds of millions," id., at 529, it did
conclude that the amount would exceed
Fibreboard's net worth as the Court valued it,
ibid. (Fibreboard's net worth of $235 million "is
considerably less than the likely savings in
defense costs under the Global Settlement"). If a
settlement thus saves transaction costs that
would never have gone into a class member's
pocket in the absence of settlement, may a credit
for some of the savings be recognized in a
mandatory class action as an incentive to
settlement? It is at least a legitimate question,
which we leave for another day.

FN35. Some courts certifying limited
fund class actions have focused on the



advantages such suits have in reducing
transaction costs when compared to
piecemeal litigation. See, e.g., In re
Drexel Burnham Lambert Group, Inc.,
supra, at 292 (certifying mandatory class
in part because "some members of the
putative class might attempt to maintain
costly individual actions in the hope
and, perhaps, the belief that their claims
are more meritorious than the claims of
other class members," and thus
warranting mandatory class certification
"to prevent claimants with such
motivations from unfairly diminishing
the eventual recovery of other class
members"). Although the transaction
costs Fibreboard faced prior to
settlement were at times significant, see
Ahearn, 162 F.R.D., at 509; see also
App. to Pet. for Cert. 282a (Fibreboard's
annual asbestos litigation defense costs
ran, at times, as high as twice the total
face value of settlements
reached), given the exigencies of
Fibreboard's contingent insurance asset,
this case does not present an instance in
which limited fund certification can be
justified on the ground that such
settlement necessarily provided funds
equal to, or greater than, what might
have been recovered through individual
litigation factoring out transaction costs.

 V

 Our decision rests on a different basis from the
ground of Justice BREYER's dissent, just as
there was a difference in approach between
majority and dissenters in Amchem. The nub of
our position is that we are bound to follow Rule
23 as we understood it upon its adoption, and
that we are not free to alter it except through the
process prescribed by Congress in the Rules
Enabling Act. Although, as the dissent notes,
post, at 2331, the revised text adopted in 1966
was understood (somewhat cautiously) to
authorize the courts to provide for class
treatment of mass tort litigation, it was also the
Court's understanding that the Rule's growing
edge for that purpose would be the opt- out class
authorized by subdivision (b)(3), not the

mandatory class under subdivision (b)(1)(B), see
supra, at 2313. While we have not ruled out the
possibility under the present Rule of a
mandatory class to deal with mass tort litigation
on a limited fund rationale, we are not free to
dispense with the safeguards that have protected
mandatory class members under that theory
traditionally.

 Apart from its effect on the requirements of
subdivision (a) as explained and held binding in
Amchem, the dissent would move the standards
for mandatory actions in the direction of opt-out
class requirements by according weight to this
"unusual limited fund['s] ... witching hour," post,
at 2319, in exercising discretion over class
certification. It is on this belief (that we should
sustain the allowances made by the District
Court in consideration of the exigencies of this
settlement proceeding) that the dissent addresses
each of the criteria for limited fund treatment
(demonstrably insufficient fund, intraclass
equity, and dedication of the entire fund, see
post, at 2327-2332).

 As to the calculation of the fund, the dissent
believes an independent valuation by the District
Court may be dispensed with here in favor of the
figure agreed upon by the settling parties. The
dissent discounts the conflicts on the part of
class counsel who negotiated the Global
Settlement Agreement by arguing that the
"relevant " settlement negotiation, and hence the
relevant benchmark for judging the actual value
of the insurance amount, was the negotiation
between Fibreboard and the insurers that
produced the Trilateral Settlement Agreement.
See post, at ----. This argument, however,
minimizes two facts: (1) that Fibreboard and the
insurers made this separate, backup agreement
only at the insistence of class counsel as a
condition for reaching the Global Settlement
Agreement; (2) even more important, that "[t]he
Insurers were ... adamant that they would not
agree to pay any more in the context of a backup
agreement than in a global agreement," a
principle "Fibreboard acceded to" on the day the
Global Settlement Agreement was announced
"as the price of permitting an agreement to be
reached with respect to a global settlement,"
Ahearn, 162 F.R.D., at 516. Under these



circumstances the reliability of the Trilateral
Settlement Agreement's figure is inadequate as
an independent benchmark that might excuse the
*2323 want of any independent judicial
determination that the Global Settlement
Agreement's fund was the maximum possible. In
any event, the dissent says, it is not crucial
whether a $30 claim has to settle for $15 or $20.
But it is crucial. Conflict-free counsel, as
required by Rule 23(a) and Amchem, might
have negotiated a $20 figure, and a limited fund
rationale for mandatory class treatment of a
settlement-only action requires assurance that
claimants are receiving the maximum fund, not a
potentially significant fraction less.

 With respect to the requirement of intraclass
equity, the dissent argues that conflicts both
within this certified class and between the class
as certified and those excluded from it may be
mitigated because separate counsel were simply
not to be had in the short time that a settlement
agreement was possible before the argument (or
likely decision) in the coverage case. But this is
to say that when the clock is about to strike
midnight, a court considering class certification
may lower the structural requirements of Rule
23(a) as declared in Amchem, and the parallel
equity requirements necessary to justify
mandatory class treatment on a limited fund
theory.

 Finally, the dissent would excuse Fibreboard's
retention of virtually all its net worth, and the
loss to members of the certified class of some 13
percent of the fund putatively available to them,
on the ground that the settlement made more
money available than any other effort would
likely have done. But even if we could be certain
that this evaluation were true, this is to reargue
Amchem: the settlement's fairness under Rule
23(e) does not dispense with the requirements of
Rule 23(a) and (b).

 We believe that if an allowance for exigency
can make a substantial difference in the level of
Rule 23 scrutiny, the economic temptations at
work on counsel in class actions will guarantee
enough exigencies to take the law back before
Amchem and unsettle the line between
mandatory class actions under subdivision

(b)(1)(B) and opt-out actions under subdivision
(b)(3).

VI

 In sum, the applicability of Rule 23(b)(1)(B) to
a fund and plan purporting to liquidate actual
and potential tort claims is subject to question,
and its purported application in this case was in
any event improper. The Advisory Committee
did not envision mandatory class actions in cases
like this one, and both the Rules Enabling Act
and the policy of avoiding serious constitutional
issues counsel against leniency in recognizing
mandatory limited fund actions in circumstances
markedly different from the traditional
paradigm. Assuming arguendo that a mandatory,
limited fund rationale could under some
circumstances be applied to a settlement class of
tort claimants, it would be essential that the fund
be shown to be limited independently of the
agreement of the parties to the action, and
equally essential under Rule 23(a) and (b)(1)(B)
that the class include all those with claims
unsatisfied at the time of the settlement
negotiations, with intraclass conflicts addressed
by recognizing independently represented
subclasses. In this case, the limit of the fund was
determined by treating the settlement agreement
as dispositive, an error magnified by the
representation of class members by counsel also
representing excluded plaintiffs, whose
settlements would be funded fully upon
settlement of the class action on any terms that
could survive final fairness review. Those
separate settlements, together with other
exclusions from the claimant class, precluded
adequate structural protection by subclass
treatment, which was not even afforded to the
conflicting elements within the class as certified.

 The judgment of the Court of Appeals,
accordingly, is reversed, and the case is
remanded for further proceedings consistent
with this opinion.

 It is so ordered.

 Chief Justice REHNQUIST, with whom Justice
SCALIA and Justice KENNEDY join,
concurring.



 Justice BREYER's dissenting opinion highlights
in graphic detail the massive impact of
asbestos-related claims on the federal courts.
Post, at 2324-2325. Were I devising *2324 a
system for handling these claims on a clean
slate, I would agree entirely with that dissent,
which in turn approves the near-heroic efforts of
the District Court in this case to make the best of
a bad situation. Under the present regime,
transactional costs will surely consume more
and more of a relatively static amount of money
to pay these claims.

 But we are not free to devise an ideal system for
adjudicating these claims. Unless and until the
Federal Rules of Civil Procedure are revised, the
Court's opinion correctly states the existing law,
and I join it. But the "elephantine mass of
asbestos cases," ante, at 2302, cries out for a
legislative solution.

 Justice BREYER, with whom Justice
STEVENS joins, dissenting.

 This case involves a settlement of an estimated
186,000 potential future asbestos claims against
a single company, Fibreboard, for approximately
$1.535 billion. The District Court, in approving
the settlement, made 446 factual findings, on the
basis of which it concluded that the settlement
was equitable, that the potential claimants had
been well represented, and that the distinctions
drawn among different categories of claimants
were reasonable. 162 F.R.D. 505 (1995); App. to
Pet. for Cert. 248a-468a. The Court of Appeals,
dividing 2 to 1, held that the settlement was
lawful. 134 F.3d 668 (C.A.5 1998). I would not
set aside the Court of Appeals' judgment as the
majority does. Accordingly, I dissent.

I
A

 Four special background circumstances underlie
this settlement and help to explain the
reasonableness and consequent lawfulness of the
relevant District Court determinations. First, as
the majority points out, the settlement comprises
part of an "elephantine mass of asbestos cases,"
which "defies customary judicial

administration." Ante, at 2302. An estimated 13
to 21 million workers have been exposed to
asbestos. See Report of the Judicial Conference
Ad Hoc Committee on Asbestos Litigation 6-7
(Mar.1991) (hereinafter Judicial Conference
Report). Eight years ago the Judicial Conference
spoke of the mass of related cases having
"reached critical dimensions," threatening "a
disaster of major proportions." Id., at 2. In the
Eastern District of Texas, for example, one out
of every three civil cases filed in 1990 was an
asbestos case. See id., at 8. In the past decade
nearly 80,000 new federal asbestos cases have
been filed; more than 10,000 new federal
asbestos cases were filed last year. See U.S.
District Courts Civil Cases Commenced by
Nature of Suit, Administrative Office of the
Courts Statistics (Table C2-A) (Dec. 31,
1994-1998) (hereinafter AO Statistics).

 The Judicial Conference found that asbestos
cases on average take almost twice as long as
other lawsuits to resolve. See Judicial
Conference Report 10-11. Judge Parker, the
experienced trial judge who approved this
settlement, noted in one 3,000-member asbestos
class action over which he presided that 448 of
the original class members had died while the
litigation was pending. Cimino v. Raymark
Industries, Inc., 751 F.Supp. 649, 651
(E.D.Tex.1990). And yet, Judge Parker went on
to state, if the district court could close "thirty
cases a month, it would [still] take six and
one-half years to try these cases and [due to new
filings] there would be pending over 5,000
untouched cases" at the end of that time. Id., at
652. His subsequent efforts to accelerate final
decision or settlement through the use of sample
cases produced a highly complex trial (133 trial
days, more than 500 witnesses, half a million
pages of documents) that eventually closed only
about 160 cases because efforts to extrapolate
from the sample proved fruitless. See Cimino v.
Raymark Industries, Inc., 151 F.3d 297, 335
(C.A.5 1998). The consequence is not only delay
but also attorney's fees and other "transaction
costs" that are unusually high, to the point
where, of each dollar that asbestos defendants
pay, those costs consume an estimated 61 cents,
with only 39 cents going to victims. See Judicial
Conference Report 13.



 *2325 Second, an individual asbestos case is a
tort case, of a kind that courts, not legislatures,
ordinarily will resolve. It is the number of these
cases, not their nature, that creates the special
judicial problem. The judiciary cannot treat the
problem as entirely one of legislative failure, as
if it were caused, say, by a poorly drafted
statute. Thus, when "calls for national
legislation" go unanswered, ante, at 2302, judges
can and should search aggressively for ways,
within the framework of existing law, to avoid
delay and expense so great as to bring about a
massive denial of justice.

 Third, in that search the district courts may take
advantage of experience that appellate courts do
not have. Judge Parker, for example, has written
of "a disparity of appreciation for the magnitude
of the problem," growing out of the difference
between the trial courts' "daily involvement with
asbestos litigation" and the appellate courts'
"limited" exposure to such litigation in
infrequent appeals. Cimino, 751 F.Supp., at 651.

 Fourth, the alternative to class-action settlement
is not a fair opportunity for each potential
plaintiff to have his or her own day in court.
Unusually high litigation costs, unusually long
delays, and limitations upon the total amount of
resources available for payment, together mean
that most potential plaintiffs may not have a
realistic alternative. And Federal Rule of Civil
Procedure 23 was designed to address situations
in which the historical model of individual
actions would not, for practical reasons, work.
See generally Advisory Committee's Notes on
Fed. Rule Civ. Proc. 23, 28 U.S.C.App., p. 696
(discussing, in relation to Rule 23(b)(1)(B),
instances in which individual judgments, "while
not technically concluding the other members,
might do so as a practical matter").

 For these reasons, I cannot easily find a legal
answer to the problems this case raises by
referring, as does the majority, to "our
'deep-rooted historic tradition that everyone
should have his own day in court.' " Ante, at
2315 (citation omitted). Instead, in these
circumstances, I believe our Court should allow
a district court full authority to exercise every bit

of discretionary power that the law provides. See
generally Califano v. Yamasaki, 442 U.S. 682,
703, 99 S.Ct. 2545, 61 L.Ed.2d 176 (1979)
("[M]ost issues arising under Rule 23 ... [are]
committed in the first instance to the discretion
of the district court"); Reiter v. Sonotone Corp.,
442 U.S. 330, 345, 99 S.Ct. 2326, 60 L.Ed.2d
931 (1979) (district courts have "broad power
and discretion ... with respect to matters
involving the certification" of class actions).
And, in doing so, the Court should prove
extremely reluctant to overturn a fact-specific or
circumstance-specific exercise of that discretion,
where a court of appeals has found it lawful. Cf.
Universal Camera Corp. v. NLRB, 340 U.S.
474, 490-491, 71 S.Ct. 456, 95 L.Ed. 456 (1951)
(Supreme Court will rarely overturn appellate
court review of agency fact-finding). This
cautionary principle of review leads me to an
ultimate conclusion different from that of the
majority.

B

 The case before us involves a class of
individuals (and their families) exposed to
asbestos manufactured by Fibreboard who, for
the most part, had not yet sued or settled with
Fibreboard as of August 1993. The negotiating
parties estimated that Fibreboard faced
approximately 186,000 of these future claims.
See App. to Pet. for Cert. 321a; cf. AO
Statistics, Table C2-A (total number of all civil
cases filed in federal district courts in 1998 was
252,994). Although the District Court was
unable to give a precise figure, see App. to Pet.
for Cert. 356a-357a, there is no doubt that a
realistic assessment of the value of these claims
far exceeds Fibreboard's total net worth.

 But, as of 1993, one potentially short-lived
additional asset promised potential claimants a
greater recovery. That asset consisted of two
insurance policies, one issued by Continental
Casualty, the other by Pacific Indemnity. If the
policies were valid (i.e., if they covered most of
the relevant claims), they were worth several
billion dollars; but if they were invalid, this asset
was worth nothing. At that time, a separate case
brought by Fibreboard against the insurance
companies in California state court seemed



likely to *2326 resolve the value of the policies
in the near future. That separate litigation had a
settlement value for the insurance companies. At
the time the parties were negotiating, prior to the
California court's decision, the insurance
policies were worth, as the majority puts it, the
value of "unlimited policy coverage" (i.e.,
perhaps the insurance companies' entire net
worth) "discounted by the risk that Fibreboard
would ultimately lose the coverage dispute
litigation." Ante, at 2317.

 The insurance companies offered to settle with
both Fibreboard and those persons with claims
against Fibreboard (who might have tried to sue
the insurance companies directly). The
settlement negotiations came to a head in August
1993, just as a California state appeals court was
poised to decide the validity of the insurance
policies. This fact meant speed was important,
for the California court could well decide that
the policies were worth nothing. It also meant
that it was important to certify a non opt-out
class of Fibreboard plaintiffs. If the class that
entered into the settlement were an opt-out class,
then members of that class could wait to see
what the California court did. If the California
court found the policies valid (hence worth
many billions of dollars), they would opt out of
the class and sue for everything they could get;
if the California court found the policies invalid
(and worth nothing), they would stick with the
settlement. The insurance companies would gain
little from that kind of settlement, and they
would not agree to it. See In re Asbestos
Litigation, 90 F.3d 963, 970 (C.A.5 1996).

 After eight days of hearings, the District Court
found that the insurance policies plus
Fibreboard's net worth amounted to a "limited
fund," valued at $1.77 billion (the amount the
insurance companies were willing to contribute
to the settlement plus Fibreboard's value). See
App. to Pet. for Cert. 492a. The court entered
detailed factual findings. See generally 162
F.R.D., at 518- 519. It certified a "non opt-out"
class. And the court approved the parties' Global
Settlement Agreement. The Global Settlement
Agreement allows those exposed to asbestos
(and their families) to assert their Fibreboard
claims against a fund that it creates. It does not

limit recoveries for particular types of claims,
but allows for individual determinations of
damages based on all historically relevant
individual factors and circumstances. See 90
F.3d, at 976. It contains spendthrift provisions
designed to limit the total payouts for any
particular year, and a requirement that the
claimants with the most serious injuries be paid
first in any year in which there is a shortfall. It
also permits an individual who wishes to retain
his right to bring an ordinary action in court to
opt out of the arrangement (albeit after
mediation and nonbinding arbitration), but sets a
ceiling of $500,000 upon the recovery obtained
by any person who does so. See generally 162
F.R.D., at 518-519.

 The question here is whether the court's
certification of the class under Rule 23(b)(1)(B)
violates the law. The majority seems to limit its
holding (though not its discussion) to that
question, and so I limit the focus of my dissent
to the Rule 23(b)(1)(B) issues as well.

II

 The District Court certified a class consisting
primarily of individuals (and their families) who
had been exposed to Fibreboard's asbestos but
who had not yet made claims. See ante, at 2305,
and n. 5. It did so under the authority of Federal
Rule of Civil Procedure 23(b)(1)(B), which, by
analogy to pre-Rules "limited fund" cases,
permits certification of a non opt-out class where

"the prosecution of separate actions by or
against individual members of the class would
create a risk of ... adjudications with respect to
individual members of the class which would
as a practical matter be dispositive of the
interests of the other members not parties to
the adjudications or substantially impair or
impede their ability to protect their interests."

 The majority thinks this class could not be
certified under Rule 23(b)(1)(B). I, on the
contrary, think it could.

 The case falls within the Rule's language as
long as there was a significant "risk" that the
total assets available to satisfy the claims of the
class members would fall well below *2327 the
likely total value of those claims, for in such



circumstances the money would go to those
claimants who brought their actions first,
thereby "substantially impair[ing]" the "ability"
of later claimants "to protect their interests."
And the District Court found there was indeed
such a "risk." 162 F.R.D., at 526.

 Conceptually speaking, that "risk" was no
different from the risk inherent in a classic
pre-Rules "limited fund" case. Suppose a broker
agrees to invest the funds of 10 individuals who
each give the broker $100. The broker misuses
the money, and the customers sue. (1) Suppose
their claims total $1,000, but the broker's total
assets amount to $100. (2) Suppose the same
broker has no assets left, but he does have an
insurance policy worth $100. (3) Suppose the
broker has both $100 in assets and a $100
insurance policy.

 The first two cases are classic limited fund
cases. See ante, at 2309 (citing, e.g., Dickinson
v. Burnham, 197 F.2d 973 (C.A.2 1952), cert.
denied, 344 U.S. 875, 73 S.Ct. 169, 97 L.Ed.
678 (1952), an investors' suit for the return of
misused funds); ante, at 2310 (citing, e.g.,
Morrison v. Warren, 174 Misc. 233, 234, 20
N.Y.S.2d 26, 27 (1940), a suit to distribute
insurance proceeds to third party beneficiaries).
The third case simply combines the first two,
and that third case is the case before us.

 Of course the value of the insurance policies in
our case is not as precise as the $100 in my
example, nor was it certain at the time of
settlement. But that uncertainty makes no
difference. It was certain that the insurance
policies' value was limited. And that limitation
was created by the likelihood of an independent
judicial determination of the meaning of words
in the policy, in respect to which the merits or
value of the underlying tort claims against
Fibreboard were beside the point.

 Nor does it matter that the value of the
insurance policies in our case might have
fluctuated over time. Long before the Federal
Rules of Civil Procedure, courts permitted
actions by one group of insurance policy holders
to bind all policy holders, even where the group
proceeded against an insurance-

company-administered fund that fluctuated over
time. SeeHartford Life Ins. Co. v. Ibs, 237 U.S.
662, 672, 35 S.Ct. 692, 59 L.Ed. 1165 (1915)
(life insurance fund which, like the fund before
us, was administered through court- ordered
rules that bound all policy holders).

 Neither does it matter that the insurance policies
might be worth much more money if the
California court decided the coverage dispute in
Fibreboard's favor. A trust worth, say, $1 million
(faced with $2 million in claims) is a limited
fund, despite the possibility that a company
whose stock it holds might strike oil and send
the value of the trust skyrocketing. Limitation is
a matter of present value, which takes
appropriate account of such future possibilities.

 I need not pursue the conceptual matter further,
however, for the majority apparently concedes
the conceptual point that a fund's limit may
equal its "value discounted by risk." Ante, at
2317. But the majority sets forth three additional
conditions, which it says are "sufficient ... to
justify binding absent members of a class under
Rule 23(b)(1)(B), from which no one has the
right to secede." Ante, at 2311. Those three
conditions are:

Condition One: That "the totals of the
aggregated liquidated claims and the fund
available for satisfying them, set definitely at
their maximum, demonstrate the inadequacy
of the fund to pay all the claims." Ibid.; Part
IV-A, ante.
Condition Two: That "the claimants identified
by a common theory of recovery were treated
equitably among themselves." Ante, at 2311;
Part IV-B, ante.
Condition Three: That "the whole of the
inadequate fund was to be devoted to the
overwhelming claims." Ante, at 2311; Part
IV-C, ante.

 I shall discuss each condition in turn.

A

 In my view, the first condition is substantially
satisfied. No one doubts that the "totals of the
aggregated" claims well exceed the value of the
assets in the "fund available *2328 for satisfying
them," at least if the fund totaled about what the



District Court said it did, namely, $1.77 billion
at most. The District Court said that the limited
fund equaled in value "the sum of the value of
Fibreboard plus the value of its insurance
coverage," or $235 million plus $1.535 billion.
App. to Pet. for Cert. 492a. The Court of
Appeals upheld the finding. 90 F.3d, at 982. And
the finding is adequately supported.

 The District Court found that the insurance
policies were not worth substantially more than
$1.535 billion in part because there was a
"significant risk" that the insurance policies
would soon turn out to be worth nothing at all.
162 F.R.D., at 526. The court wrote that
"Fibreboard might lose" its coverage, i.e., that it
might lose "on one or more issues in the
[California] Coverage Case, or that Fibreboard
might lose its insurance coverage as a result of
its assignment settlement program." Ibid.

 Two California insurance law experts, a Yale
professor and a former state court of appeals
judge, testified that there was a good chance that
Fibreboard would lose all or a significant part of
its insurance coverage once the California
appellate courts decided the matter. 90 F.3d, at
974. And that conclusion is not surprising. The
Continental policy (for which Fibreboard had
paid $10,000 per year) carried limits of
$500,000 "per-person" and $1 million
"per-occurrence," had been in effect only
between May 1957 and March 1959, and
arguably denied Fibreboard the right to settle
tort cases as it had been doing. See App. to Pet.
for Cert. 267a. The Pacific policy was said (no
one could find a copy) to carry a $500,000
per-claim limit, and had been in effect only for
one year, from 1956-57. See ibid. To win
significantly in respect to either of the two
policies, Fibreboard had to show that the
policies fully covered a person exposed to
asbestos long before the policy year (say, in
1948) even if the disease did not appear until
much later (say, in 2002). It also had to explain
away the $1 million per occurrence limit in the
Continental policy, despite policy language
defining "one occurrence" as " '[a]ll ... exposure
to substantially the same general conditions
existing at or emanating from each premises
location.' " Brief for Respondents Continental

Casualty et al. 5. And Fibreboard had to show
that its tort-suit settlement practice was
consistent with the policy.

 The settlement value of previous cases also
indicated that the insurance policies were of
limited value. Fibreboard's "no-cash" settlements
(which required a settling plaintiff to obtain
recovery from the insurance companies) were
twice as high on average as were its comparable
40% cash settlements. App. to Pet. for Cert.
231a. That difference, suggesting a 50%
discount for 40% cash, in turn suggests that
settling parties estimated the odds of recovering
on the insurance policies as worse than 2 to 1
against.

 The District Court arrived at the present value
of the policies ($1.535 billion) by looking to a
different settlement, the settlement arrived at in
the insurance coverage case itself as a result of
bargaining between Fibreboard and the
insurance companies. See id., at 492a. That
settlement, embodied in the Trilateral
Agreement, created a backup fund by taking
from the insurance companies $1.535 billion
(plus other money used to satisfy claims not here
at issue) and simply setting it aside to use for the
payment of claims brought against Fibreboard in
the ordinary course by members of this class (in
the event that the federal courts ultimately failed
to approve the Global Settlement Agreement).

 The Fifth Circuit approved this method of
determining the value of the insurance
policies. See 90 F.3d, at 982 (discussing value
of Trilateral Agreement plus value of
Fibreboard). And the majority itself sees
nothing wrong with that method in principle.
The majority concedes that one  "may
take a settlement amount as good evidence of
the maximum available if one can assume that
parties of equal knowledge and negotiating
skill agreed upon the figure through
arms-length bargaining, unhindered by any
considerations tugging against the interests of
the parties ostensibly represented in the
negotiation." Ante, at 2317.

 The majority rejects the District Court's
valuation for a different reason. It says that the



settlement negotiation that led to the *2329
valuation was not necessarily a fair one. The
majority says it cannot make the necessary
"arms-length bargaining" assumption because
"[c]lass counsel " had a "great incentive to reach
any agreement" in light of the fact that "some of
the same lawyers ... had also negotiated the
separate settlement of 45,000" pending cases,
which was partially contingent upon a global
settlement or other favorable resolution of the
insurance dispute. Id., at 2317-2318 (emphasis
added).

 The District Court and Court of Appeals,
however, did accept the relevant "arms-length"
assumption, with good reason. The relevant
bargaining (i.e., the bargaining that led to the
Trilateral Agreement that set the policies' value)
was not between the plaintiffs' class counsel and
the insurance companies; it was between
Fibreboardand the insurance companies. And
there is no reason to believe that that bargaining,
engaged in to settle the California coverage
dispute, was not "arms-length." That bargaining
did not lead to a settlement that would release
Fibreboard from potential tort liability. Rather, it
led to a potential backup settlement that did not
release Fibreboard from anything. It created a
fund of insurance money, which, once
exhausted, would have left Fibreboard totally
exposed to tort claims. Consequently,
Fibreboard had every incentive to squeeze as
much money as possible out of the insurance
companies, thereby creating as large a fund as
possible in order to diminish the likelihood that
it would eventually have to rely upon its own net
worth to satisfy future asbestos plaintiffs.

 Nor are petitioners correct when they argue that
the insurance companies' participation in setting
the value of the insurance policies created a fund
that is limited "only in the sense that ... every
settlement is limited." Brief for Petitioners 28.
As the District Court found, the fund was limited
by the value of the insurance policies (along
with Fibreboard's own limited net worth), and
that limitation arose out of the independent
likelihood that the California courts would find
the policies valueless. App. to Pet. for Cert.
492a. That is why the District Court said that

certification in this case does not determine
whether

"mandatory class certification is appropriate in
the typical case where a class action is settled
with a defendant's own funds, or with
insurance funds that are not the subject of
genuine and vigorous dispute." 162 F.R.D., at
527.

 The court added that, in the ordinary case: "If
the settlement failed, ... the defendant would
retain the settlement funds (or the insurance
coverage), and there might not be the
'impair[ment]' to class members' 'ability to
protect their interests' required for mandatory
class certification." Ibid. In this case, however, if
settlement failed, coverage "may well disappear
... with the result that Class members could not
then secure their due through litigation." Ibid.

 I recognize that one could reasonably argue
about whether the total value of the insurance
policies (plus the value of Fibreboard) is $1.535
billion, $1.77 billion, $2.2 billion, or some other
roughly similar number. But that kind of
argument, in this case, is like arguing about
whether a trust fund, facing $30,000 in claims, is
worth $15,000 or $20,000 (e.g., do we count
Aunt Agatha's share as part of the fund?), or
whether a ship, subject to claims that, by any
count, exceed its value, is worth a little more or
a little less (e.g., does the coal in the hold count
as fuel, which is part of the ship's value, or as
cargo, which is not?). A perfect valuation,
requiring lengthy study by independent experts,
is not feasible in the context of such an unusual
limited fund, one that comes accompanied with
its own witching hour. Within weeks after the
parties' settlement agreement, the insurance
policies might well have disappeared, leaving
most potential plaintiffs withlittle more than
empty claims. The ship was about to sink, the
trust fund to evaporate; time was important.
Under these circumstances, I would accept the
valuation findings made by the District Court
and affirmed by the Court of Appeals as legally
sufficient. See supra, at 2325.

B

 I similarly believe that the second condition is
satisfied. The "claimants ... were treated



equitably among themselves." Ante, *2330 at
2311. The District Court found equitable
treatment, and the Court of Appeals affirmed.
But a majority of this Court now finds
significant inequities arising out of class
counsel's "egregious" conflict of interest, the
settlement's substantive terms, and the District
Court's failure to create subclasses. See ante, at
2318-2320. But nothing I can find in the Court's
opinion, nor in the objectors' briefs, convinces
me that the District Court's findings on these
matters were clearly erroneous, or that the Court
of Appeals went seriously astray in affirming
them.

 The District Court made 76 separate findings of
fact, for example, in respect to potential conflicts
of interest. App. to Pet. for Cert. 392a-430a. Of
course, class counsel consisted of individual
attorneys who represented other asbestos
claimants, including many other Fibreboard
claimants outside the certified class. Since
Fibreboard had been settling cases contingent
upon resolution of the insurance dispute for
several years, any attorney who had been
involved in previous litigation against
Fibreboard was likely to suffer from a similar
"conflict." So whom should the District Court
have appointed to negotiate a settlement that had
to be reached soon, if ever? Should it have
appointed attorneys unfamiliar with Fibreboard
and the history of its asbestos litigation? Where
was the District Court to find those competent,
knowledgeable, conflict-free attorneys? The
District Court said they did not exist. Finding of
Fact ¶ 372 says there is "no credible evidence of
the existence of other 'conflict-free' counsel who
were qualified to negotiate" a settlement within
the necessary time. Id., at 428a. Finding of Fact
¶ 317 adds that the District Court viewed it as
"crucial ... to appoint asbestos attorneys who
were experienced, knowledgeable, skilled and
credible in view of the extremely short window
of opportunity to negotiate a global settlement,
and the very high risk to future claimants
presented by the Coverage Case appeal." Id., at
401a. Where is the clear error?

 The majority emphasizes the fact that, by
settling the claims of a class that consisted, for
the most part, of persons who had not yet

asserted claims against Fibreboard, counsel
assured the availability of funds to pay other
clients who had already asserted those claims.
Ante, at 2318. The decision to split the latter
"inventory" claims from the former "class"
claims, however, reflected the suggestion, not of
class counsel, but of a judge, Circuit Judge
Patrick Higginbotham, who had become
involved in efforts to produce a timely
settlement. Judge Higginbotham thought that
negotiations had broken down because the
combined class was "too complex." App. to Pet.
for Cert. 316a-317a; see also id., at 397a. He
thought "inventory" claim settlements could be
used as benchmarks to determine future class
claim values, id., at 316a-317a, and that is just
what happened. Although the majority is
concerned that "inventory" plaintiffs "appeared
to have obtained better terms than the class
members," ante, at 2319, Finding of Fact ¶ 329
says that class counsel

"used the higher-than-average [inventory
plaintiff settlement values] ... to achieve a
global settlement for future claimants at
similarly high values, effectively arguing they
could not possibly accept less for a class of
future claimants than they had just negotiated
for their present clients." App. to Pet. for Cert.
407a.

 In addition, more than 150 findings of fact,
made after an 8-day hearing, support the District
Court's finding that overall the settlement is
"fair, adequate, and reasonable." See id., at
500a-501a. And, of course, Finding of Fact ¶
318 says that appointing other attorneys--i.e.,
those who had no inventory clients--would have
" 'jeopardiz[ed] any effort at serious
negotiations' " and "resulted in a less favorable
settlement" for the class, or perhaps no
settlement followed by no insurance policy
either. Id., at 402a.

 The Fifth Circuit found that "[t]he record amply
supports" these District Court findings. 90 F.3d,
at 978. Does the majority mean to set them
aside? If not, does it mean to set forth a rigid
principle of law, such as the principle that
asbestos lawyers with clients outside a class,
who will potentially benefit from a class
settlement, can never represent a class in
settlement negotiations? And does that principle



apply no matter how unusual the circumstances,
or no matter how necessary that representation
might be? *2331 Why should there be such a
rule of law? If there is not an absolute rule,
however, I do not see how this Court can hold
that the case before us is not that unusual
situation.

 Consider next the claim that "equity" required
more subclasses. Ante, at 2319-2320. To
determine the "right" number of subclasses, a
district court must weigh the advantages and
disadvantages of bringing more lawyers into the
case. The majority concedes as much when it
says "at some point there must be an end to
reclassification with separate counsel." Ante, at
2320. The District Court said that if there had
"been as many separate attorneys" as the
objectors wanted, "there is a significant
possibility that a global settlement would not
have been reached before the Coverage Case
was resolved by the California Court of Appeal."
App. to Pet. for Cert. 428a. Finding of Fact & ¶
346 lists the shared common interests among
subclasses that argue for single representation,
including "avoiding the potentially disastrous
results of a loss ... in the Coverage Case,"
"maximizing the total settlement contribution,"
"reducing transactions costs and delays,"
"minimizing ... attorney's fees," and "adopting"
equitable claims payment "procedures." Id., at
415a. Surely the District Court was within its
discretion to conclude that "the point" to which
the majority alludes was reached in this case.

 I need not go into further detail here. Findings
of Fact ¶¶ 347-354 explain why the alleged
conflict between pre- and post-1959 claimants is
not significant. Id., at 415a-418a (noting that
"the decision as to how to divide the settlement
among class members" did not take place until
after the Trilateral Agreement was agreed to, at
which point money was available equally to both
pre- and post-1959 claimants). Findings of Fact
¶¶ 355-363 explain why the alleged conflict
between claimants with, and those without,
current illnesses is not significant. Id., at
419a-422a (explaining why "the interest of the
two subgroups at issue here coincide to a far
greater extent than they diverge"). The Fifth
Circuit found that the District Court "did not

abuse its discretion in finding that the class was
adequately represented and that subclasses were
not required." 90 F.3d, at 982. This Court should
not overturn these highly circumstance-specific
judgments.

C

 The majority's third condition raises a more
difficult question. It says that the "whole of the
inadequate fund" must be "devoted to the
overwhelming claims." Ante, at 2311 (emphasis
added). Fibreboard's own assets, in theory, were
available to pay tort claims, yet they were not
included in the global settlement fund. Is that
fact fatal?

 I find the answer to this question in the
majority's own explanation. It says that the third
condition helps to guarantee that those who held
the

"inadequate assets had no opportunity to
benefit [themselves] or claimants of lower
priority by holding back on the amount
distributed to the class. The limited fund cases
thus ensured that the class as a whole was
given the best deal; they did not give a
defendant a better deal than seriatim litigation
would have produced." Ante, at 2311.

 That explanation suggests to me that Rule
23(b)(1)(B) permits a slight relaxation of this
absolute requirement, where its basic purpose is
met, i.e., where there is no doubt that "the class
as a whole was given the best deal," and where
there is good reason for allowing the third
condition's substantial, rather than its literal,
satisfaction.

 Rule 23 itself does not require modern courts to
trace every contour of ancient case law with
literal exactness. Benjamin Kaplan, reporter to
the Advisory Committee on Civil Rules that
drafted the 1966 revisions, upon whom the
majority properly relies for explanation, see,
e.g., ante, at 2308, 2313, wrote of Rule 23:

"The reform of Rule 23 was intended to shake
the law of class actions free of abstract
categories ... and to rebuild the law on
functional lines responsive to those recurrent
life patterns which call for mass litigation
through representative parties. ... And whereas



the old Rule had paid virtually no attention to
the practical administration of class actions,
the revised Rule dwelt long on this
matter--not, to be *2332 sure, by prescribing
detailed procedures, but by confirming the
courts' broad powers and inviting judicial
initiative." A Prefatory Note, 10 B.C. Ind. &
Com. L.Rev. 497 (1969).

 The majority itself recognizes the possibility of
providing incentives to enter into settlements
that reduce costs by granting a "credit" for cost
savings by relaxing the whole-of-the-assets
requirement, at least where most of the savings
would go to the claimants. Ante, at 2322.

 There is no doubt in this case that the settlement
made far more money available to satisfy
asbestos claims than was likely to occur in its
absence. And the District Court found that
administering the fund would involve
transaction costs of only 15%. App. to Pet. for
Cert. 362a. A comparison of that 15% figure
with the 61% transaction costs figure applicable
to asbestos cases in general suggests hundreds of
millions of dollars in savings--an amount greater
than Fibreboard's net worth. And, of course, not
only is it better for the injured plaintiffs, it is far
better for Fibreboard, its employees, its
creditors, and the communities where it is
located for Fibreboard to remain a working
enterprise, rather than slowly forcing it into
bankruptcy while most of its money is spent on
asbestos lawyers and expert witnesses. I would
consequently find substantial compliance with
the majority's third condition.

 Because I believe that all three of the majority's
conditions are satisfied, and because I see no
fatal conceptual difficulty, I would uphold the
determination, made by the District Court and
affirmed by the Court of Appeals, that the
insurance policies (along with Fibreboard's net
value) amount to a classic limited fund, within
the scope of Rule 23(b)(1)(B).

III

 Petitioners raise additional issues, which the
majority does not reach. I believe that
respondents would likely prevail were the Court
to reach those issues. That is why I dissent. But,

as the Court does not reach those issues, I need
not decide the questions definitively.

 In some instances, my belief that respondents
would likely prevail reflects my reluctance to
second-guess a court of appeals that has
affirmed a district court's fact- and
circumstance-specific findings. See supra, at
2325; cf. Amchem Products, Inc. v. Windsor,
521 U.S. 591, 629-630, 117 S.Ct. 2231, 138
L.Ed.2d 689 (1997) (BREYER, J., concurring in
part and dissenting in part). That reluctance
applies to those of petitioners' further claims
that, in effect, attack the District Court's
conclusions related to: (1) the finding under
Rule 23(a)(2) that there are "questions of law
and fact common to the class," see App. to Pet.
for Cert. 480a; see generally Amchem, supra, at
634-636, 117 S.Ct. 2231 (BREYER, J.,
concurring in part and dissenting in part); (2) the
finding under Rule 23(a)(3) that claims of the
representative parties are "typical" of the claims
of the class, see App. to Pet. for Cert.
480a-481a; (3) the adequacy of "notice" to class
members pursuant to Rule 23(e) and the Due
Process Clause, see id., at 511a; see generally
Amchem, supra, at 640-641, 117 S.Ct. 2231
(BREYER, J., concurring in part and dissenting
in part); and (4) the standing-related requirement
that each class member have a good-faith basis
under state law for claiming damages for some
form of injury-in-fact (even if only for fear of
cancer or medical monitoring), see App. to Pet.
for Cert. 252a; cf., e.g., Coover v. Painless
Parker, Dentist, 105 Cal.App. 110, 286 P. 1048
(1930).

 In other instances, my belief reflects my
conclusion that class certification here restsupon
the presence of what is close to a traditional
limited fund. And I doubt that petitioners'
additional arguments that certification violates,
for example, the Rules Enabling Act, the
Bankruptcy Act, the Seventh Amendment, and
the Due Process Clause, are aimed at or would
prevail against a traditional limited fund (e.g.,
"trust assets, a bank account, insurance
proceeds, company assets in a liquidation sale,
proceeds of a ship sale in a maritime accident
suit," ante, at 2309 (internal quotation marks and
citations omitted)). Cf. In re Asbestos Litigation,



90 F.3d, at 986 (noting that Phillips Petroleum
Co. v. Shutts, 472 U.S. 797, 105 S.Ct. 2965, 86
L.Ed.2d 628 (1985), involved a class certified
*2333 under the equivalent of Rule 23(b)(3), not
a limited fund case under Rule 23(b)(1)(B)).
Regardless, I need not decide these latter issues
definitively now, and I leave them for another
day. With that caveat, I respectfully dissent.

END OF DOCUMENT
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 In state court breach of contract and fraud
action, defendant filed notice of removal, and
plaintiff filed motion to remand. The United
States District Court for the Northern District of
Alabama, J. Foy Guin, Jr., J., denied motion, but
certified order for interlocutory appeal. The
United States Court of Appeals for the Eleventh
Circuit reversed and remanded, 125 F.3d 1396.
Certiorari was granted. The Supreme Court,
Justice Ginsburg, abrogating Reece, 98 F.3d
839, and Roe, 38 F.3d 298, held that 30-day
removal period began to run not when defendant
received faxed, file-stamped copy of complaint,
but rather, when defendant was later formally
served by certified mail.

 Court of Appeals' judgment reversed and
remanded.

 Chief Justice Rehnquist issued dissenting
opinion in which Justices Scalia and Thomas
joined.

[1] PROCESS k48

313k48
Service of process is fundamental to any
procedural imposition on a named defendant.

[2] PROCESS k48
313k48

In the absence of service of process (or waiver
of service by the defendant), a court ordinarily
may not exercise power over a party the
complaint names as defendant.

[3] FEDERAL CIVIL PROCEDURE k411
170Ak411
One becomes a party officially, and is required
to take action in that capacity, only upon service
of a summons or other authority-asserting
measure stating the time within which the party
served must appear and defend. Fed.Rules
Civ.Proc.Rule 4(a), 28 U.S.C.A.

[4] FEDERAL CIVIL PROCEDURE k411
170Ak411
Unless a named defendant agrees to waive
service, the summons continues to function as
the sine qua non directing an individual or entity
to participate in a civil action or forgo
procedural or substantive rights. Fed.Rules
Civ.Proc.Rule 4(a), 28 U.S.C.A.

[5] REMOVAL OF CASES k79(2.1)
334k79(2.1)
Thirty-day removal period began to run not
when defendant received faxed, file- stamped
copy of complaint, but rather, when defendant
was later formally served by certified mail;
abrogating Reece v. Wal-Mart Stores, Inc., 98
F.3d 839, and Roe v. O'Donohue, 38 F.3d 298.
28 U.S.C.A. § 1446(b).

[6] REMOVAL OF CASES k79(2.1)
334k79(2.1)
If the summons and complaint are served
together, the 30-day period for removal runs at
once. 28 U.S.C.A. § 1446(b).

[7] REMOVAL OF CASES k79(2.1)
334k79(2.1)
If the defendant is served with the summons but
the complaint is furnished to the defendant



sometime after, the 30-day period for removal
runs from the defendant's receipt of the
complaint. 28 U.S.C.A. § 1446(b).

[8] REMOVAL OF CASES k79(2.1)
334k79(2.1)
If the defendant is served with the summons and
the complaint is filed in court, but under local
rules, service of the complaint is not required,
the 30- day period for removal runs from the
date the complaint is made available through
filing. 28 U.S.C.A. § 1446(b).

[9] REMOVAL OF CASES k79(2.1)
334k79(2.1)
If the complaint is filed in court prior to any
service, the 30-day period for removal runs from
the service of the summons. 28 U.S.C.A. §
1446(b).

*1323 Syllabus [FN*]

FN* The syllabus constitutes no part of
the opinion of the Court but has been
prepared by the Reporter of Decisions
for the convenience of the reader. See
United States v. Detroit Timber &
Lumber Co., 200 U.S. 321, 337, 26 S.Ct.
282, 50 L.Ed. 499.

 On January 26, 1996, respondent Michetti Pipe
Stringing, Inc. (Michetti), filed a complaint in
Alabama state court seeking damages for an
alleged breach of contract and fraud by
petitioner Murphy Bros., Inc. (Murphy).
Michetti did not serve Murphy then, but three
days later it faxed a "courtesy copy" of the
file-stamped complaint to a Murphy vice
president. Michetti officially served Murphy
under local law by certified mail on February 12,
1996. On March 13, 1996 (30 days after service
but 44 days after receiving the faxed copy of the
complaint), Murphy removed the case under 28
U.S.C. § 1441 to the Federal District Court.
Michetti moved to remand the case to the state
court on the ground that Murphy filed the
removal notice 14 days too late under § 1446(b),
which specifies, in relevant part, that the notice
"shall be filed within thirty days after the receipt
by the defendant, through service or otherwise,
of a copy of the [complaint]." (Emphasis added.)
Because the notice had not been filed within 30

days of the date on which Murphy's vice
president received the facsimile transmission,
Michetti asserted, the removal was untimely.
The District Court denied the remand motion on
the ground that the 30-day removal period *1324
did not commence until Murphy was officially
served with a summons. On interlocutory
appeal, the Eleventh Circuit reversed and
remanded, instructing the District Court to
remand the action to state court. Emphasizing
the statutory words "receipt ... or otherwise," the
Eleventh Circuit held that the defendant's receipt
of a faxed copy of the filed initial pleading
sufficed to commence the 30-day removal
period.

 Held: A named defendant's time to remove is
triggered by simultaneous service of the
summons and complaint, or receipt of the
complaint, "through service or otherwise," after
and apart from service of the summons, but not
by mere receipt of the complaint unattended by
any formal service. Pp. 1326-1330.

 (a) Service of process, under longstanding
tradition in our system of justice, is fundamental
to any procedural imposition on a named
defendant. In the absence of such service (or
waiver of service by the defendant), a court
ordinarily may not exercise power over a party
the complaint names as defendant. See Omni
Capital Int'l, Ltd. v. Rudolf Wolff & Co., 484
U.S. 97, 104, 108 S.Ct. 404, 98 L.Ed.2d 415.
Accordingly, one becomes a party officially, and
is required to take action in that capacity, only
upon service of a summons or other
authority-asserting measure stating the time
within which the party served must appear and
defend. See Fed. Rules Civ. Proc. 4(a) and
12(a)(1)(A). Unless a named defendant agrees to
waive service, the summons continues to
function as the sine qua non directing an
individual or entity to participate in a civil action
or forgo procedural or substantive rights. Pp.
1326-1327.

 (b) In enacting § 1446(b), Congress did not
endeavor to break away from the traditional
understanding. Prior to 1948, a defendant could
remove a case any time before the expiration of
the time to respond to the complaint under state



law. Because that time limit varied from State to
State, however, the removal period
correspondingly varied. To reduce the disparity,
Congress in 1948 enacted the original version of
§ 1446(b), which required that the removal
petition in a civil action be filed within 20 days
after commencement of the action or service of
process, whichever was later. However, as first
framed, § 1446(b) did not give adequate time or
operate uniformly in States such as New York,
where service of the summons commenced the
action and could precede the filing of the
complaint, so that the removal period could have
expired before the defendant obtained access to
the complaint. To ensure such access before
commencement of the removal period, Congress
in 1949 enacted the current version of § 1446(b).
Nothing in the 1949 amendment's legislative
history so much as hints that Congress, in
making changes to accommodate atypical state
commencement and complaint filing procedures,
intended to dispense with the historic function of
service of process as the official trigger for
responsive action by a named defendant. Pp.
1327-1328.

 (c) Relying on the "plain meaning" of § 1446(b)
that the panel perceived, the Eleventh Circuit
was of view that "[receipt] through service or
otherwise" opens a universe of means besides
service for putting the defendant in possession of
the complaint. However, the Eleventh Circuit
did not delineate the dimensions of that
universe. Nor can one tenably maintain that the
words "or otherwise" provide a clue. Cf., e.g.,
Potter v. McCauley, 186 F.Supp. 146, 149. The
interpretation of § 1446(b) adopted here adheres
to tradition, makes sense of the phrase "or
otherwise," and assures defendants adequate
time to decide whether to remove an action to
federal court. The various state provisions for
service of the summons and the filing or service
of the complaint fit into one or another of four
main categories. See ibid. In each of those
categories, the defendant's removal period will
be no less than 30 days from service, and in
some of the categories, it will be more than 30
days from service, depending on when the
complaint is received. First, if the summons and
complaint are served together, the 30-day
removal period runs at once. Second, if the

defendant is served with the summons but is
furnished with the complaint sometime after, the
removal period runs from the receipt of the
complaint. Third, if the defendant is served with
the summons and the complaint is filed *1325 in
court, but under local rules, service of the
complaint is not required, the removal period
runs from the date the complaint is made
available through filing. Finally, if the complaint
is filed in court prior to any service, the removal
period runs from the service of the summons.
See ibid. Notably, Rule 81(c), amended in 1949,
uses the identical "receipt through service or
otherwise" language in specifying the 20- day
period in which the defendant must answer the
complaint once the case has been removed. Rule
81(c) has been interpreted to afford the
defendant at least 20 days after service of
process to respond. See Silva v. Madison, 69
F.3d 1368, 1376-1377. In Silva, the Seventh
Circuit distinguished its earlier decision in Roe
v. O'Donohue, 38 F.3d 298 (defendant need not
receive service before time for removal under §
1446(b) begins to run), but did not adequately
explain why one who has not yet lawfully been
made a party to an action should be required to
decide in which court system the case should be
heard. If, as the Silva court rightly determined,
the "service or otherwise" language was not
intended to abrogate the service requirement for
purposes of Rule 81(c), that same language also
was not intended to bypass service as a starter
for § 1446(b)'s clock. The fact that the Seventh
Circuit could read the phrase "or otherwise"
differently in Silva and Roe, moreover,
undercuts the Eleventh Circuit's position that the
phrase has an inevitably "plain meaning."
Furthermore, the so-called "receipt rule"--
starting the time to remove on receipt of a copy
of the complaint, however informally, despite
the absence of any formal service--could operate
with notable unfairness to defendants in foreign
nations. Because facsimile machines transmit
instantaneously, but formal service abroad may
take much longer than 30 days, plaintiffs would
be able to dodge international treaty
requirements and trap foreign opponents into
keeping their suits in state courts. Pp.
1328-1329.



 (d) In sum, it would take a clearer statement
than Congress has made to read its endeavor to
extend removal time (by adding receipt of the
complaint) to effect so strange a change--to set
removal apart from all other responsive acts, to
render removal the sole instance in which one's
procedural rights slip away before service of a
summons, i.e., before one is subject to any
court's authority. Pp. 1329-1330.

 125 F.3d 1396, reversed and remanded.

 GINSBURG, J., delivered the opinion of the
Court, in which STEVENS, O'CONNOR,
KENNEDY, SOUTER, and BREYER, JJ.,
joined. REHNQUIST, C. J., filed a dissenting
opinion, in which SCALIA and THOMAS, JJ.,
joined.

 Deborah A. Smith for petitioner.

 J. David Pugh for respondent.

 For U.S. Supreme Court Briefs See:
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 For Transcript of Oral Argument See:

 1999 WL 130628 (U.S.Oral.Arg.)

 Justice GINSBURG delivered the opinion of the
Court.

 This case concerns the time within which a
defendant named in a state-court action may
remove the action to a federal court. The
governing provision is 28 U.S.C. § 1446(b),
which specifies, in relevant part, that the
removal notice "shall be filed within thirty days
after the receipt by the defendant, through

service or otherwise, of a copy of the
[complaint]." The question presented is whether
the named defendant must be officially
summoned to appear in the action before the
time to remove begins to run. Or, may the
30-day period start earlier, on the named
defendant's receipt, before service of official
process, of a "courtesy copy" of the filed
complaint faxed by counsel for the plaintiff?

 We read Congress' provisions for removal in
light of a bedrock principle: An individual or
entity named as a defendant is not obliged to
engage in litigation unless notified of the action,
and brought under a court's authority, by formal
process. Accordingly, we hold that a named
defendant's time to remove is triggered by
simultaneous service of the summons and
complaint, or receipt of the complaint, "through
service or otherwise," after and apart from
service of the summons, but not by mere receipt
of the complaint unattended by any formal
service.

I

 On January 26, 1996, respondent Michetti Pipe
Stringing, Inc. (Michetti), filed a complaint in
Alabama state court seeking damages for an
alleged breach of contract and fraud by
petitioner Murphy Bros., Inc. (Murphy). *1326
Michetti did not serve Murphy at that time, but
three days later it faxed a "courtesy copy" of the
file-stamped complaint to one of Murphy's vice
presidents. The parties then engaged in
settlement discussions until February 12, 1996,
when Michetti officially served Murphy under
local law by certified mail.

 On March 13, 1996 (30 days after service but
44 days after receiving the faxed copy of the
complaint), Murphy removed the case under 28
U.S.C. § 1441 to the United States District Court
for the Northern District of Alabama. [FN1]
Michetti moved to remand the case to the state
court on the ground that Murphy filed the
removal notice 14 days too late. The notice of
removal had not been filed within 30 days of the
date on which Murphy's vice president received
the facsimile transmission. Consequently,



Michetti asserted, the removal was untimely
under 28 U.S.C. § 1446(b), which provides:

FN1. Murphy invoked the jurisdiction of
the Federal District Court under 28
U.S.C. § 1332 based on diversity of
citizenship. Michetti is a Canadian
company with its principal place of
business in Alberta, Canada;
Murphy is an Illinois corporation with
its principal place of business in that
State.

"The notice of removal of a civil action or
proceeding shall be filed within thirty days
after the receipt by the defendant, through
service or otherwise, of a copy of the initial
pleading setting forth the claim for relief upon
which such action or proceeding is based, or
within thirty days after the service of
summons upon the defendant if such initial
pleading has then been filed in court and is not
required to be served on the defendant,
whichever period is shorter." (Emphasis
added.)

 The District Court denied the remand motion on
the ground that the 30-day removal period did
not commence until Murphy was officially
served with a summons. The court observed that
the phrase "or otherwise" was added to §
1446(b) in 1949 to govern removal in States
where an action is commenced merely by the
service of a summons, without any requirement
that the complaint be served or even filed
contemporaneously. See App. A-24.
Accordingly, the District Court said, the phrase
had "no field of operation" in States such as
Alabama, where the complaint must be served
along with the summons. See ibid.

 On interlocutory appeal permitted pursuant to
28 U.S.C. § 1292(b), the Court of Appeals for
the Eleventh Circuit reversed and remanded,
instructing the District Court to remand the
action to state court. 125 F.3d 1396, 1399
(1997). The Eleventh Circuit held that "the clock
starts to tick upon the defendant's receipt of a
copy of the filed initial pleading." Id., at 1397.
"By and large," the appellate court wrote, "our
analysis begins and ends with" the words
"receipt ... or otherwise." Id., at 1397-1398

(emphasis deleted). Because lower courts have
divided on the question whether service of
process is a prerequisite for the running of the
30-day removal period under § 1446(b), [FN2]
we granted certiorari. 525 U.S. ----, 119 S.Ct.
401, 142 L.Ed.2d 326 (1998).

FN2. Compare Reece v. Wal-Mart
Stores, Inc., 98 F.3d 839, 841 (C.A.5
1996) (removal period begins with
receipt of a copy of the initial pleading
through any means, not just service of
process); Roe v. O'Donohue, 38 F.3d
298, 303 (C.A.7 1994) ("Once the
defendant possesses a copy of the
complaint, it must decide promptly in
which court it wants to proceed."), with
Bowman v. Weeks Marine, Inc., 936
F.Supp. 329, 333 (D.S.C.1996) (removal
period begins only upon proper service
of process); Baratt v. Phoenix Mut. Life
Ins. Co., 787 F.Supp. 333, 336
(W.D.N.Y.1992) (proper service is a
prerequisite to commencement of
removal period).

 II

 [1] Service of process, under longstanding
tradition in our system of justice, is fundamental
to any procedural imposition on a named
defendant. At common law, the writ of capias ad
respondendum directed the sheriff to secure the
defendant's appearance by taking him into
custody. See 1 J. Moore, Moore's Federal
Practice ¶ 0.6[2.-2], p. 212 (2d ed. 1996) ("[T]he
three royal courts, Exchequer, Common Pleas,
and King's Bench ... obtained an in personam
jurisdiction over the defendant in the same
manner through the writ of capias ad
respondendum."). The requirement that a
defendant be brought into litigation by official
*1327 service is the contemporary counterpart to
that writ. See International Shoe Co. v.
Washington, 326 U.S. 310, 316, 66 S.Ct. 154, 90
L.Ed. 95 (1945) ("[T]he capias ad
respondendum has given way to personal service
of summons or other form of notice.").

 [2][3][4] In the absence of service of process (or
waiver of service by the defendant), a court



ordinarily may not exercise power over a party
the complaint names as defendant. See Omni
Capital Int'l, Ltd. v. Rudolf Wolff & Co., 484
U.S. 97, 104, 108 S.Ct. 404, 98 L.Ed.2d 415
(1987) ("Before a ... court may exercise personal
jurisdiction over a defendant, the procedural
requirement of service of summons must be
satisfied."); Mississippi Publishing Corp. v.
Murphree, 326 U.S. 438, 444-445, 66 S.Ct. 242,
90 L.Ed. 185 (1946) ("[S]ervice of summons is
the procedure by which a court ... asserts
jurisdiction over the person of the party
served."). Accordingly, one becomes a party
officially, and is required to take action in that
capacity, only upon service of a summons or
other authority-asserting measure stating the
time within which the party served must appear
and defend. See Fed. Rule Civ. Proc. 4(a) ("[The
summons] shall ... state the time within whichthe
defendant must appear and defend, and notify
the defendant that failure to do so will result in a
judgment by default against the defendant.");
Fed. Rule Civ. Proc. 12(a)(1)(A) (a defendant
shall serve an answer within 20 days of being
served with the summons and complaint).
Unless a named defendant agrees to waive
service, the summons continues to function as
the sine qua non directing an individual or entity
to participate in a civil action or forgo
procedural or substantive rights.

III

 When Congress enacted § 1446(b), the
legislators did not endeavor to break away from
the traditional understanding. Prior to 1948, a
defendant could remove a case any time before
the expiration of her time to respond to the
complaint under state law. See, e.g., 28 U.S.C. §
72 (1940 ed.). Because the time limits for
responding to the complaint varied from State to
State, however, the period for removal
correspondingly varied. To reduce the disparity,
Congress in 1948 enacted the original version of
§ 1446(b), which provided that "[t]he petition
for removal of a civil action or proceeding may
be filed within twenty days after commencement
of the action or service of process, whichever is
later." Act of June 25, 1948, 62 Stat. 939, as
amended, 28 U.S.C. § 1446(b). According to the
relevant House Report, this provision was

intended to "give adequate time and operate
uniformly throughout the Federal jurisdiction."
H.R.Rep. No. 308, 80th Cong., 1st Sess., A135
(1947).

 Congress soon recognized, however, that §
1446(b), as first framed, did not "give adequate
time and operate uniformly" in all States. In
States such as New York, most notably, service
of the summons commenced the action, and
such service could precede the filing of the
complaint. Under § 1446(b) as originally
enacted, the period for removal in such a State
could have expired before the defendant
obtained access to the complaint.

 To ensure that the defendant would have access
to the complaint before commencement of the
removal period, Congress in 1949 enacted the
current version of § 1446(b): "The petition for
removal of a civil action or proceeding shall be
filed within twenty days [now thirty days] [FN3]
after the receipt by the defendant, through
service or otherwise, of a copy of the initial
pleading setting forth the claim for relief upon
which such action or proceeding is based." Act
of May 24, 1949, § 83(a), 63 Stat. 101. The
accompanying Senate Report explained:

FN3. Congress extended the period for
removal from 20 days to 30 days in
1965. See Act of September 29, 1965,
79 Stat. 887.

"In some States suits are begun by the service
of a summons or other process without the
necessity of filing any pleading until later. As
the section now stands, this places the
defendant in the position of having to take
steps to remove a suit to Federal court before
he knows what the suit is about. As said
section is herein proposed to be rewritten, a
defendant is *1328 not required to file his
petition for removal until 20 days after he has
received (or it has been made available to him)
a copy of the initial pleading filed by the
plaintiff setting forth the claim upon which the
suit is based and the relief prayed for. It is
believed that this will meet the varying
conditions of practice in all the States." S.Rep.
No. 303, 81st Cong., 1st Sess., 6 (1949).



 See also H.R.Rep. No. 352,81st Cong., 1st
Sess., 14 (1949) ("The first paragraph of the
amendment to subsection (b) corrects [the New
York problem] by providing that the petition for
removal need not be filed until 20 days after the
defendant has received a copy of the plaintiff's
initial pleading."). [FN4] Nothing in the
legislative history of the 1949 amendment so
much as hints that Congress, in making changes
to accommodate atypical state commencement
and complaint filing procedures, intended to
dispense with the historic function of service of
process as the official trigger for responsive
action by an individual or entity named
defendant. [FN5]

FN4. The second half of the revised §
1446(b), providing that the petition for
removal shall be filed "within twenty
days after the service of summons upon
the defendant if such initial pleading has
then been filed in court and is not
required to be served on the defendant,
whichever period is shorter," § 83(b), 63
Stat. 101, was added to address the
situation in States such as Kentucky,
which required the complaint to be filed
at the time the summons issued, but did
not require service of the complaint
along with the summons. See H.R.Rep.
No. 352, 81st Cong., 1st Sess., 14
(1949) ("Th[e first clause of revised §
1446(b) ], however, without more,
would create further difficulty in those
States, such as Kentucky, where suit is
commenced by the filing of the
plaintiff's initial pleading and the
issuance and service of a summons
without any requirement that a copy of
the pleading be served upon or
otherwise furnished to the defendant.
Accordingly ... the amendment provides
that in such cases the petition for
removal shall be filed within 20 days
after the service of the summons.").

FN5. It is evident, too, that Congress
could not have foreseen the
situation posed by this case, for, as the
District Court recognized, "[i]n 1949
Congress did not anticipate use of

facsmile [sic] transmissions." App.
A-23, n. 1. Indeed, even the photocopy
machine was not yet on the scene at that
time. See 9 New Encyclopedia
Britannica 400 (15th ed.1985) (noting
that photocopiers "did not become
available for commercial use until
1950").

 IV

 [5] The Eleventh Circuit relied on the "plain
meaning" of § 1446(b) that the panel perceived.
See 125 F.3d, at 1398. In the Eleventh Circuit's
view, because the term " '[r]eceipt' is the
nominal form of 'receive,' which means broadly
'to come into possession of' or to 'acquire,' " the
phrase " '[receipt] through service or otherwise'
opens a universe of means besides service for
putting the defendant in possession of the
complaint." Ibid. What are the dimensions of
that "universe"? The Eleventh Circuit's opinion
is uninformative. Nor can one tenably maintain
that the words "or otherwise" provide a clue. Cf.
Potter v. McCauley, 186 F.Supp. 146, 149
(D.Md.1960) ( "It is not possible to state
definitely in general terms the precise scope and
effect of the word 'otherwise' in its context here
because its proper application in particular
situations will vary with state procedural
requirements."); Apache Nitrogen Products, Inc.
v. Harbor Ins. Co., 145 F.R.D. 674, 679
(D.Ariz.1993) ("[I]f in fact the words 'service or
otherwise' had a plain meaning, the cases would
not be so hopelessly split over their proper
interpretation.").

 The interpretation of § 1446(b) adopted here
adheres to tradition, makes sense of the phrase
"or otherwise," and assures defendants adequate
time to decide whether to remove an action to
federal court. As the court in Potter observed,
the various state provisions for service of the
summons and the filing or service of the
complaint fit into one or another of four main
categories. See Potter, 186 F.Supp., at 149. In
each of the four categories, the defendant's
period for removal will be no less than 30 days
from service, and in some categories, it will be
more than 30 days from service, depending on
when the complaint is received.



 [6][7][8][9] As summarized in Potter, the
possibilities are as follows. First, if the summons
and complaint are served together, the 30-day
period for removal runs at once. Second, if the
defendant is served with the summons *1329 but
the complaint is furnished to the defendant
sometime after, the period for removal runs from
the defendant's receipt of the complaint. Third, if
the defendant is served with the summons and
the complaint is filed in court, but under local
rules, service of the complaint is not required,
the removal period runs from the date the
complaint is made available through filing.
Finally, if the complaint is filed in court prior to
any service, the removal period runs from the
service of the summons. See ibid.

 Notably, Federal Rule of Civil Procedure 81(c),
amended in 1949, uses the identical "receipt
through service or otherwise" language in
specifying the time the defendant has to answer
the complaint once the case has been removed:

"In a removed action in which the defendant
has not answered, the defendant shall answer
or present the other defenses or objections
available under these rules within 20 days
after the receipt through service or otherwise
of a copy of the initial pleading setting forth
the claim for relief upon which the action or
proceeding is based."

 Rule 81(c) sensibly has been interpreted to
afford the defendant at least 20 days after
service of process to respond. See Silva v.
Madison, 69 F.3d 1368, 1376-1377 (C.A.7
1995). In Silva, the Seventh Circuit Court of
Appeals observed that "nothing ... would justify
our concluding that the drafters, in their quest
for evenhandedness and promptness in the
removal process, intended to abrogate the
necessity for something as fundamental as
service of process." Id., at 1376. In reaching this
conclusion, the court distinguished an earlier
decision, Roe v. O'Donohue, 38 F.3d 298 (C.A.7
1994), which held that a defendant need not
receive service of process before his time for
removal under § 1446(b) begins to run. See 69
F.3d, at 1376. But, as the United States
maintains in its amicus curiae brief, the Silva
court "did not adequately explain why one who
has not yet lawfully been made a party to an

action should be required to decide in which
court system the case should be heard." Brief for
United States as Amicus Curiae 13, n. 4. If, as
the Seventh Circuit rightly determined, the
"service or otherwise" language was not
intended to abrogate the service requirement for
purposes of Rule 81(c), that same language also
was not intended to bypass service as a starter
for § 1446(b)'s clock. The fact that the Seventh
Circuit could read the phrase "or otherwise"
differently in Silva and Roe, moreover,
undercuts the Eleventh Circuit's position that the
phrase has an inevitably "plain meaning." [FN6]

FN6. Contrary to a suggestion made at
oral argument, see Tr. of Oral Arg. 6-7,
28 U.S.C. § 1448 does not support the
Eleventh Circuit's position. That section
provides that "[i]n all cases removed
from any State court to any district court
of the United States in which any one or
more of the defendants has not been
served with process or in which the
service has not been perfected prior to
removal ... such process or service may
be completed or new process issued in
the same manner as in cases originally
filed in such district court." Nothing in §
1448 requires the defendant to take any
action. The statute simply allows the
plaintiff to serve an unserved defendant
or to perfect flawed service once the
action  has been removed. In fact, the
second paragraph of § 1448, which
provides that "[t]his section shall not
deprive any defendant upon whom
process is served after removal of his
right to move to remand the case,"
explicitly reserves the unserved
defendant's right to take action (move to
remand) after service is perfected.

 Furthermore, the so-called "receipt
rule"--starting the time to remove on receipt of a
copy of the complaint, however informally,
despite the absence of any formal service--could,
as the District Court recognized, operate with
notable unfairness to individuals and entities in
foreign nations. See App. A-24. Because
facsimile machines transmit instantaneously, but
formal service abroad may take much longer



than 30 days, [FN7] plaintiffs "would be able to
dodge the requirements of international treaties
and trap foreign opponents into keeping their
suits in state courts." Ibid.

FN7. See, e.g., Fed. Rule Civ. Proc. 4(f)
(describing means of service upon
individuals in a foreign country).

 * * *

 In sum, it would take a clearer statement than
Congress has made to read its endeavor to
extend removal time (by adding receipt of the
complaint) to effect so strange a change--to set
removal apart from all other responsive acts, to
render removal the sole *1330 instance in which
one's procedural rights slip away before service
of a summons, i.e., before one is subject to any
court's authority. Accordingly, for the reasons
stated in this opinion, the judgment of the United
States Court of Appeals for the Eleventh Circuit
is reversed, and the case is remanded for further
proceedings consistent with this opinion.

 It is so ordered.

 CHIEF JUSTICE REHNQUIST, with whom
Justice SCALIA and Justice THOMAS join,
dissenting.

 Respondent faxed petitioner a copy of the
file-stamped complaint in its commenced
state-court action, and I believe that the receipt
of this facsimile triggered the 30-day removal
period under the plain language of 28 U.S.C. §
1446(b). The Court does little to explain why the
plain language of the statute should not control,
opting instead to superimpose a judicially
created service of process requirement onto §
1446(b). In so doing, it departs from this Court's
practice of strictly construing removal and
similar jurisdictional statutes. See Shamrock Oil
& Gas Corp. v. Sheets, 313 U.S. 100, 108-109,
61 S.Ct. 868, 85 L.Ed. 1214 (1941). Because I
believe the Eleventh Circuit's analysis of the
issue presented in this case was cogent and
correct, see 125 F.3d 1396, 1397-1398 (1997), I
would affirm the dismissal of petitioner's
removal petition for the reasons stated by that
court.

END OF DOCUMENT



OKLAHOMA’S OILFIELD POLLUTION RISK-BASED
ASSESSMENT AND CLEANUP PROGRAM

By Patricia Billingsley
Pollution Abatement Section, Oil & Gas Conservation Division

Oklahoma Corporation Commission

ABSTRACT
Oklahoma’s Oil and Gas Conservation Division, Oklahoma Corporation Commission, oversees

petroleum and brine spill cleanups from oil and gas exploration and production wells and facilities, pipelines,
and gas compression or processing plants without Title V air permits. In 1998 the Pollution Abatement team
wrote new site and risk-based assessment guidance for voluntary petroleum cleanups, including associated
heavy metals. Responsible parties (RPs) who do not choose to follow these guidelines are subject the
Administrative Law process.

Under these guidelines, an RP (or their designated consultant) first does a limited site assessment to
determine the basic site pollution problems, removes free product (if any), and determines whether or not site
pollutants are adversely impacting the waters of the state. Free product removal should begin immediately.
The RP (or designated consultant) then submits a work plan/proposal to determine the extent (area and
severity) of the remaining contamination and chooses which of three methods/paths they wish to use for
cleanup and site closure

Path one allows site closure with no additional cleanup if the RP demonstrates that there is either
stabilization (no net soil or groundwater plume movement) with no adverse impact on surface waters, or no
receptors and/or migration pathways. There are few areas of the state where there are no receptors and/or
migration pathways. For path two, RPs determine from a matrix whether they have a Category I, II, or III site,
which establishes the site’s BTEX and TPH soil and groundwater cleanup standards. Path three calls for the
RP to either establish risk based corrective action (RBCA) cleanup levels or demonstrate that there is no
significant risk and therefore no further cleanup necessary. For the third path an RP can follow the Oklahoma
Risk Based Corrective Action (ORBCA) methodology designed for refined products/condensates, perform
an ASTM RBCA, use the American Petroleum Institute’s RISC, or use any other documented site/risk
assessment procedures acceptable to Commission staff. The total petroleum hydrocarbon guidance of the TPH
Working Group (http://voyager.wpafb.af.mil/) has been adopted. Both active cleanups and monitored
remediation by natural attenuation are allowed.



INTRODUCTION
Oklahoma’s Oil and Gas Conservation Division, Oklahoma Corporation Commission, oversees

petroleum and brine spill cleanups from oil and gas exploration and production facilities outside of active
refineries and gas processing plants, and all pipelines. In 1998 the Pollution Abatement Staff at the Oklahoma
Corporation Commission introduced new site/risk assessment and cleanup guidelines for petroleum
hydrocarbon (crude and refined products) pollution sites. Guidelines for related heavy metal pollution were
added later that year. Guidelines for immediate spill cleanup activities and for possible salt/brine pollution
were issued in March of 1997, and will not be discussed in this paper. The purpose of these new guidelines
was to determine whether or not contamination that could cause a risk to human health or the environment
was present at a site. The guidelines were intended to be used following an immediate spill cleanup, for a
property transaction (sale) assessment, or if there was any other reason to suspect oilfield-related pollution.
The PHC Flow Chart diagrams the Risk-Based Assessment And Cleanup Program.

Preliminary Actions

The RP or his/her consultant first has to determine if there is any indication (including visual
inspection, site history, damage to plants or animals, hydrocarbon stains or odors, nearby seeps, or results
from soil or water sampling) that there might be petroleum hydrocarbon (PHC) related pollution in the soil,
shallow bedrock, ground water, and/or nearby surface waters. If there could be pollution present above action
levels, a limited site assessment with appropriate sampling has to be done.

Action levels1

Maximum B/T/E/X, ppm, soils
>5’ above the water table

.5/40/15/200

Maximum B/T/E/X, water, ppm .005/1/.7/10

Maximum TPH, ppm, soil >5’
above the water table

50 GRO and/or
DRO

Maximum TPH, water, ppm,
GRO and DRO

2

Requisite actions according to the limited site assessment guidelines are:

1. Providing site location (Latitude/Longitude and Sec/Twp/Rng), topographic map, area geological
and hydrological data, and historical data (including site complaint history).

2. Soil/rock sampling including borings in the site area(s) most likely to be contaminated. Sample
beneath any obvious soil contamination found down to a sample which has insignificant
(background, below Action level) contamination levels, or to groundwater:

a. The soil or bedrock sample in each boring or grab sampling area which appears to be the
most contaminated, based on PID/FID information, should be analyzed for BTEX and TPH.

                                                
1 Based on results of modified 8015/8020 analysis. EPA recommends that method 5035 be used to collect

VOC soil samples



For large volumes of impacted soil excavated, at least one composite sample per 50 cubic
yards in each area should be taken and analyzed.

b. A detailed log from surface to TD, with information as to changes in soil/rock lithology and
degree of contamination, should be made for each boring. The Commission recommends use
of a system such as the Unified Soil Classification System, and standard geological lithology
descriptions.

c. Cross-sections showing changes in soil type, lithology, and contamination with depth across
the site should be submitted for all sites found to have contamination above the Oil and Gas
Division, Pollution Abatement Departments Action Level (Category I Cleanup Level in the
attached Index and Cleanup table).

NOTE - TPH is C6 through C38+ [GRO + DRO; modified EPA methods 8015/8020 and
8000/8100. Results from method 418.1 will not be accepted]. GRO and DRO are not exactly
additive, since the GC overlap in Carbon fractions must be considered. GRO is more for
condensate and gasoline spills, DRO for diesel and crude. TPH must therefore be quantified
after the release has been characterized.

3. Ground water sampling (for BTEX and TPH analyses, and TDS measurement): take grab samples
from borings/geoprobe temporary completions if water is detected. Install at least two monitoring
wells* for each area within a site likely to be contaminated (one in/adjacent to the area, one down
gradient), with a minimum of three wells per site (four if an ORBCA is to be done) to determine the
groundwater flow direction, unless there is either:

a. No contamination above background or the Action Level found in the ground-water grab
samples, or

b. No ground water found and at least ten feet of low permeability clay or shale beneath the
soil/rock contamination (document the lithology/permeability), or

c. No ground water found and the PID/FID or analytical data for PHCs from at least two
soil/rock samples taken at least five feet (vertically) apart beneath the contamination zone
shows insignificant contamination levels.

*NOTE - Monitoring wells completed in geoprobe holes can be used if they have been properly
cased, screened, sand packed as necessary, sealed, and developed. Before a site can be
closed/declared no further action (NFA) necessary, all borings and all monitoring wells will
have to be plugged and abandoned according to OWRB (Oklahoma Water Resources Board)
guidelines.

4. Water and sediment samples analyses for BTEX and TPH from surface waters and/or streams within
and adjacent to the site. TDS (Total Dissolved Solids) should also be measured.

4. Heavy Metals – Investigate the rare cases (including sites which were formerly gas plants or old
refineries) where heavy metals could be present at excessive levels:

a. Soil – for suspected heavy metal2 contamination (including arsenic, barium, cadmium,
chromium +6, or lead), analyses for total metals in the soil should be done. If these levels

                                                
2 Mercury is reported to and handled by the Oklahoma DEQ.



exceed the screening criteria and exceed background levels, a TCLP (toxic characteristics
leaching procedure) or SPLP (synthetic precipitation leaching procedure) test should be run
to determine the amount that will leach from this soil into water. Leaching results action
criteria are the federal drinking water standards.

The total metals screening criteria are:

Metal                                             Soil Criteria (mg/kg)
Ag – Silver 100
As – Arsenic 100
Ba – Barium 2000
Cd – Cadmium 20
Cr – Chromium 100
Pb – Lead 100
Se – Selenium 20
Hg – Mercury1 4

b. Groundwater, Surface Water - Use EPA’s standard method 200.7 or equivalent to determine
if heavy metals are present. Water action levels are the federal drinking water standards.

When pollution above action levels is found

If the limited site assessment finds petroleum hydrocarbons or heavy metals present in the soil,
bedrock, nearby surface waters, or ground water at higher levels than are called for under the Commission’s
Action Level (or the screening levels, for metals), the RP or their consultant should:

1. Gather information on the area land use, aquifers, background surface and ground-water quality,
water usage, usual depth to ground water, site topography, expected soil (from surface down to
bedrock) and bedrock types, possible migration pathways, and background pollutant levels (if any).

2. For PHCs - Submit a proposal to follow one of the courses of action defined below to the
Commission’s Pollution Abatement Manager for approval (see #4 and #5 if surface or ground water
is affected).

a. If free product has been discovered its removal must be part of any proposal, and may begin
immediately.

b. If groundwater monitoring is done, reports submitted need to include 1) contoured plume
concentration maps, 2) a groundwater flow direction map based on measured groundwater
elevations in wells, 3) a graph (submitted annually) of groundwater elevation vs.
contaminant concentrations in monitoring wells over time (e.g. for quarterly sampling), and
comparison of the depth to GW/free product with the top of screened interval.

3. For Metals - If soil TCLP or SPLP levels exceed the applicable standards, the operator can either clean
up to background or to the standards, whichever is higher, or perform a risk assessment to determine
acceptable safe levels. If the levels of heavy metals in surface or ground waters exceed Oklahoma’s
Drinking Water standards, the operator can either clean up to background or the drinking water
standards, whichever is higher, or perform a risk assessment to determine acceptable safe levels. See
#4 and #5 if surface or ground water is affected.



4. The Oklahoma Water Resources Board’s Water Quality Standards and rules for surface and ground
water including the anti-degradation policy (785:45-3-2); the beneficial use rules (785:45-5-3 and
Appendix A) for discharge into waters used for agricultural, recreational, and other purposes; the rules
for public and private water supplies (785:-45-5-10); and the protective measures for groundwater
(785:45-7-2) must be considered in any remediation plan. The Water Quality Standards must be
met at all wells (groundwater receptors) and in surface waters.

5. When adverse impact on the waters of the state (including pollution above action levels) is discovered
the site must be reported to the Commission’s 303(D)/305(B) coordinator3.

Pollution Stabilization/Natural Attenuation

The proposal submitted for this course of action shall include doing a thorough site assessment
acceptable to the Commission to delineate the extent of the contamination and determine whether or not the
PHCs are stabilized (especially for older/longstanding pollution cases):

1. If PHCs are only in the soil/bedrock, the RP or their consultant must demonstrate that the PHCs are
or are not completely stabilized (natural remediation equaling or exceeding the rate of plume
movement, no net plume migration), with samples meeting Category I cleanup standards surrounding
the contaminated area. If the PHCs are stabile**, no further action (NFA) is needed other than
cleaning up and preparing the surface soils as necessary to allow beneficial use of the site.

2. If PHCs have reached ground water or surface water:

a. Determine the following:

i. Are the PHCs completely stabilized (either no water movement, or natural
remediation equaling/exceeding plume movement so that there is no net plume
migration)? Document with samples taken around the plume.

ii. Are PHCs in an aquifer/other hydrologically sensitive area (HSA)?

b. If the PHC plume is believed to be stabilized***, with no significant impact to the waters
of the state, and is not in an aquifer or HSA, monitor the plume until no net plume
movement is documented (usually, monitor quarterly for at least one year); NFA for the
water is required once stabilization is shown.

c. If the plume is not stabile (e.g. is from a recent spill), if there is significant impact to the
waters of the state, or if the PHCs are in an aquifer or other HSA, go to the Receptor
Survey and Migration Pathways section, below.

***Note - demonstrating the presence of hydrocarbon degrading bacteria or another
mechanism for natural remediation/attenuation in the soil or in groundwater will help make
the case for site closure/NFA.

                                                
3 Patricia Billingsley, 405-522-2758



Receptor Survey and Migration Pathways

The proposal to follow this course of action shall include:

1. Doing a receptor survey; a summary documenting what was done must be provided. If this shows
that there are no possible human or animal receptors to be adversely impacted and no likely land/crop
damage, NFA required other than cleaning up and preparing surface soils as necessary to allow
beneficial use of the site. If there are possible receptors, go to 2.

2. Determine if there are any migration pathways (adjacent surface water, HSAs, local aquifers,
abandoned well bores, contaminated dirt contact, porous soil or fractured bedrock zones, shrink/swell
clay fissures, utility line/pipeline underflow, dust/air inhalation, etc.) to possible receptors. Provide
a summary documenting how this was determined using appropriate site surface and underground
utility information, soil boring data, site hydrogeology, topography, etc. . If this shows that there are
no likely migration pathways, NFA required other than cleaning up and preparing surface soils as
necessary to allow beneficial use of the site. If there are possible pathways, go to either the
Categorization and Cleanup or the RBCA section.

Categorization and Cleanup

When there is contamination above the Oil and Gas Division, Pollution Abatement Department’s
Action Level (Category I Cleanup Level), the contamination may not be stabilized, and there are possible
migration pathways to potential receptors, the proposal to categorize and cleanup (Remediation Plan) shall
include:

1. Doing a thorough site assessment as needed to determine the extent of the soil, bedrock, nearby
surface waters, and/or ground water contamination;

2. Determining whether the site is a Category I, Category II, or Category III site (see table, below); and

3. Cleaning up the soil, bedrock, and/or water to the appropriate Category I, II, or III level, and
preparing surface soils as necessary to allow beneficial use of the site.



SOIL AND GROUNDWATER PETROLEUM PRODUCTS REMEDIATION INDEX TABLE
Oklahoma Corporation Commission, Oil and Gas Division, Pollution Abatement Department

Feature/Risk Factor Category III Category II Category I** Score

Est. Quantity Released <100 gal - 10 pts 100-1000 gal - 5
pts

>1000 gal,
Unknown-0 pts

Water quality (background) TDS > 5,000
ppm - 10 pts

TDS 1000-5000
ppm - 6

TDS< 1,000 ppm -
0

Distance to water well >1320 > - 10 pts 330-1320' - 5
pts

<330' - 2 pts

Migration pathways? , None - 10 pts One - 5 pts  More than one - 0

Soil (surface to bedrock) Clay/shale - 10
pts

Loam, mixed - 5
pts

Sand/gravel - 2 pts

Depth of subsurface structures
(possible migration pathways)

Above contam-
ination -10 pts

Below contam. or
in groundwater- 2
pts

Annual precipitation <30" (west)-10
pts

30-40"
(central)-6

>40" (east) - 2 pts

Land use (Commercial,
Industrial Agricultural?)

Yes, >1000' from
residence-10 pts

Yes, >500' from
residence- 5 pts

No or <500' from
residence-0 pts

Distance, lowest
contamination to groundwater

>30' - 10 pts 10-30' - 5 pts <10' - 0

Soil cover over contam. Good surface
seal - 10 pts

Broken/partial
seal - 5 pts

Dirt, gravel -2 pts

Hydrological/other sensitive
Area

No - 10 pts Possible - 5 pts HSA, alluvium,
terrace deposit,
adjacent water - 0

Total points (Index) #
** Category I includes wellhead protection areas, used aquifers, and other waters of the state



SOIL AND GROUNDWATER AND CLEANUP TABLE
Oil and Gas Division, Pollution Abatement Department

Category III Category II Category I

Index # > 73 32-73 0-31

Maximum B/T/E/X, Soils, ppm 10/1000/1000/1000 5/400/150/1000 .5/40/15/200

Maximum B/T/E/X, water, ppm .5/100/70/1000 .05/10/7/100 .005/1/.7/10

Maximum TPH, soil, >5’ , ppm
above the high water table

1,000 GRO,
5,000 DRO

 500 GRO,
2,500 DRO

50 GRO and/or
DRO

Maximum TPH, water, ppm,
GRO and DRO

25 10 2

RBCA

When there is contamination above the Action Level, the contamination may not be stabilized, and
there are possible migration pathways to potential receptors, the proposal shall include performing a full site
and risk assessment. RPs may use ORBCA (RBCA as modified for Oklahoma by the Commission’s
Petroleum Storage Tank (PST) group), ASTM RBCA, RISC, or another site/risk assessment methodology
acceptable to the Commission. The amount of cleanup and/or monitoring required will depend upon the
results of the RBCA.

1. For TPH, consider either modeling by using one surrogate, such as naphthalene, for all of the TPH,
or using a fraction evaluation method which represents these complex petroleum mixtures by
substituting known data for particular substances or for ranges of substances (smaller fractions of the
mixture from the site). The use of surrogates would thus be a two-step process: (1) define the
fractions, and (2) define the surrogate values to be used for those fractions. A surrogate should be
similar in physical properties to, and have toxicological properties at least as hazardous as, the
substance(s) for which it is being substituted.

2. The Total Petroleum Hydrocarbon Criteria Working Group consortium (representatives from state
regulatory agencies, academia, federal agencies, petroleum and other industries, and consulting firms)
has published a series of documents including A Risk Based Approach for the Management of Total
Petroleum Hydrocarbons in Soil and Selection of Representative TPH Fractions Based on Fate and
Transport Considerations which may be used for guidance. These can be accessed at
http://voyager.wpafb.af.mil/.

3. EXAMPLES - Massachusetts divides petroleum hydrocarbons into groups - four for Aliphatics (C5
through C8, C9-C12, C9-C18, and C19-C36), and two for Aromatics (C9-C10 and C11-C22), with different
reportable concentrations for each fraction. The Washington State Department of Ecology, in their
 Cleanup of Total Petroleum Hydrocarbons (TPH) guidance document, delineates one approach using
n-hexane as the surrogate for the Aliphatic group and pyrene as the surrogate for the Aromatic group.
The Commission will accept submissions using these or such other methods as can be supported
to its satisfaction.



CONCLUSIONS
The Oklahoma Corporation Commission has adopted and encourages the use of site-specific risk

related guidelines to allow a flexible, risk oriented cleanup of oilfield and pipeline-spill related substances.
The Responsible Party gets to choose the method used, so long as it can be documented and justified to the
Commission’s satisfaction.
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ETHICS STANDARDS FOR FIELD AND
LABORATORY ORGANIZATIONS

Ann Rosecrance, Corporate Compliance Officer and Quality Assurance Director
Core Laboratories, 5295 Hollister Road, Houston, TX 77040

(713) 329-7414, fax (713) 895-8982, arosecrance@corelabcorp.com

ABSTRACT
The performance of work according to technical and quality requirements as well as to

ethical standards of conduct should be an integral part of the vision and mission of every field
and laboratory organization. This paper examines reasons why traditional quality assurance
(QA) programs are sometimes ineffective in preventing unethical activities from occurring,
looks at the devastating impact of fraud, and presents a solution for ensuring ethical conduct in
field activities and laboratory testing. Guidance for implementing a comprehensive ethics
program is provided, including a table of unethical field and laboratory practices and
recommended procedures for properly handling typical problematic situations.

INTRODUCTION
Quality requirements for field operations are documented in contractual specifications

or Quality Assurance Project Plans (QAPPs). These documents generally address the number
and type of samples to inspect, collect, treat or dispose and do not address ethical considerations
involved in sample handling. Quality standards for testing laboratories are well known and
documented. In fact, quality requirements are included in laboratory quality assurance (QA)
manuals and in each analytical method. QA programs include the components necessary for
good performance and assume that behavior is ethical. However, standards for ethics are
frequently not given the same attention and consideration as quality standards. Professional
organizations have codes of ethics for their members, e.g., the American Chemical Society,
American Society for Quality and American Institute of Chemists. These codes should carry
over into work in the field and laboratory. However, ethical conduct in the field and laboratory
is either assumed or not discussed. That is, until an unethical incident occurs (e.g., intentional
improper sampling or waste disposal; falsified laboratory testing) that brings the need for ethics
to the surface. Therefore, field and laboratory personnel must also have an ethics program to
communicate the expected conduct of employees, and describe what constitutes unethical
behavior.

Ethics is defined as a set of moral principles or a code of right and wrong. Ethical
behavior is behavior that conforms to accepted professional standards of conduct; unethical
behavior therefore is behavior not conforming to those standards. Fraud is an intentional act of
deceit that may result in legal prosecution. (See Table 1 for common definitions of terms.)
Traditional QA programs do not adequately address ethics related matters because: 1) QA
programs were not intended to address ethical or unethical behavior (they assume that behavior
is ethical); 2) the scope of ethics transcends the matter of quality; and 3) QA programs deal with
group activities rather than individual behavior. The decision to act ethically or unethically is an



individual decision, not a group decision (although there have been instances where a group of
employees acted unethically, it still was the individual’s decision to act unethically.) Even the
best QA program cannot guarantee that employees will act ethically. Further, QA programs are
not always effective in ensuring method and project compliance.

The unfortunate occurrences of unethical behavior in the field and laboratory resulting
in fraud are most likely either a result of a lack of: 1) ethics education and awareness prior to
the fraudulent act; or 2) knowledge and confidence in appropriate ways to handle non-compliant
data and problem situations. Field and laboratory organizations needs to do a better job
collectively in educating their employees on the role of ethics in their work and in better ways
to handle problem situations. Most individuals do not personally gain from committing an
unethical act except to relieve some pressure that they feel, whether it is real or perceived. The
impact of unethical behavior and fraud has been devastating to employees that commit fraud, as
well as to organizations and their clients that must repeat entire projects if the original work or
data are determined to be incorrect or falsified. To better ensure that field and laboratory
employees act ethically, an effective ethics program must be implemented in conjunction with
the QA program.

RELEVANT CRIMINAL LAWS
Violation of environmental regulations is subject to legal prosecution, depending on the

severity of the violation, the fines or penalties designated in the law, and the judgement of the
court. If fraud is committed, the parties involved are subject to prosecution under criminal laws.
An unethical act can become fraud when the law is violated. For example, it is unethical to
intentionally misrepresent an environmental sample(s) as being representative of the site or
being composited when in fact it was not representative or not composited. It is unethical to
represent an inspected petroleum sample or cargo as meeting specification when in fact the
specifications were not met. It is unethical to intentionally manipulate instrument calibration or
QC sample data to make the calibration or QC analysis meet an acceptance limit when in fact
the actual data were not acceptable. It becomes a fraudulent act when falsified information or
data are faxed or mailed to the client. Faxing or mailing false information is an example of a
violation under the laws relating to wire fraud or mail fraud, respectively and the sender could
be charged with wire fraud or mail fraud. A person(s) or organization that misrepresents their
work and makes false claims or that makes false statements for work done under a government
contract can be charged with fraud and prosecuted. Press releases on field and laboratory
convictions demonstrate that multiple charges of fraud are filed against laboratories and
personnel that report false information. A summary of relevant criminal laws is provided in
Table 2. Violations of these laws can result in substantial fines and imprisonment for up to five
years.

Ethics violations and fraud affect both individuals and organizations (private and
public). Regulatory agencies (i.e., the U.S. Environmental Protection Agency) and law
enforcement officials (i.e., State attorneys) aggressively pursue and prosecute both individuals
and organizations found to be in violation of the law. Enforcement actions are increasing as well
as the severity of penalties for environmental crimes. Organizations can face three types of legal
action if they break the law: 1) administrative action, 2) civil action and 3) criminal action.
Administrative action can result in debarment or probation for five or more years. Civil action
can result in large fines of up to several million dollars. Criminal action can result in prison
sentences for business owners or management officials. All of these actions can seriously



damage the reputation of an organization, cause a loss of revenue and customer business, and
result in shutdown of the affected office(s) of the organization. Further, attorney costs can run in
the hundreds of thousands of dollars to represent and defend an organization charged with
fraud, regardless of the final outcome.

An individual who commits an unethical act and/or breaks the law can face serious
disciplinary action up to and including termination. Civil and criminal action can be taken
against the individual, resulting in large fines and prison and/or probation sentences. Company
lawyers may not provide legal assistance to an individual who commits an unethical act that
results in a fraud charge(s); the individual must then seek and pay for his own legal assistance
which can be very expensive. Further, negative exposure hurts the individual’s chances of ever
getting a job in his field again. (See Table 3 for a summary of the impact of fraud on an
individual, a company and their client.) The moral of this story is that short-term compromises
are never worth the long-term consequences. Ethical behavior is the best course of action.

COMPARISON OF QA AND ETHICS PROGRAMS
QA programs and ethics programs are both management systems – quality being

managed by a QA program and ethical conduct being managed by an ethics program. A
comparison of key elements in QA programs and ethics programs highlights the different and
complementary areas that are addressed by each. QA programs include quality policies and
procedures, i.e., the positive activities that field and laboratory organizations must do to ensure
quality work performance. An ethics program should consist of ethics policies and procedures
with reference to negative actions that are not allowed (cheating or other actions that
compromise sample or data quality). QA programs include technical training to ensure that field
activities and laboratory testing are performed to accepted technical standards. An ethics
program should include ethics training to ensure that employees are trained in expected
standards for ethical behavior and conduct. QA programs cover acceptable practices in the field
and laboratory while an ethics program should cover unacceptable practices that are not
allowed. Finally, QA programs focus on technical compliance and ethics programs focus on
compliance with civil and criminal laws. (See Table 4 for a summary of key elements in QA
and ethics programs.) Together, these programs can provide an adequate foundation for ethical
work performance and the achievement of expected work objectives.

IMPLEMENTING AN ETHICS PROGRAM
The following provides guidance on how to implement an ethics program in a field or

laboratory organization.

Ethics References

Legal guidance documents and web sites are sources for ethics information, although
they may not specifically relate to laboratory activities. Two recent EPA documents provide
guidance on the deterrence and detection of laboratory fraud.1-2 Ethics guidance prepared by the
author is provided in several recent publications.3-5



Ethics Policy or Statement

An ethics program must have an ethics policy or statement. This policy or statement
should define the company or organization’s position on ethics and state what is expected of its
employees or members with regards to ethical behavior. For example, a company’s ethics
policy may include the following items: “All employees at all times shall conduct themselves
and the business of the Company in an honest and ethical manner. Compliance with this policy
shall be strictly enforced.” The ethics policy should be documented and posted for all
employees to view.

Employee Ethics Agreements

Employee commitment to comply with the ethics policy should be affirmed and
documented on an Employee Ethics Agreement that each employee must sign as a condition of
his or her employment. These agreements may be updated as needed and signed each year to
reaffirm each employee’s understanding of, and commitment to, ethical behavior. If an
employee is found to be in violation of the company Ethics Policy or the signed Employee
Ethics Agreement, the employee may be terminated immediately.

Ethics Communication

Ethics should be communicated often, verbally, in writing, and by example. Employees
should consider and discuss ethics, addressing any questions to the appropriate parties.
Supervisors and managers should be readily available to assist employees in managing problem
situations (to prevent ethics violations), and they should act ethically at all times to set a good
example for their employees. Corporate management should frequently discuss their
commitment to ethics with their managers and employees. Ethics should be discussed at
meetings and other opportunities where employees are present. Videos may be developed by
corporate management to further communicate ethics to company employees. There are many
opportunities to include ethics in writing. One way of communicating on ethics is the posting of
the Ethics Policy and other ethics related posters. Ethics standards and reference to appropriate
ways of handling non-compliant data and problem situations should be included in the QA
manuals and standard operating procedures. Reference to ethical behavior should be included in
contracts, sub-contracts, employment applications, and project plans. Ethics information and
questions on ethics knowledge can be included in training records.

Ethics Program Management

The ethics program should be managed by a senior management employee with the
authority, skills and availability to perform such an assignment. The ethics program manager
should report to upper management on a regular basis on the status of ethics activities within the
organization. Companies and other organizations may also elect to form an Ethics Committee
with members from their upper management staff or Board of Directors that meet on a regular
basis to set ethics policy and discuss ethics related matters.

Ethics Procedures

Policies and procedures for ethical conduct and for reporting and investigating
suspected ethics violations should be developed and included in the organization’s policy and
procedures manual. An ethics procedure should define ethical conduct and what constitutes



unethical behavior and how it is handled. Disciplinary action for ethics violations, up to and
including termination, should be stated in the ethics procedure. Fair procedures for reporting
and investigating alleged unethical behavior should be included in an ethics reporting and
investigation procedure. Ethics procedures as well as other company procedures should be
accessible to all employees. The application of these procedures for handling suspected or
actual ethics violations should be uniform and consistent for all employees.

Zero Tolerance Policy

A zero tolerance policy defines activities that are not allowed at any time, such as
unethical actions, scientific misconduct and intentional lack of compliance with required
procedures. Unethical behavior would include intentional falsification of data or records, such
as professional credentials, employment records, time sheets, sampling or sample handling
records, laboratory worksheets or logbooks, instrument settings or data, sample results or data,
and laboratory analysis reports. Intentional lack of compliance or deliberate lack of adherence to
company and method requirements would apply to an employee that purposely did not follow
required procedures for instrument calibration, quality control, standards and reagents
preparation, sample handling, sample preparation and analysis, or data processing and reporting.

Organizations may wish to go one step further and issue a policy that defines specific
unethical activities that are not allowed and require their employees to sign such a policy as a
commitment to comply with it. While most procedures define what employees are required to
do, this policy ensures that employees are educated as to what they are not allowed to do. Refer
to Table 5 for examples of unethical practices and the appropriate procedure for each situation.
Organizations that are proactive in informing employees of what constitutes unethical behavior
have a much better chance of preventing fraud than organizations that do not.

Ethics Assistance and Reporting Mechanism

Organizations should a have a single point of contact for assisting employees with
questions on ethics related matters and for reporting observations of suspected unethical
behavior or business conduct. A “helpline” or “hotline” is such a mechanism where phone calls,
faxes or other correspondence on ethics concerns, questions or reports of suspected unethical
behavior can be directed and then addressed appropriately. The phone numbers and addresses
for the helpline or hotline should be documented and readily available to all employees. The
helpline or hotline can be manned by a senior management employee, such as the compliance
program manager, or by an outside service. All inquiries should be acted upon in a prompt
matter according to appropriate procedures.

Compliance Plan

A compliance plan is all of the procedures used for ensuring compliance with company,
client and regulatory requirements. The compliance plan should include or refer to policies and
procedures on business conduct, especially ethics. Also include or refer to technical and quality
assurance procedures used by the organization and required by client, method or regulatory
agencies to ensure that data are accurate and traceable. The compliance plan should further
include or refer to environmental management activities and procedures used for chemical and
waste handling to comply with federal, state and local regulations. A compliance plan may also
include a quality management program such as ISO 9000, environmental management program
such as ISO 14000, and quality standards for laboratories such as ISO Guide 25 (to become ISO



17025) or the National Environmental Laboratory Accreditation Conference (NELAC) quality
system standards.

Ethics Training

Ethics training should be provided to all employees and include, at a minimum, training
on the organization’s ethics policy and procedures. Ethics training should include examples of
unethical activities and their impact (i.e., civil and criminal penalties) to demonstrate that short-
term compromises are not worth the long-term consequences. Ethics training should be
documented on training forms and included in the employee training or personnel files. Training
on field and laboratory procedures should be ongoing and based on each individual and their
work assignments. Additional training on solving problems and managing work loads is critical
to assist employees in proper preventive/corrective action on problems and the use of
appropriate techniques for achieving desired productivity goals.

Compliance Audits

Adherence to the compliance plan and associated procedures/requirements should be
checked on a regular basis via compliance audits. The compliance officer, quality assurance
staff or outside consultants may conduct compliance audits. Any findings of non-compliance
with company, client or government requirements should be documented and provided to
company management. Immediate and appropriate action should be taken on any serious
findings, up to and including issuance of a Stop Work Order on the affected areas. Prompt and
effective preventive/corrective action should be taken on all findings and reported back to the
auditing body for review and approval with copies provided to management. Verification of
preventive/corrective action implementation should be performed in a timely manner by the
auditors to ensure that preventive/corrective action was complete and effective in addressing the
audit findings. Any unresolved items should be reported to management for immediate action.

With ethics as an established goal, organizations should further strive to find ways to
monitor and bench mark the ethical behavior of their employees.

Let’s examine how a QA program and an ethics program should work when there is an
ethics violation. If an ethics violation occurs and no analytical data are affected (such as
falsification of timesheet or other employee record), then the problem may be dealt with
through an ethics procedure as defined in the ethics program. The employee(s) may be
disciplined, put on probation or terminated, depending on the situation and the seriousness of
the violation. If an ethics violation occurs and work activities are affected (such as improper
waste disposal or improper manipulation of laboratory data), then the problem must be solved
by both the QA program and the ethics program. The QA program would be used to correct the
technical side of the problem by examining the work activities that were affected and by
recommending the corrective action necessary to resolve the problem. Preventive action should
also be implemented to ensure that incident does not recur and that all work performed meets
expected standards. The ethics program would also be used to address the problem behavior by
investigating the incident, then determining the appropriate disciplinary actions, up to and
including termination. A further example would be if incorrect data were reported with no
malice intended (an unintentional mistake, not an ethics violation). In this case, the QA program
would take the same steps as in the second example with an increase in training to ensure the
mistake does not recur.



CONCLUSION
Ethical conduct in the field and laboratory is not guaranteed by the sole reliance on QA

programs that were not designed to address ethical matters. In spite of the existence of good QA
programs, unethical practices have occurred in field and laboratory operations and serious
consequences have resulted. A new approach is needed to ensure that ethics and ethical
behavior is a foundation for the performance of all work in the field and laboratory. Ethics must
be built individually and collectively into each field and laboratory organization. Each
employee, including managers, must understand and commit to the code and perform his or her
work in an ethical manner. Ethics awareness and the implementation of comprehensive ethics
programs can help to ensure the achievement of organizational goals and prevent further
unethical acts from occurring, thereby sparing any more organizations, employees or clients
from suffering the serious consequences of fraud. A comprehensive ethics program, based on
the guidance provided in this article, in conjunction with an effective QA program, will provide
a strong foundation for ethics and quality well into the 21st century.
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Table 1. Common Definitions of Terms

Ethics: A set of moral principles or a code of right and wrong (Webster).
Ethical behavior: Behavior that conforms to accepted professional standards of conduct

(Webster).
Unethical behavior: Behavior not conforming to accepted professional standards of

standards.
Fraud: An intentional act of deceit that may result in legal prosecution
Laboratory fraud: Deliberate falsification of analytical data or quality control results

(EPA, DOE)
Unacceptable act: An act that is unacceptable but with no intent to deceive - an

unintentional mistake that requires preventive/corrective action.
Non-authentic data: Intentional reporting of incorrect data or accidental reporting of

incorrect data as a result of an error in procedure (Worthington, J.C.)

Table 2. Relevant Criminal Laws

False Claims – 18 U.S.C. § 287
False Statements – 18 U.S.C. § 1001
Mail Fraud – 18 U.S.C. § 1341
Wire Fraud – 18 U.S.C. § 1343
Conspiracy – 18. U.S.C. § 371
Misprision (Concealment) of Felony – 18 U.S.C. § 4

All of the above can result in a fine and imprisonment for up to 5 years.

Table 3. Impact of Fraud

Employee          Company          Client
Fines x x
Legal action x x
Legal fees x x
Damaged reputation x x
Loss of job x
Shutdown x
Unusable/rejected data x
Repeat work x
Time delays x
Wasted resources x x x



Table 4. Comparison of Key Elements in QA and Ethics Programs

Lab QA Program                          Ethics Program

Quality Assurance System Ethics Management System
Group Issues Individual Issues
Quality Policy Ethics Policy
QA & QC Procedures Ethics Procedures
Technical Training Ethics Training
Acceptable Practices Unacceptable Practices
Methods Compliance Legal Compliance



Table 5. Unacceptable Practices and Recommended Policy for Appropriate Action

Unacceptable Practice Recommended Policy

Making up Data (Dry Labbing) or Other Information
– Creating data for an analysis that was not performed or
creating information that is not true.

Analytical results for all samples and quality control
(QC) must be based on actual analyses that were
performed. Documented data must match actual data.
Sampling information must be based on actual sampling
events.

Misrepresentation of QC Samples and Spikes –
Misrepresenting QC samples or spikes as being digested
or extracted when in fact they were not actually digested
or extracted. For example:
a)  Adding surrogates after sample extraction rather

than prior to sample extraction.
b) Reporting post-digested spikes or duplicates as pre-

digested spikes or duplicates.
c) Not preparing or analyzing method blanks and

laboratory control samples (LCSs) the same way that
samples are prepared or analyzed in order to make it
appear that method blank or LCS results are
acceptable when in fact they may not be.

QC samples and spikes must be prepared, analyzed and
reported according to appropriate procedures.
a) Surrogates must be added prior to sample extraction.
b) Post-digestion spikes and duplicates must be

reported as post-digested and must not be
misrepresented as pre-digestion spikes and
duplicates.

c) Method blanks and LCSs must be prepared and
analyzed the same way that samples are prepared
and analyzed.

Any QC results outside of acceptance criteria must be
reported as such; a case narrative is recommended.

Improper Clock Setting (Time Traveling) or Improper
Date/Time Recording – Resetting the internal clock on an
instrument to make it appear that a sample(s) was analyzed
within a specified holding time when in fact it was not.
Alternately, changing the actual time or recording a false
time to make it appear that holding times were met, or
changing the times for sample collection, extractions or
other steps to make it appear that they were performed at
the correct time when in fact they were not.

The recorded date and time of collection, preparation or
analysis must match the actual date and time that the
action was performed. Documented dates and times must
represent actual dates and times. Samples exceeding
holding times must be reported as such; a case narrative
is recommended.

Improper Peak Integration (Peak Shaving or
Enhancing) – Artificially subtracting or adding peak
area to produce an erroneous area that forces data to
meet specific QC criteria when in fact the criteria were
not met.

Instrument peaks must be consistently integrated and
reported according to proper techniques, generally
baseline to baseline, valley to valley or a combination of
the two. Peak area cannot be subtracted or added to force
data to meet specified criteria. Preventive/ corrective
action must be taken on instrument data not meeting
required criteria.

Improper GC/MS Tuning – Artificially manipulating
GC/MS tuning data to produce an ion abundance result
that appears to meet specific QC criteria when in fact the
criteria were not met.

GC/MS tuning data must be generated and reported
according to proper techniques without manipulation to
the peak or mass spectrum. Preventive/corrective action
must be taken on data not meeting required criteria.

Improper Alteration of Analytical Conditions –
Improperly altering analytical conditions, such as
changing the instrument conditions for sample analyses
from those used for standard analyses. Also using different
procedures to process standards data than those used for
samples.

All sample analyses must be performed under the same
conditions as those used for standard analyses. Any
alterations of analytical conditions must be allowable
under the method requirements. All standards data must
be processed by the same procedures as those used for
processing sample data.

Overdilution of Samples – Intentionally diluting a
sample to such and extent that no analytes (target or non-
target) are detected without justification as to why the high
dilution was made.

Dilutions must be made on a reasonable basis, such as
high concentrations of target or non-target analytes,
matrix interferences, oily samples, and other components
in the sample that could harm the instrument. Include
details on the reason for the dilution in a case narrative.



Table 5 (cont). Unacceptable Practices and Recommended Policy for Appropriate Action

Unacceptable Practice Recommended Policy

Improper Calibration/QC Analysis –
a) Performing multiple (more than two) calibrations or

QC runs (including calibration verifications, LCSs,
spikes, duplicates and blanks) until one analysis
barely meets criteria, rather than taking needed
preventive/corrective action after the second failed
analysis, and not documenting or retaining data for
the other unacceptable data.

b) Using the incorrect (previous) initial calibration to
make calibration verification data appear to be
acceptable when in fact it was not acceptable when
compared to the correct initial calibration.

c) Discarding points in the initial calibration to force
the calibration to meet an acceptance criteria.

d) Discarding points from an MDL study to force the
calculated MDL to be higher or lower than the
actual value.

a) All calibration and QC data associated with sample
analyses must be documented.
Preventive/corrective action must be taken and
documented if calibration and/or other QC criteria
are not met.

b) Acceptance of calibration verification data must
be based on the correct initial calibration.

c) Calibration points can only be rejected for
inclusion in the calibration curve if a known error
was made or if a statistical evaluation indicates
that a point can be discarded. When multiple
target analytes are included in each calibration
standard, it may be necessary to discard selected
upper or lower points for individual target
analytes. Points can be discarded at the upper end
of the curve if the linear range of the detector has
been exceeded. For these cases, dilute samples
that exceed the highest point of the calibration
curve. Points can be discarded at the lower end of
the curve if the detector is not producing a
response. For these cases, the laboratory-reporting
limit must be adjusted accordingly.

d) Data points for MDL studies can only be rejected
for inclusion in the MDL calculation if a known
error was made or if a statistical evaluation
indicates that a point can be discarded.

File Substitution – Substituting previously generated files
(runs) for a non-compliant calibration or QC run to make
it appear that an acceptable run was performed
when in fact it was not.

All data must be generated and reported for actual
analyses performed. Reported dates and times for all
analyses must match actual dates and times. Substitution
of files is not permitted.

Deletion of Non-Compliant Data – Intentional deletion
or non-recording of non-compliant data to conceal the fact
that analyses such as calibration or QC were non-
compliant. Also lack of inclusion of whole data sets in the
calculation of performance limits.

All data associated with sample collection and analysis,
including any out of control events or non-compliant
data, must be documented and retained. Preventive/
Corrective action must be taken and documented for any
non-compliant data. All relevant data must be used for
the calculation of performance limits.

Unwarranted Manipulation of Computer Software –
Unwarranted manipulation of computer software to force
calibration or QC data to meet criteria, and removing
computer operational codes, such as “M” flag.

Computer manipulation is allowed only for warranted
reasons and any manipulation should be minimal and
traceable. Removal of computer operational codes is not
permitted.

Concealment of a Known Problem – Concealing a
known analytical or sample problem from laboratory
management and/or client. Concealing a known unethical
behavior or action from laboratory or corporate
management.

Any knowledge of analytical or sample problems must
be communicated to laboratory management and the
client. Any knowledge of unethical behavior or actions
must be fully communicated to laboratory or corporate
management.
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INTRODUCTION
Businesses in the Oil and Gas Industry deal with Indemnity and Insurance

Agreements on a regular basis. They are among the most common clauses in contracts.
Few business people fully understand indemnity agreements and the varying insurance
clauses that often accompany them. The operation of these clauses and the interaction
between them must be understood to evaluate the business risks in each contract, to
negotiate an acceptable deal and to make sure you do not inadvertently breach the
agreement. Because these clauses are so common, you might take them for granted or
think that the language in your contracts is “boilerplate.” However, there are pitfalls and
catastrophes lurking for the unwary. Identical contract language may have different
effects in different states. The failure to fully comprehend the significance of careful
word-smithing in your Indemnity and Insurance Agreements is a recipe for disaster. The
purpose of this paper is to alert you to the common issues that occur with drafting these
agreements, so you can avoid them or know when you need help from an attorney or
insurance broker.

INDEMNITY
An indemnity agreement is simply an agreement that requires one person to pay

for another person’s loss or liability. Someone who hires a contractor may want to be
indemnified if someone is injured on the job site. Or, a business owner who buys a
product for use on the job site may want to be indemnified in case an employee or third
party is injured by that product.

The “indemnitee” is the person protected by the agreement. The “indemnitor” is
the person who has to pay for the loss. The basic purpose of an indemnity agreement is
to protect one person from potential liability or loss resulting from the acts of another
with whom the first person contracts. That is, “you have to indemnify me if you are
negligent or your product is defective, and as a result, someone is hurt or some property
is damaged.”

In the real world, however, indemnities may be much broader. They may go so
far as to require indemnification even if the indemnitor has done absolutely nothing
wrong and the indemnitee is solely at fault. There are several reasons for these “broad
form” indemnity agreements.

First, an indemnity agreement that simply requires “X” (the indemnitor) to
protect “Y” (the indemnitee) against “X’s” negligence that causes an accident, does not
accomplish much. There are statutes that apportion liability based on each person’s
negligence. As a result, the indemnitor would pay for its own negligence even without an
indemnity agreement.

The second reason an indemnification agreement may be broader than merely
protecting the indemnitee from the indemnitor’s negligence is that one party may have a



form agreement that other unsophisticated parties agree to without understanding, or
paying attention to, how broad the indemnity clause is.

The third, and perhaps most common reason for broad form indemnity
agreements is that one party may have stronger bargaining power than another. The
weaker party may be forced into an agreement to indemnify the stronger party even if the
accident is completely the result of the stronger party’s negligence. These agreements are
onerous, and surprisingly, they occur frequently.

In light of the potential for abuse, the law in most states has developed to place
some strong restrictions on how these agreements are drafted and enforced. It is
important to understand the requirements placed on indemnity agreements so you can
understand the effect of the contracts you may be involved in negotiating and so you
know when you should consult a lawyer.

Some of these requirements apply to all types of transactions. Some are specific
to the Oil and Gas Industry. For example, several state Anti-Indemnity Statutes require
that each company be responsible for its own negligence. In the 1970’s and 1980’s,
several state legislatures became concerned with a perceived disparity in bargaining
power between the Oil and Gas Companies and the Contractors. The state legislatures
believed that the Contractors were being forced to negotiate unfavorable indemnity
agreements because of this disparity. They will be discussed in detail later.

Fair notice requirements

The general restrictions on indemnity agreements are usually referred to as the
fair notice requirements. A party usually cannot be indemnified against its own
negligence unless the indemnity agreement complies with these "fair notice"
requirements. There are two parts to this.

Conspicuity

First, indemnity agreements must be conspicuous.1 The Texas Supreme Court
has stated that

[t]he conspicuousness requirement mandates that something must appear
on the face of the [contract] to attract the attention of a reasonable
person when he looks at it.2

The court gave examples of conspicuity. These are common sense approaches such as a
heading printed in capitals, language in the body of a form that is in larger or in a
contrasting type or color. The court also noted that any language in a telegram would be
conspicuous as in any extremely short document.3

The conspicuous requirement developed because companies were entering into
these burdensome indemnity agreements without even knowing it. For example, a
business may send a purchase order with fine print on the back of the document and
buried somewhere in that fine print is an indemnity provision that states the seller must
indemnify purchaser even if the purchaser is negligent.



Now, the law is that an indemnity agreement that requires indemnification of the
indemnitee’s negligence must be conspicuous.4 The purpose behind the conspicuous
requirement is to give the agreeing parties “fair notice” so there is an exception if you
can show that the other party had actual knowledge of the indemnity clause.

Express Negligence Test

The second part of the fair notice requirements is the express negligence test.
The intent of a party to be indemnified against its own negligence must be expressly
stated to be enforceable.5 The Texas Supreme Court has stated that

[t]he express negligence doctrine states that a party seeking indemnity
from the consequences of that party's own negligence must express that
intent in specific terms within the four corners of the contract ...

The express negligence test is simple in concept, but it has generated an
enormous amount of litigation. Simply stated, before an indemnity agreement can protect
an indemnitee from its own negligence, the indemnity agreement must expressly say that
it protects the indemnitee from its own negligence. The express negligence test also
applies to strict liability situations whether statutory liability is involved or strict
products liability is involved.

For example, suppose the agreement says “A will indemnify B for every possible
liability with no exceptions whatsoever.” This type of wording does not meet the
standards of the express negligence test and does not require A to indemnify B, if B is
negligent.

It is important to understand that simply using the word “negligence” may not be
enough. For example, an agreement stating “A will indemnify B for every possible
liability except where B is solely negligent” suggests that A will indemnify B whenever
B is partly negligent. However, this type of clause does not satisfy the express negligence
test. The reason is that it does not say A will indemnify B if B is partly at fault, it says
only that A will not indemnify B if B is solely at fault. One has to infer from the fact that
B’s sole negligence is excluded from the indemnification that B’s partial negligence is
covered. Under the express negligence rule, such inferences are not permitted.

ADDITIONAL INSURED CLAUSES
Very often, indemnity clauses are coupled with insurance requirements. Many

people believe that the insurance is required simply to back up the indemnity. That is, the
insurance makes sure that the other party is solvent so:

1. It can meet its indemnity obligations if any, or
2. If there are no indemnity obligations it can pay its share of liability in

case there is joint and several liability.

Sometimes that belief is correct. When it is not, the consequences can be disastrous.
Many times the insurance is not required only to support the indemnity. Rather, the



indemnitor may be required to make the other party an additional insured on the
insurance. That means the indemnitor’s insurance may have to cover the indemnitee even
when the indemnitor has no indemnity obligation.

It is absolutely critical to understand these provisions because often they are not
clearly drafted. If you are required to make someone an additional insured and you fail to
comply, there are not many defenses.

Unlike indemnity agreements, additional insured clauses do not have to be
conspicuous. They do not have to meet the express negligence rule. And, in Texas, they
are not subject to the anti-indemnity statute.

Additional insured clauses obligate one party to make the other party an
additional insured on the first party’s insurance policies. That is, A becomes directly
insured on B’s insurance policies. This creates a situation in which a business may be
covered by another's insurance and not even know it. For example, if you sell a product
manufactured by someone else, you may be covered under a vendor’s endorsement in the
manufacturer’s insurance.

If you are required to provide insurance coverage for someone else and you
comply with an additional insured clause, it is your insurance company’s obligation to
pay the other party’s loss. If you do not comply with the additional insured clause, you
may be liable for breach of contract. Your liability will be at least the amount the
insurance company would have paid had you complied with the clause. You may have
that liability even though you have no indemnity obligation.

Very often these clauses are not clear, and they are not understood so parties fail
to comply with them. Worse, many lawyers and courts do not understand them, so the
state of the law is confused.

For those of you who do business in Texas, the Getty Oil Company v. INA case is
an important cautionary tale. If you have any doubts that this type of litigation can be
costly and time consuming, consider that the Getty case involving three lawsuits
spanning ten years and costing millions in legal fees.

In the Getty case, a company known as NL Industries sold a barrel of well
treatment chemicals to Getty. A master service contract was in place between Getty and
NL. Getty sent someone to do welding on the horse head of the well but failed to remove
the barrel of chemicals from the area before doing so. Sparks from the welding ignited
the fumes in the barrel of chemicals. The welder was severely burned and later died.
Needless to say, the welder’s family later sued Getty and NL.

As part of that lawsuit, Getty cross-claimed against NL on the basis that the
master servant contract contained an indemnity clause requiring NL to indemnify Getty.
Getty lost. The jury awarded over $28 million against Getty. It also found that NL had
not been negligent and that NL was not required to indemnify Getty.

Even though Getty lost on its indemnity claim it sued NL again, this time along
with NL’s insurers. In the second suit, Getty alleged that even if NL had no indemnity
obligation, the master service contract required NL to make Getty an additional insured



on NL’s insurance policies. Getty contended that either NL’s insurers should have paid
for Getty’s loss. Alternatively, if NL’s insurers did not cover the loss, then NL breached
its contract by failing to make Getty an additional insured and NL must pay for Getty’s
loss as damages for breaching the contract.

That case went all the way to the Texas Supreme Court where NL eventually
won, but that court made several important holdings. First, the indemnity and insurance
agreement at issue in that case never used the phrase “additional insured.” It said only
that the insurance was to “extend to and protect” Getty. Certainly, one way the insurance
could protect Getty is by supporting the indemnity agreement. Nevertheless, the Supreme
Court interpreted it as an additional insured requirement. The moral of that ruling is that
just because it does not say “additional insured” does not mean that it is not an additional
insured requirement.

Second, the indemnity portion of the agreement expressly excluded coverage for
Getty’s sole negligence and in the first case Getty had been found solely at fault. The
court held that this made no difference because the insurance was not merely required to
back up the indemnity agreement. Rather, it was a completely separate obligation that
required NL to provide insurance coverage to pay for Getty’s loss even if NL was not
required to indemnify Getty.

Third, the language of the agreement did not say that the insurance was required
to cover Getty’s negligence. Again, the Supreme Court held that this made no difference.
It held that because, unlike an indemnity, the loss under the additional insured clause was
supposed to be borne by an insurance company rather than by the contractor, NL, the
additional insured clause did not have to meet the express negligence test. It did not
matter that an inadvertent breach resulting from the contractor misunderstanding the
clause could result in the contractor, rather than the insurance company, bearing the loss
exactly as it would under an indemnity agreement.

Fourth, the court held that the Oil Field Anti Indemnity Statute did not affect the
enforceability of the additional insured clause. You should be aware, however, that is not
the law in all states with Anti-Indemnity Statutes. Therefore, the enforceability of any
particular contract may vary from state to state. This is also an issue of you are operating
off shore as the Outer Continental Shelf Lands Act may come into play and invoke the
law of the adjacent state.

In summary, there are huge dangers involved in these insurance clauses. In
Texas, none of the requirements that apply to indemnity agreements apply to additional
insured clauses. In addition, the clause may be so poorly drafted that it may be difficult
to discern that you are obligated to make the other party an additional insured. As a
result, you may inadvertently breach the agreement with the result that you effectively
become the other party’s insurer.

These are not the only problems with additional insured requirements. Suits
arising from these clauses can put you at odds with your own insurance company. When
the insurance company is sued for coverage, it is likely to defend itself by arguing that
the other party is not an insured on your policy. In effect, to save themselves, the
insurance company will argue that you breached your contract to make the other party an



additional insured. Therefore, you must be aware of the potential conflict if one lawyer is
purporting to represent you and your insurance company at the same time.

Finally, courts do not always understand these clauses. There is at least one
Texas case involving a clause that clearly required one party to make the other an
“additional insured” and the court held that the clause was merely intended to back up
the indemnity agreement. That holding appears to be wrong, particularly in light of
Getty. If the intent is merely to support the indemnity, the contractor only needs to carry
contractual liability coverage. It does not need to make the other party an additional
insured. Nevertheless, your lawyer needs to be aware of that case when drafting or
reviewing additional insured clauses.

The good news is that it usually does not cost much to protect yourself against
additional insured clauses. It is possible to obtain an endorsement to your insurance
policy that automatically makes others additional insureds whenever you enter into a
contract that requires you to make someone an additional insured.

ANTI-INDEMNITY STATUTE
In addition to the conspicuity requirement and the express negligence doctrine,

there are statutory restrictions applicable to indemnity agreements in the oil-field. As a
result of concerns that Contractors had a reduced bargaining position in the Oilfield,
several state legislatures passed Anti-Indemnity Statutes. The states with such statutes
are Louisiana, New Mexico, Texas, and Wyoming. Depending on your perspective these
statutes can be a valuable tool or a potential disaster. In addition, this effect on additional
insurance clauses varies from state to state.

Louisiana Oilfield Indemnity Act

The Louisiana Oilfield Indemnity Act (LOIA) attempts to remove a perceived
inequity between oil companies and the oil services industry by declaring null and void
any contract provision which indemnifies the oil company. In 1981 the Louisiana
legislature passed the LOIA in response to intense lobbying by the oilfield services
industries. The LOIA's stated purpose is to declare null and void and against public
policy any agreement pertaining is to oil, gas, water wells, or drilling for minerals that
requires the indemnification or defense of the indemnitee for his own negligence.6

The Louisiana state courts have interpreted the intent behind the act 1) to protect
the offshore service companies from the oppression of unequal bargaining power; 2) to
end the business-wide practice of indemnifying an indemnitee for its own negligence;
and 3) to promote safety.

The LOIA voids "any agreement ... which requires waivers of subrogation,
additional named insured endorsements, or any other form of insurance protection which
would frustrate or circumvent the prohibitions of the LOIA.7 Most Louisiana courts have
interpreted this section of the LOIA as imposing a complete ban on additional-insured
provisions that provide insurance for the indemnitee’s negligence.8



Courts have allowed the insurance companies, who collected premiums for the
additional-insured provisions, to benefit from the LOIA ban.9 The courts have concluded
"it would frustrate the purposes of the LOIA to allow the oil company to obtain from the
insurance company the indemnification it cannot obtain from the contractor.10 Texas has
not applied the same interpretation to its Anti-Indemnity Statute.

The Texas Oilfield Anti-Indemnity Act

The Texas Oilfield Anti-Indemnity Act was passed in 1973 and is similar in
content to the LOIA. The Texas Act states in part:

[t]he legislature finds that an inequity is fostered on certain contractors
by the indemnity provisions in certain agreements pertaining to wells for
oil, gas, or water or to mines for other minerals.11

Agreements pertaining to wells for oil, gas, or water that provide for indemnification of
an indemnitee's own negligence are against Texas public policy. Unlike the LOIA,
however, the Texas Act, allows the oil contractors to name the oil company as an
additional insured.12

In Texas, an indemnity agreement is valid if the parties agree in writing that the
indemnity obligation will be supported by liability insurance coverage to be furnished by
the indemnitor.13 The Statute does not prohibit a “mutual indemnity obligation" (“knock
for knock” clauses-the contractor takes responsibility for its employees, contractors, or
subcontractors regardless of the energy company's negligence and the energy company
takes responsibility for its employees, contractors, or subcontractors regardless of the
contractor's negligence), but the indemnity is limited to the extent that each party has
agreed to provide equal amounts for the other party as indemnitee.14

The Texas Oilfield Anti-Indemnity Agreement also does not prohibit a unilateral
indemnity obligation if it is bonded by insurance and the required amount of insurance is
limited to $500,000.15

A mutual indemnity obligation is defined as

an indemnity obligation in an agreement pertaining to a well for oil, gas,
or water or to a mine for a mineral in which the parties agree to
indemnify each other and each other's contractors and their employees
against loss, damage to property of the respective employees, contractors
or their employees, and invitees of each party arising out of or resulting
from the performance of the agreement.16

Before 1995 the Act provided that the indemnity exceptions for mutual
indemnity obligations and unilateral indemnity obligations up to $500,000 did not apply
to agreements "for the purchase, gathering, storage, transportation or oil, brine water,
fresh water, condensate, produced water, petroleum products, or other liquid
commodities.”17 The Texas legislature amended this section in 1995 to delete the
exception for "purchase, gathering, storage, transportation or oil, brine water, fresh
water, condensate, produced water, petroleum products, or other liquid commodities."



However, the amendments are not retroactive, thus agreements before the effective date
(August 28, 1995) would still be excluded.

The mutual indemnity exception omits losses, liabilities or damages arising in
connection with bodily injury, death and damages to property of the contracting parties,
themselves, and any third parties not otherwise included in the list of the parties'
respective "employees, contractors or their employees, and invitees." Contracting parties
must carry their own insurance for such losses or damages due to this omission.

A unilateral indemnity obligation is defined as

an indemnity obligation in an agreement pertaining to a well for oil, gas,
or water or to a mine for a mineral in which one of the parties as
indemnitor agrees to indemnify the other party as indemnitee with
respect to claims for personal injury or death to the indemnitor's
employees or agents or to the employees or agents of the indemnitor's
contractors but in which the indemnitee does not make a reciprocal
indemnity to the indemnitor.18

Note that a unilateral indemnity obligation does not appear to cover property damage or
claims arising in favor of invitees.

New Mexico Insurance Clause of the Anti-Indemnity Statute

The New Mexico anti-indemnity statute applies to oil, gas, or water wells, and
any mineral mine. It prohibits agreements or covenants, which attempt to indemnify
liability for death, bodily injury, property injury, or any other loss, or any combination of
these arising from the sole or concurrent negligence of the indemnitee. The statute
expressly provides that such an agreement or covenant "is against public policy and void
and unenforceable.”19

The New Mexico Supreme Court interpreted the statute in 1988 in the Amoco
Production Co. v. Action Well Service case.20 Amoco and Action well entered into an
agreement that Amoco would not be held liable for the injury or death of Action Well
employees. The contract further provided that Action Well agreed to insure this
assumption of liability. The Supreme Court determined whether the insurance provision
was valid under the anti-indemnity statute and whether Action Well should have honored
the indemnity contract.

Previously, New Mexico's Supreme Court has held that an agreement in which
the indemnitor would indemnify the indemnitee for the indemnitor's negligence was
valid. The reverse is not true. The indemnitee cannot contract away liability for his own
negligence. The court reasoned that the statute promoted safety by not allowing the
indemnitee, generally the operator of the well or mine, to delegate to subcontractors his
duty to see that the well or mine is safe. Thus, the language providing for the validity of
insurance contracts applied to insurance purchased by the indemnitor to protect its
interests and not the interests of the indemnitee. In short, unlike Texas, the New Mexico
anti-indemnity statute applies to additional insured provisions.



Wyoming Anti Indemnity Statute

Indemnity contracts relating to oil, gas, or water wells are void if the indemnitee
seeks indemnification against liability for death or injury arising from the sole or
concurrent negligence of the indemnitee.21 The preamble of the statute states it is
“against public policy” to indemnify “negligence attributable to the indemnitee.” In
Mountain Fuel v. Emerson, the Wyoming Supreme Court applied the statute to an
indemnity agreement. The agreement provided that the contractor (Emerson) would be
liable for all injuries to his own employees and subcontracting personnel regardless of
who caused the injury. The Supreme Court of Wyoming found that since the agreement
intended some degree of indemnity from the indemnitee's own negligence, the agreement
was void.22 The Court also found that if Mountain Fuel was found not negligent, but
Emerson was, then Mountain Fuel would be entitled to indemnification.23

CONCLUSION
Indemnity and Insurance Agreements are the most common clauses in contracts used

in the Oil and Gas Industry. Because of their frequent use, unfortunately, it is not a rare
occurrence for business people to be complacent about their importance. It is absolutely
critical to understand the operation and interaction in these clauses in order to
appropriately evaluate your risks. Further, identical language may have different
applications depending on the State. With careful planning, consideration of the
operation and interaction of these clauses, and when necessary, consultation with
qualified legal counsel, you should be able to avoid the catastrophes and pitfalls of the
unwary.
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INTRODUCTION
The days of midnight dumping and careless polluting are for the most part over.

The 1990's have been witness to sweeping changes within the Oil and Gas Industry.
Certainly, no one in the oil and gas industry wakes up and says, "Today I will pollute."
Yet, avoiding releases and emissions, or even recognizing they have occurred, can at
times be extremely difficult. In today's economy and regulatory environment, industry is
always better served by remaining proactive rather than reactive. Once an emergency
occurs it is too late to evaluate your Environmental Management Systems (EMS),
although you can be sure others will. The EMS needs to be in place and well functioning.
This paper will provide you with the practical tools for evaluating your environmental
management system including due diligence investigations, environmental audits,
compliance issues and record-keeping practices. Finally, in the area of mergers, buyouts,
and strategic alliances, we will consider the application of these previously discussed
tools.1 All too often, inadequate knowledge in this area can create devastating liabilities.

The Potential Liabilities

The liabilities associated with the Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA) stands out as one example of the pitfalls of a
poorly thought out environmental management system.2 With CERCLA, current and past
owners and operators of contaminated property face strict,3 joint and several liability4 for
contamination even though they did not cause the contamination.5 CERCLA liability is
retroactive. Therefore it extends to owners and operators of facilities whose conduct
caused environmental contamination prior to 1980 (i.e., prior to the enactment of
CERCLA). While petroleum, crude oil or any fraction of crude oil are not included
within the definition of "hazardous substance" in CERCLA, this does not mean that your
company may not consider purchasing a company or property with this type of potential
liability. In addition, within your company and any company you consider purchasing are
potential liabilities arising from the Resource Conservation and Recovery Act (RCRA),6 the
Underground Storage Tanks (UST) and Above Storage Tanks Regulations (AST),7 the Clean
Water Act8 including Wetlands provisions,9 Storm water Discharges,10 Oil Pollution Prevention
(OPA),11 the Safe Drinking Water Act,12 the Clean Air Act (CAA),13 the Toxic Substances Control
Act (TSCA),14 Occupational Safety and Health Act (OSHA),15 Emergency Planning and
Community Right-to-Know Act (EPCRA),16 Radon, and Lead. The end result is that the
potential liability (including cleanup) could be greater than the contaminated land’s
value. One method for evaluating these issues is the development of a useful
Environmental Management System which incorporates the development of appropriate
company policies and goals as well as the completion of a properly designed
environmental audit.

THE ENVIRONMENTAL
MANAGEMENT SYSTEM

Not all businesses will have an Environmental Management System, but as
industry and the Environmental Protection Agency move from the rigid command and



control enforcement policy of the past toward creating a culture of compliance and self-
regulation, these Systems will become more prominent.

As industry culture evolves, many have moved from a simple environmental
policy statement or disjointed efforts within disconnected departments to careful
planning and evaluation to create an Environmental Management System (EMS). The
following is an outline for creating your own EMS, but this information should also be
applied to evaluate the EMS within the context of a merger, buyout, or strategic alliance.

Prudent investors can gather significant information about their potential merger,
buyout, or strategic alliance by reviewing that company's Environmental Management
System. The information from this evaluation should be used in conjunction with a
carefully designed transaction audit. Together this should uncover any and all significant
potential environmental problems that could affect the value or use of the business. The
review of the Environmental Management System should provide enough evidence both
to establish an environmental baseline at the point of acquisition and to evaluate market
value of the business, considering all environmental problems uncovered in a review of
the System and the audit. This information will serve as a basis for making a sound
business decision about whether to pursue the transaction and, if so, how to structure the
transaction.

The benefits of this type of planning are numerous. A list of the potential
benefits of a properly designed EMS includes:

•  Improved compliance record;
•  Reduced fines;
•  Reduced legal actions brought against the company and/or related individuals;
•  Improved incident/ accident statistics;
•  Reduced volume of environmental hazards; and improved worker health;
•  Decreased business interruptions by identifying problems that could affect

production;
•  Increased worker productivity from reduced environmental risks;
•  Reduced insurance rates;
•  Improved relations with the regulatory agency potentially limiting criminal exposure

for employees and the company;
•  Expedited permitting;
•  Reduction in inspections by EPA and OSHA;
•  Improved community relations
•  Reduced expenses and increased profits by reducing waste; and
•  Improved employee morale.
 
 The Initial Considerations
 
 The first step in the process of a successful EMS requires the support of
Management. You management must support the EMS in order to develop and
implement it appropriately. Proper support is often reflected in appropriate funding of
the EMS. It is also reflected in memos and articles in the company newspaper. A half-
hearted management implementation of an EMS is perhaps worse than none. It will



create a credibility gap with your employees, regulatory agencies, and the surrounding
community.
 
 Similarly, employee support will mean a better developed and implemented
EMS. If there is a union at the company, consider including union input and acceptance
within the System. Even if you do not have a union, there may be a de facto employee
hierarchy. You must encourage senior employees to support the System and include them
in a leadership role in the System's implementation.
 
 The composition of the EMS development team is also important. There are
several schools of thought regarding the appropriate formation of the team. This is a
situation in which one size does not fit all. Knowing the needs of your company will
assist you in determining the appropriate composition of the development team. For
example, EMS development teams may consist of:
 
•  the plant manager
•  the maintenance manager
•  the quality control manager
•  other employees who understand the company processes and waste streams
•  environmental managers from other companies
•  members of the Society of Retired Executives (SCORE), any national or regional

trade associations, or the local chamber of commerce
•  environmental consultants
•  environmental attorneys
 

 An appropriately designed team can consist of all or part of these.
 

 In the context of a merger, buyout, or strategic alliance, it is equally important to
consider whether the other company's EMS has been appropriately developed and/or
implemented. This will be apparent from the level of management participation,
appropriate funding, memos and articles in the company newsletter reflecting
management commitment, employee support and leadership, and the composition of the
EMS development team. Use this information to evaluate the company's commitment to
its EMS process.

 
 The Audit of Current Programs and Compliance Status
 

 In order for any business to plan for the future, it must be able to develop a
baseline addressing the current status of its environmental compliance. Without this
critical step there can be no baseline and no goal setting for the future. See Appendix A
for a brief outline of possible issues that should be considered in this type of evaluation.

 
 It is especially important to consider both past and current practices in this

evaluation. Understanding your past will allow you to gauge improvement. An
appropriate consideration of the past will include consideration of the following
questions:
 
•  Was the company ever reported for environmental noncompliance?
•  What was the noncompliance issue, how was it handled?



•  What was the fine (if any)?
•  What landfills did the company use to dispose of its waste?
•  Are the landfills still active?
•  What was the compliance history of the landfill?
•  Whom did the company use to haul waste and are they still active?
•  What is the waste haulers compliance history?
•  What are the properties owned by the company?
•  Who else has owned the property the company currently owns?
•  What is the relationship with the community over the years?
•  Have there ever been any community complaints?
•  What is the history of proactive environmental measures?
•  Did the company ever own any underground storage tanks?
•  What regulatory reports did the company file?
•  How long did the company maintain those reports?
•  Did the company ever have any problems with paperwork violations (i.e., not

copying the two sided TRI Form R report)?
 

 Although this is far from an exhaustive list, these questions may need to be
modified according to the circumstances of the transaction and your own company's
needs.

 
 With respect to current environmental practices, you might consider the

following issues:
 
•  What federal/state/local reports does the company fill out?
•  Are the reports properly copied?
•  How long are the reports stored?
•  How much waste does the company generate monthly?
•  What processes generate the most waste?
•  Who handles waste disposal and what are the costs?
•  What noncompliance issues does the company have?
•  When was the last time the company received a federal, state, or local inspection?
•  What pollution does the company generate?
•  What processes generate pollution and how?
•  Have there been any recent complaints about the company?
•  Are there any unusual odors coming from the facility property?
•  What regulations does the company need to comply with?
•  Does the company have a pollution prevention plan?
•  Does the company have a waste reduction plan?
•  Does the company recycle?
 

 Your practices at the time you developed the EMS are a benchmark for you to
evaluate the success of creating and implementing the EMS. This process will help you
spotlight areas that are potential liabilities and whether you have seriously considered
problems and attempted to correct problems.

 
 The final portion of this equation involves an assessment of future liabilities. A
proper consideration would include:



•  Does the company have a system for tracking and considering regulatory issues on
the horizon?

•  What are the current regulations that the company falls under in the next few years?
•  Is there an election in the near future? What are the candidates’ platforms?
•  What kind of atmosphere is the state agency working towards?
•  Is the company expanding? How? What processes are expanding?
•  Is the company developing new products?
•  Is the current landfill going to stop accepting waste soon?
•  Is the current or past landfill targeted for Superfund liability?
•  Is the company planning to relocate?
•  Is there an expected urban development boom planned in the immediate area?
 
 In addition to these considerations, a comprehensive evaluation of your
company’s environmental compliance picture would include process flowcharts
documenting the steps involved, the operational controls, the raw materials used and the
waste generated. Flowcharting should serve as an opportunity for reviewing potential
adverse environmental impacts, including process controls to prevent malfunctions.
These flowcharts can serve multiple purposes. They may also provide the basis for a
Waste Source Reduction Plan, Pollution Prevention Plan, Emergency Response Plan, and
Recycling Plan.
 

 You may even want to consider attaching laboratory reports or other analysis of
the waste to the flowchart. You may use this process to pinpoint areas to reduce or
eliminate waste. Again, this information will provide a benchmark for your company's
follow through on its EMS and will suggest areas that may need improvement.

 
 We also recommend including a layout of the existing facility. These drawings
should include the layout of all water pipes, sewer pipes, gas pipes, chemical pipes, and
other potential containment areas that can develop a leak. Documents reflecting
ventilation controls are also useful. Further, it will be helpful if the diagrams include all
existing machinery and raw material storage, floor grades, and outdoor land grades. The
same holds true for pollution processes. This may provide an opportunity for considering
previously unforeseen recycling opportunities.
 
 It is important to carefully consider applicable regulations and to match those
requirements against your practices. You should also consider the potential for better
record-keeping systems including location and access for employees.
 
 Other considerations include both the geography and the weather. If you have
storage tanks (above and below ground), you should know the soil consistency below the
tanks. In addition, you should know the local water table and the locations of the nearest
wells. The team should have considered whether monitoring wells are required on the
company property. Your EMS team should be aware of the hydrology of the groundwater
in order to properly determine the direction and flow of any leaks. Finally, the team
should have considered the types of inclement weather and drought conditions and their
impact on your company processes.
 

 In the context of a merger, buyout, or strategic alliance, the same principles
apply to evaluating the other company. Review the other company's practices at the time



it developed its EMS and apply these as a benchmark for you to evaluate the success of
creating and implementing the EMS. This process spotlights the areas that are potential
liabilities and whether the company has seriously considered and corrected problems
 
 The Environmental Policy
 

 Are corporate environmental policy statement is often viewed as setting the tone
for your company's environmental program. If you draft an environmental policy
statement, it should be clear and understandable. It should not contain environmental
jargon and industry-specific words.

 
 If you develop an EMS and Environmental Policy, it is important to use them.

Your team can increase awareness of the Environmental Policy by incorporating the
policy into its newsletter, community outreach, or supplier information. The
development of a serious environmental policy should be more than a paperwork
process. If used, it should clearly indicate your company's goals. Researching and
comparing similarly situated company Environmental Policies should assist the
development team.
 
 The Company Goals
 

 Like the policy, the goals for your company’s environmental compliance
evaluation will create a focus on the final objective. Without goals it is difficult to
evaluate whether you have succeeded. Using environmental audits and understanding
company history allows the team to rank its priorities. The chief priority should be those
items that endanger health or the human environment first. Also, watch out for
paperwork violations. These are the types of simple mistakes that are very easy for a
regulatory agency to prove. By incorporating the environmental audit and company
history in this process, the team will also gain insight into the areas that need the most
improvement.

 
 The number of goals should be tied to the number of employees implementing

the System and their enthusiasm for implementation. Too many goals can reflect an
overburdened environmental department or a System that was poorly considered within
the context of the company. This type of situation can backfire on a company attempting
to use its EMS as proof of compliance when working with regulatory agencies.

 
 Your goals should be quantifiable and not reflect the arcane desires of the

company. For example, consider Goal A and B:
 

 A. Retrofit air conditioning units to a less ozone depleting or no ozone depleting
refrigerant.

 
 B. Increase communication and understanding with our customers in relations to
our environmental programs and policies.

 
 Clearly Goal A is measurable. You can easily determine which refrigerants are less
ozone depleting or non ozone depleting. But, Goal B is very subjective. It is very
difficult to be accurate about increased "communication and understanding." A company



with goals that are not quantifiable reflects either a poorly designed goal setting
approach or worse, a lack of serious intent. Review whether your team has included tools
for measuring the achievement of the goal and whether these results were reported back
to the company.
 
 You must avoid radically perfectionist objectives. This is a major pitfall within
drafting company goals. Drafting perfectionist goals may lead to employee morale
problems. Moreover, using phrases such as "zero discharge" for a goal is not reasonable
or achievable. A goal of a reduction by a third is more reflective of reasonable, careful
goal setting.
 
 Employee participation is critical for the appropriate development of company
goals. Employees have process knowledge that can be useful in goal setting.
 
 The System
 
 Your company Environmental Management System should be divided into
elements. Each of the elements should focus on one topic and contain all the information
needed to understand the work required, the time frame to complete the work, and
responsible parties. Typical elements would be:
 
•  The Environmental Policy
•  The Environmental Goals
•  Improving Communication with the Community
•  Improving Communication within the Company
•  Pollution Prevention
•  Waste Source Reduction
•  Recycling
•  Energy Conservation
•  Internal Recognition
•  Customer Relations
•  Alternative Raw Materials
•  Environmental Auditing
 
 Your System may not contain all of these elements and it may include others not listed
here depending on the circumstances of the particular industry.
 
 Of the items listed, Pollution Prevention, Waste Source Reduction, Recycling,
and Energy Conservation are key areas that the regulatory agencies will focus on. Of
these four areas, Pollution Prevention and Waste Source Reduction are the most critical.
 
 The Pollution Prevention element, referred to as P2, should focus on reducing or
eliminating pollution by using operational controls. A thorough P2 element will consider
the five main types of pollution to prevent. Consider how your company pollutes in
relation to land, air, water, noise, and odor. Remember noise and odor are commonly
overlooked areas of pollution prevention. Unfortunately, they frequently appear in
litigation with neighbors or disgruntled employees. Even if there are no recorded
complaints about these issues, encourage your team to formulate an opinion and compare
its conclusions to the company's.



 
 As previously mentioned, it is important to consider Waste Source Reduction.
The general purpose behind the Waste Source Reduction element is the notion that the
amount of waste you generate can be reduced by analyzing how it is produced and by
making changes in the process to accomplish the reduction. It is distinguishable from P2

because it looks at the start of the process rather than the end. The best design for an
Environmental Management System will consider Pollution Prevention and Waste
Source Reduction separately. Otherwise, opportunities to calculate unexpected monetary
savings may be lost.
 
 The Follow Through
 
 A well-written Environmental Management System is only successful if the
company has evaluated and modified the System to fit the circumstances of its company
as the System is implemented. This process should be reflected in a log or other report,
which notes what has worked and what has failed.
 
 Remember, a true EMS allows a company to look at compliance status on a
continuous basis. Finally, and most importantly, environmental matters should be
incorporated in all planning stages of engineering projects and operations. An EMS must
have a mechanism that requires engineers, and operations managers, etc to consult and
obtain written acceptance from the environmental department that the changes or
modifications17 are within the purview of the existing permits. Without these
mechanisms, the EMS is compromised.
 
 Final Considerations
 
 Finally, if as the purchaser, you do not have an existing EMS or discover during
the due diligence audit of your company a failure to follow-up on findings, the EMS of
the purchased company will provide little added value to the acquisition. If the
purchasing company does not have an EMS, then the authors strongly suggest that the
team evaluating the purchased company's EMS should also develop an EMS for the
purchasing company. At a minimum, prior to conducting due diligence, the team should
develop clear written guidelines on the purchase of land or companies that track findings
and corrective actions18 and pursue the support of management.
 
 

 ISO 14000
 
 ISO 14000 is a set of standards created by the International Organization for
Standardization (ISO). The standards and guidelines were initiated at the United National
Conference on Environment and Development in Rio de Janeiro, Brazil in 1992. If you
are considering a buyout, merger, or strategic alliance with a multinational company or a
foreign owned company, the company may be ISO 14000 certified or implementing ISO
14001 standards. While this paper is written in the context of applying ISO 14000 to
your own company, the same principles apply to evaluating an ISO 14000 company in a
merger, buyout, or strategic alliance.
 



 ISO 14000 covers many environmental issues, including:
 
•  developing an environmental management system
•  environmental auditing
•  evaluation of environmental performance
•  environmental labeling
•  life-cycle analysis

 
 If you choose to participate in ISO 14000, typically you must conform to the
standards of ISO 14001. The ISO 14001 standards include these components:
 
•  An environmental policy supported by top management in the company
•  Environmental aspects and significant impacts identified
•  Methods for identifying and obtaining legal and other requirements (in regard to

environmental performance)
•  Environmental goals, objectives, and targets that adhere to and support the written

environmental policy
•  An environmental management program
•  Defined responsibilities and roles for everyone involved with environmental

management
•  Training procedures
•  Procedures for communicating all aspects of the environmental management system

to anyone interested (internal and external)
•  Documented operational control procedures for equipment
•  Emergency response procedures and plans
•  Methods to measure, monitor, and report on operations or procedures that refer back

to the aspects with significant environmental impacts
•  Nonconformance corrective methods, actions, and procedures
•  Procedures to handle record-keeping
•  Audit procedures
•  Management review procedures

You cannot assume that if your company meets ISO 14000 conformance, it is in
compliance with United States or state environmental laws. Environmental compliance is
not necessary to meet ISO 14000 conformance; nor is it a guarantee that you will obtain
compliance in the future.

ISO 14000 conformance also does not mean that the local, state, and federal
regulatory agencies will stop inspecting your facility. Indeed a company using the ISO
standards may be subject to more stringent review. The agency may want to be certain
that your facility is actually implementing the system and not resting on its laurels, or
perpetrating a public relations scam.

It also does not mean that your company will be free of scrutiny from
organizations like the Sierra Club or other citizen groups. These organizations may be
suspicious of claims of conformance with ISO 14000. Indeed, these groups may take a
stronger interest because of the conformance claim.



You must also consider having the company ISO 14000 system certified, and if
you have been certified, consider whether you want to continue this practice. This
analysis should include investigating the requirements of the regulatory entities of the
foreign countries where you will continue doing business. Further, you must consider the
requirements of your customers. Often compliance or certification is required.19

There are very good reasons to choose not to have your ISO 14000 system
certified. The most obvious one is cost.20 A third party declaration of certification can be
quite costly. However, since you can self-declare conformance to the standard, the cost
issue can be avoided.

DUE DILIGENCE INVESTIGATIONS
A due diligence investigation or transaction triggered audit is typically

conducted in order to identify and quantify potential environmental liabilities. Both
would-be-sellers or potential buyers may conduct an audit. Further, a lender usually
requires an environmental audit to enter into a loan transaction.

Phase I Audit

CERCLA has been a driving force in the Phase I audit to protect an innocent
purchase defense. However, concern should not stop at CERCLA.21 The Resource
Conservation and Recovery Act (RCRA),22 the Underground Storage Tanks Regulations
(UST) and Above Storage Tanks regulations (AST),23 the Clean Water Act24 including
Wetlands provisions,25 Storm Water Discharges,26 Oil Pollution Act (OPA),27 the Safe
Drinking Water Act,28 the Clean Air Act (CAA),29 the Toxic Substances Control Act
(TSCA),30 Occupational Safety and Health Act (OSHA),31 Emergency Planning and
Community Right-to-Know Act (EPCRA),32 Radon, and Lead are among the other
worries you must consider.33

At a minimum a Phase I environmental audit should include the items set out in
Table I. The customary procedures include the following:

•  Review of recorded chain of title documents regarding the real property,
including all deeds, easements, leases, restrictions, and covenants for a period of
fifty years.

•  Review of aerial photographs that may reflect prior uses of the real property and
that are reasonably obtainable through state or local government agencies.

•  Determination of the existence of recorded environmental cleanup liens against
the real property that have arisen pursuant to federal, state, and local statutes.

•  Review of reasonably obtainable federal, state and local government records of
sites or facilities where there has been a release of hazardous substances and that
are likely to cause or contribute to a release or threatened release of hazardous
substances on the real property.

•  A visual site inspection of the real property.



The American Society for Testing and Materials

The American Society for Testing and Materials (ASTM) is an industry
association, which has established guidelines to define the appropriate guidelines to
preserve the innocent purchaser defense.34 The EPA does not sanction these guidelines,
but the EPA has not established its own guidelines either. The Practice Guides note that
they are designed for broad utility for a wide range of persons who are trying to develop
information about the environmental condition of a property, beyond those who may
claim the CERCLA defense. The necessary level of assessment must be determined on a
case by case basis depending on the expertise of the company and its risk tolerance.

ENVIRONMENTAL AUDITS, COMPLIANCE
ISSUES, AND RECORD-KEEPING

Environmental auditing includes a variety of compliance assessment techniques
that go well beyond those legally required. These methods are used to identify actual and
potential environmental problems. The EPA endorses environmental auditing because it
believes that effective environmental auditing can lead to higher levels of overall
compliance and reduced risk to human health and the environment. While the EPA views
audits as enhancing compliance, they do not replace agency inspections. At the same
time the EPA has acknowledged that the goal of obtaining optimal compliance "can be
achieved only with the voluntary cooperation of thousands of businesses and other
regulated entities subject to these requirements."35 The EPA has defined environmental
auditing as a " systematic, documented, periodic and objective review by regulated
entities of facility operations and practices related to meeting environmental
requirements."36 A compliance audit should:

•  Verify compliance with environmental requirements;
•  Evaluate the effectiveness of environmental management systems already in

place;
•  Assess risks from regulated and unregulated materials and practices;
•  Serve as a quality assurance check to help improve environmental management.

Continuing to recognize the value of environmental audits, the EPA issued its
final policy in 1995 regarding incentives for companies to perform audits.37 The
incentives are an elimination or substantial reduction of the gravity component of the
civil penalties,38 and no recommendation for criminal prosecution. Criminal prosecution
will almost be recommended when the violation demonstrates or involves:

•  a prevalent management philosophy or practice that concealed or condoned
environmental violations; or

•  high-level corporate officials' or managers' conscious involvement in the
practices, or willful blindness to the violations.



There are nine criteria for benefiting from EPA's Audit Policy.39 These are:

•  the discovery of the violation is the result of an environmental audit, due
diligence, or some other type of systematic review;

•  the discovery is voluntary and not mandated by statute or regulation
•  prompt disclosure;40

•  discovery and disclosure independent of government or third party plaintiff;
•  correction and remediation;
•  prevention of recurrence;
•  no repeat violations;
•  the violation did not result in serious actual harm or present an imminent and

substantial endangerment to human health or the environment, or violate the
specific terms of any judicial or administrative order or consent agreement;

•  cooperation.41

There are many benefits to performing these types of audits if your company is
committed to the audit and intends to follow through with its findings. If there is no
follow through, then you have simply created a "paper trial" for enforcement or worst of
all prosecution. If this commitment is lacking it is better to avoid the audit. There is no
benefit in noting everything your company fails to do correctly with regard to
environment regulation and putting it in a file. It’s expensive and of no benefit to you
and potentially quite detrimental. While there are audit privilege protections and self-
criticism privileges, if there is any suspicion of a criminal act, the audit is not protected
and must be provided to the enforcing agency or in response to discovery.42

CONCLUSION
We are living in an era in which the government expects companies to self

regulate and further to turn themselves and/or their employees in when they violate the
law. Although not an environmental case, the experience of Caremark International Inc.
is an excellent benchmark for industry behavior with regard to compliance plans. The
Chicago based company plead guilty for illegally paying physicians for patient referrals
and then falsely billing the government.

It is also a cautionary tale for making good faith efforts to ensure the company
has adequate systems to detect regulatory violations or illegal activity. Caremark's
compliance plan included ongoing revisions of its guide on contracting with doctors and
hospitals, employee education on the anti-kickback law, requirements that employees
report misconduct on a toll-free confidential hotline, and the name of a company
compliance officer.

Despite this, the company was forced to plead guilty to two counts of mail fraud.
Even though most of the compliance plan was initiated after the company learned it was
under a criminal investigation, the federal prosecutors dropped a charge regarding an
anti-kickback statute. Although it received some credit for having a compliance plan in
place (even one that was created after the violations occurred), the company still paid
fines of $161 million in criminal and civil fines.



Perhaps the most instructive aspect of this case for any company reviewing the
EMS of a company in a merger, buyout, or strategic alliance is the compliance plan
designed for Caremark by the federal government. In addition to the guilty plea and
fines, Caremark had to enter into an agreement to investigate and report employee
misconduct to the government, and waive attorney-client and work-product privileges on
any complaints it receives. The company must report regularly on its compliance efforts
and allow the Department of Health and Human Services (HHS) to review supporting
documentation, including the status of any pending investigations or legal proceedings.
Caremark had to promise not to hire anyone previously convicted of crimes involving
government programs and fire employees convicted of such crimes while working for the
company. Lastly, Caremark could not receive any guarantee that the materials it released
to the HHS would remain confidential.

Understanding the benefits of an Environmental Management System, due
diligence, and environmental audits is imperative in discerning both your company's
liabilities and the liabilities of any company you may purchase.. The final moral here is
that you can write your own plan and implement it effectively, or you can wait for the
government to design one for you.



Table 1

Step Description
Environmental Setting Topography

Geology
Hydrogeology
Hydrology

Historic Use of Property Title Search
Aerial Photographs
Fire Insurance Maps
Local Street Directories

Regulatory Agency Listings NPL
CERCLIS
RCRA lists
ERNS
State Hazardous Waste Site List
Solid Waste Disposal Sites
Underground Storage Tank (UST) list
Leaking UST (LUST) list

Site Reconnaissance Current Use
Prior Use
Hazardous Substances Present
Signs of Property Misuse
Effluents and Air Emissions
Waste Disposal Techniques
Surface Water Drainage
Transformers
Surrounding Area use
Site Visit
Investigate paved areas for possible UST

Interviews Owner
Occupants
Operations Management Local Government



                                                          
1 For more information regarding Environmental Liability Valuation, see Aarti Sharma,
Keith A Weitz, Center for Economics Research, Incorporating Environmental Costs and
Considerations into Decision-Making: Review of Available Tools and Software,
http://www.epa.gov/opptintr/acctg/rev/toc.htm. The paper provides an annotated
bibliography regarding valuing potential environmental liabilities for managerial
decision-making.

2 42 U.S.C. § 9601 et seq.

3 Strict liability is imposed without regard to the fault of the owner or operator. There are
three limited defenses available to persons and businesses that can establish that
environmental contamination was caused solely by an act of God, and act of war or by
the act or omission of an unrelated third party (also called the “innocent landowner”
defense).

4 Joint and several means that the full responsibility for remediating a contaminated site
may be imposed upon one party even though several other parties contributed to the
contamination.

5 CERCLA defines four classes of persons that may be held liable for the cleanup of
hazardous substances: 1) the current owners or operators of contaminated property; 2)
the owners or operators of the property at the time it became contaminated; 3) persons
who arrange for treatment or disposal of hazardous substances; and 4) certain
transporters of hazardous substances. The EPA, the state, or private parties may sue for
all costs of remedying environmental contamination; damages to natural resources; and
the costs of any studies necessary to determine the health effects of environmental
contamination.

6 42 U.S.C. §§ 6901-6992k.

7 42 U.S.C.A. § 6991-6991i.

8 33 U.S.C.A. §§ 1251-1387.

9 33 U.S.C.A. §§ 1344.

10 33 U.S.C.A. §§ 1342 (p).

11 33 U.S.C.A. §§ 2701-2761; 40 C.F.R. § 112.

12 42 U.S.C.A. §§ 300f to 300j-26.

13 42 U.S.C.A. §§ 7401-7671q.

14 15 U.S.C.A. §§ 2601-2692.

15 29 U.S.C.A § 651 et seq.

16 42 U.S.C.A. §§ 11001-11050.



                                                                                                                                                              

 17 For example the engineers or operations managers should seek written acceptance
from the environmental department that increased throughput, operating changes, or
equipment modifications are within the purview of the existing permits.
 
 18 e.g., where to store reports, how to correct minor findings, how to correct major
findings, who is responsible for the correction and tracking of findings.
 
19 If the company is not certified and you want third party certification, you can locate an
auditing group on the web at http://www.ansi.com or http://www.ceem.com.

20 By some estimates, over $30,000 over three years.

21 To establish the innocent purchaser defense, the potentially responsible party "must
have undertaken, at the time of the acquisition, all appropriate inquiry into the previous
ownership and uses of the property consistent with good commercial or customary
practice in an effort to minimize liability.

22 42 U.S.C. §§ 6901-6992k.

23 42 U.S.C.A. § 6991-6991i.

24 33 U.S.C.A. §§ 1251-1387.

25 33 U.S.C.A. §§ 1344.

26 33 U.S.C.A. §§ 1342 (p).

27 33 U.S.C.A. §§ 2701-2761; 40 C.F.R. § 112.

28 42 U.S.C.A. §§ 300f to 300j-26.

29 42 U.S.C.A. §§ 7401-7671q.

30 15 U.S.C.A. §§ 2601-2692.

31 29 U.S.C.A § 651 et seq.

32 42 U.S.C.A. §§ 11001-11050.

33 The Clean Air Act, the Clean Water Act, and TSCA apply to these.

34 The ASTM website may be found at http://www.astm.org. The practice guides,
"Standard Practice for Environmental Site Assessments: Phase I Environmental Site
Process (E 1527-97), "Standard Practice for Environmental Site Assessments:
Transaction Screen Process (E 1528-96), and "Guide For Property Condition
Assessments: Baseline Property Condition Assessment Process" (E 2018-99) will be
invaluable tools for evaluating the appropriate Phase I audit.

35 60 Fed. Reg. 16,875 (April 3, 1994).



                                                                                                                                                              

36 51 Fed. Reg. 25,004 (1986).

37 60 Fed. Reg. 66.706 (Dec. 22, 1995).

38 The gravity component may be reduced by 75 % in appropriate situations.

39 The Department of Justice considers voluntary disclosure, cooperation, and
remediation in its decision regarding prosecution.

40 Prompt disclosure means ten days, or shorter if prescribed by law, in writing to the
EPA.

41 This means that the entity provides such information that EPA deems necessary.

42 A discussion of the audit privilege of each of the states providing such is beyond the
scope of this paper, however, a review of the Texas privilege is instructive. Texas
provides that an audit report is considered privileged and not admissible as evidence, or
subject to discovery, except as provided by the Act. Each document in the audit should
be labeled "Compliance Report: Privileged Document," or in a similar fashion. Failure to
do this does not waive the privilege. If the privilege is believed to be fraudulently
asserted, the audit shows noncompliance with environmental laws, or there is reasonable
cause to suspect a criminal offense has been committed under the law, the court may
determine whether to disclose the audit through an in camera review of the audit. Texas
Rev. Civ. Stat. Ann. art. 4447cc, §§ 1 to 13 (West 1996).



                                                                                                                                                              

APPENDIX I

Air Issues

1. Does the company have air permits?

2. Is the company regulated under the Clean Air Act?

3. Do the air permits meet state regulations?

4. Is the process requiring air permit flowcharted?

5. Are the air emissions measured and documented?

6. Does the company regularly measure the air emissions?

7. Does the company burn oil or other combustible materials?

8. Does the company emit smoke from stacks?

9. Does the company emit odors?

10. Will the company expand and need to build additional air sources?

11. Does the company inspect operational control for air sources?

12. Are there any fugitive sources on company property (unpaved roads, unpaved
parking)?

13. Has the company received complaints from neighbors on air quality?

14. Are vehicles surrounding the property coated with dust?

15. Does the company use air filtration equipment?

16. Does the company burn trash, wood, paper, etc?

17. Does the company perform large amounts of welding?

18. Does the company use volatile organic compounds (VOCs)?

19. Does the company generate NOx?

20. Does the company use gasoline powered machinery (inside or outside)?

21. Does the gasoline powered machinery meet emissions standards?

22. Does the company use chlorofluorocarbons or 1,1,1 trichloroethane?



                                                                                                                                                              

23. Does the company experience high air quality related illnesses?

WATER ISSUES
1. Does the company have wastewater permits?

2. Has the company flowcharted processes that generate wastewater?

3. Does the company comply with the Clean Water Act?

4. Does the company understand the natural flow of water on property?

5. Is wastewater monitored, measured and documented?

6. Is the company required to pre-treat discharge?

7. Does the company discharge to a sewer?

8. Does the company discharge to a holding pond (open-air water evaporation)?

9. Does the company discharge to a stream, river, or other flowing water body?

10. Is there an underground stream under company property?

11. Does the company have underground storage tanks on property?

12. Have the company's underground tanks been tested for leakage?

13. Have the underground tanks been removed?

14. Does the company have floor drains within buildings?

15. Does the company know where floor drains discharge?

16. Does the company use water for cooling machinery and equipment?

17. Is cooling water properly discharged?

18. Is water recycled within facility buildings?

19. Does the company use well water?

20. Does the company understand drought regulations (if any)?

21. Has the company been asked to reduce or lower water usage from the town, city,
or neighborhood?



                                                                                                                                                              
22. Does the company require storm water regulation monitoring?

23. Has storm water been tested and found to be in violation?

24. Does the company discharge storm water to the sewer?

25. Is the company located in a flood plain or modified flood plain.

26. Is the company located near a wetland?

27. Has the company developed and educated employees on a Spill Prevention
Program?

28. Does the company use pesticides and herbicides or apply chemicals on property?

SOLID WASTE ISSUES
1. Does the company own waste discharge permits?

2. Has the company flowcharted all processes that generate solid waste?

3. Do flowcharts specify the quantity generated, disposal method, and hazards
associated?

4. Have recycling opportunities been investigated?

5. Does the company already recycle some wastes?

6. Has the company replaced virgin materials with recycled materials?

7. Has the company replaced nonrecyclable waste with recyclable waste?

8. Has the company investigated pollution prevention opportunities?

9. Does the company use pollution prevention equipment?

10. Is pollution prevention equipment monitored and tested for efficiency?

11. Has the company investigated waste source reduction opportunities?

12. Does the company waste go to landfills?

13. Has the company visited landfills to witness waste being disposed?

14. Does the company own an onsite landfill?

15. Has the company-owned landfill been permitted by the state?



                                                                                                                                                              
16. Is the company owned landfill monitored for leakage?

17. Does the waste involve hazardous, infectious, or radioactive materials?

18. Are the above wastes permitted, monitored, measured, and disposed of properly?

19. Does the company file SARA Title III reports?

20. Has the company contributed to a Superfund cleanup site?

21. Does the local fire station and hazmat unit have information relating to the
company?

22. Has the public been informed about the company’s waste?

23. Does the company have waste in a secure, watertight container?

24. Are all waste containers clearly labeled?

25. Are waste containers stored separately from other containers?

26. Are all employees educated in the proper disposal of wastes?

Environmental Management Systems

1. Does the company have an environmental policy statement?

2. Are there procedures to ensure that staff complies with EMS policy?

3. Is the environmental policy communicated and posted throughout the company?

4. Is there a procedure to perform environmental audits?

5. Does the company understand the environmental impacts from processes?

6. Does the company have a document control system?

7. Does the document control system include revision management?

8. Does the company understand the legal ramifications of environmental law
violations?

9. Does the company have a clear method to develop environmental goals?

10. Do environmental goal procedures involve legal requirements?

11. Does the environmental department understand financial impacts of projects?



                                                                                                                                                              
12. Is there an Environmental Management System established?

13. Is there a plan for pollution prevention?

14. Is environmental information shared throughout company?

15. Is there a clear chain of command in regard to environmental management?

16. Are the Environmental Manager’s responsibilities documented?

17. Does the top company management understand environmental issues?

18. Is there company training on environmental issues?

19. Are there procedures for storing training records?

20. Are there competent staff (persons who have completed training) in the
company?

21. Is there communication between various levels of the company?

22. Is there periodic review of documentation, audit reports, and environmental
policy?

23. Are documentation, audit reports, and environmental policy available to
employees?

24. Are there procedures for accidents/ emergency situations?

25. Are accidents/emergencies investigated in a timely manner?

26. Are procedures developed to help prevent further accidents/emergencies?

27. Are processes complete with operational controls to monitor the process?

 28. Is equipment calibrated and measured?

29. Are records of calibration available/retained?

30. Are procedures developed to eliminate causes of nonconformance to processes?

31. Are procedures developed to indicate if current EMP conforms to planned EMP?

32. Are procedures developed to determine if EMP is properly maintained and
implemented?

33. Are procedures developed to provide audit results to management for review?

34. Are procedures developed for EMP changes based on audit results?



                                                                                                                                                              

35. Does the company understand continuous improvement (TQM) methods?

36. Does the company understand the need to work with regulatory agencies?



Oklahoma Corporation Commission
Oil and Gas Division

Complaint Database Review

Kerry L. Sublette, Rick Yates – Univ. Tulsa

Mike Schmidt – Oklahoma Corporation Commission

G. Rich Talley – Resource Investment Corp.

J. Berton Fisher - Gardere & Wynne, L.L.P.



Oklahoma Corporation
Commission Districts
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3 4

• 1- Bristow

• 2- Kingfisher

• 3-Duncan

• 4-Ada



July 1993 through July 1999
25,973 Complaints
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Pollution Complaints Dominate
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Drilling Issues: Geographic
variability is evident.
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Statewide Drilling Issues
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Pollution: Most pollution
complaints relate to discharges
leaks or spills.
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Statewide Pollution Issues
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Production Issues: Trash &
debris is a significant issue.
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Plugging Issues: Abandoned
wells dominated plugging issues.
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SWD/Injection Issues: Adverse
inspection results and failed
MITs are rare.
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Conclusions

• Distribution of broad categories similar statewide

• Pollution related complaints are dominant

• Drilling related issues are geographically variable
and include both environmental and administrative
issues; deficient surface casing/cementing
complaints are extremely rare.

• Most pollution related complaints are due to
discharges/leaks/spills; serious issues rare (i.e.)
release to surface or ground water.



Conclusions (cont.)

• Production issues are dominated by trash&debris;
there are numerous categories of production
issues; improper signs are an issue.

• Abandoned wells (> 1 year TA) have been
historically numerous in northeastern Oklahoma.

• Adverse inspection results and failed MITs are
rarely encountered in SWD/Injection wells.



TECHNOLOGY TRANSFER FOR THE
DOMESTIC PETROLEUM INDUSTRY

Dee Ann Sanders, School of Civil and Environmental Engineering
Oklahoma State University

Pat Hall, Department of Continuing Education
University of Tulsa

ABSTRACT
Oklahoma has over 67,000 marginal wells, defined as wells producing 10 barrels per day

(bpd) or less; 34% of these wells produce less than 1 bpd. These wells are operated by an
estimated 3500 personnel in 70 counties. Independent petroleum producers in the state of
Arkansas make up a population approximately 10% as large as in Oklahoma, extending across the
southern half of the state. The small independent oil producer has been severely impacted by a
combination of low crude prices and increasingly complex and stringent environmental
regulations.

Under subcontract provided by the Integrated Petroleum Environmental Consortium
(IPEC), the College of Engineering, Architecture and Technology (CEAT) of Oklahoma State
University and the Departments of Continuing Education and Petroleum Engineering of the
University of Tulsa will cooperatively provide technology transfer to the domestic petroleum
industry. The technology transfer activities will consist primarily of workshops to independent
producers and regulators in Oklahoma and Arkansas on environmental compliance and emerging
technology to solve the environmental problems of the domestic petroleum E&P sector.
Discussions with the Marginal Wells Commission, the Oklahoma Independent Producers
Association, Oklahoma Corporation Commission, Arkansas Oil and Gas Commission, and
consultants who work with marginal well personnel indicate that carefully-tailored environmental
training and technology transfer would be well-received and helpful to the marginal well industry.

The primary goal of this project is to hold a series of workshops across Oklahoma and
Arkansas for independent producers and regulators (particularly field inspectors). The
information will be provided in the format of workshops, including a field component, and
demonstrations of appropriate new technologies for environmental compliance. Workshops will
be tailored to the geography and geology of each area.

At this time, a survey has been completed that prioritizes field problems at E&P sites.
The site assessment checklist and video are under development. The initial IPEC Newsletter is
available. The course schedule is under development for regulators. Courses are expected to start
in February 2000.



Project: IPEC Technology Transfer

Period: August, 1999 to August, 2000

Awarded to: University of Tulsa and Oklahoma State University

PI for Project: Pat Hall, University of Tulsa
Dee Ann Sanders, Oklahoma State University

Objectives to meeting the goals:

•  Developing cost effective technologies to meet the challenges of environmental
regulations to the competitiveness of the domestic petroleum industry.

•  Training environmental professionals as an investment in technology and policy
development.

•  Disseminating information regarding technology development and legal and
regulatory issues which can impact the competitiveness of the domestic petroleum
industry.

Status to date/Progress Report:

Prior to the awarding of this project, representatives from both institutions met with
members of the Industry Advisory Board (IAB) and a member of the Science Advisory
Committee to discuss the project of technology transfer. It was determined through these
discussions that the initial project would be directed to the State Regulators in a train-the-trainer
format.

The inaugural and introductory issue of the quarterly Newsletter was provided at the
IPEC conference in November. This Newsletter will also appear on the IPEC website each
quarter. Through the Newsletter, we intend to disseminate new technological developments to all
the interested parties, introduce the contacts who can provide the necessary help, inform people
about workshops where details about the new technologies will be presented and develop better
communications between regulators and oil producers. Our goal is to provide these people with
the latest technologies as quickly as possible. There will also be a Q & A column in each of the
Newsletters.

With regards to the Workshops for Regulators, a formal subcontract with Beacon
Environmental has been signed to assist in the train-the-trainer workshops. Resources have been
checked in preparation for the development of the manual and checklist. The subcontractor has
begun some preliminary plans into the preparation of the manuals. We are awaiting Preliminary
Assessment recommendations at this time. In addition, initial inquiries are being made on the
selection of the video site.

The workshops will be held in four locations in Oklahoma, one in Arkansas, one for the
Native Americans in Osage County, Oklahoma. There will also be a workshop conducted at the
request of the EPA in Denver, Colorado in May at the Conference on Hazardous Waste Research.
Providing down-to-earth, practical solutions to environmental problems and tips to avoiding
problems is the goal of these workshops. The workshops for regulators will begin this spring,
2000.



As another means of disseminating information to the independent producers, an exhibit
booth is planned for displaying important breakthroughs and findings accomplished through the
IPEC funded research projects. An analysis of the booth requirements and design has been
conducted and a quote obtained. It will feature photos of field projects, upcoming workshop dates
and locations, and other information pertinent and relevant to disseminating vital information
efficiently and effectively to the domestic industry.
For more information, contact:

Pat Hall 918-631-3003

Dee Ann Sanders 405-744-9302
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 “Unfortunately for the United States, the declines in oil production
costs apply more to oil lying outside the United States than to
domestic reserves. This change in the relative cost of producing oil in
the United States signals a sharp loss in competitiveness and market
share for domestic oil production since the United States will become
one of the most expensive production environments.”

By Russell L . Lamb and Chad R. Wilkerson
Federal Reserve Bank of Kansas City



FOREWORD
Former Secretary of the Interior Don Hodel once said, “The cleanest, safest

barrel of crude oil in the world is produced in the United States.” The significant revenue
impact oil and gas production has had on the Oklahoma economy is documented in the
state’s history, and is amplified by the increasing dilemma inherent in the maturing oil
and gas production fields, the aging workforce and the industry’s older infrastructure
taking the product to market. Understanding the relationship between the rising
production expenses due to environmental production costs and the prohibitive relative
disadvantages placed on domestic oil and gas production by these costs offers an
overview of the obstacles. These obstacles, both prudent and irrational, influence the
revenue stream, and thereby create an unnecessary burden on domestic production
competing against global markets relatively unencumbered by the corresponding
compliance requirements.

The Marginal Well Commission (MWC) initiated the ‘Osage Environmental
Audit’ as a continuation of the development of field information that has been discovered
in other surveys sponsored by the MWC. The unique relationship between the Osage
Nation and those operators that produce oil and gas from over 13,000 low-volume oil and
gas wells provides a field of studies that is a microcosm of the industry. The Osage
Nation as royalty owner and its approved operators have a unique relationship in that its
environmental oversight is provided directly by the United States Environmental
Protection Agency. The ‘Audit’ pursued a cost per barrel environmental compliance
analysis; and the detailing of the Audit’s dollar amounts is designed to allow an
understanding of the cost of meeting regulatory standards. In conjunction with past
studies generated by the MWC, this study will help us understand how to prevent a
complete imbalance between domestic and imported crude oil.

The Osage ‘audit’ was part of a series of studies conducted with the University of
Oklahoma and Oklahoma State University funded and coordinated by the MWC. These
studies cover a broad-based field of information that is open to analysis so that
experienced energy professionals can examine the data to promote the most efficient
implementation of the coexistence of oil and gas production in a safe and high quality
environment. The ‘Audit’ is part of a systematic analysis which includes back to back
operator surveys which allows the best understanding of today’s oil production, today’s
cost for operations and today’s oil operator through demographic analysis. Additionally,
it may be necessary to review the cost of specific regulations, such as the permitting
requirements for water aquifers, RCRA Reauthorization, and specific state initiatives
such as California’s zero emission requirements on fossil fuels.

In 1996, the Marginal Well Commission (MWC) surveyed producers with a
series of questions designed to coordinate responses that would create fields of
information constructing the costs associated with production costs or ‘lift costs’. The
survey categorized a variety of expenses incurred by the operator on a cost per barrel
scenario, and allowed a range of costs to be examined as to percentage of oil to gas ratio,
electricity, personnel, water disposal and other costs related to preserving production and
maximizing the life of an oil and gas well.



The resulting report has become the foundation for tax relief, identifying areas of
concern, documenting specific cost that may overly burden a well and generally
supporting any dialogue that focuses on the escalating operations costs in the oilpatch.

In 1998, the MWC commissioned the Oklahoma State University’s Bureau of
Social Research to conduct a comprehensive demographic survey with the goal of
personalizing the state’s bonded operators. The resulting ‘Operator’s Profile’ provided
the industry with an overview of the age, average number of wells, the percentage of
production differential between the larger and smaller producers and, in short, refocused
the fact that the energy industry is predominantly small and rural businesses. Operating
under public scrutiny and often gross public misperceptions, the ‘Operator’s Profile’
helped the oil and gas industry redefine the necessity of stabilizing all level of operations,
but especially the vulnerable marginal well operator.

Continuing the process of ‘putting a face on the energy industry’ and illuminating
the cost against production, the 1999 Osage Environmental Audit again polls the relevant
personnel in determining the real cost of regulatory compliance on a per barrel basis, and
attempts to capture the facts of the ‘field’ where low prices and high cost endanger the
efforts to prolong marginal production.

The results of this body of work are intended to broaden the view of the process
that taxes, regulates and dominates the viability of sustained domestic production, and
more specifically the remarkably fragile nature of hundreds of thousands of marginal oil
and gas wells nationally and tens of thousand of marginal wells in Oklahoma. Enhanced
recovery projects, potential reentry, the search for new technology and the opportunity to
see the future through old wellbores are all stymied by overburdensome regulations that
should be intended to be proportional to preserve our own natural resources. We hope
that this unique information will be used by both public and private leaders in
ascertaining ways to preserve our nation’s vital domestic energy supply.

Richard H. Chapman, Executive Director
Commission on Marginally Producing Oil and Gas Wells

1999



EXECUTIVE SUMMARY
The Osage Environmental Audit Survey sponsored by the Oklahoma

Commission on Marginally Producing Oil & Gas Wells has found more evidence that our
domestic oil industry is at risk of extinction. This survey indicates that Osage County oil
producers spend an average of $9 million per year to comply with environmental
regulations. By combining the estimated operating cost of oil production with the cost of
regulatory compliance, we can estimate that oil producers have sustained an
overwhelming net loss of over $ 4.45 per barrel in the past six months. Additionally,
while less than 1% of Osage County producers paid fines for failing to comply with
environmental regulations in the past year, they spent an amazing 15-25% of their
revenue on regulatory compliance.

The primary question raised by this study relates to the feasibility of imposing
expensive regulatory compliance costs on both large and small oil producers where the
risk to the environment is negligible. Although it is true that some precautions are
necessary for the protection of the environment, this study indicates the urgent need to
review the cost and the benefit of each regulation relevant to the risk of environmental
harm. For example, some regulations may only be necessary for large producers, while
others may be necessary only for those in a particular geographical location, such as
coastal regions.

At a minimum, the results of this study absolutely demand that no additional
environmental regulations, forms or compliance rules be implemented for domestic oil
producers. Furthermore, it indicates that current regulations be reviewed with careful
scrutiny to determine where they provide protection relevant to the cost of compliance
and risk to the environment. It is imperative that each cost imposed on domestic oil
producers be based on sound research. Unnecessary costs must be removed to help insure
the survival of our most vital domestic industry.

This report was compiled by
StateSource, LLC



Purpose

The purpose of this study is to determine the per-barrel cost of compliance with
environmental regulations for Osage County oil producers in order to gain a better
understanding of the costs associated with today’s oil production.

Group

For operational purposes the group was defined to be oil operators in Osage County,
Oklahoma. With almost 500 operators, Osage County is home to more marginally
producing oil and gas wells per capita than any other county in the United States, and, in
turn, is losing producers at a faster rate than many other counties. Additionally, the
county is directly supervised by the Environmental Protection Agency.

Questionnaire

A survey questionnaire was mailed out to 512 operators and 104 were returned. The
response rate of 23% was considered excellent, and was found to be indicative of the
concern by operators regarding the impact of environmental regulatory compliance
relevant to the overall cost of production. The response rate could feasibly be
underestimated, as many producers who received the initial survey are no longer
operating.

Those responses, as well as supplemental data collected from secondary sources are
outlined in this report.

General Conclusions

•  The average cost of compliance with environmental regulations is $1.97 per
barrel for Osage County oil producers.

•  Based on an average oil production of 4.6 million barrels1 per year from 1996 to
1998, an average of $9 million per year is spent by oil producers in Osage
County alone in order to maintain compliance with environmental regulations.

•  The average operating cost for oil production is estimated at $13.38 per barrel2.
When added to the cost of environmental compliance, $1.97 per barrel, the cost
of producing a barrel of oil is now estimated at $15.35 per barrel.

•  The average price for Osage County crude oil from September 1998 to March
1999 was $10.903 per barrel. With the cost of production and regulatory
compliance estimated at $15.35 per barrel, the resulting net loss for oil producers
is $4.45 per barrel of oil.

•  The average operator in Osage County produces 28,333 barrels of oil each year.

•  The average well operator in Osage County operates approximately 29 wells.



•  The average production per well is 2.8 barrels per day.

•  Only 1% of survey respondents were required to pay fines related to
environmental regulations in the past year.

•  This report does not include an assessment of man hours required for
environmental compliance and the completion of burdensome paperwork, which
many small business owners site as the number one threat to small business4.

1 Received from the State of Oklahoma Corporation Commission, April 1999.
2 From the “Survey of Oklahoma Oil & Gas Leases-Well Cost Analysis” authorized by
the Oklahoma Commission on Marginally Producing Oil & Gas Wells in 1996.
3 Received from the Bureau of Indian Affairs, April 1999.
4 Received from the National Federation of Independent Business.

Specific Conclusions
Spill Containment

The Environmental Protection Agency’s SPCC Regulations require containment of
drainage from the operating areas of a facility to prevent oil spills and contaminated
runoff from reaching storm drains, streams, ditches, rivers, bays and other navigable
waters. Additionally, any leaks which have saturated the soil must be stopped and the
accumulation of oil removed.

In Osage County, this survey indicates that an average of $460,000 per year or $.10 per
barrel of oil produced is spent on spill containment each year.

Requirements for Drips & Leaks
(Such as sumps and catchment drums at unloading areas)

For off-load lines or sales outlet connections used for tank truck transfers of crude oil, the
SPCC regulations require that drip pans or buckets be placed below the outlet or
connection to catch small spills or leaks of oil.

This survey indicates that an average of $92,000 per year or $.02 per barrel of oil
produced is spent on compliance with this regulation per year in Osage County.

Dikes & Berms for Spill Containment

The SPCC regulations require that secondary containment and diversionary structures are
in place to contain oil contaminated drainage, such as rainwater, or leaks from all tank
battery and central treating plant installations. For these purposes, facilities should use
dikes, berms, curbing, culverts, gutters, trenches, absorbent material, retention ponds,
weirs, booms and other barriers or equivalent preventative systems. Dirt berms, which are
commonly used, are required to contain some clay and be compacted.

This survey indicates that in Osage County, an annual average of $368,000 or $.08 per
barrel produced is spent on such structures for spill containment.



Additional Inspections

Oil production facilities are required to be visually examined on a scheduled periodic
basis to insure that spills and leaks have not occurred. Records of inspection procedures,
maintenance and draining of diked areas must be included in the facility's SPCC plan.

This study indicates that Osage County producers spend an average of $276,000 per year,
or $.06 per barrel produced to provide the required additional inspections.

Additional Cost of Surface Casing
(To comply with UIC requirement)

In order to protect underground drinking water sources, cemented casing is required at
least 50 feet below water with less than 10,000 mg/l total dissolved solids (defined as 'an
underground source of drinking water' by the EPA).

This study indicates that Osage County producers spend an average of $966,000 per year
or $.21 per barrel produced to maintain this requirement.

Open Pit Netting & Saltwater Tank Netting

In 1918, the United States Congress enacted the Federal Migratory Bird Treaty Act which
provides for the controlled harvest and protection of migratory birds. The Act makes the
illegal death of any migratory bird a violation of Federal law, punishable by up to
$10,000 in fines and possible criminal prosecution. The law is enforced by the U.S.
Department of the Interior.

Open top tanks, saltwater tanks and pits of a permanent nature, such as skimming pits or
saltwater storage pits are required to be netted, screened or covered. Open top tanks can
be fitted with a solid cover of wood, steel or fiberglass, or can be covered with a screen or
net.

This study indicates that Osage County producers spend an annual average of $46,000 or
$.01 per barrel to secure open pit netting. An additional average of $46,000 per year or
$.0l per barrel is spent on salt-water pit netting.

Salt Water Disposal

Operators are required to dispose of salt water in an environmentally sound manner.
Common industry practice is to re-inject it into a well site. This cost includes maintaining
lines as well as pumping, storing, transporting and injecting saltwater for proper disposal.

This study indicates that operators in Osage County spend an average of $1,058,000 per
year or $.23 per barrel for saltwater disposal.

Disposal Wells for Produced Fluids

This requirement encompasses the construction, and maintenance of disposal wells to
hold water and saltwater extracted from the producing well.



This study indicates that operators in Osage County spend an average of $4,646,000 per
year or $1.01 per barrel to construct and maintain disposal wells for produced fluids.

Testing of Disposal Wells for Mechanical Integrity

A disposal well is required to have mechanical integrity before being used for fluid
injection. Operators are required to notify the EPA at least five days before testing a well
so an EPA representative can witness the test. A two-part mechanical integrity test
demonstrates that no significant fluid movement exists behind the casing, and that no
significant leaks exist in the casing, tubing or packer.

This survey indicates that Osage Oil Producer spend an average of $276,000 per year or
$.06 per barrel produced on testing of disposal wells.

Screens for Flares & Vents

The Bureau of Land Management requires that operators secure screens or nets over
vents or exhaust stacks to prevent the death of nesting or flying birds or bats.

This survey indicates that Osage County operators spend an annual average of $18,000 to
provide screens for flares and vents.

Soil Erosion Prevention

The EPA may occasionally request soil erosion prevention via administrative order.
Producers will usually be required to provide terraces, diversion ditches and the
replanting of drilled and lease road areas.

This survey indicates that an annual average of $276,000 or $.06 per well is spent by
Osage Producers on soil erosion prevention.

Pit Liners in Hydrologically Sensitive Areas

The EPA will occasionally issue an administrative order to require an operator to line a
pit if the area is deemed to be a threat to drinking waters.

This study indicates that Osage County operators spend an annual average of $46,000 or
$.01 per barrel to comply with this regulation.

Disposal of Solid Wastes at Landfills (DEQ)

The Oklahoma State Department of Environmental Quality requires that non-hazardous
solid waste such as contaminated soil or metals be disposed of at landfills.

This study indicates that Osage County operators spend an annual average of $1900 to
comply with this requirement.



Fencing to Protect Livestock

Operators often provide fencing to protect the livestock owned by the landowner.

This study indicates that Osage County operators spend $92,000 per year or $.02 per
barrel per year to provide fencing.

Safety Requirements for the Disposal of H2S

OSHA or Occupational Safety and Health Administration requires the safe disposal of
H2S, a poisonous gas which is sometimes emitted from a well site.

This study indicates that Osage County oil producers spend an annual average of $92,000
or $.02 per barrel to safely dispose of H2S.

Forms Compliance

The EPA requires an annual injection well report to be submitted by each operator
outlining the monthly injection volume and providing a monthly injection pressure
analysis. Additionally, a yearly report is required on any temporarily abandoned well
outlining the fluid level in each abandoned well.

Additionally, each operator must submit a lengthy permit application for each new
injection well.

The EPA requires each operator to have an SPCC plan which must be reviewed and
certified by a Registered Professional Engineer. The SPCC plan must satisfy all
applicable requirements for drainage of operating areas, containment for tank batteries
and central treating stations, bulk storage tanks, unloading and loading areas, transfer
operations, inspections and records, security and training. The facility must fully
implement the SPCC plan.

This study indicates that Osage County operators spend $276,000 per year or $.06 per
barrel in order to comply with forms requirements.



APPENDIX I
SURVEY AVERAGE RESULTS

OSAGE ENVIRONMENTAL AUDIT SURVEY

Average
1. How many barrels of oil did you produce last year? 28,333
2. How many wells did you operate to produce the above amount? 2 9

Of those wells:
3. How many operate on electric motors? 15
4. What is the monthly electricity bill? $3,442.49
5. How much did you spend last year for environmental compliance for:

Spill containment $2, 771.00
Requirements for drips & leaks such as sumps and catchment
drums at unloading areas  $450.00
Dikes and berms for spill containment  $2,310.00
Additional inspections to insure spills or leaks have not occurred  $1,790.00
Additional cost of surface casing (or rework of old) to comply with UIC
requirement to protect underground drinking water sources  $ 5,882.00
Open pit netting  $410.00
Salt water tank netting (advisory rule in OK only)  $ 350.00
Salt water disposal  $6,451.00
Disposal wells for produced fluids  $28,673.00
Environmental requirements for testing disposal wells for
mechanical integrity  $1,797.00
Screens for flares & vents to prevent bird death (BLM only in OK)  $ 110.00
Soil erosion prevention such as terraces, diversion ditches &
replanting of drilled and lease road areas  $1,605.00
Pit liners in hydrologically sensitive areas  $312.00
Disposal of solid wastes at landfills (DEQ permit required)  $12.00
Fencing to protect livestock  $588.00
Safety requirements for H2 S  $534.00
Forms compliance  $1,690.00

6. Have you paid fines in the last year? …………………………….Yes2% No 98 %
If Yes:

Fine(s) based on reported incident # of incidents .50 $3,360.00
Fine(s) automatic #of incidents .0  $0.00

7. Have you experienced an oil or Saltwater spill in the last year?…………Yes 2 9 % No 71 %
8. Did you properly report the spill incident?………………………………Yes 55% No 45%
9. Was the regulating agency timely and cooperative?…………………….Yes 81% No 19%

Comments: See Appendix III
Sponsored by the

Oklahoma Commission on Marginally Producing Oil & Gas Wells
Conducted by the

Bureau for Social Research, Oklahoma State University
A complete copy of the assembled data is available: 1-800-390-0460



APPENDIX II
PER BARREL AND

PER WELL COST ANALYSIS

Survey Question Average Results Per Barrel Cost Per Well Cost
Total Barrels Produced 28,333
Wells operated 29

Electric Motors 15
Monthly Electric Bill 3,442.49$                    0.12$                        118.71$                

Spill Containment 2,771.00$                    0.10$                        95.55$                  
Drips & Leaks 450.00$                       0.02$                        15.52$                  
Dikes & Berms 2,310.00$                    0.08$                        79.66$                  
Addional Inspections 1,790.00$                    0.06$                        61.72$                  
Surface Casing 5,882.00$                    0.21$                        202.83$                
Open Pit Netting 410.00$                       0.01$                        14.14$                  
Salt water tank netting 350.00$                       0.01$                        12.07$                  
Salt water disposal 6,451.00$                    0.23$                        222.45$                
Disposal wells for fluids 28,673.00$                  1.01$                        988.72$                
Testing disposal wells for mechanical inte 1,797.00$                    0.06$                        61.97$                  
Screens for flares & vents 110.00$                       0.00$                        3.79$                    
Soil erosion prevention 1,605.00$                    0.06$                        55.34$                  
Pit liners 312.00$                       0.01$                        10.76$                  
Solid waste disposal 12.00$                         0.00$                        29.00$                  
Fencing for livestock 588.00$                       0.02$                        20.28$                  
Safety requirements for H2S 534.00$                       0.02$                        18.41$                  
Forms Compliance 1,690.00$                    0.06$                        58.28$                  

TOTAL COST 1.97$                        1,950.48$             



APPENDIX III
OPERATOR COMMENTS

(“Not Qualified” comments were submitted by producers
who are no longer operating in Osage County)



LUST POLICY AND ITS PART
IN THE MTBE PROBLEM

Anthony Brown
KOMEX•H2O SCIENCE• INC

ABSTRACT
Since 1979, the addition of fuel oxygenates, primarily Methyl tertiary Butyl

Ether (MTBE), to gasoline has increased in response to clean air requirements.
Currently, numerous water utilities from Maine to California have detected MTBE in
their drinking water supply. MTBE contamination of drinking water is of great concern
because it is a possible human carcinogen and has a repugnant odor and taste. Leaking
underground storage tanks (LUSTs) represent a major source of MTBE in groundwater.
This paper details the events that led to this major environmental problem, and estimate
the potential cost of the problem. The paper will discuss the changes in LUST and fuels
management policy that are partly to blame for this problem. In particular, it will discuss
the role of risk based correction action (RBCA) and its subsequent misuse, natural
attenuation and the Lawrence Livermore National Laboratory (LLNL) Report on LUSTs,
and the economic and political realities which have driven LUST remediation. The paper
will conclude with some thoughts on how we might deal with MTBE contamination in
the future.



INTRODUCTION
In 1979 oil companies started adding oxygenates, primarily Methyl tertiary-

Butyl Ether (MTBE), to gasoline in the U.S. as an octane enhancer. Since 1992, the use
of oxygenates has increased dramatically as Federal and State regulations mandated the
use of oxygenated fuels to reduce air pollution. In many parts of the US oxygenates are
now added to gasoline at >11% by volume, and MTBE now constitutes 84% of all
oxygenates used in oxyfuels or reformulated gasoline (RFG). In 1995, 21 billion pounds
of MTBE was used in the U.S., equivalent to 10.7 million gallons per day. 4.5 million
gallons per day was used in California alone. At its current rate of growth, MTBE
production in the U.S. will climb to almost 50 billion pounds per year by the year 2000.

The U.S. derives 45% of its water supply from groundwater. MTBE was the
second most commonly detected groundwater contaminant in the National Ambient
Water Quality Assessment (NAWQA) conducted by the United States Geological Survey
(USGS).

Currently, numerous water utilities from Maine to California, and many points
in-between, have detected MTBE in their drinking water supply. It is likely that
substantially more public and private water purveyors are affected but they are either not
monitoring for MTBE or have not reported its presence. Currently, the Federal
government does not require monitoring for MTBE. In early 1997, the California
Department of Health Services (DHS) mandated monitoring for MTBE in drinking
water. However, testing need only be conducted once in any three-year period. MTBE
contamination of drinking water is of great concern because it is a possible human
carcinogen, and has low taste and odor detection thresholds.

Leaking underground storage tanks (LUSTs) represent a major source of MTBE
in groundwater. There are over 1.2 million regulated USTs nationwide and more than
200,000 in California (there are also many “unknown” USTs). It is estimated that more
than 30% of these are LUSTs, and 60% of the leaks impact groundwater. Data from
California and other States indicate that MTBE is present at greater than 80% of these
releases which impact groundwater (~120,000 sites nationwide and ~24,000 in
California). Therefore, it is clear that MTBE contamination of groundwater has become a
major problem.

THE COST OF MTBE CONTAMINATION
The author is unaware of any study that has tried to quantify the financial cost in

dealing with MTBE contamination of groundwater. An estimate can be obtained using
costs from the most studied and best-quantified MTBE contamination problem in the
U.S. – the City of Santa Monica.

Both the City’s Charnock and Arcadia well fields have been contaminated with
MTBE. It has been estimated by the responsible parties and the oversight agencies that it
will cost between $100 and $200 million to return the larger Charnock well field to full
production. An additional $20 to $50 million will be spent remediating the individual



source sites. The restoration of the smaller Arcadia well field and the single source site
responsible for the contamination will cost $15 million.

Of the 120,000 LUST sites nationwide with MTBE in groundwater,
approximately 75,000 will require some form of remediation. The University of
California study mandated as part of MTBE legislation estimated that it will cost on
average $330,000 to remediate each LUST site with MTBE (this is probably and
underestimate). Therefore, it will cost $25 billion to clean-up these 75,000 LUST sites. It
can be estimated that an additional $15 billion will be spent cleaning up MTBE releases
from refineries, terminals and pipeline leaks. Over the next ten years, possibly 750
drinking water wells will be impacted with MTBE. The Santa Monica and South lake
Tahoe experiences, suggest that it will cost on average $33 million to restore each well to
production; thus, $25 billion will be spent on well field restoration. The sum of all of
these costs is $65 billion. This is just technical (geologic and engineering) cost. The
other costs, such as legal fees and settlements, ecological impact, natural resource
damage assessment (NRDA) fines, and lost revenue will likely eclipse the technical
costs!

CHANGES IN LUST POLICY
Major Federal and State programs have focused on preventing or remediating

releases from LUSTs. Despite these major programs it is evident from the data in
California collected by the Regional Water Quality Control Boards (RWQCBs) that
MTBE is being released from many UST systems which meet the 1998 standards. In
addition, active remediation of LUST releases has been dramatically reduced over the
last five years.

In the early 1990s it was reported that gasoline constituents (particularly
benzene) were not being detected in many public drinking water wells. In reviewing field
data from their many LUST sites, the oil companies hypothesized that many of the
groundwater plumes were limited in spatial extent and not advancing, in fact, many
appeared to be shrinking. These observations coupled with research into in-situ
biodegradation of hydrocarbons, and pressure from oil company management to reduce
environmental spending, moved the oil companies away from active remediation toward
intrinsic biodegradation or natural attenuation; that is, leave it alone and let nature take
care of the problem. The approach assumes that you have stopped the UST systems from
leaking!

The basic premise behind natural attenuation is that LUST sites represent small
environmental problems that will take care of themselves in 10-1000 years, therefore,
why spend money cleaning them up. Indeed one LUST may not represent a significant
environmental problem, but when there are ~120,000 small problems nationwide, and
~24,000 in California alone, this represents one big environmental problem.

In addition to natural attenuation, the Risk Based Corrective Action (RBCA)
approach was promoted by the petrochemical industry. Using RBCA, many LUSTs were
considered low risk, and therefore, active remediation was not considered an effective
use of reduced environmental budgets. Simply put, without unlimited funding,



remediation must be based on risk. Thus, we must accept a certain degree of
environmental degradation, either in the short-term or long-term

Since 1992, consultants and government regulators overseeing LUST clean-ups
have been educated on the use of RBCA. In addition, many States established clean-up
funds to pay for investigation and remediation at LUST sites. These funds were financed
by a tax on gasoline that was paid directly by the consumers. With the State clean-up
funds now footing the bill for the remediation, government accountants eagerly adopted
the RBCA philosophy, as far less funds would be spent implementing intrinsic
biodegradation/natural attenuation at LUST sites than with active remediation.

On a per site basis the application of the RBCA screening approach to determine
the necessity of remediation is appropriate, even for sites contaminated with MTBE.
However, very rarely, if ever, was MTBE considered as part of the RBCA screening at
LUST sites. And, rarely, if ever, was active remediation recommended to the regulators
after a RBCA screening was conducted. Many LUST owners simply used the approach
for Risk Based Closure. RBCA got a bad name not because the approach was flawed, but
because of the self-serving way it was often used by many LUST owners or operators.

The regulatory adoption of RBCA and intrinsic biodegradation/natural
attenuation became fully apparent in the Lawrence Livermore National Laboratory
(LLNL) Report on LUSTs in California, dated November 1995. The findings of the
LLNL report, the source of the data set, the analysis methods used, and the source of
funding for the work, lead to criticism from academia, consultants and many government
regulators. Even with such limitations, the findings in the LLNL report were probably
reflective of benzene plumes at 90% of the LUST sites, and as mentioned, the RBCA
process was applicable at these sites. Alas, the LLNL report did NOT consider MTBE!
Despite the shortcomings, California adopted the LLNL findings into State policy toward
LUSTs, and the individual RWQCBs were directed by Sacramento to close many LUST
sites. And the acronym RiBCA, was translated by some regulators to Requires
Investigation But Close Anyway, or RaBCA – Requires Abatement But Close Anyway!

Politics

Paralleling, and perhaps driving, the change in LUST policy was a change in
political and economic climate and emphasis during the 1990’s. Government reduced the
legislative and regulatory burden on industry, and generally weakened the enforcement
will of regulators. Certain industry interests were advanced by this change in political
philosophy that allowed them as good corporate citizens to self-police. Unfortunately,
corporations answer first to their shareholders not mother-earth, and the economy was
not kind to the environment.

It’s the Economy Stupid!

Petrochemical companies, like all corporations, have to keep their shareholders
happy. To maintain profits and stock price, oil companies needed to cut costs to balance
the decrease in income that resulted from the drop in the price of oil. Cost reductions
were manifested both internally (e.g. rounds of internal layoffs, mergers, leaving



competitive markets, a focus on core business) and externally (e.g. low bid contracting,
and generally less work being performed).

Remediation is perceived solely as a cost to a corporation as it generates no
direct income or immediate benefit. From a holistic business point of view, this is
incorrect. Remediation reduces long-term liabilities: For example, it lessens the prospect
of litigation and bad public relations (real costs to a corporation). However, these
benefits are difficult to quantify and are not immediate. This leads to a procrastinated
approach to remediation, that is, why pay for it today when you can put it off till
tomorrow. This has been referred to as the 3D approach to remediation – not three
dimensional, but Deny, Delay, Defer! This was done not in a malicious disregard for the
environment, but simply in response to the economic pressures within corporations
during the 1990s. Every consumer musts accept a degree of responsibility for this
situation, we all want cheap gasoline, and we all want gas-guzzling sport utilities!

THE TALE OF WOE
Given these changes in LUST policy in response to economic and political

considerations, and the technical evidence regarding non-oxygenate contamination at
petroleum facilities, we must now throw in the use of oxygenates in gasoline.

It has been reported that MTBE was first added to gasoline in California in 1986.
However, many oil companies did not implement monitoring for MTBE at LUST sites
until directed to do so by the RWQCBs in 1996, in response to the well-publicized
problems at the City of Santa Monica and South Lake Tahoe. Having now initiated this
monitoring, MTBE is being detected at more than 80% of the LUST sites with impacted
groundwater. To summarize, since 1992 the following “tale of woe” took place:

•  MTBE usage increased dramatically due to clean air regulations;
•  MTBE was placed in UST systems that had a history of leak problems, in general;
•  MTBE is a possible human carcinogen and has an offensive taste and odor;
•  MTBE has fate and transport properties far different from other gasoline

constituents;
•  Monitoring for MTBE at LUST sites was not conducted until 1996; and
•  Due to RBCA, intrinsic biodegradation, the LLNL study, and political and economic

considerations there was a dramatic reduction in active remediation at LUST sites.

Thus, a new gasoline additive, which travels faster and further in the subsurface
and persists in the environment far longer than other gasoline constituents, was added in
huge volumes to UST systems with a history of leaks. The oil companies rarely looked
for it in groundwater and/or were never asked to look for it, and little or no active
measures to mitigate its impact were implemented. It is no wonder that with such a
background MTBE is impacting drinking water sources.



WHO IS RESPONSIBLE?
We cannot lay the blame for this problem solely at the door of the petrochemical

industry. All members of the broader environmental community share some of the blame
- politicians, regulators, environmental groups, professional organizations, consultants
and industry. Many supported oxygenates as a means to reduce air pollution. Nearly
everyone ignored its potential impact on water resources. Many supported or enabled the
changes in LUST policy to proceed. Some were aware but just buried their head in the
sand. And many more simply just didn’t stop to think or question what was happening.

The regulatory community, particularly US Environmental Protection Agency
(USEPA), and the petrochemical interests got together to create a new chemical to save
our air quality. Alas, now that MTBE contamination of water has been recognized as a
major problem, MTBE has become an orphan child. Those who once nurtured its use, are
now distancing themselves from MTBE. And the environment has been left with to deal
with this delinquent chemical!

WHO IS TO BLAME?

YES, WE ALL ARE
Simply put, with regard to MTBE, the environmental community and the

petrochemical industry were asleep at the wheel (with MTBE in the tank).

WHERE DO WE GO FROM HERE?
First we must ask “Will MTBE be banned?” The answer is yes, by design or by

default. California has mandated a phase out by the end of 2002. Like many other

           Who Service    Oil Companies        Who Support

    sue

Consultants         sue Lawyers are    Politicians

   sue

        Who Oversee          Regulators         Who Direct



environmental issues that start in California and move east, many other states will follow
California’s lead. In addition, many of the major oil companies now see MTBE as a
significant environmental liability. Therefore, they support the phase out and a switch to
non-oxygenated, cleaner-burning fuels.

Alas, a ban or phase-out over the next three years does not take care of the
immediate problem; it simply prevents future MTBE contamination. This is akin to
“shutting the gate after the horse has already bolted.” First, we must keep MTBE in the
pipes and tanks. Secondly, we must educate the regulators, consultants, oil company and
State trust-fund bean-counters, and the environmental community about the
characteristics of MTBE and the liabilities associated with its release to the environment.
And thirdly, we must clean-up the MTBE that has already been released to the
environment that poses a risk.

When compared to other gasoline constituents, MTBE will:

•  travel faster and further in the environment;
•  persist longer in the environment;
•  impact a larger area and volume of aquifer;
•  impact drinking water resources;
•  enter surface water ecosystems;
•  be more difficult and costly to remediate; and
•  greatly increase the risk of third party liability.

Yes, MTBE is very different from benzene. But so what, it is just another
chemical. Science and engineering can provide the solution. MTBE can be effectively
managed and cleaned up, it just needs more thought and quicker action. Thus, it requires
better consulting, improved fate and transport based investigations (not plume chasing),
expedited investigation and source remediation programs, and more careful agency
oversight. We have the tools to address the MTBE problem, we just need to apply them
effectively. And, we must learn from the past, or we are doomed to repeat the tale of
woe!

In general, an improved level of understanding of site and regional
hydrogeology, groundwater conditions, contaminant distribution, and fate and transport
processes is needed at all release sites to adequately characterize the contamination, it’s
potential impact, and effectively implement remediation measures. Unfortunately, with
diminishing concerns about gasoline releases (see the earlier discussion of changes in
LUST policy), the economic pressures within oil companies to cut costs, and the
financial pressures on the State UST trust funds (policy based on accounting rather than
science), the quality of consulting work at many release sites has suffered. Many LUST
sites are not adequately characterized for benzene releases let alone MTBE.

Admittedly, we cannot clean-up every MTBE release right now. Therefore, we
must use a risk-based approach. Not every MTBE spill will contaminate a supply well or
enter a surface water ecosystem. The RBCA framework can be used to determine risk,
and prioritize action at MTBE release sites.



Because of the potential size of MTBE plumes in groundwater and the possibility
of commingling of plumes from multiple release sites, we will have to conduct regional
aquifer characterization rather than simply focusing on one site. This could include the
following:

•  aquifer vulnerability mapping;
•  more comprehensive well head protection, including detailed source water

assessment and protection plans (SWAPP); and
•  contaminant source/receptor databases within a geographic information system

(GIS).

Why Might This Happen?

The following are factors that will direct oil companies and others responsible
for contamination to address their environmental problems:

•  The economy is in good shape - higher oil prices, increased real estate value,
additional profits, and capital to address long-term liabilities. The mergers in
the petroleum industry will force companies to account for, and reduce or
better manage, their environmental liabilities.

•  The increase in litigation against polluters by “environmental groups” and
private citizens (tort, prop. 65, NRDA, etc.) will force companies to reduce
environmental liabilities.

•  The bad publicity now associated with environmental problems (e.g. Santa
Monica, Los Angeles Unified School District, and A Civil Action) can have
a direct impact on the bottom line. In addition, the public is being introduced
to the chemical of the month club (e.g. MTBE, TBA, NDMA, dioxane,
Cl.O4, etc.). This sparks their interest in groundwater contamination. The
voting (and buying) public is focusing on quality of life issues and there is
renewed public interest in the environment.

•  The new administration in California will (eventually after the Governor is
re-elected) take stronger enforcement action against polluters. Other
businesses (e.g. tourism) will push for improved environmental quality.
Many agencies have undergone very critical reviews, and have been directed
to refocus on their core mission – to protect human health and the
environment. Because of the impact to drinking water, new, tougher agencies
will be involved in enforcement at petroleum releases (e.g. Health
Departments)

•  MTBE impacts a resource that is owned by someone – the water utilities.
Their resource (property) is being damaged. They are fed up with ineffective
regulatory action. They don’t like polluters - especially big oil. They are
powerful (even above the law in some States). They have political muscle,
and in some cases, regulatory powers. They bring Health Departments into
the remediation arena. They have the trust of the people. And, they have the
resources and the will to tackle the problem and the polluters.



Will it happen?

Watch this space (and a gas station near you)!

The views expressed herein are solely those of the author, and may not represent the
position of his employer or any other party (even if they agree with them)! For more
information, please contact Anthony Brown at (714) 379-1157 or via email at
abrown@komexh2o.com.
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ABSTRACT
Natural, mechanical, and chemical methods can be used to remediate oilfield

saltwater impacted sites. The variety and complexity of ecosystems onto which saltwater
was spilled presents a challenge for the remediation planner. Different remediation
strategies are optimal for different site conditions. In effort to provide pertinent data and a
logical approach to remediation, the American Petroleum Institute published,
Remediation of Salt-Affected Soils at Oil and Gas Production Facilities in 1997 (1).
Because the subject matter is somewhat new for many oilfield staff, a companion one-day
short-course has been developed and well received by attendees. The manual covers the
environmental effect of spilled saltwater, procedures for gathering useful published and
in situ data, laboratory interactions, vegetation, chemical amendments, mulching, erosion
control, a decision tree, calculation worksheets, procedures and considerations for
executing remediation plans, and remediation verification. This presentation provides a
brief overview of the short-course and manual. New developments in remediation are
also discussed.



INTRODUCTION

Preparation of the American Petroleum Institute (API) guidance manual,
Remediation of Salt-Affected Soils at Oil and Gas Production Facilities was a
cooperative effort by a number of scientists and engineers with sound technical training
and experience in remediating salt-affected soils at oilfield sites. Prepared under contract
to API, this manual and the associated short-course was developed to assist oil industry
environmental staff, service providers, and ancillary organizations in developing a logic-
based method for site assessment, and the planning and execution of remediation efforts
which would be practical and have a high probability of success.

The impetus for this effort was recognition that environmental fundamentals
regarding multiple physical, chemical, and biotic interactions which determine the extent
to which a given spill site is capable of responding to various treatment options were
largely misunderstood by remediation practitioners.

Because many of the terms and concepts would be unfamiliar to the target
audience, it was determined that some fundamental instruction regarding the media
affected (primarily soils and plants) should be covered first. Guidance in data gathering,
data work-up, remediation option selection, remediation option execution, and optional
follow-up monitoring followed.

The 8-hour short-course, which has been taught in a number of states, goes one
step further and offers the class the opportunity to work on example problems as a group
effort. The short-course also provides a number of visual aids which do not appear in the
manual.

Remediation of salt-affected soils is a complex undertaking. The remediation
science and engineering database, and the technologies and materials available to assist in
remediation efforts continue to be developed.

OVERVIEW OF MANUAL
The major section and subsection titles of the manual are noted below. A brief
description of the contents are then provided in parentheses ().

Section 1. Introduction and Overview

Background (intended audience, types of spills covered by the manual, and
notation of the overlap and distinctions between surface spill and produced water
pit remediation).

Purpose of Manual (scope and organization of the manual).

Remediation Goals (clarification of environmental and cultural objectives).



Section 2. Factors Influencing the Remediation of Saltwater Spills

Landowner Considerations (various issues pertinent to landowner stakeholders).

Regulatory Requirements (clarifying potential regulatory authority and issues).

Publicly Supported Assistance and Involvement of Quasi-Regulatory Organizations
(advantages of using expertise and resources of state and federal tax- and volunteer-
supported organizations).

Corporate Policies (assuring consistency with existing and potential internal corporate
policies).

Community Considerations (considerations regarding local infrastructure support,
community sensitivities, and public relations impacts).

Section 3. Basic Environmental Factors

Soil (physical components including sand, silt, and clay, layering, slope and erosion,
drainage, and chemistry and fertility relationships among reactive minerals, dissolved
ions and pH).

Climate (influence of rain and evaporation on salt movement).

Water (influences on movement of water in soil and the uppermost saturated zone).

Land Use Capability (classification of land into one of eight categories according to its
current condition and ability to respond to inputs).

Section 4. Environmental Effects of Spills at Exploration and
Production Sites

Effects of Salt Spills (salinity and osmotic potential, sodicity and dispersion, categories
and characteristics of salinity and sodicity in soils and plants, important relationships
among salt constituents, pH, moisture content, boron tolerance, and halophytic (salt-
loving plants).

Effects of Hydrocarbons (short-term negative and long-term positive effect on soil and
plants, importance relative to salts, and biodegradation).

Effects of Time (typical observable site deterioration one month, one year, and one
decade after a saltwater spill).

Section 5. Process for Selecting a Remediation Alternative - An
Overview

Overview of Remediation Options (general concept of natural remediation in which
most work is provided by nature and halophytes, chemical in which chemical



amendments are the focus of the effort, and mechanical in which the salt-affected soil
will be excavated and transported elsewhere).

Remediation Decision Tree (overview of 6 steps required to build an effective
remediation plan including initial spill report and identification record, gathering and
reviewing desktop or published data, conducting onsite assessment and sample collection,
interpretation of data and planning remedial activities, execution of the remedial
activities, and optional post-remediation monitoring and administrative closure - these six
steps constitute a decision tree which is subdivided into more detailed branches of action
depending on responses to specific decision-making queries).

Section 6. Site Assessment

Step 1 - Initial Spill Report and Identification (guidance for using Form 1 to record
first report of new spill or start-up activities regarding remediation of aged spill - issues
include what has been observed, and who has been informed).

Step 2 - Review Desktop Data (guidance for using Form 2 to gather published data from
county Soil Survey, local drillers, USGS maps, climatic data, regulatory constraints, and
elimination of obviously inappropriate remediation alternatives).

Step 3 - Onsite Assessment and Sampling (guidance for preparing a site sketch on
Form 3, recording observations during soil sampling on Form 4, and summarizing
decision-making data on Form 5 - also includes discussion on recommended laboratory
analyses and laboratory considerations, manual limitations, incorporating similar
previous spill situation remediation data, importance of background sampling,
determining sufficiency of data, special considerations for wetlands, determining
suitability of halophytes using Worksheet 1, groundwater quality issues, salt
transmissivity to groundwater, determining suitability of soil drainage using Worksheet 2,
determining need for supplemental water using Worksheet 3 and national rainfall and
evaporation maps, erosion control issues, and selecting a site-specific- and spill-
condition-specific-remediation technology).

Section 7. Remedial Action (Step 5)

Natural (Unenhanced, Passive) Remediation (allowing nature to remediate without
human assistance, providing minor inputs such as planting halophytic vegetation to assist
nature in spill remediation, unwarranted input circumstances).

In Situ Chemical Amendment Remediation (improvement of drainage where required,
calculation of quantity of chemical amendment and selection of type of chemical
amendment using Worksheet 4, application and incorporation of chemical amendments
and other soil additives, installation of erosion controls and irrigation where required,
bioremediation of petroleum hydrocarbons, and revegetation).

Mechanical Remediation (land spreading, burial, road spreading, soil washing, and
offsite disposal).



Section 8. Post-Remediation Monitoring and Project Termination

Post-Remediation Monitoring (advantages of post-remediation monitoring, and
methods for monitoring site recovery progress using Worksheet 5).

Project Termination (administrative closure and archiving).

References and Appendices

References (literature and other citations, 4 pages).

Appendix A - Tools for Creating a Field Manual for Remediating Small Areas of
Salt-Impacted Soil (a condensed remediation handbook for low cultural sensitivity and
minimal spill and site condition complexity).

Appendix B - Forms, Worksheets, and Instructions (collection of aforementioned
Forms and Worksheets plus detailed completion instructions).

Appendix C - State Regulatory References (state-by-state listing of regulatory
agencies and contacts - information herein subject to frequent change).

Appendix D - Glossary (definitions and/or explanations of terms and acronyms).

Appendix E - Drainage (methods for improving drainage including chemical
amendments, vegetation, mulching, deep plowing, and subsurface drains).

Appendix F - Revegetation Materials and Procedures (articles and tables covering
seeding rangeland, salt tolerance of different plants, and plant propagation material
sources).

Appendix G - Sampling Procedures (soil sampling methods and strategies, factors
influencing sample collection, electromagnetic salinity mapping, soil and water salinity
primer, soil saturation extract levels, water salinity levels for livestock use, salinity levels
of irrigation water, and preparing a saturated paste).

Appendix H - Mechanical Remediation (disposal in a landfill or pit, road spreading,
land spreading, burial procedures, disposal well injection, and in situ and ex situ soil
washing).

Appendix I - Precipitation and Evaporation Maps (isocon maps of USA).

Appendix J - Laboratory Interactions (suggested laboratory analyses and method
citations for soils, approximate analytical laboratory data correlations, commonly
requested sample quantities, considerations for selecting a laboratory to analyze soil
samples, chain of custody usage, sample label usage, example chain of custody form).

Appendix K - Chemical Amendments and Application Procedures (chemical
amendments for acid, alkaline, and pH neutral soils, substitute chemical amendments,
properties of various chemical amendments, and mixing chemical amendments).



Appendix L - Mulching Materials and Procedures (guide to short-term mulch
materials, rates, and usages, and mulch anchoring guide).

SELECTED HIGHLIGHTS OF MANUAL
AND/OR SHORT-COURSE

The manual and/or short-course provides a number of detailed or approximation
factors. Trainees are also asked to maintain awareness of several important factors during
site assessment and remediation planning and execution. A few of these important factors
are listed below.

 * Assure the remedy will not cause unintended negative consequences
 * Maintain stewardship of usable freshwater.
 * Evaluate passive vs. aggressive remediation approaches.
 * Can have 15 X miscalculation of chemical amendment if CEC is not known.
 * Water is pulled strongest into smallest soil pores by capillary tension.
 * Gravity is a weak force in soil water movement.
 * Salts move downward in macropores during leaching.
 * Salts move upward in micropores during evaporation.
 * Leaching does not progress below water table.
 * Leach salts at least 6 ft deep to avoid upward movement during evaporation.
 * Approximately 1 ft of water can remove 80% of salts from 1 ft of soil.
 * Carbonates and gypsum chemical amendments reside naturally in many soils.
 * Organic matter including mulch is very beneficial to remediation.
 * High sodicity with low salinity causes soil destructive dispersion.
 * Chemical amendment should be applied before rainfall or irrigation.
 * Remediation to background is not the same as remediation to 4 dS/cm.
 * Background conditions may demonstrate other problems for vegetation.
 * Soil Surveys have aerial photos and detailed soil descriptions for most sites.
 * Poor land management and natural conditions can resemble oilfield spills.
 * Many euhalophytes die from salt deficiencies at 4 dS/m.
 * Many euhalophytes are cash crops.

The short-course also reviews a series of photographs on several topics. These
include soil profiles and landscapes, electromagnetic salinity mapping, chemical and
mechanical remediation efforts, and several useful halophytes.

NEW DEVELOPMENTS
Remediation of salt-affected soil is serviced by a rapidly improving knowledge

base. New data, methods, materials, and equipment frequently appear.

New Data

It is difficult, time consuming, and costly to perform tests in the rigorous manner
required by academic journals - and it is only by such rigorous pursuit that highly
dependable "new knowledge" is accepted by the scientific and engineering community.



In the environmental arena, this problem is largely due to the substantial number
of variables which constantly interplay and flux in the atmosphere, water, soils, and
plants. Thus it is difficult to keep a number of highly influential physical, chemical, and
biotic variables in a steady state mode such that the cause and effect responses of the
specific variable(s) of interest can be determined.

As a result the remediation database requires constant updating. The following
are some promising new developments. Further testing and refinement is warranted - in
particular to determine the range of environmental and spill conditions under which
success can be expected. Many scientists, engineers, and practitioners are continuing to
refine these databases.

New Materials/Discoveries

* carbon polymers for stabilizing soil structure
* new cation-supplying chemical amendments with and without additives
* produced water irrigation for cash crops and/or water volume reduction
* new halophyte cash crops, some discovered, some engineered
* salinity tolerant bioremediation microbes

New Methods and Equipment

* new computer fate and transport modeling programs
* use of boron isotopes and ion ratios to determine source of saltwater
* irrigation delivery systems
* subsurface chemical amendment injection systems
* low cost water desalinizers

REFERENCES
1. K. W. Brown Environmental Services (Carty, D.J., Swetish, S.M., Priebe, W.F.,

and Crawley, W.W.). Remediation of Salt-Affected Soils at Oil and Gas
Production Facilities. Publication No. 4663. Washington, D.C., Health and
Environmental Sciences Department, American Petroleum Institute (1997).
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ABSTRACT
In today’s climate of environmental awareness, the energy industry recognizes

the necessity for responsible operations and restoration of impacted sites associated with
oil and gas production. One of the most difficult issues within the industry is brine
impact at exploration and production sites. Recognizing the level of impact and physical
parameters of the impacted area determines restoration plans.

There are two primary areas of brine impacted soil that require different
approaches for restoration. They are typically either brine impacted sites with little or no
erosion or brine impacted areas with moderate to severe erosion. The presence of
impacted topsoil on site or areas void of topsoil due to removal by erosional processes
requires different considerations in the planning process. Surface slope, degree of
erosion and soil type have to be considered during restoration. Sterilized topsoil removal
by naturally occurring physical processes often compounds the question of appropriate
restoration methods. Additional issues that may require attention include the presence of
hydrocarbon impacted soil and naturally occurring radioactive material in dislodged
scale and basic sediments. Applicable state and federal regulations must be included in
the solution planning as well as meeting landowner interests. Economics have to be
considered as a crucial factor in options for restoration. Site examples from the
Oklahoma Energy Resources Board (OERB) program will be used to illustrate brine
impact types and solutions.



INTRODUCTION
Given the current climate of public perception of the petroleum industry, there

has been a perceptible increase in awareness of impact of oil and gas operations on the
environment. Certainly the visual appearance of crude oil on the surface is perhaps the
most noticeable, but the long term influence of salt upon the landscape can have far
greater consequences. Based on work performed for the Oklahoma Energy Resources
Board, (OERB) practical and economic guidelines can be set forth to meet regulatory
approval and satisfy landowner concerns. An overview of the issues related to salt-
impacted sites associated with exploration and production sites follows.

As with any body of work based on client projects, this paper and the resulting
presentation could not have been possible without the work of the OERB. Under a grant
to the OERB from the United States Department of Energy (DOE), Grant No. DE-FG26-
99BC15036, this paper and presentation also serve to meet certain requirements related
to technology transfer. As such, a thank you is in order to the OERB and the DOE for
providing the resources and funding.

As we consider the impact resulting from the co-production of formation brine
waters associated with the economic recovery of oil and gas, it should be noted that the
vast majority of today’s oil and gas producers perform an excellent job of handling
produced brine waters. As a result there is very little if any impact from day to day
normal operations, even in those cases where large quantities of produced formation
brines are handled on a routine basis, such as in the case of waterfloods. The petroleum
industry’s compliance with local, state and federal regulations regarding appropriate
disposal of these fluids is well documented. This paper will deal with those cases where
there has been historical releases or equipment failure resulting in a recent impact to the
surrounding soil at an active facility.

Topics of interest will be grouped according to category and discussed in some
detail. The level of impact at a site, constituents of concern, volume and source are part
of the initial review. Site parameters are discussed as an individual topic because the
physical parameters at each site are so important to understanding the potential for
remediation and restoration. Success has to be defined in order to properly design project
objectives. Finally, restoration options and costs have to be reviewed in order to meet
objectives in some manner of economic responsibility. Costs are examined for a recent
spill event and for a typical historical release. Examples are reviewed from several of the
OERB projects to show positive results from cost-effective restoration options that have
been successful.

Throughout this paper several references are made to natural attenuation. For the
scope of this paper, natural attenuation will infer that some type of enhancement of the
site environment has been achieved by the mechanical introduction of appropriate soil
amendments and sufficient erosion control to retain affect topsoil.



LEVEL OF IMPACT
As with any project dealing with impact to soil, considerations have to be given

to the depth of penetration of the material or fluid of concern. Many spills that occur on
active facilities typically receive attention immediately or within the first 24 hours
following the occurrence of the release. Response time is contingent, depending on the
nature of the facility and whether it is continually manned or has some type of oversight
on a daily basis. The depth of penetration or saturation of a produced formation brine
may be limited to the “A” Horizon of the soil or, depending on the elapsed time of the
release and volume, may have an impact on deeper horizons. In either case, immediate
required action includes the cessation of the spill from the point source, maintaining or
limiting the effected area, removal of excess fluids and finally initiation of remediation
efforts. Additional response includes notification of the appropriate regulatory agency or
agencies and the landowner.

In an event where elapsed time may be a determining factor, especially for a
historical type spill, erosion often becomes the primary factor of consideration for
remediation and restoration efforts. The erosion may be limited to minor areas across
relatively flat to very gently slopes; eroded areas may be barren or cut into the topsoil but
still within the “A” Horizon to shallow scalloped troughs that meander downslope across
the landscape. As degree of slope increases isolated channeling may occur, with the
development of deeper incised channels and extensive or major erosional troughs. Given
an expense of time, the ultimate result is a landscape of deeply incised erosional scares
that may well resemble a moonscape. Certainly time and slope are by far the two greatest
variables to create such a landform.

CONSTITUENTS OF CONCERN
As we examine the constituents of concern for most produced formation brines

the two most common brine components include chloride and sodium. Depending upon
soil minerals that are present in the soil profile, both elements may have an impact with
negative consequences on soil productivity and fertility. Clay percentage present in the
soil and soil chemistry obviously are impacted by the presence of both chloride and
sodium in concentrations exceeding naturally occurring levels. Another element that may
have an influence on proposed remediation design is radium. For the purpose of this
paper, we will consider chloride and sodium as the primary elements that are typically
involved.

Chloride in concentrated quantities is known to have a negative influence on
crops and grasses. Results from excess chlorides are well documented and will not be
addressed at length in this paper. Rather, the influence of chloride on soil and
consequently on crops and crop yields is one of limiting water movement through the
soil. Impact may cause or contribute to poor soil drainage, which in turn prevents the
salts from leaching out or being diluted by natural attenuation and consequently salts
may continue to become concentrated. Eventually the affected area may actually increase
over time. Agronomical methods to remedy this environment are well known and will be
discussed somewhat below.



Sodium has its own special requirements when the primary impact has taken
place in clayey type soils. Typical issues include flocculation and the creation of a
dispersed layer of soil. This in turn contributes to a poor physical condition and creates
special challenges when trying to restore tilth and fertility to the impacted soil.

Taken as individual issues, chloride and sodium both can be addressed from the
standpoint of agronomy and good soil science.

SITE PARAMETERS
In order to accurately design any remediation or restoration program, the first

step involves proper site characterization. While there have been numerous papers
written on site characterization procedures, there are several primary issues to be
considered in determining site specific conditions that may have an influence on
practical approaches if there is to be any measurable success. As a minimum, soil type,
slope, rainfall amount and elapsed time of impact have to be considered. For the purpose
of this paper, these elements will be considered as the site parameters of interest.

When one considers soil types, certainly readily available references from the
county extension office must be consulted. Obviously sandy soils have a propensity to
absorb fluids due to the inherent porosity and transmissibility properties. Any produced
formation brines introduced into the soil naturally soak into the “A” Horizon upon
contact and may require immediate attention if any success is to be achieved. Clayey
soils by their nature have the ability to impede downward migration of free fluids and in
the presence of even minor slopes actually contribute to run-off tendencies.

Slope becomes a factor as the degree of slope not only influences the ability of a
fluid to seep into the “A” Horizon but also can become a major issue of concern if large
volumes of fluids are allowed to run off location. Downslope receptors that may also be
influenced or impacted such as any receiving body of water have to be considered as
well. The greater the slope the greater the tendency for downcutting through the topsoil
and eventually exposing the rock subcrop below.

In considering rainfall amounts as a factor in properly characterizing a sight, the
less the rainfall the more likely the produced formation brine will become concentrated
to the extent that remediation design will be more complex. Obviously greater rainfall
will reduce produced formation brine concentrations by shear dilution, and in some parts
of the United States rainfall amounts are so great that impact from spills, leaks, drips and
drops is minimized even when these intermittent point sources are somewhat continuous.
In areas that have extremely wet seasons, the issue of concentration reduction via
dilution contributes to the natural attenuation and lessens overall impact.

Time should be considered as two entirely different components. Time of
introduction of the produced formation brine to the natural system often relates to
volume of the release. Elapsed time of the impact, may be one of the greatest parameters
that should be documented whenever possible. The greater the elapsed time the more
likely there will have been extensive loss of topsoil and severe erosion, even on the
slightest of slopes.



With exploration and production facilities being of greatest concern to most
producers, each connection, valve, cover plate and drain pipe is a potential point source.
Good operating practices and lease maintenance minimize point source volumes, but as
with any type of mechanical facility in operations on a 24 hour a day basis, leaks, drips
and drops are going to occur. The ideal situation allows for preventative maintenance
every day, but with current economics and so many properties changing ownership,
maintenance often suffers. Attention to maintenance issues will minimize fluid loss to
the surface should it occur, but all too often the small sources are ignored and over time
impact soil chemistry noticeably.

Estimated volume of leaks, drips and drops varies based on the flow rate (drips
per minutes) per point source ultimately can contribute a fairly large volume of produced
fluid to the natural system. Occurring gradually over time, these combined sources can
become concentrated to such a degree that the impact is no longer negligible.
Consequently, catastrophic spills and releases are not the only source for large volumes
of produced brine water to the environment.

Elapsed time from the cessation of all point sources, such as in the case of
inactive and temporarily abandoned leases or orphaned and abandoned historical sites is
also an important factor to consider in salt impacted sites. Obviously the longer the point
sources have ceased contributing fluids the greater the impact of rainfall and natural
attenuation. While constituents of concern often remain concentrated, the original
concentrations have been diluted somewhat. During the course of rainfall events over a
number of years, impacted sediments move down slope and are in turn mixed with
“clean” sediments with resulting concentrations reduced by dilution. Likewise, clean
sediments from up slope introduced into impacted areas also provide dilution to a minor
degree, although stratification is more likely to occur.

SOIL TYPE
In order to effectively design a restoration technology, soil type must considered

as a primary issue. Without digressing into a detail discussion of soil types regardless of
location in the United States, we will regard soil types to be either sandy or clayey for
the purpose of this presentation. Each soil can be comprised of numerous physical
attributes, but to simplify the minerals and grain size into the two previously mentioned
categories will suffice.

Sandy soils tend to have good permeability, rapid drainage, high water capacity
and erode easily. Due to these parameters, a release of produced formation fluids will
migrate down into the soil profile, spread out laterally and generally be subject to
flushing over time. This creates an environment that lends itself to gradual constituent
dilution. Given an unlimited point source and rapid introduction of a large volume of
fluids, however, subsurface ground water may be impacted. This issue is beyond the
scope of this paper but is mentioned due to the fact that most litigation is based on
subsurface ground water impact.

Clayey soils, on the other hand, tend to have low permeability, slow drainage,
low water capacity and are not typically subject to erosion. Due to these parameters, a



release of produced formation fluids will tend to remain in the upper soil profile, with
surface pooling occurring and will generally be subject to very slow flushing over time.
Leaks, drips and drops may accumulate large volumes and higher constituents in the soil
as the small sources are often not remedied. Catastrophic events can be addressed rapidly
and the pooled fluids removed by vacuum truck upon cessation of the source. Subsurface
ground water is less likely to be impacted but the clayey soils are more difficult to
restore to a point to support vegetative growth.

RAINFALL AMOUNT
Amount of rainfall becomes a factor in the dilution and attenuation of chloride

and sodium levels in the soils over time. The greater the rainfall the more likely the
constituent concentrations will decrease over time. Arid areas will benefit less than those
areas where rainfall is greater, such in temperate climates or areas where rainfall is
extreme. In those geographical areas where rainfall is average, i.e., neither arid nor
extremely wet, conditions and dilution will certainly be more predictable and the impact
of rainfall over time will contribute to the overall dilution and attenuation of the
constituents.

DEFINITION OF SUCCESS
As with any project, an end point must be defined that meets all the prescribed

criteria for a successful conclusion of the project, one that serves all stakeholders. The
definition of success may vary from project to project and may well be modified by
participants involved in the process.

There is typically a state or federal regulation or regulations that must be
satisfied in order for the project to be concluded. Working closely with appropriate state
regulatory representatives can improve the overall project objectives and insure that
regulators are satisfied that any and all applicable requirements have been met. By
meeting regulatory requirements, the possibility of long term potential for litigation may
be limited.

A time frame for restoration efforts to be concluded must be defined. It may be
following one growing season or it may extended and continue over several seasons.
Time to establish vegetative growth and type may well be the single most important
factor in ultimately determining total project cost and success. Time is of the essence
when a responsible party on an active lease is involved. Timely response in the event of a
catastrophic large volume release can often prevent any long term permanent soil impact,
and conversely significantly reduce time to restore soil and minimize total costs. When
there is no responsible party or the point sources were historical in nature, the luxury of
having adequate time can greatly reduce overall costs and still achieve appropriate goals.

Ultimately the goal of any project should the restoration of fertility and
productivity to the site. The restoration process must also be evaluated to confirm that
other media, such as shallow ground water, are not impacted by flushing of constituents.



In defining site restoration, stakeholders should understood that return to original and
pristine conditions is not likely to happen in any condition. The first goal should be to
establish any vegetation cover to maintain soil amendments and cover in place. The
secondary goal should be to control and minimize erosion. By enabling any vegetative
cover to grow, including native weeds, the restoration initiates natural processes that will
continue to attenuate constituents of concern and improve overall soil conditions through
several growing seasons.

Landowner wishes are a top priority in any project. In the case of active leases
with responsible operators, working with the landowner may well prevent future
litigation and beside that, assuming the landowner is being reasonable with their
requests, it’s the right thing to do. In those situations where the site is orphaned and
abandoned and there are no responsible parties that can be made to restore the site,
meeting reasonable landowner requests can improve the industry image.

A result of a properly designed restoration is that the aesthetics of the site will be
greatly improved and the overall physical appearance of the project will be significantly
noticeable, especially to the landowner and regulator. Other considerations may need to
be addressed, such as original use of the site, intended future use, proximity to residential
or commercial areas, and proximity to surface water.

OBJECTIVES
Once success has been defined and the stakeholders have agreed on all issues,

certain inherent objectives of the project and site restoration must be met as a minimum.
Any construction activity that is required and the intended results must meet applicable
regulatory requirements. As a minimum, the natural environment conducive to improved
soil fertility and productivity must be enhanced such that the site can be returned to some
degree of it’s intended use within a time frame. Ultimately the landowner must be happy
with the results, both from the perspective of intended use and aesthetics. If the regulator
and the landowner are satisfied, the project can be closed as a successful restoration.

COST EXAMPLES
The first example illustrates an active lease with a responsible operator where

time is of the essence. The second example shows an orphaned and abandoned site where
there are no responsible parties to restore the land and time is not a primary
consideration. Both examples follow below.

The first example is of a waterflood with flow lines buried at a depth of
approximately three feet. A release of unknown volume has occurred over 15 years or
longer sourced by repeated line breaks. The principle soil is clay loam; the site is flat and
is in an arid area with little annual rainfall. There are two and one-half to three acres that
have been impacted to depths varying from three to six feet. The site has historically
been used for wheat cultivation. There is a responsible operator that has been pro-active
in working with both the landowner and the regulatory representative. Unknown at the



time the cost estimate was worked up are actual depth of impact, degree of concentration
and total area. Possible litigation and regulatory requirements have placed a time frame
of one growing season on this project.

Restoration options include dig and haul for disposal in a licensed facility
(noncommercial pits or commercial mud disposal pits) with soil replacement, one time
land application, in-situ treatment or some combination of the above approved
methodologies.

Costs include certain estimated fixed expenses for site characterization,
sampling, analytical testing and construction oversight. These costs are summarized in
Table 1 below. Table 2, which includes the estimated fixed costs summarizes a range of
costs for the various options.

The second example is of an orphaned and abandoned lease with no responsible
party to initiate a clean-up action. The site has been characterized as a single exploration
and production location with no remaining equipment on site. The produced brine was of
an unknown volume and source. There has been an impact on two and one-half to three
acres which has been subjected to 25+ years of exposure to the elements. There has been
heavy erosion with predominantly all of the soil profile stripped away. The resulting
erosional scars have reached underlying bedrock. The site was historically in native
vegetation. There are no time requirements to be met as agreed upon by the landowner
and the regulatory representative.

Options include a combination of procedures, in-situ treatment and one time land
application. The periphery of the site, where some topsoil still exists, may be blended
into the site to further reduce concentrations.

Estimated costs for the initial site characterization, appropriate sampling and
analytical testing and construction oversight are estimated and summarized in Table 3.
Options and estimated costs follow in Table 4. Both tables are shown below.

The primary difference is that in Example 2, the site with no responsible party,
the cooperative effort between the landowner, the regulatory agency and the Oklahoma
Energy Resources Board to restore the site, time is not an issue.

Four examples follow that clearly illustrate the success that has been achieved by
the Oklahoma Energy Resources Board (OERB), a unique program that initiated in 1993
and was funded in 1994. Oil and gas producers and royalty owners across Oklahoma
voluntarily participate in the United States’ first energy check-off program. Those
companies and royalty owners that choose to not participate receive their funds back,
with interest, following a refund period during the first quarter of each calendar year.

The examples illustrate the type of sites with salt impact that are turned in by
Field Inspectors of the Oklahoma Corporation Commission. Many of the sites that are
received by the OERB include concrete structures, junk and debris, abandoned and open
or improperly closed pits, abandoned equipment and hydrocarbon impacted soil. For the
purpose of this presentation, four sites were selected that had produced formation water
impact and resulting erosion.



The first example is the Payne Project, located in central Carter County,
Oklahoma. The site was comprised of a significant area of approximately four acres,
with the “A” soil horizon removed by erosion across a broad gentle slope. As seen in
Figure No. 1, the site showed erosion from about one to two feet deep. Figure No. 2
shows the site following appropriate amendments to improve soil tilth and aid any
remaining constituents of concern to leach out and eventually move down the system in
minute amounts. Note how the site has been graded to contour and blends in with the
surrounding areas.

The second example is located in northern Logan County, Oklahoma. The Fuksa
Project was one of several projects to be undertaken at the old Roxana Field. First
discovered in the mid to late teens, the field had been depleted by mid to late 1920’s. The
site consisted of numerous erosional scars and barren areas which all merged into the
headwaters of an intermittent stream. During our initial investigation and interviews with
various landowners, it was determined that some landowners actually granted leases to
the original operators to run produced formation waters down the creek. Figure No. 3
shows the northern end of the site prior to construction activities. Figure No. 4 shows the
site immediately following construction activity, with a string of “pearls”, or a series of
narrow ponds constructed along the watercourse. Figure No. 5 shows the site after an
early growing season, with native vegetation, weeds and grasses already well established
along the upper margin of construction. The re-establishment of this type of native
vegetation is the first step to restored fertility and productivity that will meet the
landowners needs.

The Thurman Project provides the third example. Located in north central
Pontotoc County, it reflects a deep erosional channel incised in a pasture with native
vegetation and grasses, please see Figure No. 6. Emanating from an abandoned central
battery for an old waterflood, produced formation brine had been allowed to run across
the pasture whenever the disposal well went down or the battery was full and
overflowed. Due to erosion and soil removal, there wasn’t a large volume of chloride
impacted soil that remained on-site. Following removal of the abandoned equipment and
junk and debris, the site was graded to contour, with natural drainage preserved.
Appropriate amendments were added and disked and tilled in, as seen in Figure No. 7.
The site was allowed to return to a native state, with a stand of native vegetation, weeds
and grasses showing good signs of growth following one growing season. The natural
drainage that was contoured during final construction and soil amendments addition can
be seen in the last photo for this site, please see Figure No. 8.

The first project that was undertaken by the Oklahoma Energy Resources Board
is located in northeastern Pontotoc County, Oklahoma and involved severe erosion and
drainage resulting from years of line breaks and spillage from a disposal well and lines
located upslope. Several of the erosional scars were 12 to 15 feet deep, with abandoned
concrete structures and flowlines. A panoramic view of the site taken in 1994 is seen in
Figure No. 9. This project is a prime example of severe erosion resulting from the
sterilization of the soil and removal by overland flow from storm water events. Erosion
was down to bedrock sandstone in all of the gullies. Following pond construction,
bermudagrass, other native grasses and fertilizer were broadcast across the dam and
slopes. Following four growing seasons with no additional amendments or attention, the
grasses are well established, the pond has been stocked with catfish and the landowner is



ecstatic with the results. Figure Nos. 10 and 11 illustrate the pond as it was in the
summer of 1999. Figure No. 12 shows the landowner checking water quality and depth!

In conclusion, salt impacted sites often found at both active and orphaned and
abandoned E&P locations and the issues associated with them can be successfully
restored. By carefully defining what level of success is expected by all stakeholders, site
objectives may be met in a prudent and economic manner that exceed expectations.



Table 1. Example 1: Project Fixed Costs

Tasks Estimated Total Costs
Site Characterization
Sampling and Analytical Testing $ 10,664.00
Construction Oversight

Table 2. Example 1: Project Options Costs

Option Range of Estimated Costs
Dig and Haul, disposal and soil replacement $ 251,680.00 to $ 377,520.00
One Time Land Application $ 37,380.00 to $ 105,140.00
In-situ Treatment (upper one foot of soil) $ 54,500.00 to $ 105,000.00
In-situ Treatment (applied in one ft. lifts) $ 12,082.00 to $ 45,914.00

Table 3. Example 2: Project Fixed Costs

Tasks Estimated Total Costs
Site Characterization
Sampling and Analytical Testing $ 2,500.00
Construction Oversight

Table 4. Example 2: Project Options Costs

Option Range of Estimated Costs
One Time Land Application $ 2,000.00 to $ 3,500.00
In-situ Treatment (amendments ripped and disked) $ 3,250.00 to $ 4,500.00
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Figure 1. Payne Project, Carter County, Oklahoma, pre construction photo

Figure 2. Payne Project, Carter County, Oklahoma, post construction photo



Figure 3. Fuksa Project, Logan County, Oklahoma, pre construction photo

Figure 4. Fuksa Project, Logan County, Oklahoma, post construction photo



Figure 5. Fuksa Project, Logan County, Oklahoma, initial growing season photo

Figure 6. Thurman Project, Pontotoc County, Oklahoma, pre construction photo



Figure 7. Thurman Project, Pontotoc County, Oklahoma, post construction photo

Figure 8. Thurman Project, Pontotoc County, Oklahoma, following first growing season



Figure 9. Busby Project, Pontotoc County, Oklahoma, pre construction photo

Figure 10. Busby Project, Pontotoc County, Oklahoma, post construction photo after five growing seasons

Figure 11. Busby Project, Pontotoc County, Oklahoma, post construction photo after five growing seasons



Figure 12. Busby Project, Pontotoc County, Oklahoma, happy landowner photo
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ABSTRACT
Oilfield salt waters have value as “fertilizer” and water sources for halophyte

(salt-loving) plants. True halophytes (euhalophytes) produce better under saltwater
conditions than under freshwater conditions. A number of halophytes perform well at
salt concentrations exceeding ocean water (~34,500 mg/L). Halophytes can be grown for
profit in oil-field saltwater irrigation programs, or as a productive vegetative cover for
saltwater spills. Although some halophytes have minimal economic value, others provide
profitable lumber, quality wood, pulp, chip wood, fuel, human or wildlife food, wildlife
cover, fiber, ornamentals, turf, grain, hay, etc. Halophytes minimize erosion, lower the
water table, provide attractive cover, and revitalize a soil ecosystem. Many halophytes
are tolerant to drought and/or standing water. Although removal of salts by harvested
vegetation is minimal, halophytes constitute a productive and economically valuable use
of saline soils and waters. The high water consumption of some economically valuable
halophytes makes them an excellent receiver of irrigated oilfield saltwater. Because
some halophytes are native to both saline tropical and temperate ecological zones, they
are particularly well adapted to many locations where produced water is generated and
oil spills occur. Some of the most promising halophytes for high volume
evapotranspiration of irrigated produced water, and for spill remediation are reviewed.



INTRODUCTION
World Arena

Approximately 97 percent of the earth's water is saltwater, and about 10 percent
of the landmass consists of salinized deserts and coastlines. It has been estimated that
about 50 percent of irrigated lands are either salinized or becoming salinized. Overuse
(demand exceeding recharge) of freshwater is a global concern, and is of serious concern
even in humid region states such as Arkansas and Florida. Technologies involving salt-
loving vegetation are expected to spearhead several methods for optimizing reuse of
surficially-exposed oilfield byproduct produced water resources.

Oilfield Arena

About one hundred years ago motorized vehicles and petroleum production
began to transform the world. In earlier centuries there was much greater land mass
relative to the human population. The need to fuel and lubricate petroleum-consuming
“work horses” of the new age stimulated the “black gold” rush. Rising to the surface with
oil and gas, substantial produced saltwater was spilled onto the land. All too often, loss
of unadapted vegetation and subsequent erosion resulted.

While only part of domestic and global salinization is due to saltwater from oil
and gas exploration and production (there being a number of other natural and
anthropogenic causes), it has been estimated that there are over 190 million acres of
human-caused (anthropogenic) salinization (1). With regard to produced-water-
originated salinization, responsible petrochemical companies have instituted
management and field mechanisms to mitigate and eliminate further negative
environmental impacts, and to remediate oil-brine spills.

Some oilfield saltwater environmental mitigation and remediation methods are
more economical than others. This paper illuminates one of the most economical and
“environment friendly” categories of oilfield saltwater volume reduction, and spill
mitigation and remediation methods - production of cash-generating halophytes (salt-
loving plants) which uptake oilfield saltwater salts as fertilizer constituents.

Oilfield saltwaters have value as a) a water source, and b) a fertilizer for
halophytes. Constituents and constituent concentrations of oilfield produced water vary
substantially and depend on the geochemistry of the producing formation.

Halophytes can be grown profitably in oilfield saltwater irrigation programs, or
as productive vegetative cover after saltwater spills. Although some halophytes have
minimal or undetermined economic value, others provide profitable lumber, quality
wood, pulp, chip wood, fuel, human and/or wildlife food, wildlife cover, fiber,
ornamentals, turf, grain, hay, and pharmaceuticals, etc., (2). Halophytes minimize
erosion, lower the water table, provide attractive cover, and stimulate the development of
a viable soil ecosystem. Although short-term removal of salts by harvested vegetation is



low, halophytes constitute an environmentally friendly and income-generating use of
saline soils and waters.

The substantial water demand and consumption of some economically valuable
halophytes makes them excellent receivers for irrigation projects engineered to utilize
oil-field saltwater. Oilfield produced water can include bicarbonates, carbonates,
sulfates, petroleum hydrocarbons and other organics, trace elements, and heavy metals
(3). These additional constituents can also be removed or otherwise remediated
halophyte activity at spill sites or specialized remediation/reclamation sites.

Because some halophyte species are native to both tropical and temperate zones,
they are adapted for many locations where produced saltwater is generated and oil spills
occur. Phytoremediation (remediation by plants) of saltwater spills on land using
halophytes provides vegetative cover for erosion control and a groundwater "cone of
depression" which can restrict subsurface outward migration of saltwater in soil. Some of
the more promising halophytes suitable for produced water reduction and oil-spill
remediation are reviewed here. A description of some of our recent trials is also
provided.

EFFECTS OF SALTWATER SPILLS ON LAND
The effects of produced water spills on land is described in (4). In general these

effects include an initial saturation of the soil with usually very high contents of Total
Dissolved Solids (TDS), chlorides (Cl), and sodium (Na) as well as petroleum
hydrocarbons.

As described below, the results of an untreated spill of petroleum hydrocarbons
onto soil is often beneficial. There have been many reports that within a few months of a
spill, grass at the spill site is performing better than where no spill occurred. However, it
is not beneficial to have petroleum hydrocarbons present in groundwater or surface
water.

In contrast, an untreated saltwater spill can have a number of negative effects on
soil and the unadapted ecosystem. This is largely due to the inability of many terrestrial
plants to be able to extract water from salty soil. Further, when freshwater (rainfall or
irrigation) is applied to a typical spill site (prior to application of a protecting chemical
amendment, and/or in absence of halophytes), the bulk of salt constituents are driven
farther downward into the soil leaving predominantly sodium to interact with clay
particles. This causes formerly aggregated clay particles to disperse. When clay particles
disperse, they move into, and clog soil macropores (large pores in soil suitable for rapid
transmission of water and air). Clogged macropores at the soil surface inhibits rainwater
(or irrigation water) and oxygen from reaching plant roots. As plants perish, the soil
becomes increasingly bare and susceptible to erosion. If erosion is allowed to continue
unabated, soils tend to develop steeper sloped rills and gulleys. After a time,
earthmoving and shaping equipment may be required to stabilize the soil surface
sufficiently to remediate it by other methods (e.g., chemicals and/or vegetation).



OVERVIEW OF HALOPHYTES
The name halophyte is derived from the root word halo (salt) and phyte (plant).

True halophytes, (euhalophytes) are plants that grow better with increased salinity and
may grow well in salinities up to and above the salinity of ocean water (~34,500 mg/L
total dissolved solids, TDS, or 46 dS/m electrical conductivity, EC).

Obligate halophytes are euhalophytes that require saltwater conditions for
survival. A number of halophytes perform well at salt concentrations exceeding ocean
water, and many are tolerant to drought and/or standing water.

There are two different methods by which halophytes cope with soil salts.
Accumulator halophytes uptake salt and dispose of excess salts by a) exuding them
through specialized pores located in the above-ground part of the plant where gravity,
wind, and/or rain remove them from the plant, and/or b) store them in specialized
bladders or leaves which drop off the plant by design. In contrast, excluder plants
prevent entry of excess salts at the root-soil interface.

Good reviews of the categories of halophytes used for wood, fiber, forage, food,
oil, ornamentals, pharmaceuticals, and miscellaneous uses such as honey production are
provided in references (2, 5, 6, and 7).

Range of Halophytes

Halophytes may be found in virtually all biomes and climatic conditions ranging
from tropical to temperate to arctic regions, from marine and brackish water wetlands to
deserts, from grasslands to forests, from acidic to alkaline and sandy to clayey soils, and
from sub-sea level depressions to high alpine ranges.

Most desert plants (xerophytes) are genetically endowed with a certain degree of
halophytism. Dissolved salts in soil pore water concentrate and become increasingly
saline as desert soils dry during evaporation periods. Xerophytes have adapted to survive
(if not prosper) during these conditions.

Because many salt-tolerant and halophytic plants occur in deserts, many have
C4-type photosynthesis. C4 photosynthesis allows plants to absorb and store CO2 as a
four-carbon molecule (instead of the typical three-carbon molecule of ordinary C3
photosynthesis) during the night time. This is not to be confused with the “dark-
reaction.” Having accumulated carbon during the night, subsequent photosynthesis of
CO2 molecules into carbohydrates can efficiently occur during the day time. Night
absorption of CO2 allows the C4 plants to close their stomates thus retaining water more
effectively during the heat of the day.

Most halophytes can grow in fresh or at least brackish water, and nearly all
halophytes, including some obligate halophytes, require fresh water for germination.
Thus, the optimum time to germinate into a seedling is during the rainy season. During
the rainy season precipitation and cloud cover protect the seedlings from desiccation, and
rain water often brings fresh soil nutrients to the salt flats and estuaries. Therefore,
halophytes used in oilfield saltwater projects should be planted during cool rainy



seasons. As an alternative selected halophyte varieties that can germinate in salt water
could be used. A third option is planting cuttings, tillers and seedlings.

The soil requirements of halophytes are varied. Some halophytes have become
especially adapted to anaerobic heavy clay soils. An example is the forage Distichlis spp.
grasses (c.f. NyPa -Forage grass) which is a high yield, high protein content forage
suitable for both livestock and wildlife. These plants have rhizomes and roots with
peripheral aerenchyma that can transport oxygen to the roots (similar to flooded rice). In
black anaerobic muds brown oxygenated soil appears adjacent to Distichlis roots and
rhizomes, a situation which bodes well for potential biodegradation of petroleum
hydrocarbons while in place below the soil surface.

Certain mangroves (c.f. Avicennia spp.) are also specialists in growing in
anaerobic muds, but mangroves at present are only expected to be productive in marine
environments. Mangroves have special structures called pneumatophores that grow
upward from the roots like “fingers” to intercept oxygen and carry it down to the roots.

Halophyte Contribution to Improvement of Salt-Affected Soils and Ecosystems

The rhizocanicular effect (rhizo = root + caniculi = channels) of certain
halophytes serves to open soils for improved downward percolation of water. Sodium in
oilfield saltwater spills often causes clay particles in soils to disperse and clog
macropores which would otherwise beneficially transmit water and air through soils.

Halophytes with rhizocanicular action typically produce very strong and sharply-
pointed rhizomes (it is possible to cut one’s fingers on a sharp Distichlis rhizome). These
sharp rhizomes can penetrate heavy deflocculated clay soils that seem hard as concrete.
Sharp rhizomes (pene-rhizomes, for their ability to penetrate soils) penetrate hardpan,
caliche (poorly to strongly cemented carbonates of calcium found mainly in arid
environments), asphalt, and clays which may be sufficiently hard that a knife blades have
difficulty scratching (much less penetrating) the surface.

The opening of soil via the rhizocanicular permits percolation of water in
otherwise effectively impermeable soils. Thus, the old adage that, “adding salt water to a
clay soil will ruin the soil” is not always true when pene-rhizomes can produce and
maintain a strong rhizocanicular effect and allow water drainage and movement of salts
out of the soil system.

NyPa International (32) has irrigated rhizocaniculated soils with highly-saline
water with obvious improvement to soil structure. The addition of green manure, mulch,
and other organic material to a deflocculated (macropores clogged with clay) soil can
have a similar beneficial effect on soil structure, but the “mulch effect” is ephemeral and
disappears with oxidation of the mulch into CO2 and byproducts. In contrast, halophytes
with a rhizocanicular effect provide a dynamic “growing improvement” to the soil that
persists as long as the halophytes are present.

Depending on their origin, halophytes have adapted to tolerate many types of
salts. Closely related populations of the same species from different habitats can have
differing tolerances to the same salts. Some populations and/or species have specialized



in certain salts. For example, gypsophilous halophytes have specialized in growing on
gypsum salts (CaSO4:2H2O) and gypsiferous soils. Some species have even become
obligate gypsophilous halophytes. As the halophyte requirement and tolerance database
continues to be refined, increasingly optimal selections of halophyte propagation
materials can be placed at the sites of saltwater spills, or where oilfield irrigation
saltwaters will be used.

In Australia and Chile trees and grasses grown over salt beds as much as a meter
thick caused soil salts to “bed-down” (halodeck). This process appears to make salts
“inactive” with regard to the local ecosystem and microhabitat (J. Darling pers. com.,
and Yensen pers. obs.).

With a few exceptions, plant problems (e.g., pathogens, insects, overgrazing,
weeds, metal accumulation, etc.) associated with the cultivation of halophytes are similar
to plant problems of conventional crops. Some halophytes excrete salts while others
accumulate salts in the cell vacuoles as an osmoregulation mechanism. Salt may account
for as much as half the dry weight of such accumulator plants, and these plants usually
do not make good forages. Sometimes the accumulated salts can even be toxic depending
on the kinds of salts in the soil and water. Again, it is important to assure appropriate
plants are used in oilfield saltwater irrigation or remediation projects.

On the positive side, many of these same accumulators have bladder cells which
fill with salt and burst with the rains; thus removing the salt and making the leaves more
palatable after the rains. Other halophytes, as mentioned above directly excrete (or weep)
salts making the remaining biomass immediately available as forage. A beneficial side
effect of salt excretion is that at times the surface salt can eliminate certain pests such as
aphids. Aphids, upon coming in contact with salt can be imploded through the osmotic
pressure of the surface salt pulling the body “juices” out of the aphids. Similarly, there
have been reports that some salinity in aquacultural pond waters is desirable because
salts inhibit fish parasites/diseases.

In the literature there have been suggestions that for plants to survive under
saline conditions they must expend energy. The O’Leary rule suggests that for every
gram molecular weight of salt pumped out of a plant via the sodium pump the plant must
expend one gram molecular weight of ATP (adenosine-tri-phosphate). ATP is often used
by physiologists as a measurement of metabolic energy expended.

It would appear that the O’Leary rule is correct for conventional glycophyte
plants (glyco = sweet + phyte = plant, i.e., fresh-water plants, the typical grasses, shrubs,
trees, etc., native to and/or agronomically and horticulturally cropped in non-saline
conditions). For glycophytes a direct linear decrease in productivity correlates with
increased salinity at the root level.

Halophytes, however, do not appear to follow the O'Leary rule. Halophytes
enjoy increased productivity with increased salinity up to some optimal salt level. Above
that optimum level halophytes begin a curvilinear decrease in productivity with further
increased salt levels. Further, productivity of marine algae and estuarine higher plants is
among the highest in the world for any plants. These two observations suggest that the



O’Leary rule is not correct for halophytes. Plant physiologists have been unable to
explain this discrepancy, but the fact remains that halophytes thrive in salty water.

BENEFICIAL EFFECT OF HALOPHYTES AT
PRODUCED WATER SPILL SITES

Successful remediation of produced water salt-affected soils can be described as
establishment of self-sustaining vegetation, and absence of migration of salts into
objectionable locations (4). In reference (4) three categories of soil remediation
mechanisms are described: 1) natural remediation relying primarily on natural forces and
inputs, and utilizing native or introduced halophytic vegetation, 2) chemical remediation
using various organic or mineral amendments, and 3) mechanical remediation utilizing
excavation and removal or burial of the salt-affected soil.

Revegetation of a salt-affected site with halophytes is an active rather than
passive revegetation process, and as such is an example of proactive phytoremediation.
Specialized self-sustaining petrophytic (adapted to petrochemical environments), and
oleophilic (oil loving) halophyte plant cultivars can be planted to establish vegetation
and minimize migration of salts and petroleum hydrocarbons in water.

Most terrestrial produced water spills occur at sites where glycophytes and
glycophyte ecosystems constitute the predominant vegetation and biota. Since most
produced water spills are saline and sodic (high in total salts and high in sodium), these
spills occur at sites where vegetation and other biota are not adapted to or adaptable to
the new strongly saline conditions.

At such spill sites, glycophytic ecosystems often cannot be rejuvenated or
installed without prior chemical or mechanical remediation inputs. However, halophytes
often can be installed without additional chemical or mechanical inputs.

Installation of halophytes at produced water sites has a beneficial effect on soil.
Halophytes protect the soil from erosion, maintain or improve soil structure and moisture
holding capacity, and remove salt constituents from the soil as nutrients.

In addition, economically valuable halophytes can generate income during the
remediation process. In other words, the act of remediating sites can induce net positive
cash flow. It would not be unexpected for the economic yield from halophyte plants to
exceed the economic yield of plants at the site when the spill occurred.

Because of improved soil conditions soil moisture relations also become more
favorable for some less salt-tolerant plants. In the absence of halophytes, soil moisture
relations may not have provided niches of effective soil moisture availability and salinity
variability sufficiently wide to be habitable by some less salt tolerant plants. However, in
the presence of growing halophytes, soil variability often improves sufficiently to
support some of the more salt-tolerant glycophyte plants.



As time progresses and the harvest of halophytes continues to remove salts, the
soil will gradually revert to conditions more suitable for glycophytes.

Halophyte Contribution to Improved Surface/Stream Runoff and Groundwater
Quality

Halophytic vegetation at produced water spill sites will has the ultimate effect of
reducing salt and/or petroleum contaminants in surface/stream runoff waters and ground
waters.

Growing vegetation maximizes infiltration of water into the soil, improves
permeability, runoff water quality and moisture holding capacity, and minimizes erosion.
Most growing plants provide and stimulate a thick topsoil root-mass, surface litter (plant
detritus), and a macro- and micro-biotic ecosystem. With few exceptions (some root
thatch conditions may inhibit infiltration), these biotic soil factors greatly enhance the
infiltration of water into the soils (thus, minimizing the proportion of fallen rainwater
which runs off).

Runoff water quality is improved as a result of the enhanced infiltration afforded
by the growing plant ecosystem. Prior to a rainfall event (e.g., after an evaporative
period) some salts may have accumulated or precipitated at the soil surface. When the
first drops of rainfall strike the earth surface, any salts present at the soil surface would
tend to dissolve quickly, or if already dissolved, would become more dilute. Therefore,
the first fallen rain water on the soil surface would infiltrate and percolate downward
through the soil the initial increment of water which would contain the most
concentrated salt levels present during the rain event.

When the rate of rainfall exceeds the rate of water infiltration into the soil,
rainwater will begin to run off. With most of the previously surficial salts now
percolating downward through the soil, the water which is beginning to run off will have
a much lower salinity than it would have, had growing plants not been present.

In the absence of a plant ecosystem, and especially if the surface soil was
dispersed due to excessive sodium relative to salinity, the initial rainfall water would
begin to runoff and poor runoff water quality would result. In the presence of a plant
community, the concentrated salt solution at the beginning of a rainfall event will
preferentially re-infiltrate the soil, thus separating it from any subsequent runoff. Unless
the soil was dispersed (which would inhibit infiltration of water), the first rainwater and
the majority of dissolved salts would infiltrate the soil instead of passing overland as
runoff water.

Thus, when growing plants are present more water becomes available to support
plant growth and whatever runoff water occurs is less saline. As the soil becomes
increasingly saturated, infiltration slows and more rain water ponds at the now less saline
soil surface. The ponding surface water finally accumulates sufficiently to runoff, but by
this time it is lower in salinity, most of the near-surface salts having moved back into the
soil. The resulting runoff also results in minimized erosion due to protection of the soil
surface by plant cover.



Halophyte Contribution to Remediation of Petroleum Hydrocarbon Spills

Many halophytes have the ability to grow in petroleum spill sites. In Argentina a
number of species of halophytes grow very satisfactorily in a natural stream of crude
petroleum. These same plants were also growing well in an adjacent ocean-water filled
tidal marsh, and at another location in a mixture of ocean water and crude petroleum.

Halophytes exercise a multi-faceted role in the remediation of oil-spill sites. The
presence of growing halophytes will stimulate remediation of petroleum hydrocarbons in
addition to providing vegetation of saltwater-affected soils.

Opening the soil via the rhizocanicular effect improves soil aeration (helps soil
CO2 move out of the soil and atmospheric O2 to move into the soil) and develops and
promotes beneficial soil structure (rearrangement of soil particles to provide beneficial
macropores). Good soil structure stimulates establishment of a halophyte-complementary
ecosystem of beneficial macro- and micro-biota.

Improving the oxygen content in the soil atmosphere counteracts reducing
conditions (a symptom of which is lack of free oxygen). Again, like flooded rice, some
halophytes are adept at transporting oxygen from the leaves down into plant roots,
further improving the oxygen content in the soil atmosphere.

Among the vast array of microbial species naturally present in most soils are a
number of species which are able to decompose petroleum hydrocarbons. Plant residues
from natural halophyte life cycles provide nutrients and energy sources for the
developing soil micro-ecosystem. The very available nutrients and biotic energy sources
released by decomposing halophyte plant tissues would be available for soil microbes
which are capable of biodegrading petroleum hydrocarbons. Therefore, in addition to
improving moisture conditions and aeration, decomposing halophyte residues can
provide nutrients essential for microbial decomposition of petroleum hydrocarbons.

The above factors combine to stimulate biodegradation of petroleum
hydrocarbons while they remain below the soil surface. This has obvious advantages
regarding the need to mechanically disturb the soil or otherwise expose subsurface
petroleum hydrocarbons to the soil surface.

Microbial Bioremediation

Phytoremediation of petrochemical sites is a relatively new field, whereas
oleophilic microbial remediation processes extends back at least a half a century. Much
of the microbial remediation work has been concerned with gasoline and oil spills. In the
US over 90,000 of the 2 million underground gasoline tanks have confirmed leaks (8),
and world-wide, approximately 1.7 to 8.8 million metric tons of petroleum hydrocarbons
are spilled into the marine environment each year (9).

Spills of petroleum hydrocarbons on soil often has a beneficial effect. Numerous
reports indicate that the areas of best growth in fields occur where oil was spilled and
was subsequently biodegraded by indigenous microbes. The resulting microbial "bloom"
(rapid proliferation of petroleum hydrocarbon biodegrading microbes) and dieback (as



the petroleum hydrocarbon source is depleted) results in more soil organic matter and
improved "tilth" (favorable soil structure and workability).

Remarkably, the study of bioremediation of petroleum hydrocarbons in saline
soil has had very little study (10). Bioremediation in hypersaline water (50 to 440 dS/m),
although better studied, is relatively slow (11). In one study (12) 50 grams oil per
kilogram of soil was considered to be optimal level for bioremediation, but the level of
salinity was not considered. Most oil and gas wells produce saltwater as well as
petroleum and the saltwater component is often more difficult to remediate than the
hydrocarbons (1, 4).

To date most oil bioremediation has been done at the microbial level. In one
study (10) it was observed that salt-tolerant, oil-eating microbial activity was greater (2-3
times) when the source microbes came from a higher salinity soil. They also observed
that the less active culture (of the lower salinity soil) exhibited increased activity when it
was inoculated with the microbes from the more active culture. While the study did not
control for soil organics, it does suggest that the source and adaptation of microbes is
important.

Only a fraction of the natural indigenous microbial population is able to
biodegrade petroleum. This fraction varies from place to place. For bacteria, the range
observed to date is from 0.13 % to 50 % and from 6 % to 82 % for fungi (13, 14, 15).

Others (16, 17) have observed that increased oil biodegradation following
inoculation of pure cultures of oil-consuming microbes. However, other trials have not
been so successful (18). One set of studies (19,20) found that only 2 of 10 commercial
inoculants exhibited increased activity, and that none of the innoculants enhanced the
biodegradation of the weathered crude oil contaminating Prince William Sound.

Data indicate that branching and complex compounds are slower to be
biodegraded and that neither aerobic nor anaerobic microbes readily degrade common
ether oxygenates (21). Researchers (22) have identified a salt-tolerant and alkaline-
tolerant bacteria, Halomonas campisalis, that is capable of denitrification and thus has
promise for the treatment of saline, alkaline wastes.

Phytoremediation of oil spill sites promises a positive outcome for many aspects
of society (23). Oil companies, remediation experts, universities, regulatory agencies,
land owners, conservation groups, business leaders, etc., all have interests in the
promotion of phytoremediation. While natural remediation processes will eventually
“reclaim” favorably circumstanced land with vegetation (4), the time requirement and
loss of productivity can be long, water resources can be impacted in the interim, and the
property may have a degraded appearance. Unfavorably circumstanced land, where
nature alone will be unable to remediate barren soil, will require anthropogenic
assistance.



VOLUME REDUCTION OF PRODUCED
WATER BY IRRIGATED HALOPHYTE

TRANSPIRATION

Produced Water Disposal Considerations

The cost of disposal well injection of produced water is directly related to the
volume of water disposed. In comparison, the salinity of water disposed is a relatively
minor cost factor (maintenance related). Therefore, disposal costs can be lowered if the
volume of produced water can be decreased, even if the salinity of the water to be
disposed increases.

The volume of produced water to be disposal well injected can be decreased by
volatilization of water molecules. This can be done with solar evaporation ponds
(resulting in partial or even complete water evaporation), or by transpiration of water by
halophytes. The decrease in water volume corresponds to an increase in salinity of the
remaining water (if any) which would need to be disposed in accordance with
regulations.

Surficially exposed produced water may develop characteristics different than
produced water which is not surficially exposed. Surficially exposed produced water,
especially if allowed to come into contact with soil may result in an increased microbial
biomass concentration, oxidation of soluble ferrous iron (Fe+2) to relatively insoluble
ferric iron (Fe+3), and increase in total suspended solids (TSS). A disposal well which
accepts surficially exposed produced water should be screened to accept produced water
with these characteristics.

In order to sustainably irrigate plants with saltwater, more water must be applied
than is consumed by evaporation or transpiration. Otherwise salts would continue to
build up in the soil until even the most salt tolerant plants could survive.

Sustainable irrigation with salty water can be accomplished by assuring that
sufficient salty water is added to meet the leaching requirement (LR). The LR is the
fraction of water entering the soil which must pass through the root zone to avoid
exceeding a pre-determined salinity in the root zone (tolerance of the crop, or yield
reduction of the crop) (24, 25). The LR relates to a number of soil, irrigation water, and
crop factors which bear on the equilibrium concentration of salts which will result from
irrigating with salt water

USDA Salinity Laboratory Experience

The USDA Salinity Laboratory in Riverside, California is considered by many to
be an academic focal point for salt-affected soil remediation research including
halophyte testing. The bulk of their effort is focused on improvement of land for
agronomic purposes, but they are also working on database generation for non-
agronomic purposes. A wide variety of salt-tolerance testing is ongoing at this facility.



Tulare Drainage District Experience

The Tulare Drainage District (San Joaquin Valley, California) has demonstrated
that saltwater can be used to stepwise irrigate several crops in succession. Influent salty
water is used to irrigate an appropriately salt tolerant crop.

Saltwater water is applied at rates and volumes in excess of evapotranspiration in
order to provide an appropriate leaching fraction. As evapotranspiration occurs, the
concentration of salts, in the soil drainage water, increases. The soil drainage water from
that crop is collected in a subsurface drain system, and irrigated onto a second, more salt
tolerant crop, and so on. When drainage water becomes excessively saline even for
halophytes, it is routed into a 110-acre pond. In an international business effort, brine
shrimp are commercially (and profitably) raised and harvested for aquarium fish food
from this pond which commonly has total dissolved salt concentrations as high as
200,000 mg/L due to additional evaporation.

Argonne National Laboratory & Devon Energy Corp. Experience

Efforts by Argonne National Laboratory and Devon Energy Corporation
demonstrated that substantial produced water can be transpired (volatilized by passing
through plant membranes into the atmosphere) when used to irrigate halophytes (26, 3,
27).

In order to meet the objective of high water volume transpiration, candidate
plants were selected from a group of low water use efficiency halophytes. Such plants
typically have a large water volume use to biomass production ratio, and are commonly
adapted to saline wetland areas. Various rushes, sedges, and grasses with fibrous roots
and large aboveground surface areas are good candidates for high water consumption.

In one study, six types of plants were greenhouse tested using a non-aerated
hydroponic technique (26, 3). Saltwater cordgrass (Spartina alterniflora), saltwater (or
Virginia) dropseed (Sporobolus virginicus), perennial glasswort (Salicornia virginica),
sawgrass (Cladium jamaicense), Vermilion saltwater cordgrass (Spartina alterniflora var
Vermilion), and great bulrush (Scirpus validus) were tested at two gradually achieved
salt concentrations: 1.5 percent, and 3 percent (approximate salinity of seawater), plus a
control at 0 percent salt. A more detailed evaluation of the advantages and disadvantages
of each of these six halophytes for the intended purpose was provided in (3).

In this study the best transpiration achievers were large plants with dense foliage,
and the most salt tolerant plants were robust grasses such as cordgrass. Some plants
stored salt, but remained small and did not transpire much water. Other plants such as the
bulrush appeared to exclude salt at the root resulting in additional elevation of salt levels
in the remaining irrigation water near the roots. Plants such as the saltwater cordgrass
tended to uptake salt and excrete it onto the leaf surface where it would fall back into the
irrigation water.

Using greenhouse data, researchers devised and modeled a "bioreactor" for
stepwise irrigation with saltwater (26). Using this model, a 1080 ft2 plot of bulrushes was
able to evapotranspire (combination of evaporation and transpiration) about 8,800



gallons (210 bbl) of 15,000 mg/L TDS over a period of three days (i.e., 70 bbl/d). This
would convert to a rate of about 2,800 bbl/d/Ac. At the end of the three days the salinity
of the remaining water had doubled to about 30,000 mg/L TDS.

The 30,000 mg/L water remaining in the bulrush plots was then collected and
applied to more salt tolerant saltwater cordgrass in a plot of the same size. Within five
days saltwater cordgrass evapotranspiration reduced the volume of 15,000 mg/L
saltwater remaining by another 50 percent, and the salinity correspondingly doubled to
60,000 mg/L.

Using this two stage bioreactor, researchers were able to decrease the volume of
produced water which required disposal to 25 percent of the original volume within eight
days. This computes to a total evapotranspiration rate of 5,600 bbl/Ac/d.

Differentiation data contrasting volatilization and transpiration during these tests
is provided in (3). The experimental design included covering, to the extent possible, the
standing water surface in the vegetated buckets to minimize evaporation. Thus, the
majority of water volatilization was due to transpiration.

For example, mean transpiration by saltwater cordgrass exceeded open water
evaporation by factors of about 5, 3, 2.5, and 1.5 at respective salinity levels of 10,000
mg/L, 20,000 mg/L, 30,000 mg/L, and 50,000 mg/L. At salinity levels ranging from
about 70,000 mg/L to 11,000 mg/L volatilization by transpiration was about equal to
volatilization by open water evaporation.

Extrapolation of these data to large scale field conditions depends on a number
of factors will require careful consideration of all pertinent variables (26). These factors
include the length of growth periods, frequency of harvesting, effect of mixing species,
and winter dormancy. Additional considerations for bioreactor plants should also include
biomass production, nutrient requirements, ease of propagation, and end-use options (3).

Recent developments in phytoremediation, including volatilization of produced
water, have been explored in (28). In their paper, phytoremediation of a number of other
oilfield related constituents including heavy metals and petroleum hydrocarbons are
discussed. They further noted that contaminants in produced water would be filtered,
accumulated, or degraded by the extensive fine-root systems of produced water
transpiring halophytes, and that the harvested halophyte biomass can be dried,
composted, or otherwise treated depending on the type and concentration of accumulated
constituents of concern.

The main limitations to phytoremediation are restriction by root growth habit to
relatively shallow depths in soil, and the relatively long period of time required to
achieve decontamination target levels (28). Additional concerns include handling and
disposition of biomass, and concerns that some phytoremediation plants may achieve
weed status. However, the bioreactor concept was field tested at two locations in
Oklahoma, and both tests were very successful (27).

In the first field test 30,000 mg Cl/L (estimated total TDS somewhat greater than
50,000 mg/L) produced water was used. Bulrush and cordgrass were planted in flow-
through troughs containing pea gravel. Although some problems were encountered, a 75



percent reduction in produced water volume was achieved in only four days using this
system.

In the second field test produced water with 60,000 mg Cl/L (estimated total TDS
somewhat greater than 100,000 mg/L) produced water was used. In this test, halophytes
removed 30 percent more produced water than the open water control (no plants).

Halophyte leaves from this second field test were harvested without removing
salt crystals adhering to the leaves. The salt covered leaves were tested for toxicity and
none was detected (nor were any toxic materials detected in a test of the produced
water). Salt covered halophyte leaves were then given to a local rancher who used them
for cattle feed. Subsequently, cattle were allowed to graze the halophytes.

The cost and savings related disposal of produced water at the second site were
calculated (27). The typical cost to truck and dispose of this produced water was
$1.20/bbl of produced water compared to the cost for plants, testing equipment,
materials, and data acquisition, etc., which was $0.46/bbl of produced water. They
stressed that the costs for halophyte evapotranspiration of produced water would
decrease through reuse of plants and equipment. It is probable that even further cost
reductions could be expected as testing costs, economy-of-scale factors, management
costs, and crop revenues would become increasingly favorable, especially in dry locales
which often experience shortages of forage.

University of Arizona-Arid Lands Experience

In recognition of increasing needs for information pertaining to halophytes due
to accelerating salinization and desertification of otherwise arable land, the Office of
Arid Lands Studies was formed at the University of Arizona. The focus of their efforts
has been to determine the economic potential for the vast array of halophytic plants.

In a landmark publication, HALOPH: A Data Base of Salt Tolerant Plants of the
World, Aronson (2) has categorized about 1,600 halophytes by plant type, geographic
region, economic use, and salinity tolerance. More recently, Yensen, who has worked on
collaborative efforts with the USDA Salinity Lab, the Tulare Drainage District, and the
University of Arizona/Office of Arid Lands, (among other halophyte-technology
centers), provides similar information plus substantially more detail in a publication
available through the author (7) and CIAD.

NyPa-International, NyPa-GreenBridge, GreenBridge Earth-
Works, and The Martin House Experience

NyPa-International (32) has developed several halophytes which provide
substantial yields on salt-affected soils, and which are being adapted to oilfield salt-
affected sites. These include NyPa -Grain, NyPa -Forage, and NyPa -Reclamation
Grass.

NyPa-Grain is one of few halophyte grains. The precursor plants were only
capable of providing about 1 lb grain per acre, but now provide over 1,000 lbs/Ac. The
NyPa-Grain has been test marketed as a gourmet grain at $72.00/lb. NyPa-Grain is also a



euhalophyte and requires substantial salinity for survival, and it will survive extreme
drought conditions.

NyPa-Forage is a high-yield euhalophyte. Unlike many Distichlis spp varieties, it
remains relatively soft and palatable when grown in very salty locations. The protein
content of this plant is almost as high as alfalfa. It is easy to bale and can be grazed. The
rhizomes are sharp and penetrate even very hard soil layers. The extensive root mass can
travel downward several meters in search of groundwater, and protects soil, and
minimizes evaporation.

NyPa-Reclamation Grass was developed for range reclamation and is very suited
to heavy clay, highly saline soils. It is a soft perennial forage.

An additional halophyte, NyPa-Turf may hold additional promise for
remediation, as many oilfield saltwater spills occur near urban areas. A halophyte turf is
suitable for use as a recreation grass.

NyPa-International (32) has a vast collection of halophyte propagation materials
including seeds, plugs, and cuttings, including many tree species. These plants have been
and are being developed in response to the world-wide need for improved halophytes.

At GreenBridge EarthWorks, experience in technical management of
nonhazardous oilfield waste at commercial disposal facilities demonstrated that produced
water salts and drilling mud salts were the most problematic constituents in these wastes.
Whereas petroleum hydrocarbons typically biodegrade easily an provide lasting benefit
to soils, and metals are only occasionally at problematic concentrations relative to
disposal techniques, removal salts constituted the most difficult problems.

Further, in recognition that both field and commercial facility
remediation/reclamation practitioners were often unaware of the complexity of removing
salts from oilfield salt-affected soils and fluids, and that practitioner mistakes leading to
further problems were commonly made, led to the development of the guidance manual,
Remediation of Salt-Affected Soils at Oil and Gas Production Facilities, published by the
American Petroleum Institute (API) (4). Via GreenBridge EarthWorks, the senior author
of this manual currently provides API-sponsored oilfield environmental manager and
field staff training sessions on selection and implementation of appropriate remediation
techniques for salt-affected soils(29).

After careful evaluation of natural remediation, chemical remediation, and
mechanical remediation technologies in general, GreenBridge EarthWorks determined
that for sites where appropriate cultural and field conditions exist, halophytes are most
likely to be the favored remediation technology. Further, use of halophytes is especially
appropriate where income producing remediation vegetation is desirable, and where the
community has joined together in cost-sharing efforts (23).

In response to the need for oilfield-adapted halophyte propagation materials and
refined halophyte-related field technologies usable by oilfield workers and spill site
landowners, the principals of NyPa-International and GreenBridge EarthWorks joined to
form NyPa-GreenBridge.



One of the primary missions of NyPa-GreenBridge is development of high cash-
value halophyte crops for use in spill field and produced water irrigation locations. In
addition to fairly obvious trees and forages which often have good value, efforts are
continuing toward development of unconventional remediation plants such as very high
cash yield ornamentals such as cut flowers and landscaping plants for arid and salty
environments.

At The Martin House, a commercial greenhouse in north Louisiana, halophytes
and salt-tolerant plants which may require pre-field adaptation, are germinated and/or
salinity-adapted prior to field planting. Halophytes from this facility can be adapted to
almost any field condition.

University of Miami at Ohio Experience

Dr. Carolyn Keiffer of Miami University in Ohio (MUOhio) was invited to
evaluate the response of several halophytes at a number of oilfield saltwater spill sites in
several states. Her data, which is undergoing internal administrative review for
publication, showed that Suaeda (seep-blite or seep-weed) and Atriplex performed well
compared to other plants tested. Dr. Keiffer works closely with Dr. Irwin Ungar, an
internationally renown halophyte specialist who is at Ohio University.

Combined Networking Experience

It is clear that as technology becomes more specialized, and soil, water, biotic,
and other environmental specialties appear to become increasingly complex, that
development of usable technologies increasingly requires collaborative efforts. To
varying extents, individuals from the abovementioned institutions have formed a network
of cooperation. This greatly expands accessibility to the continually developing database
of information vital to making informed technical and cultural decisions.

SMACKOVER CREEK WATERSHED
REMEDIATION DEMONSTRATION PROJECT

The Smackover Creek Watershed remediation Demonstration (SCWRD) project
exemplifies potential use of halophytes to remediate oilfield salt-affected soils.

Project Background

In the 1920’s oil was discovered in the area of the Smackover Creek watershed
in south Arkansas. Due to lack of well "blow out" prevention technology during these
early years, oil and saltwater would escape when "gushers" were hit. Fugitive oil and
briny produced water from blow outs, other oilfield produced water containment
accidents (which still occur occasionally), and primitive (but standards-of-the-time
environmental practices which have been substantially improved during recent decades)
would escape into the watershed.



The environmental result was conversion of affected upland and drainageway vegetation
into a “moonscape” of barren ground and stumps. Eroded upland soils filled previously
"V" shaped drainageways with the sediments. Over time, the negligibly-sloped sediment-
filled drainageways trapped substantial saltwater. Fugitive oil which reached the
drainageways was so plentiful that the major source of revenue for a number of
enterprises was to gather it from traps constructed in the drainageways.

Due to abundant rainfall, aggressive vegetation, and more appropriate techniques
for managing fugitive oil and produced water, natural forces alone were able to reclaim
most upland areas. However, minimal gradient and poor hydraulic transmissivity in
drainageway sediments restricted the egress of saltwater from drainageway sediments.

The current condition in drainageways is one of high salinity, often accompanied
by an oily layer or a surface cap of weathered and immobile asphalt-like material. Some
of the drainageways flood annually as Smackover Creek levels rise in the wet season.
Because the sediments are relatively shallow and lie above a poorly permeable base, the
uppermost saturated zone in many locations often remains within a few feet of the
sediment surface. Thus, salts in the drainageway sediments migrate mostly a few feet
upward and downward in response to dry and wet conditions. These conditions have
created an inhospitable environment for native glycophyte trees and understory plants.

At present the drainage ways are still barren and poorly vegetated in several
counties in southern Arkansas. A multi-party community-led effort, funded largely by
USEPA and Phillips Petroleum Company and administrated by the Union County
Conservation District, are proceeding to remediate these sediments with halophyte
vegetation (23). A number of other state and federal agencies, and local community,
industry, landowners, and oilfield operators have been very responsive in additional in
kind and/or financial support. The SCWRD project began in October 1997 and will
continue through December 2002.

One objective of the SCWRD project is to demonstrate that use of the American
Petroleum Institute guidance manual, Remediation of Salt-Affected Soil at Oil and Gas
Production Facilities (4, 29) can serve as a decision-making guide for determining and
executing a best management practice (BMP) for remediation of oilfield salt-affected
soils. For remediation of sites selected in the SCWRD project, it was determined that use
of non-invasive specialized halophyte and salt-tolerant glycophyte vegetation would be
the most cost-effective approach.

When the project is complete the plants and technical assistance infrastructure
will be made available to landowners and other interested groups through a cost-share
program. Installed phytoremediation vegetation will provide the landowners with: 1) one
or more value-added crops which can generate income during the remediation effort, 2)
vegetation attractive as cover and food for wildlife, 3) mitigation of soil erosion and
improved quality of surface water runoff, and 4) improved property value and aesthetics.

Precursor Study

The SCWRD project was preceded by a little known landmark study conducted
by the University of Arkansas, the USDA Soil Conservation Service (SCS, now Natural



Resources Conservation Service, NRCS) and the Union County Conservation District
conducted from fall 1976 through the early 1980’s. This project was assisted by the
National Forestry Service and Plant Materials Centers of the USDA.

Of the 83 warm season and 33 cool season plant accessions trialed, less than 10
showed promise. Some, even though otherwise successful, were eliminated as they were
considered potential pest species. Certain accessions of fescue grass, cordgrass,
dropseed, bermuda, crabgrass, paspalum, alkali sacaton, and saltgrass survived and grew
reasonably well.

The most successful colonizer among the successful plants was the cordgrass
Spartina patens, (MS-4287) (common names include: salt meadow cordgrass, fox grass,
couch grass, and rush salt grass). Unfortunately, the observed unpalatability of this
cordgrass (although there have been contradictory palatability observations elsewhere) to
local grazers such as cattle, deer, and rabbits may have contributed to its vegetative
success. The current SCWRD study endeavors to identify and focus on plants that may
serve as more palatable forage for livestock, as well as wildlife cover, ornamentals, and
timber.

These precursor trials indicated that phytoremediation of oily saltwater impacted
soils in Smackover Creek watershed drainageways would be a beneficial technology for
remediation of these sites. The precursor study allows the SCWRD project to concentrate
on identifying and improving management of plants which under site environmental and
cultural conditions exhibit one or more of the following features: self-sustaining, easy to
install and manage, improve quality of surface water runoff, generate income, spread
quickly (but not a pest plant), and have minimal disadvantages.

Despite success, this initial effort was discontinued due to reorganization of
several involved agencies. Ray Erickson, currently with NRCS and a leader of the
SCWRD project vegetation group was also a principal leader of the precursor study.
Insights gained and vegetation materials adapted by the precursor study are being
incorporated into the SCWRD project.

SCWRD Project Materials and Methods

The SCWRD project involves a total of 120 severely salt-affected acres located
in drainageways in the Smackover Creek Watershed in south Arkansas: 30 acres in
Union County and 90 acres in Ouachita County. Project sites were methodically selected
from among a number of candidate sites as described (30). The mostly contiguous sites
are subdivided into approximately 5 Ac segments.

Field and laboratory efforts and data generation, data workup, and quality
control and assurance materials and methodology used by the SCWRD project are
provided in the Quality Assurance Project Plan for Smackover Creek Watershed
Restoration Demonstration (SCWRD) (31). The information provided below summarizes
some of these efforts, data, and preliminary conclusions.



Initial Trials
Locations -

Initial revegetation trials (still in progress) are being conducted in two plots
which constitute 10 of the total 100 treatment acres to be remediated. The two curvi-
elongated drainageway trial plots discussed here are designated Ri-6 (5.09 Ac) and Ri-7
(4.42 Ac) (30). The additional 90 treatment acres will be planted based on trial results.
Four similarly salt-affected 5 Ac (approximate average) background plots (total about 20
Ac) will allow monitoring of concurrent changes induced by nature alone (not treatment
or purposefully revegetated plots).

Pre-planting vegetation -
Although sparse, the vegetation initially present in Ri-6 and Ri-7 (present mostly

at the interface of the drainageway and the uplands) was according to species, zones, and
percent cover (data not shown). For mapping purposes Ri-6 and Ri-7 were partitioned
into grids: Ri-6 with 1,684 squares measuring 11.5 ft per side; and Ri-7 with 1,568
squares measuring 12.6 ft per side.

Plants initially onsite around the margins of the flats and may have some degree
of salt tolerance were also characterized according to wetland-related characteristics. The
scientific name, common name, and their wetland indicator classification are given in
Table 1.

As data in Table 1 indicate, plants initially onsite range from Obligate (OBL, can
exist only in wet conditions) to Upland (UPL, can only exist in dry conditions). There
were almost three times as many strong to weak wetland indicator species (59 OBL to
facultative wet minus) than there were strong to weak upland indicator species (20 UPL
to facultative upland minus). Although there was sufficient vegetative evidence in Ri-6
and Ri-7 to classify these two sites as wetlands, neither the hydrologic nor soils features
supported a wetlands classification, and these sites are therefore designated as non-
wetlands.

Pre-planting soils -
Prior to planting, soil samples were collected from small hand dug 2 ft deep pits

in a representative location near the center of plots Ri-6 and Ri-7. Condensed data from
the discrete soil samples from the 0-1 and 1-2 ft depth intervals are provided in Table 2.
These depth intervals do not indicate the in situ complexity of multiple layers discovered
within each depth interval. The 0-1 and 1-2 ft depth intervals were mixed prior to
laboratory analysis due to cost considerations, and in recognition of the substantial
spatial variability in three dimensions.

Pre-planting near-surface groundwater -
Prior to planting, groundwater was collected from near-surface piezometers in

Ri-6 and Ri-7. The drainageway groundwater samples were collected according to the
SCWRD Quality Assurance Project Plan from piezometers, each screened to depth
interval of 1.5 - 4.0 ft deep. Selected near-surface groundwater data are provided in
Table 3.

Planted vegetation -
Vegetation planted for trials include the most successful plants from the

precursor trials plus 22 species from the Louisiana coast, the Northeastern (USA)



Atlantic Coast, and some commercially available species noted for their high salt
tolerance, forage and/or wood properties.

Although some plant species (primarily as cuttings or plugs) were planted at
SCWRD field sites directly from their point of field origin (naturally salty areas or
improved field propagation locations elsewhere in the USA) (32), most of the plants
were initially propagated in flats or pots from seeds, cuttings, or plugs in a commercial
greenhouse (33). While growing in the greenhouse, these plants underwent a salinity
adaptation program by irrigating with increasingly saline water as plants matured.

Due to administrative juxtapositions, the planned spring planting could not be
conducted during spring, but was postponed until early July 1999 which was well into
the heat of the summer. Prior to field planting, greenhouse plants were acclimated in a
shaded location adjacent to the field plots. During the acclimation period which varied
from a few days to a few months, relatively fresh pond water was used to irrigate the
acclimatizing plants.

The species and the number of individual plants trialed in Ri-6 and Ri-7 are
shown in Table 4. Plants of the same species were arranged in several rows of a mini-
plot. Each mini-plot was oriented perpendicular to the flow in the center of the
drainageway to provide the best chance of overlapping various topographic categories.

Starting from the most downgradient location in the most downgradient plot (Ri-
7), each successive mini-plot consisted of a different species until all species had at least
one mini-plot. For some species there were insufficient plants for more than one mini-
plot. After each species had at least one mini-plot, the sequence of species mini-plots
would began again. There were sufficient plants of several species to allow planting of
several mini-plots in Ri-6 and Ri-7.

Topography -
In many respects plots Ri-6 and Ri-7 resembled braided delta sediments.

Topographic characterization included drainageway center(s), sand bar(s), side slopes,
flats, edges of flats, and locations of naturally encroaching vegetation near the perimeter.

The topography across the plots was quite inconsistent. Because of such semi-
randomness, some species were not planted among the full complement of
topographically identified sediments. The long axis of the rectangular mini-plots ran
perpendicular to the center of the drainageway. As an example, one end of a mini-plot
might begin at a perimeter edge of the flat, go down into the center of the drainageway,
perhaps across a sand bar or significant slope, then go onto a substantial flat area, and
end in encroaching vegetation at the opposite drainageway perimeter.

The cross centerline mini-plot orientation was selected to facilitate observation
of the gross effects of changes in elevation, stratigraphy, and hydrology. There were
sufficient individuals of most species to plant several plots.

Essentially all of the roughly 40,000 plants were planted by hand. Volunteer
helpers from a number of organizations assisted in the planting effort. Planting was done
mostly by preparing holes with dibble bars, putting the small plants and their potting mix



into the hole, and pressing the soil against the plant/potting mix. However, a number of
technique variations were used.

Miscellaneous tests -
A small trial of mulches and various fertilizers, and combinations thereof was

conducted. The yard waste mulch was gathered and delivered to the site by the City of El
Dorado. Industrial byproduct lime, poultry litter, langbeinite (K2SO4:2MgSO4), and
ammonium nitrate (NH4NO3) was applied and disced into the soil. After a short curing
period, several species of plants shown in Table 4 were planted in rows perpendicular to
the mulch and fertilizer bands.

Heat and moisture -
Heat and dryness during the planting effort were very problematic, but in

retrospect provided a revealing stress test for plant hardiness. Irrigation of plots was slow
in materializing and in effectiveness of distribution, timing, and quantity.

It is possible that irrigation may have had negative effects as well as positive
effects on field plants. On some occasions water appeared to gain substantial heat while
residing in the black polypipe manifold (> 1/4 mile long), and may have "steamed" some
plants during application. In many locations applied water beaded-up on the often
hydrophobic and dispersed soil surface, instead of effectively infiltrating the soil. High
temperatures and use of difficult to calibrate sprinklers also caused substantial water to
evaporate instead of infiltrating the soil. Substantial areas of salt efflorescences (solid
salt crystals) were evident on the soil surface within hours after irrigation and occasional
rainfall events.

Post-planting soils and vegetation -
Percent survivability of plants was determined toward the end of 1999. Percent

survivability was determined by selecting two random rows and measuring the number of
plants which were alive in each row, and the total number of plants planted in each row.
The fraction of surviving plants divided compared to the total number of plants planted
was calculated and multiplied by 100 to provide percent survivability.

Also, toward the end of the year 1999, locations of similar plant appearance
within each mini-plot was recorded and ranked according to apparent health. The general
appearance of plant health rankings ranged from 1 = dead plants to 4 = healthy plants.

Soil samples were collected for correlation from at least one location of each
differential similar-appearance area within each mini-plot. These discrete soil samples
were collected by sharpshooter from a depth interval of 0 - 1 ft.

Comprehensive plant (all measured species combined) appearance data are
compared to topographic location in Figures 1, and to soils data in Figures 2 and 3. The
correlation between soil sodium (Na) concentrations and electrical conductivity is also
shown in Figure 1. Because of this correlation, soil sodium levels can be inferred from
soil EC data in figures relating to plant appearance.

Soil data related to species-specific appearance data for each of the major plants
evaluated (based on the number of plants available for measurement which include
atriplex, alligator weed, eucalyptus, lycium, NyPa-Forage, and Ramsey bermudagrass)



are provided in Figures 4 - 15. Data in Figure 16 relates species-specific plant
appearance to topographic location.

A number of plant species have been excluded from these figures for various
reasons. These reasons include very poor performance and very late planting relative to
the time of measurement. Therefore data may not be shown for some plants which are
expected to do well as time progresses. These additional data will be made available in
the final project report.

An additional indicator of short-term success included measurement of plant
survivability toward the end of 1999. The percent survivability of plants planted during
1999 is shown in Table 5 and summarized in Table 6.

Results and Discussion of SCWRD Effort

Limitations of data and interpretations

The information which follows is preliminary and requires further critical
evaluation and quality assurance review. These data are provided "as obtained" and have
not been subjected to statistical evaluation for significance.

As in many environmental field efforts, there are a wide range of uncontrollable
variables, many of which could be expected to have correlations or interdependencies to
some extent. Further, some of these data have been generated by analytical laboratories
most accustomed to mass-processing of agronomic data from typical field soils - thus, the
SCWRD soil samples, which were often hydrophobic and contained oily constituents,
were problematic.

These data are reported here to provide some of the more general observations,
and to invite consideration from other scientists and engineers working on similar
projects. All finalized data and interpretations will be provided in the final SCWRD
project report due at the beginning of the year 2003.

Plant stress

When re-measured toward the end of 1999, the halophytes and salt-tolerant plants
planted in Ri-6 and Ri-7 had experienced less than six months in the field plots and had
experienced transplantation stress as well as severe heat, drought, and salinity conditions
with no mulch (with a few exceptions for some eucalyptus) and minimal, sporadic
irrigation and occasional rainfall. Even under these adverse circumstances some species
did very well including one, Distichlis spicata (LA), which, although the total number of
plants was small, exhibited 100 % survivorship (Table 5).

For cost control reasons, it was important to identify potential species and
cultivars that would not require the expense and extra effort of mulching. Although few
of the plants in the very limited mulch and fertilizer trials survived, among these tests
there was generally greater survivability in the mulched areas. In contrast, many of plants
in the no mulch and no fertilizer locations throughout Ri-6 and Ri-7 exhibited much
better success. The fact that many of these plants could be planted in the heat of the



summer and still survive suggests that they could be planted virtually any time of the
year.

Overlapping variables

It is difficult to draw definitive conclusions regarding a specific parameter and
plant response (appearance) because of overlapping variables and their various
correlations. In hydraulic receiver environments (such as Ri-6 and Ri-7), an increase in
one chemical constituent level is often accompanied by similar increases in other
chemical constituents. In anticipation of this situation, and because of the substantial
expense which would be required to isolate specific causes and effects, the SCWRD
project was designed to accept and proceed based on less precise generalizations which
should be evident across so many un-isolatable variables.

Pre-planting soil results

Pre-planting soil data in Table 2 reveal that the mixed layer textures in Ri-6 and
Ri-7 are mostly silt loam with roughly 10 to 20 percent clay. Rounded Electrical
Conductivity (EC) and Exchangeable Sodium Percentage (ESP) values in these samples
roughly ranged from 20 to 65 dS/m and from 30 to 50 percent, respectively, which
categorizes these samples as saline-sodic (24).

In contrast to the majority of naturally occurring salt-affected soils which often
have neutral to alkaline pH values due to lower annual rainfall, the Ri-6 and Ri-7 soils
have very acidic pH values ranging from 3.8 to 5.2. Acidic soil pH values below 4.5 in
mineral soils are often associated with aluminum toxicity with respect to inhibited plant
growth, but this potential condition has not been evaluated for SCWRD site(s).

The plant available macro-nutrients, nitrogen (shown in Table 2 as nitrogen in
the form of nitrate, NO3

-N), phosphorus (P), and potassium (K) only indicate a
potentially serious deficiency for phosphorus. However, many chemical and biotic
variables interplay in development of analytical results and interpretations of data with
regard to potential plant response. Therefore, unadjusted analytical data such as these
can represent substantial error at such low pH and high sodium and salinity levels, and
with regard to a plethora of halophyte and salt-tolerant plants which often have nutrient
requirements much different from glycophytes.

Pre-planting near-surface groundwater results

Pre-planting near-surface groundwater samples were collected from piezometers
to indicate potential plant nutrient deficiency or toxicity problems. Column 1 of Table 3
provides groundwater data from the 1.5 to 4 ft screened depth in a central location of Ri-
6 and Ri-7.

Determination of plant nutrient deficiency (too little) or plant nutrient toxicity
(too much) concentrations is very tenuous for any given species, much less, an entire
grouping of plants. For each plant nutrient, deficiency and toxicity levels are also
dependent on a number of interrelated soil, water, atmospheric, and plant (e.g. growth
stage) variables.



The comparative values shown for nutrient deficiency (column 2) and toxicity
(column 3) of Table 3 are taken from author (Yensen) observations and/or estimates
and/or literature pertaining to other plants (predominantly glycophyte agronomic crops)
under other much different environmental circumstances and in some cases represent
only best estimates due to the variability within the plant kingdom and the limited
information available. Further, deficiency and toxicity levels constituents in Table 3 have
not been established for halophytes in general. Therefore, the comparative data provide
example value information which are intended only to assist plant scientists in evaluating
for potential plant deficiencies and/or plant toxicities of specific site conditions for the
SCWRD project halophytes being planted.

In consideration of the limitations of interpretation given above, data in
comparative columns 2 and 3 of Table 3 can be used as a reference mark for discussion
of SCWRD groundwater data as in the following discussion.

These groundwater data show salinity values at the time of sampling ranged
from about 19 to 26 dS/m. Total Dissolved Solids (TDS), sodium (Na), and Chloride (Cl)
values from the same samples are in good agreement with these EC values. Salinity
values corrected to the saturated paste moisture content (Table 2) were similar in Ri-7,
but were higher in Ri-6. Upward migration of salts during evaporation periods may
account for the higher levels in Ri-6, but it is unclear why values were not higher in the
surface soil in Ri-7.

The pH values in surface soils (pH 3.8 - 5.2) had a wider range compared to
groundwater pH values (pH 4.6 - 5.0). These low pH values are not atypical for soils in
south Arkansas and many native plants are adapted to these pH levels. However, these
low pH levels may be problematic for non-native halophytes. As expected at these pH
levels, alkalinity values are below detection limits.

Nitrogen (N, and Nitrate, NO3) and Phosphorus (P) levels in groundwater may or
may not be low depending on a particular plants requirements, but Potassium (K)
concentrations appear adequate for the growth of most plants.

Calcium (Ca) and Magnesium (Mg) levels appear to be above plant deficiency
levels, and magnesium may actually be excessive for some plants.

The soluble Iron (Fe) and Cobalt (Co) levels shown may be toxic for some
plants.

Sulfur (as sulfate, SO4) levels are surprisingly low in groundwater at < 2 mg/L,
and may indicate a potential plant deficiency. These low values may also explain why
Barium (Ba) levels are somewhat higher than would be indicated by the solubility
product of barite (BaSO4). Barium levels would be expected to drop below about 5 mg/L
in the presence of sufficient sulfate to precipitate as barite.

Boron (B) values in groundwater may be somewhat high and may result in
toxicity levels for some plants, but are not expected to be excessive for most SCWRD
halophytes. However, there are a wide variety of laboratory techniques for boron
analysis which can give some what differing results. Because of this it is difficult to
confidently interpret boron data from among different literature sources. Therefore, the



interpretation of boron deficiency and toxicity will depend on calibration to site
conditions.

The low Copper (Cu) levels shown for the groundwater may result in deficiency
for some plants, but the situation is less clear for Molybdenum (Mo), Selenium (Se), and
Vanadium (V).

Nickel (Ni) may be a "specialty nutrient" for some plants and may be low in
SCWRD groundwater. However, the nickel requirement (minimal plant need for it)
would be very low for those plants which do utilize it.

There may be some functions performed by Arsenic (As), Cadmium (Cd), lead
(Pb), and mercury (Hg) in some plants (or microbial biota closely associated with
halophyte plants). These plant functions and the levels of these constituents which would
be deficient or toxic were slightly high in groundwater, but are not expected to be a
concern.

The high chloride levels in groundwater could produce toxicity in the common
agronomic glycophyte crops. However, these levels, as well as those of calcium,
magnesium, boron, and sodium are not abnormal regarding what is known about general
halophyte nutrition. Sodium is an essential nutrient for C4 plants and improves growth in
non C4 plants. However, at SCWRD plot levels sodium (and chloride) would be above
tolerable levels for many glycophytes.

The potential toxicity and deficiency levels of some of the constituents
mentioned above may be mitigated by the low pH and high salinity levels at the site.
Therefore, the actual deficiency or toxicity of some of these constituents will need to be
borne out in plant tissue tests. Further, there is a very wide range of deficiency and
toxicity levels which vary from plant species to plant species, and halophytes are no
exception.

The database for nutrient requirements for halophytes in general is very
incomplete. Therefore, what is important for the SCWRD project is to try determine
which plants do well and which do poorly, and to try to correlate their degree of
vegetative success to groundwater (and soil) constituent levels.

Vegetation survivability results

Percent plant survivability data is provided in Table 5 and summarized in Table
6. These data range from a high survivability of 100% for Distichlis spicata (LA) to a
low of 0% for Veronica noveboracensis. Distichlis spicata (FO), Cynodon dactylon
(RA,) (also discussed as Ramsey bermudagrass), Distichlis spicata (LA) (from
Louisiana), Alternanthera philoxeroides, Distichlis spicata (NyPa-reclamation grass)
(also discussed as NyPa-Forage), Lycium carolinianum, and Atriplex lentiformis all had
greater than 75 percent survivorship in at least one mini-plot.

As noted below, the different numbers of plants available for each species, and
the spatial variability of soil and water conditions did not allow for a particularly "fair"
comparative test. Therefore, the results of these tests may be misleading. For instance,



although the percent survivorship results look poor for Eucalyptus camaldulensis, most
of the plants which survived had a robust appearance.

Comprehensive vegetation appearance results

Comprehensive plant evaluations pertain to measurements which combine plant
appearance results of all species together. This provides an opportunity to see which
major soil or topography factors all plants may have responded to without regard for
species-dependent variables.

As shown in Figure 1 some plants did well in the drainageway center, along the
edge of flats, near encroaching vegetation, on the flats, and on a sandbar. Except for
areas of encroaching vegetation, a number of plants also perished at these same locations
in the areas evaluated. Plants did not do well on the side slopes. As might be expected,
plant appearance results for the halophytes and salt-tolerant plants planted were most
consistently good in areas of encroaching vegetation.

A review of data presented in Figures 2 and 3 shows that comprehensive plant
appearance seems generally to not be correlated to soil crust thickness, pH, P, S, Fe, Cu,
and Zn. In general, there was a slightly negative correlation between plant appearance
and soil EC, NO3, K, Ca, Mg, B, and Mn. There does not appear to be a positive
correlation between good plant appearance and any parameter in Figures 2 or 3. As
demonstrated by looking at the relationships between these parameters and plant
appearance on a species-specific basis in Figures 4 - 15, the above generalizations may
be misleading.

Species-specific vegetation appearance results

Data provided in Figures 4 - 15 and summarized in Table 7 show visually
appraised plant species-specific correlations with soil parameters. Species-specific plant
appearance data with regard to topographic position is shown in Figure 16.

During review of these data it is important to remember that appearance
responses may be more related to a potentially correlating co-parameter. For example,
apparently negative plant reactions to more elevated levels of the more soluble salt ions
such as calcium, magnesium, potassium, and even nitrate may be more related to salinity
than the specific ions mentioned. Likewise, metals levels may be strongly influenced by
pH levels, as the solubility of many metals increase with decreasing pH. Further, soil
moisture relations including effective infiltration rate, permeability, depth to
groundwater, and matric (soil-pore size related) moisture holding capacity can be
expected to obfuscate (incorrectly indicate "positive", or "negative", or "none") apparent
plant responses to essentially unrelated chemical parameters. Such potential chemical
correlations have not yet been studied with regard to these data.

With regard to the effect of soil crust thickness, data in Figures 4 - 15 and Table
7 indicate that only atriplex had a negative plant appearance response to increasing soil
crust thickness. Responses for the other five plant species were less clear, and there was
a possible anomaly in the soil crust data related to the Ramsey bermudagrass. Other than
the Ramsey bermudagrass, the optimum soil crust thickness appeared to average about 2



mm for the other five plant species. Overall, observations suggest that crust thickness is a
poor indicator of plant survivability.

Plant appearance unequivocally declined with increasing salinity (as measured
by EC) for all six plant species. The average optimal EC for all six plant species was 6
dS/m.

Atriplex, NyPa-Forage, and Ramsey bermudagrass exhibited a preference for
increasing pH. Alligator weed and eucalyptus appeared to have no response to field pH
levels. The optimal pH level for alligator weed and eucalyptus appeared to be about 5.0
and 4.0, respectively. The overall average pH optimum for all plants is 4.6. It is generally
accepted that most halophyte grow well at pH levels above 7.

With the exception of eucalyptus which showed no preference, plant appearance
declined with increased nitrate levels. Again, this may be a response to a soluble salt and
thus related to salinity. Although eucalyptus showed no preference and had an optimal
nitrate level of 22 lbs/Afs (lbs per acre six-inches), the optimum level was even higher
for lycium at 35 lbs/Afs, and atriplex at 40 lbs/Afs. The average optimum nitrate level
for all plant species was 22 lbs/Afs. In general, when nitrate levels exceeded 50 lbs/acre
there was a correlating decline in plant appearance.

In general, plant appearance did not show the expected positive correlation with
soil phosphorus levels, although there seems to be a slight positive correlation for three
plant species. NyPa-Forage exhibited the lowest optimum phosphorus level at 5 lbs/Afs,
and lycium had the highest optimum at 16 lbs/Afs.

All plant appearance responses were negative for higher levels of the three
soluble salt ions, potassium, calcium, and magnesium. Again this may be a response to
increasing salinity. However optimum levels ranged from 50 to 125 lbs/Afs for K, from
400 to 1,000 lbs/Afs for Ca, and from 50 to 250 lbs/Afs for Mg. The average optima
were 90, 767, and 163 lbs/Afs for K, Ca, and Mg, respectively.

Increasing sulfur levels (predominantly as sulfate, SO4) correlated with negative
plant appearance for atriplex and NyPa-Forage, which exhibited optimum sulfur levels of
25 and 5 lbs/Afs, respectively. There was no discernable correlation between sulfur
levels and plant appearance for lycium or Ramsey bermudagrass, which had respective
optimum levels of 25 and 65 lbs/Afs. Sulfur levels higher or lower than roughly 60
lbs/Afs for alligator weed and 35 lbs/Afs for eucalyptus correlated with a poorer plant
appearance. The average sulfur optimum for all plant species was 36 lbs/Afs.

Plant appearance declined with higher boron levels for alligator weed and
eucalyptus, and there was no correlation for atriplex or lycium. The average optimum
boron level for all plant species was 3 lbs/Afs, and the full range of optima for all plant
species was from 2 to 5 lbs/Afs.

Where plant appearance did exhibit a correlation with soil extractable iron
levels, the correlation was negative. Plants with negative responses to Fe included
alligator weed and NyPa-Forage, and to a lesser extent atriplex. Neither eucalyptus nor
lycium exhibited a response, and the optimum response for Ramsey bermudagrass was a



central value. The average optimum iron level for all six plant species was 275 lbs/Afs,
and the optimum was very similar for all plants (ranging from 225 to 325 lbs/Afs).

Increased manganese levels also tended to relate to decreased plant appearance
rank, but mostly for different plants compared to the iron responses. Like boron,
extractable Mn levels were generally low and the average optimum value for plant
appearance was 2 lbs/Afs. Alligator weed exhibited a preference for Mn at 4 lbs/Afs.

Alligator weed, NyPa-Forage, and to some extent Ramsey bermudagrass
exhibited a positive response to extractable soil copper. Optimal Cu levels appeared to
average about 2 lbs/Afs.

No plant species exhibited a trend for zinc, but a central optimum of 5 lbs/Afs
was observed for NyPa-Forage. The average Zn optima for all plant species was about 4
lbs/Afs. The Zn optimum was 2 lbs/Afs for atriplex and 6 lbs/Afs for alligator weed.

The most consistently preferred (least associated with poor plant appearance)
topographic position for plants was at the encroaching vegetation (EV) location.
Unfortunately, only eucalyptus was planted in these locations, so it is unclear what effect
this location may have on other plant species. The only topographic position consistent
with poor plant appearance was the side slope and this was only evaluated for NyPa-
Forage. The other topographic positions were associated with both good plant
appearance and poor plant appearance.

The variation in survivorship and appearance from plot to plot and within a
given species may be primarily a function of water content and salt levels. Additional
study will be required to determine if this is the case.

Data discussed above indicate higher than optimum levels of calcium and
magnesium. High levels of these ions could induce deficiencies of copper and
molybdenum (Mo, which was not analyzed or tested as a soil borne plant appearance
correlation ion). Potassium at high concentrations could also compete with copper ions.
It is interesting to note that the copper levels appear low even compared to conventional
crops. These data indicate that there may be a copper nutrient deficiency.

SUMMARY
Diverse specialties of agronomy, halophyte-botany, soils, nursery science, cost

and revenue economics, recycling, and reuse are examined jointly with regard to a
common goal - improving the environmental and cost-efficiency of salt-affected oilfield
remediation and produced water management.

Using produced water salts as fertilizer nutrients, many halophytes which have
economic value can generate income simultaneously with remediation of salt-affected
soils. Irrigation of halophyte crops with produced water can be used to reduce the
volume of produced water which requires disposal well injection.



A number of oilfield-remediation-suitable halophyte plants are already available,
and others are in development. An infrastructure capable of supplying adapted halophyte
propagation materials and technical support for field remediation is currently in place.
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Table 1. Smackover Creek Restoration Project Plant List By Wetland Indicators.

Scientific Name Common Name

Obligate (OBL) Plants which only survive in wetland conditions (>99%)
Alternanthera philoxeroides Alligatorweed
Aster tenuifolia Purple Flowered Aster
Carex lupulina Hop Sedge
Cyperus erythrorhizos Red Root Flatsedge
Cyperus polystachyos var. filicinus Many-spike flatsedge
Eleocharis acicularis Least Spikerush
Eleocharis microcarpa Small Fruit Spikerush
Eleocharis obtusa Blunt Spikerush
Eleocharis parvula Small Spikerush
Fimbristylis amtumnalis Slender Fimbristylis
Fimbristyiis miliacea Grassy-like Fimbristylis
Fimbristylis vahlii Vahl's Fimbristylis
Gleditsia aquatica Water Locust
Glyceria striata Fowl Mannagrass
Hibiscus moscheutos Swamp rose Mallow
Hydrocotyle ranunculoides Floating Pennywort
Juncus debilis Weak Rush
Juncus elliottii Bog Rush
Ludwigia alternifolia Bushy Seedbox
Ludwigia decurrens Primrose Willow
Lycopus americanus American Bugleweed
Poygonum hydropiperoides Swamp Smartweed
Rhynchospora corniculata Short Bristle Beakrush
Sacciolepsis striata American Cupscale
Salix nigra Black willow
Scirpius americanus Sword Grass
Scirpius californicus Woolgrass
Scirpius robustus Salt Marsh Bulrush
Spartina bakerii Marshhay Cordgrass
Spartina patens Marshhay Cordgrass
Taxodium ascendums Pondcypress
Taxodium distichium Baldcypress
Typha angustifolia Narrow-leaf Cattail
Typha latifolia Broad-leaf Cattail

Facultative Wet Plus (FACW+) upper end of "67-99% wetland occurance prob."
Andropogon glomerata Bushy Broomsedge
Eupatorium perfoliatum Boneset
Hypericum fasciculatum Sand St. John's Wort
Juncus effusus Soft Rush
Mikania scandens Climbing Milkweed
Setaria magna Giant Bristle Grass

Facultative Wet (FACW) mid range of "67-99% wetland occurance prob."
Apios americana Groundnut
Bidens aristosa Spanish Needles



Table 1. Smackover Creek Restoration Project Plant List By Wetland Indicators (continued).

Scientific Name Common Name

Brunnichia ovata Lady's Eardrops
Diodia virginica Virginia Buttonweed
Echinochloa colonum Jungle Rice
Erianthus gigantea Sugar Cane Plumegrass
Fraxinus pennsylvanica Green Ash
Helenium flexuosum Sneezeweed
Panicum verrucosum Warty Panic grass
Paspalum boscianum Bull Paspalum
Phyla lanceolata Lance Leaf Frog Fruit
Pluchea camphorata Salt Marsh Camphorweed
Sabal minor Dwarf Palmetto
Solidago gigantea Giant Goldenrod

Facultative Wet Minus (FACW-) low part of "67-99% wetland occurance prob."

Carex cherokeensis Cherokee Sedge
Echinochloa crusgalli Barnyard Grass
Ilex decidua Deciduous Holly
Paspalum floridanum Florida Paspalum
Sesbania macrocarpa Sesbania

Facultative Plus [FAC+) upper range of "34-66% wetland occurance prob."

Agalinis fasciculata Beach False-foxglove
Ampelopsis arborea Peppervine
Carex albotuscens Greenish-white Sedge
Helianthus angustifolius Swamp Sunflower
Liquidambar styraciflua Sweetgum
Myrica cerifera Waxmyrtle
Panicum virgatum Switchgrass
Sesbania vesicaria Bag Pod Rattle Bush
Tripsacum dactyloides Eastern Gamagrass

Facultative (FAC) mid range of "34-66% wetland occurance prob."

Ambrosia psilostachya Naked Spike Ragweed
Baccharis halmifolia Groundsel
Boltonia diffusa Doll's Daisy
Brizia minor Little Quaking Grass
Cirsium vulgare Bull Thistle
Dichanthelium acuminatum Panic Grass
Diospyros virginiana Persimmon
Eupatorium rotundifolium Round Leafed Through-wort
Ilex vomitoria Yaupon Holly
Iva annua Marshelder
Juncus polycephalus Bog Rush



Table 1. Smackover Creek Restoration Project Plant List By Wetland Indicators (continued).

Scientific Name Common Name

Pinus taeda Loblolly Pine
Quercus nigra Water Oak
Sapium serbiferium Chinese Tallow Tree
Setaria glauca Yellow Bristle Crass
Xanthium strumarium Cocklebur

Facultative Minus (FAC-) lower range of "34-66% wetland occurance prob."

Andropogon virginicus Broomsedge
Aristida oligantha Three Awn Grass
Aster pilosus White Heath Aster
Digitaria sangunalis Hairy Crabgrass
Eupatorium hyssopifolium Hyssop Leafed Eupatorium
Euthamia galetarum Flat Topped Goldenrod

Facultative Upland Minus (FACU-) lower range of "1-33% wetland occurance prob."

Agertina altissima white Snakeroot
Diodia teres Rough Button-weed
Helenium amarum Bitterweed

Facultative Upland (FACU) mid range of "1-33% wetland occurance prob."

Cassia fasciculata Partridge Pea
Cynodon dactylon Bermudagrass
Dichanthelium aciculare Needle Leaf witch Grass
Eupatorium capillifolium Dogfennel
Euphorbia maculata Prostrate Spurge
Hypericum gentainoides Pineweed
Hypericum prolificum Shrubby St. John's Wort
Ipomea pulpurea Common Morning Glory
Polygonum tenue Knotweed
Pterdium aquilinum Bracken Fern
Schizachyrium tenerum Slender Broomsedge
Solidago canadensis Canada Goldenrod
Wisteria sinesis Japanese Wistezia

Facultative Upland Plus (FACU+) upper range of "1-33% wetland occurance prob."

Cypersus retrorsus Retrorse Flatsedge

Obligate Upland (UPL) "<1% wetland occurance prob."

Croton capitatus Woolly Croton
Digitaria ischaemum Smooth Crabgrass
Pinus echinata Shortleaf Pine



Table 2. Condensed SCWRD plots Ri-6 and 7 soil data.

Plot Depth Textur Clay CEC1 ESP2 pH3 ECsp
4 NO3-N Pavl

5 Kavl
6

Units (ft) (class) (%) (cmol+/kg) (%) (s.u.) (dS/m) (lbs/Afs) (lbs/Afs) (lbs/Afs)

Lab NA7 SCL8 SCL STL9 STL STL ADL10

& STL
STL STL STL

Ri-6 0-1 silt-
loam

16 52 51 3.9 63 79 15 152

Ri-6 1-2 silt 11 43 48 5.2 36 63 10 212

Ri-7 0-1 silt-
loam

19 25 30 4.0 20 37 8 89

Ri-7 1-2 silt-
loam

16 30 36 3.8 25 54 7 101

1.  CEC = Cation Exchange Capacity.
2.  ESP = Exchangeable Sodium Percentage.
3.  pH of 2:1 moisture:soil extract.
4.  ECsp = Electrical Conductivity corrected to saturated paste moisture content10 from 2:1 extract3.
5.  Pavl = Available phosphorus in pounds per acre furrow slice (acre area by 6 inch thickness or lbs/Afs).
6.  Kavl = Available potassium in pounds per acre furrow slice (acre area by 6 inch thickness or lbs/Afs).
7.  NA = Not Applicable.
8.  SCL = Univ. of Arkansas Soil Characterization Laboratory, Fayetteville, AR.
9.  STL = Univ. of Arkansas Soil Test Laboratory, Marianna, AR.
10. ADL = Univ. of Arkansas Agriculture Diagnostic Laboratory, Fayetteville, AR.



Table 3. Condensed SCWRD near surface groundwater data from Ri-6 and Ri-7.1

Data SCWRD Generally Tolerable Range
Parameter Minimum Maximum

Units (mg/L) (mg/L) (mg/L)

Macronutrients

     Nitrogen (as N) <0.5 0.052 15013

     Calcium (Ca) 520 - 640 0.052 15013

     Potassium (K) 27 - 45 0.12 10013

     Phosphorus (P) <0.2 0.032 10013

     Sulfur (SO4) < 2.0 12 10013

     Magnesium (Mg) 140 - 250 0.062 5013

Micronutrients

     Iron (Fe) 340 - 580 under review 513

     Chloride (Cl) 7,400 - 10,000 6 - 607 25013

     Manganese (Mn) 1.7 - 2.8 0.12 602:97

     Boron (B) 3.4 - 5.5 0.3513 213

     Copper (Cu) < 0.006 0.0513 5013

     Molybdenum (Mo) < 0.03 0.01 - 0.16 under review

     Zinc (Zn) 0.13 - 0.15 0.0052 under review

Special nutrients12

     Sodium (Na) 3,600 - 5,400 1 - 409 200-200013

     Cobalt (Co) 0.074 - 0.140 0.0001 - 0.0052:12 under review

     Vanadium (V) < 0.008 - 0.089 0.012:40 under review

     Fluorine (F) < 1 < 113 50013

     Selenium (Se)10 < 0.3 0.06 - 92:41 under review

     Silicon (Si) 20 - 33 trace under review

Special Interest 4

     Bromide (Br) 110 - 160 under review7 under review7

     Aluminum (Al) 4.8 - 7.4 0.1 - 22:41 2013

     Chromium (Cr) < 0.007 under review under review

     Tin (Sn) < 0.2 under review under review

     Nickel (Ni) < 0.030 - 0.031 under review 8 40 - 15013



Table 3. Condensed SCWRD near surface groundwater data from Ri-6 and Ri-71 (continued).

Data SCWRD Generally Tolerable Range
Parameter Minimum Maximum

Units (mg/L) (mg/L) (mg/L)

     Arsenic (As) < 0.2 under review under review

     Cadmium (Cd) < 0.005 - 0.011 under review under review

     Barium (Ba) 8.9 - 10.0 under review under review

     Lead (Pb) < 0.1 under review under review

     Mercury (Hg) < 0.0002 under review under review

Miscellaneous

     EC (units = dS/m) 19 - 26 0.05 - 0.113 1 - 1013

     TDS 15,000 - 22,000 30 - 6013 600 - 600013

     pH (standard units) 4.6 - 5.0 4 - 513 8 - 913

     Nitrates (NO3) < 0.5 under review under review

     Alkalin. (as CaCO3) < 1 ND ND

     Alkalin. (as HCO3) < 1 ND ND

     Alkalin. (as CO3) < 1 ND ND

 1. Ion species and concentrations present in near-surface groundwater (<4 ft below grade) of study
sites at Smackover Creek, Arkansas. All analyses performed by American Interplex Corporation,
Inc. Laboratories, Little Rock, AR. Comparative Generally Tolerable Range data relate to
glycophyte plants in general, and are provided with qualifications.
2. Marschner, Horst Mineral Nutrition of Higher Plants, Academic Press, Harcourt, Brace
Jovanovich Pub., Orlando, Florida, 674 pp., (1986).
3. Bould, C., Hewitt, E.J., and Needham, P., Diagnosis of Mineral Disorders in Plants, Her
Majesty’s Stationery Office, London, 174 pp, (1983).
4.  Mostly under review for various interactions and factors.
5.  Strontium competes with calcium ions and cause a calcium deficiency if calcium levels are low
(2:16).
6.  Tungsten competes with Molybdenum when the ratio exceeds 100:1 (2:36).
7.  At this lower level chloride is “inadequate and may be substantially replaced by bromide”
(2:36).
8. Nickel is likely an essential element for certain species that metabolize urea, e.g., soy bean and
tobacco (2:38).
9. Sodium is important for growth, although high potassium and/or rubidium levels can partly
replace sodium; for many halophytes and C4 plants sodium is essential even with high levels of K
and Rb (2:40).
10. High levels of sulfate ions compete with selenium ions and affect this value.
11. ND = Not Determined.
12. Special nutrients for many halophyte plants. Not considered nutrients for agronomic crops.
13. Yensen per. obs. Best estimates based upon personal observations, leaf tissue analysis, and/or
typical nutrient solution levels.



Table 4. Phytoremediation plant species trialed in SCWRD plots Ri-6 and Ri-7 during 1999.

Common Name Scientific Name Transplant Plant Spacing
(source) (No.) (ft)

Alligator  weed Alternanthera philoxeroides 57-4" pots 57 1

Bald cypress Taxodium distichum 40-1 gal pots 40 24

Big Cord grass Spartina cynosuroides dig ad libido 1,500 1

Christmas berry Lycium carolinianum 71 flats 3,408 1

Conecup Spikesedge Eleocharis tuberculosa 38 flats 1,824 1

Eucalyptus Eucalyptus camaldulensis 56 flats 2,688 12

Ironweed Veronica noveboracensis 28 flats 1,344 1

La bermuda Cynodon dactylon 3 flats 144 1

Lizard’s tail Saururus cernuus 14-6" pot 14 NA

Marshhay Cordgrass Spartina patens dig ad libido 1,500 1

Misc. grasses Poacea spp. 30-4" pots 30 NA

NyPa Forage Distichlis spicata var. yensen 4a 5000+5 flats 5,240 1

NyPa Reclamation Distichlis spicata 42 flats 2,016 1

Prarie Cordgrass Spartina pectinata dig ad libido 1,500 1

Puccinellia Puccinellia ciliata 111 flats 5,328 1

Purslane Portulaca oleracea 36 flats 1,728 1

Quail bush Atriplex lentiformis 57 flats 2,736 2

Ramsey bermuda Cynodon dactylon 124 flats 5,952 1

Sand Cordgrass Spartina bakerii dig ad libido 1,500 1

Sedge Scirpus maritimus 2-2 gal pots 2 1

Soft rush Juncus effusus 6-6" pot 6 NA

Statice Limonium sp. 1-6 pac 6 NA

Switch grass Panicum virgatum dig ad libido 1,500 1

Taro Colocasia esculenta 34-2 gal pots 34 NA

TOTAL PLANTS 40,097



Table 5. List of trial species and percent survivorship.

Scientific Name Plot Plants Survivorship
(#) (No.) (%)

Distichlis spicata (FO) Ri-7 #1 1496 75.0
Cynodon dactylon (RA) Ri-7 #2 1932 98.6
Distichlis spicata (LA) Ri-7 #3 126 100.0
Puccinellia ciliata Ri-7 #4 1715 60.6
Alternanthera philoxeroides Ri-7 #5 539 99.1
Eleocharis tuberculosa Ri-7 #6 960 28.8
Distichlis spicata (NyPa recl) Ri-7 #7  1343 94.9
Lycium carolinianum Ri-7 #8 840 89.7
Atriplex lentiformis Ri-7 #9 350 30.0
Veronica noveboracensis Ri-7 #10 819 0.0
Portulaca oleracea Ri-7 #11 832 2.7
Eucalyptus camaldulensis Ri-7 #12 190 17.4
Cynodon dactylon (RA) Ri-7 #13 1500 30.0
Distichlis spicata (FO) Ri-7 #14 840 32.4
Puccinellia ciliata Ri-7 #15 1036 7.4
Alternanthera philoxeroides Ri-7 #16 395  3.5
Eleocharis tuberculosa Ri-7 #17 1024 4.3
Lycium carolinianum Ri-7 #18 602 16.3
Atriplex lentiformis Ri-7 #19 300 25.7
Veronica noveboracensis Ri-7 #20 354 0.0
Eucalyptus camaldulensis Ri-6 #21 255 19.2
Distichlis spicata (FO) Ri-6 #22  608 40.8
Cynodon dactylon (RA) Ri-6 #23 536 32.8
Puccinellia ciliata Ri-6 #24 648 2.5
Lycium carolinianum Ri-6 #25 104 57.7
Atriplex lentiformis Ri-6 #26 250 78.0
Eucalyptus camaldulensis Ri-6 #27 197 24.9
Distichlis spicata (FO) Ri-6 #28 145 20.7
Cynodon dactylon (RA) Ri-6 #29 384 12.5
Puccinellia ciliata Ri-6 #30 329 8.5
Alternanthera philoxeroides Ri-6 #31 460 8.7

Table 6. Summary of trial percent survivorship by species.

Scientific Name Summary: Survivorship Plot Scores
<25% 25-49% 50-74% 75-100%

Distichlis spicata (FO) 1 2 1
Cynodon dactylon (RA) 1 2 1
Distichlis spicata (LA) 1
Puccinellia ciliata 3 1
Alternanthera philoxeroides 2 1
Eleocharis tuberculosa 1 1
Distichlis spicata (NyPa recl) 1
Lycium carolinianum 1 1 1
Atriplex lentiformis 2 1
Veronica noveboracensis 2
Portulaca oleracea 1
Eucalyptus camaldulensis 3



Table 7. Apparent general species-specific plant appearance correlations with soil parameters1.

Parameter Atriplex Alligat Wd Euclypt Lycium NyPa-For Ram Berm Avg2

Crust
opt (mm)

neg
(3)

sl pos
(5)

sl pos
(2)

none
(1)

none
(0)

anom
(14)

?
(2)

EC
opt (dS/m)

neg
(4)

neg
(2)

neg
(10)

neg
(12)

neg
(5)

neg
(4)

neg
(6)

pH
opt (s.u.)

pos
(4.7)

none
(5.0)

none
(4.0)

sl pos
(4.8)

pos
(4.8)

pos
(4.2)

sl pos
(4.6)

NO3
opt (lbs/Afs)

neg
(40)

neg
(5)

none
(22)

neg
(35)

neg
(15)

neg
(10)

neg
(22)

P
opt  (lbs/Afs)

sl pos
(12)

sl pos
(10)

none
(10)

sl pos
(16)

none
(5)

cent
(12)

sl pos
(11)

K
opt (lbs/Afs)

sl neg
(100)

neg
(125)

neg
(80)

sl neg
(110)

neg
(75)

neg
(50)

neg
(90)

Ca
opt (lbs/Afs)

neg
(1K)

neg
(1K)

neg
(700)

neg
(1K)

neg
(500)

neg
(400)

neg
(767)

Mg
opt (lbs/Afs)

neg
(200)

neg
(200)

neg
(180)

neg
(250)

neg
(100)

neg
(50)

neg
(163)

S
opt (lbs/Afs)

neg
(25)

cent
(60)

cent
(35)

none
(25)

neg
(5)

none
(65)

none
(36)

B
opt (lbs/Afs)

none
(4)

neg
(3)

neg
(3)

none
(5)

sl neg
(2)

cent
(2)

sl neg
(3)

Fe
opt (lbs/Afs)

sl neg
(325)

neg
(225)

none
(300)

none
(300)

neg
(250)

cent
(250)

sl neg
(275)

Mn
opt (lbs/Afs)

none
(2)

cent
(4)

sl neg
(2)

neg
(3)

neg
(2)

neg
(2)

sl neg
(2)

Cu
opt (lbs/Afs)

none
(1.2)

pos
(2.4)

none
(2.5)

none
(1.5)

pos
(2.3)

sl pos
(2.2)

sl pos
(2)

Zn
opt (lbs/Afs)

none
(2)

cent
(6)

none
(4)

none
(4)

cent
(5)

?
(5)

none
(4)

Location

opt (location)

FL

(FL)

FL, DC

(FL)

EV, EF,
SB, DC,

FL
(EV, SB)

DC, FL

(DC, FL)

FL

(FL)

FL, DC

(FL)

SB, EV,
FL, DC

(EV)

1. Visual appraisal of Figures 4 - 16 noting apparent trend (sl = slight, pos = positive, neg = negative, none = none, cent = central optimum

observed in data with declination in both lower and higher values, ? = undescribable scatter, opt = optimum value, DC = drainage

center, EF = edge of flat, EV = encroaching vegetation, FL = flat, SB = sandbar, and SL = side slope. Data in parentheses (  ) are

optimum observed value. 2. Average overall assessment for given parameter among all six species.
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ABSTRACT
Brine spills are arguably the most common and serious environmental problem

associated with onshore petroleum production. The primary environmental consequence
is the loss of vegetative cover, which in turn allows for the loss of a precious natural
resource, topsoil. A reduction in the salt concentration must be achieved before
revegetation with native plant species can be expected. Subsurface drainage is an
effective means of reducing the salinity of the topsoil when there is an impediment to the
rainfall-driven downward movement of the contamination.

Subsurface drainage technology is being demonstrated on a 2-acre brine spill on
the Barnard No. 1 lease in Osage County, Oklahoma. After 18 months of operation, soil
samples from across the site indicate that a significant reduction in the contamination has
been achieved. The ionic concentrations of the leachate are also beginning to decrease.
In response to reduced soil salinity, extensive revegetation occurred during the second
growing season following installation of the drainage system. This is in stark contrast to
state of the site immediately prior to the remediation.



INTRODUCTION
Brine (highly concentrated salt water), otherwise known as “produced water”, is

brought to the surface along with petroleum. This liquid waste is typically disposed of by
injection deep underground. Brine spills are arguably the most common and serious
environmental problem associated with onshore petroleum production.

Soil that is contaminated with oilfield brine may be converted to the saline
condition and/or sodic condition. Neither is conducive to plant growth. Soil that is not
covered with vegetation is susceptible to erosion. Thus, the most common environmental
consequence of a brine spill is the loss of a precious natural resource, topsoil.

In the absence of brine contamination topsoil loss may be reduced by contouring
the land to limit run-off or by enhancing the growth of vegetative cover. With brine-
impacted soils a reduction in the salt concentration must be achieved before significant
revegetation can be expected. In some cases rainfall alone will leach the salt downward
through the soil profile. However, if there is an impediment to this downward movement
the surface will remain barren and the topsoil will erode away. In such cases subsurface
drainage is an effective means of reducing the salt concentration of the topsoil, and thus
expediting revegetation.

Prior to the present study, subsurface drainage had been utilized at only one
other oilfield brine-impacted site, the “Texon Scar” in southwest Texas (1). The
subsurface drainage system at this site is capable of handling 55,000 bbl/day. The
collected leachate is disposed of by deep well injection. The system disposed of 13
million bbl of leachate during its first five years of operation.

While the Texon Scar project has been instructive, an assessment of the cost
effectiveness of this technology is complicated by two factors. First, the Texon Scar
subsurface drainage system is atypically large (200 acres), which had the effect of
reducing the per-acre cost of its installation. Second, revegetation has been hindered by
the semi-arid climate and the lack of residual topsoil in this “mature scar”. Thus, to
appreciate fully the merits of subsurface drainage for the remediation of oilfield brine-
impacted soil, a second study involving a smaller recent brine spill was needed.

The present study is being conducted on the Barnard No. 1 lease. This lease is in
the Tallgrass Prairie Preserve, in Osage County, Oklahoma. The landowner is the Nature
Conservancy, a non-profit organization dedicated to the preservation of wilderness
habitat. In February of 1995 a 2-inch steel pipe on this lease ruptured, resulting in the
release of approximately 400 barrels of brine over approximately 2 acres. Two and one-
half years later this area remained barren. Soil samples collected at that time indicated
that the downward movement of salt was inhibited by an impermeable subsoil
approximately 0.6 meters beneath the surface (2).

The installation and operation of the Barnard No. 1 subsurface drainage system
(SDS) has been described in detail previously (2). With respect to the discussion below,
it is useful reiterate that it consists of four drainage laterals, denoted L1 (nearest the top
of the contaminated area), L2, L3 and L4 (at the bottom), connected to a 1,000 gallon
steel sump. A schematic diagram of the site and the SDS is presented in Figure 1. Berms



were constructed immediately on top of each of the laterals; these serve to capture run-
off from the area immediately uphill. The berms naturally divide the site into four
sections. The section denoted L1 is immediately uphill of drainage line L1 and its
corresponding berm. Sections L3 and L4 receive run-off from an adjacent area free of
brine contamination and much larger in extent than the sections themselves. As a result,
ponding often occurs behind these berms during rainy periods, as indicated in Figure 1.

During the planning stage of this project it was considered desirable to divert the
leachate collected by the SDS to the saltwater disposal system in operation on the
Barnard No. 1 lease. This diversion would not only improve water quality downstream
from the site, but would also allow a salt mass balance to be performed on the SDS.
Unfortunately, realization of this project objective was hindered by the absence of
electricity on the lease. A partial solution to the problem was offered by the lease
operator; he provided a gasoline powered pump and tubing to connect the SDS sump (a
1,000 gallon steel tank) to the saltwater disposal system, and encouraged his pumper to
empty the sump whenever possible. Typically this was done 3-5 times per week through
the first year of the project. However, during rainy periods the sump filled and then
overflowed in less than 24 hours. Also, the sump cannot be pumped out when the air
temperature is below the freezing point of the leachate. Thus, it is estimated that more
than 80% of the total volume of leachate collected by the SDS overflowed into a
drainage ditch below the site. This ditch had been receiving contaminated run-off from
the site before the SDS was installed.

As a result of the problems detailed above, it has not been possible to perform a
salt mass balance on the site. Nevertheless, samples of leachate from the sump and soil
from across the site have been collected. Analysis of these samples indicates that
decontamination is moving forward at a significant pace. As a consequence, the site
experienced significant revegetation during the second growing season following
installation of the SDS. Details are presented below.

EXPERIMENTAL METHODOLOGY

During the first 18 months of operation of the Barnard No. 1 SDS leachate and
soil samples have been collected on a periodic basis. The leachate samples are collected
from the sump, while the soil samples are collected in the vicinity of 14 permanent
sampling stations within the contaminated area.

Soil Sample Collection

The 14 permanent sampling stations are designated by rebar pins embedded
across the contaminated area. Each sample location is approximately 10 meters uphill
from a drainage line, and spaced approximately 20 meters apart laterally (Figure 1).
Using a shovel, soil to a depth of 10 centimeters is collected from four locations chosen
randomly from within a 2 meter diameter circle centered on the pin. These samples are
placed on a clean sheet of plastic and composited thoroughly before a representative
subsample is transferred, using a clean trowel, to a polyethylene bag with Ziploc closure.



Soil Sample Extraction

The chemical characterization of brine-impacted soil begins with the preparation
of a soil-water mixture. The U.S. Salinity Laboratory has designated the “saturated
paste” (SP) as the standard soil-water ratio. However, since the primary objective of this
work is to monitor the salt concentration in the soil at this site alone, the more repeatable
“1:1” soil mixture was employed. This mixture is prepared by combining a mass of high
purity water (produced with a Milli-Q system, Millipore Corp.) equal to that of the dried
soil (approximately 100 g), and then allowing the mixture to equilibrate for a minimum
of 16 hours in a sealed container. Vacuum filtration through qualitative filter paper
yields approximately 40 millilters of filtrate or “soil extract”.

Leachate and Soil Extraction Analysis

The electrical conductivity (EC) of the leachate samples and soil extracts was
measured with a conductivity probe and bridge. The cell constant of the probe, 1.0 cm-1,
was verified using potassium chloride solutions of known concentration.

The conductivity value of the liquid sample was used to estimate the extent to
which it must be diluted (with high purity water) for analysis by ion chromatography. A
model DX-100 (Dionex Corp.) chromatograph, employing a sodium
bicarbonate/carbonate buffer solution as the mobile phase and an IonPac AS4A-SC
column, was used to quantify the chloride and sulfate concentrations of the diluted
sample solutions. Calibration standard solutions were prepared from a commercial
reference solution (Dionex).

 Inductively-coupled plasma atomic emission spectrophotometry (ICP-AES) was
used to determine the concentrations of sodium, calcium and magnesium ion in the
leachate samples and soil extracts. The samples were first diluted with 1 vol.% nitric
acid to minimize matrix effects. A Plasma 2000 (Perkin-Elmer Corp.) was used in these
determinations; the analytical wavelengths employed were: Na, 589.6 nm; Ca, 422.7 nm;
Mg, 279.6 nm. Calibration standard solutions were prepared from a commercial
reference solution (SPEX).

RESULTS AND DISCUSSION
The concentrations of chloride and sodium ions in representative leachate

samples collected over the first 18 months of operation of the Barnard No. 1 subsurface
drainage system are presented in Figure 2. It can be seen that the concentrations
fluctuate, probably as the result of dilution with fresh water running off the adjacent
hillside (which is uncontaminated) during heavy rainfalls. This run-off ponds behind the
berms in sections L3 and L4.

The concentrations of the major anions and cations extracted with water from
soil samples are presented in Table 1. With the exception of three of the fourteen sample
locations, the conductivity of the sample extracts, as well as the concentrations of the
brine components, have been significantly reduced.



Sample locations L1S1 and L1S2 are closest to the origin of the spill (Figure 1),
and have exhibited the highest levels of contamination. In June of 1999 the subsection
represented by sample location L1S1 was treated with gypsum and then tilled. The
adjacent subsection, corresponding to L1S2, was covered with hay and then tilled. Based
on the soil sample data from before and after these treatments, it would appear that the
gypsum has significantly enhanced the rate of leaching. In contrast, the addition of hay to
the soil had no positive effect on the salinity over this period of time.

Sample locations L4S1 and L4S2 are in between the two ponds that form during
wet periods behind the berms in Sections L3 and L4. It would appear that the standing
water has resulted in a redistribution of contamination, such that the ion concentrations
have actually increased in these two subsections. This area will continue to be monitored
in the future to determine if this is a transient effect.

Through two growing seasons following the installation of the SDS there has
been extensive revegetation across most of the site. Figure 3 provides a visual
comparison of the middle portion of the site in July of 1995 (5 months after the spill) and
in July of 1999 (18 months after installation of the SDS). The dominant plant types are
prostrate knotweed, ragweed, switchgrass and bermuda grass. As indicated in the
previous paper concerning this project (2), most of the site was barren in November of
1997, immediately before the SDS was installed.

As indicated in Figure 4, a similar extent of revegetation has occurred in the
lower half of the site. The plant population is diverse in Section L3, while prostrate
knotweed is dominant in Section L4. From past experience with this site, prostrate
knotweed is the most salt-tolerant of the plant types noted above. The dominance of this
type in Section L4 is consistent with the high salinity still exhibited by the soil in this
section section.

SUMMARY AND CONCLUSIONS
Eighteen months after installation of a subsurface drainage system (SDS) at a

produced water spill on the Barnard No. 1 lease, the concentration of salt in the leachate
has begun to decrease, indicating that the most accessible salt has been removed.
Consistent with this observation, the salt concentrations in most soil samples collected
across the site have also decreased significantly. A decrease in the level of contamination
has yet to be realized in one subsection near the spill source, and in two subsections in
between ponds that form during periods of heavy rainfall. In the first case, the apparent
success of gypsum treatment on the adjacent subsection suggests that this subsection will
also need to be amended to enhance the permeability of the soil, and thus the efficiency
of leaching. For the other two subsections, it is anticipated that the increase in salinity is
due to salt redistribution brought about by ponding; this effect is expected to be
transitory.

Extensive revegetation of the spill site has accompanied the decrease in salinity.
Most of this growth occurred during the second growing season. The dominant plant
types are prostrate knotweed, ragweed, switchgrass and bermuda grass; in correlation
with soil salinity, it would appear that knotweed is the most salt-tolerant species.



ACKNOWLEDGMENTS
This project was funded by the National Petroleum Technology Office of the

U.S. Department of Energy, through BDM Petroleum Technologies. Don Rainwater,
pumper for the Barnard No. 1 lease, pumped out the sump, recorded the leachate
volumes, and collected leachate samples during the first 18 months of the project. Adam
Ryburn, a graduate student in the Botany Department at Oklahoma State University,
identified many of the plant species involved in revegetation of the site. The most recent
soil analyses were performed by Dorathy Perumallapali of the University of Tulsa.

REFERENCES
1. Weathers, M.L., Moore, K.R., Ford, D.L. and Curlee, C.K., "Reclamation of

Saltwater-Contaminated Soil in Big Lake Field", Trans. Gulf Coast Assoc.
Geol. Soc., 44, 737 (1994).

2. Harris, T., Schulte, K., Yates, R., Tapp, B., and Sublette, K., “Remediation of
Brine-Impacted Soil with a Leachate Collection System”, in Proceedings of
the 5th International Petroleum Environmental Conference, Albuquerque,
NM, October 22, 1998. (Available through the University of Tulsa
Division of Continuing Education, Tulsa, OK).



Table 1. Soil data for the Barnard No. 1 subsurface drainage system. Extracts were obtained from
1:1 mixtures of soil and water.

Sample ID EC Chloride Sodium Calcium
(mmhos/cm) (mg/kg) (mg/kg) (mg/kg)

Feb.-98
L1S1 16.2 12900 3010 1030
L1S2 11 8330 1590 1000
L1S3 3.4 803 620 130

L2S1 4.9 446 905 205
L2S2 11 8660 1990 950
L2S3 2.9 2000 620 210

L3S1 4.9 1440 785 295
L3S2 6.5 1570 1360 770
L3S3 7.9 3340 1950 425

L4S1 6.1 1510 1150 1160
L4S2 6 774 1170 610
L4S3 6.9 3440 925 895

Mar.-99
L1S1 14600 1580 711
L1S2 16300 1560 1220
L1S3 707 273 121

L2S1 1210 178 39
L2S2 1300 261 115
L2S3 195 114 37

L3S1 1780 277 104
L3S2 271 125 31
L3S3 521 111 52

L4S1 3210 567 171
L4S2 5070 634 363
L4S3 930 167 96

Sept.-99
L1S1 1.3 4870 1810 1600
L1S2 12.6 5280 1650 1020
L1S3 2.6 537 358 195

L2S1 4.5 1450 692 282
L2S2 5.2 1780 592 432
L2S3 1.3 221 240 72

L3S1 2.6 744 340 158
L3S2 1.5 204 252 108
L3S3 2.4 530 328 202

L4S1 8 2880 1240 460
L4S2 9 3550 1310 628
L4S3 2.6 669 295 212



Figure 1. Schematic illustration of the Barnard No. 1 Subsurface Drainage System, including soil
sampling sites. The site slopes gently down toward the leachate collection sump.
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Figure 2. Chloride and sodium ion concentrations in leachate samples collected from the sump on
the dates listed.
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Figure 3. Side view photographs of the Barnard No. 1 lease saltwater spill site; top, July, 1995;
bottom, July, 1999, 18 months after installation of the subsurface drainage system.



Figure 4. Side view photographs of the Barnard No. 1 lease saltwater spill site 18 months (and two
growing seasons) after installation of the SDS; top, Section L3; bottom, Section L4.



TAPPING INTO ENTHUSIASTIC COST-
SHARING, RESOURCES, AND LABOR

ASSISTANCE FOR OILFIELD
REMEDIATION EFFORTS
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ABSTRACT
What do oil companies, remediation experts, plant propagation materials suppliers,

universities, regulatory agencies, the Natural Resources Conservation Service, Resource
Conservation and Development, state extension services, landowners, business leaders, fish
and game agencies, forestry companies and commissions, etc., have in common after an
oilfield saltwater spill? Each promotes remediation of salt-impacted land, and each has an
infrastructure and mission which allows it to contribute to the effort. These factors provide an
opportunity for cost-sharing. Contributions include grants, use of equipment and resources,
and professional, skilled and unskilled labor. Cost-sharing promotes willingness to remediate
versus reluctance to remediate. Using the saltwater impacted Smackover Oilfield in south
central Arkansas as a case study, the pursuit and development of cooperative and cost-sharing
interactions among the above groups (and others) is presented. A remarkable side-effect of
this effort has been the generation of project and civic enthusiasm and good will among
participants. When remediation planning and efforts are perceived as an opportunity for
personal and professional growth, all participants can benefit.



PROJECT THEME
Project Success:

Believing that all the parts and pieces exist: Finding them and putting them together in the
appropriate sequence, and at the appropriate time, is the challenge.

INTRODUCTION
Area Affected by Produced Water

During the mid century oil boom in south Arkansas, tens of thousands of acres in
Union, Ouachita, Columbia, Calhoun, Lafayette, and Miller Counties became moderately to
severely salt impacted. The most obvious result was the death of trees and understory plants
which could not survive the salinity levels, and the resulting erosion of the landscape.

Over the years, and especially after revised saltwater disposal practices were
implemented, nature was able to restore native vegetation to many of these areas. However,
extremely salty drainageway sediments proved especially resistant to natural remediation.

Approximately 100 treatment and 20 background acres within the Smackover Creek
Watershed have been selected as sites for the Smackover Creek Watershed Remediation
Demonstration (SCWRD) project. Approximately 30 project acres are in Union County and
90 acres are in Ouachita County.

Agriculture within the Smackover Creek watershed consists primarily of timber, livestock,
and poultry production. Relatively small acreage has been cleared for pasture or crops.
Almost all of the salt-affected lands are in rural pine or hardwood forest settings.

Environmental Effect of Produced Water

For several decades beginning in the 1920's oilfield produced water flowed onto the
land. Some produced saltwater infiltrated into the soil at or near the site of release, whereas
other water flowed overland in accordance with natural topography, just as stormwater runoff
would.

As oil plentifully flowed during the early decades, much of it also escaped capture
near the well head. The escaped oil also infiltrated the soil or puddled as surface deposits.
However, much of the escaped oil also followed stormwater runoff paths into the
drainageways. So much uncaptured oil flowed into the drainageways during the early years
that it became the business of a number of entrepreneurs to capture and containerize it for
sale by building small oil-trapping structures in the creeks.

Wherever sufficiently concentrated saltwater was present its osmotic potential
exceeded levels tolerable to native plants. Thus, substantial loss of plants ranging from
grasses to shrubs to trees resulted. The ecosystem balance wherein plants protected the soil
from erosion was altered.



Widespread erosion of topsoil and subsoil resulted. Eroding sediments and overland
flowing saltwater and oil were deposited into major and minor drainageways. Drainageways
which were naturally "V" shaped before the 1920's became sediment-filled flats. Saltwater
and some oil which had previously flowed with minimal restriction into Smackover Creek
became restricted within increasingly sediment-filled drainageways.

The surface of the flats was only a few feet above the natural base of the
drainageways. The natural base of the drainageways had somewhat restricted hydraulic
conductivity. Although some saltwater percolated downward or sideways through the original
drainageway surface, much of the saltwater remained essentially trapped in the new
drainageway sediments. Due to porosity restrictions and low hydraulic head, the saltwater
was only able to migrate slowly through the sediments toward Smackover Creek.

Hydrology in the sediment-filled drainageways was such that a seasonal to perpetual
perched water table formed in many of the drainageways. During the rainy seasons, the
sedimented surface of some drainageways would be under several feet of water for weeks on
end, and in the drier summers the water table would often remain within a foot or two of the
sedimented surface.

During evaporative periods, salts would migrate with water in the sediments to the
sediment surface where they would precipitate into mostly bright white crystals as water
evaporated. During rain events salts would re-dissolve.

Although some salts would flow downgradient as runoff water during and shortly after rain
events, substantial salts would simply re-infiltrate the sediments. Thus, salts tended to migrate
mostly upward and downward in the drainageway sediments.

Oil which had infiltrated the drainageway sediments created a black "smear zone" on
soil particles as it moved up and down with the water table elevation. The oil also facilitated
chemical reducing conditions below the smear zone.

As environmental problems caused by produced water became a subject of greater
interest to society, produced water disposal regulations were passed. It became required that
produced water be properly disposed of, primarily via permitted disposal wells.

Although nature had always been supplying remediation inputs, it did not gain the
upper hand until the surface releases of saltwater ceased. Arkansas was fortunate to have
plentiful rainfall, adequate soil internal drainage, good topographic relief, adequate fertility,
aggressive native vegetation, and a long growing season. With minimal assistance from man,
these factors enabled nature to leach or erode saltwater out of the root zone in the uplands,
and naturally revegetate the soil as salinity dropped to tolerable levels over time.

However, the sediment filled drainageways continue to inhibit migration of salts out
of the system. As a result, the drainageway flats continue to be very saline and inhospitable to
natural revegetation. Therefore, substantial rural acreage continues to be devoid of potential
income-generating agricultural production.



PROJECT INITIATION
Early Steps

Prior to 1990, several organizations had made efforts to reclaim south Arkansas
saltwater-impacted lands. These included the U.S. Department of Agriculture Soil
Conservation Service (now Natural Resources Conservation Service, NRCS), Southern
Arkansas University (SAU), University of Arkansas Cooperative Extension Service
(UArCES), University of Arkansas (UA) in Fayetteville, Great Lakes Chemical Company,
Albemarle Chemical Company, Phillips Petroleum Company (PPCo), and at least one
chemical amendment vendor.

These efforts included attempts at modification of surface topography and surface
and subsurface water levels, application of chemical amendments, and planting a variety of
plants. Some of these efforts were successful, but databases remain incomplete.

The most notable success was use of marsh hay cordgrass, a halophyte (salt loving)
plant obtained from Louisiana salt marshes. Although the marsh hay cordgrass seemed to
grow well in the salty oilfield conditions, its potential economic value was debatable.

Union County Conservation District Becomes Involved

The relatively isolated projects and participants discussed above often proceeded
without awareness of efforts by others. In early 1990, the Union County Conservation District
(UCCD, a liaison to the NRCS), under the chairmanship of Ken Rudder (J.K. Rudder, Jr.)
sought to initiate an effort under its direction.

From a human interest perspective, the personal dedication of Mike Carlisle, an
environmentalist associate to UCCD board members, had recently and unexpectedly passed
away. His memory as a proponent of oilfield remediation provided additional stimulus to act,
and it is his name which appears in the overall CARlisle Salt-Affected Soil (CARSAS)
project title.

To initiate this effort UCCD invited a chemical amendment vendor to discuss the
feasibility of using chemical amendments to stimulate revegetation. Upon the initial site visit,
it became clear to an attending environmental consultant, Dr. David Carty, that use of a
chemical amendment alone was unlikely to overcome site conditions.

It was explained to UCCD that the primary function of a chemical amendment is to
displace sodium from the electrically charged soil clays. Secondary functions of the chemical
amendment include opening macropores in the soil and providing nutrition for plants and
other biota.

The site visit showed that the primary problem in the drainageway salt flats was that
the salt could not egress the soil due to restricted porosity in and below the sediments, and the
presence of the high water table. These are problems which chemical amendments do not
address.

UCCD then commissioned a consulting firm (K.W. Brown Environmental Services,
KWBES) to provide a review of the situation. The resulting review related some of the basics



of salt interactions with plants and soils, and indicated what data should be collected, and
how remediation planning and execution could proceed from that point.

CARSAS Funding

One of the issues discussed was how such an effort could be funded. The oilfield was
experiencing hard times and all but a few major oil companies had already departed the area.
After several inquiries it became apparent that funds would not be forthcoming without a
concerted fundraising effort. Several early meetings with Dr. Corbet Lamkin, Chairman of
the Ouachita County Conservation District (OCCD) Board, and Professor at Southern
Arkansas University (SAU), were especially helpful in planning methods for fund
development.

To facilitate multiparty funding, a theory of cost-sharing was developed to encourage
potential funding participants to make small contributions, which when totaled would equal
the funds necessary to proceed. The unifying rationalization was 1) that pouring saltwater
onto the ground was a common and then-acceptable industry practice, 2) that the oil
companies were able to provide inexpensive petroleum hydrocarbon based products (e.g.,
fuel, plastics, lubricants, chemicals) at inexpensive prices (due in part to minimal
environmental overhead) to a grateful public - a public unlikely (at the time) to be receptive
to higher charges to be earmarked for environmental work, and 3) that many of the ancestors
and living relatives of local citizens had been recipients of the financial, employment, and
general business infrastructure benefits of the local oil industry, and had been the field
individuals responsible for saltwater management during earlier times.

As is common in procurement efforts, potential donors/participants were asked to
consider if they could contribute something which they could easily provide. Donations could
include money, discounts, equipment, materials, expertise, and labor.

Meanwhile, UCCD was experiencing cash flow problems. When UCCD funds were
became especially strained during the early project development stages, Great Lakes
Chemical Company thankfully provided $5,000, and K.W. Brown Environmental Services,
Inc., provided months of invoice grace period to relieve the pressure.

During this period in the mid 1990's several other major funding organizations were
approached and several proposals were written. However, these initially-approached potential
funding organizations all seemed to be waiting for another organization to demonstrate
support first.

Major CARSAS Meetings

In effort to describe the project concept and attract participants, potentially interested
individuals and organizations were invited to several meetings held during the mid 1990's.
Among invitees were the U.S. Environmental Protection Agency (EPA), United States
Department of Agriculture Natural Resource Conservation Service (NRCS), Arkansas Soil
and Water Conservation Commission (ASWCC), Resource Conservation and Development
of Southwest Arkansas, Inc. (RC&D), Arkansas Department of Pollution Control and
Ecology (ADPCE, now Arkansas Department of Environmental Quality, ADEQ), University
of Arkansas Cooperative Extension Service (UArCES), Arkansas Geological Commission
(AGC), Arkansas Forestry Commission (AFC), Arkansas Oil and Gas Commission (AOGC),



Arkansas Game and Fish Commission (AGFC), Arkansas Oil and Brine Museum (now
Arkansas Museum of Natural Resources (AMNR), Murphy Oil, Phillips Petroleum Company
(PPCo), Great Lakes Chemical Company (GLCC), Albemarle Company (AC), Georgia
Pacific (GP), International Paper (IP), Southern Arkansas University (SAU), University of
Arkansas (UA) Fayetteville, Southern Arkansas Tech (SAU-Tech), South Arkansas
Community College (SACC), El Dorado Chamber of Commerce (EDCOC), and Arkansas
Natural Heritage Commission (ANHC), as well as a number of landowners, politicians,
judges, bankers, civic leaders, and individuals with related expertise or perceived interest. A
number of invitees traveled to CARSAS meetings from other states including representatives
from the National Cooperative Soil Survey (NCSS) in Nebraska, Texas A&M University
(TAMU) in Texas, and Louisiana State University (LSU) in Louisiana.

Several field trips to salt-affected sites were attended by a number of scientists and
engineers from a number of organizations (Figure 1). Site status and various methods of
remediation were discussed.

An environmental project of this nature has substantial complexity and requires input
from a number of disciplines (e.g., agronomy, forestry, geology, hydrology, regulatory,
oilfield, engineering, etc.). As a result, during these conceptualization and recruitment
meetings, the basic project plan was discussed and refined by incorporating suggestions from
meeting participants. Meeting participants began to realize that they could assume a variety
of roles in the project, and that the project would be a product of their conceptualization.
Thus, for many attendees, the CARSAS project has become their personal project, and this
has resulted in impressive professional and social camaraderie. This project has become fun!

In addition to environmental remediation, another design function of the project was
to stimulate the technical growth of the community. By encouraging local individuals to
participate in various technical functions, they would benefit from training which could be
utilized on subsequent environmental jobs. It was additionally designed that project funds
would be expended for materials, services, and general labor to the maximum extent possible
within the salt-affected counties, and the state of Arkansas. Thus, project funding would
remain local.

An additional CARSAS project design function was to stimulate the generation of
income from agricultural products raised during the remediation effort. Growing valuable
halophyte flora and saltwater aquaculture fauna were considered strong possibilities. Cottage
industries working with halophyte cash crops on remediation sites would be assisted in
generating positive cash flow during the remediation effort (instead of the effort resulting in
net overhead expense as is the case with many environmental projects). The intent was to
show that remediation can be more willingly undertaken if the remediation process generates
income instead of loss. This is also in keeping with current federal efforts to stimulate
development of technological businesses.

SCWRD Proposal and EPA Funding

The presence of Bob Morgan of ASWCC at one of the CARSAS project
conceptualization meetings proved to be of major benefit to the practical legitimization and
fundraising concerns. At Bob Morgan's invitation, UCCD prepared a proposal to demonstrate
cost-effective environmental remediation of oilfield salt-affected soils. The grant sought was



part of the EPA's 319 non-point source watershed surface water quality improvement
program.

The proposal writing team consisted of Dr. Carty, now of GreenBridge EarthWorks
(GbEw) as Technical Coordinator, Dr. Randall Adams, Professor at SAU as the Principal
Investigator, Charlie E. Williams, Coordinator of RC&D as the Project Manager, and Ken
Rudder, Chairman of the UCCD Board as Project Director. Essentially, the Union County
Conservation District proposed to demonstrate revegetation and improvement of surface
runoff water quality on 100 acres of oilfield salt-affected land, using the American Petroleum
Institute manual, Remediation of Salt-Affected Soils at Oil and Gas Production Facilities (1),
for technical guidance.

After long hours of technical planning and budget calculations, the final proposal was
submitted for review by Fred Morgan, ASWCC Project Manger and Bob Morgan ASWCC
Project Director. The proposal was then sent to Stephanie Barnett of EPA Region 6 in Dallas,
Texas. After adjustments were suggested by EPA and incorporated by the writing team, the
proposal was accepted and funding was authorized by EPA.

In order to remain within several constraints, the proposal had been written for work
to be performed exclusively within a single watershed - the Smackover Creek watershed.
Because the SCWRD project was limited to a single watershed, it became the first major-
funded CARSAS project.

The final approved SCWRD project proposal had requested funding of $250,000
federal dollars, and guaranteed $189,000 of non-federal in-kind matching contributions to
demonstrate community interest and involvement. The total project budget was, and is
$439,000. Duration of the 5 year project extends from October, 1997 through December,
2002.

SCWRD PROJECT
Remediation Plan

The first SCWRD tasks were to prepare a Work Plan and a Quality Assurance Project
Plan (QAPP). No measurements of any kind could be performed prior to the formal approval
of the QAPP by EPA.

Although the intent of the QAPP is to relate Quality Control (QC, error-checking the
collection, work-up, and dissemination of data), and Quality Assurance (QA, error-checking
and managing the QC program to verify that quality control protocols are being followed and
updated or improved as necessary) procedures, its discussion required a somewhat detailed
discussion of the work plan.

In order to prepare the QAPP, a formal project participants meeting was held at the
Arkansas Museum of Natural Resources (AMNR). The initial conceptualization of the
remediation effort included installation of a subsurface drain through the project
drainageways, and routing collected saltwater to a permitted disposal well for injection.



Spokespersons for two participating organizations indicated that this approach would
not be supported by their organizations - the primary reason being that local disposal wells
were not screened to accept produced water which would be degraded by a) bacteria, b) iron
oxides, and c) suspended solids, all of which would be picked up by exposure to the
atmosphere and surficial sediments. These were valid points.

Based on this input, the focus of the remediation effort shifted to remediation by use
of halophytic vegetation. The halophyte method would be slower at removing salts, but it
would eliminate a number of other problems which would have been present using the
engineered drainage method. Focus on halophytes also presented several advantages over the
subsurface drainage option, such as generation of income, and less disturbance of subsurface
constituents.

However, the most important aspect of this technical discussion was that it clearly
demonstrated the value of including stakeholders in the planning phase of a remediation
effort. This pivotal planning discussion and method of decision-making also demonstrated to
the participants that the project would be a product of their thinking and efforts. It also
became clear that the invitation to cost-share is more likely to result in a positive response if
the donor realizes that their perspectives are seriously considered.

The culmination of these initial efforts was a (QAPP) which was approved after
incorporation of adjustments suggested by ASWCC (in particular Fred Morgan and Bliss
Bennett, the QA Officer) and EPA (in particular Len Pardee). The QAPP describes how
assured defendable data will be generated in return for federal financial support. The QAPP
delineates project organization and goals, what work will be done, and how data will be
collected, analyzed, interpreted, and made available to data users.

PROJECT ORGANIZATION
SCWRD project organization and the responsibilities of project position holders is

discussed below. The SCWRD project is jointly led by the Project Director, Project Manager,
Project Principal Investigator, and Project Technical Coordinator. These four project
principals meet frequently to discuss and direct implementation of project plans, manage the
budget, conduct fundraising, and prepare and present reports.

Project Coordinators

There are many advantages of having several local coordinators. The conservation-
oriented UCCD board handles local administration duties. UCCD serves as a liaison between
all other coordinators. Through UCCD, the project is able to apply for and accept local, state,
and federal support. UCCD is also able to provide access to other previously acquired
resources including use of office space and facilities for visiting project participants. Because
of this support and access to resources, the District receives and maintains a broad area of
influence over project areas and participants.

Project Director - As Project Director in Union County, Ken Rudder (Figure 1, right
foreground) provides local direction of the SCWRD project under the remote oversight of
ASWCC in Little Rock. Using the UCCD budget, equipment, and staff, Mr. Rudder provides
executive direction for the SCWRD project. UCCD is solely responsible for receiving and



distributing funds. Charlotte Yarbrough of UCCD is the project receptionist and she
maintains the archival record of project electronic and paperwork data and communications.

Project Manager - As Project Manager, Charlie E. Williams provides administrative
management. Assisted by Alicia Sturges, and Charlotte Yarbrough, Mr. Williams uses RC&D
capabilities to provide budgetary management information to UCCD and to ASWCC. Alicia
Sturges is also responsible for keeping minutes of formal SCWRD meetings and assisting Dr.
Adams with web page construction and maintenance.

Project Principal Investigator - As Project Principal Investigator, Dr. Adams
represents the academic community and is able to utilize a number of SAU resources in his
efforts. Dr. Adams (Figure 3) lends his professional agricultural field expertise to several
technical aspects of the project, and works with the project web page.

Project Technical Coordinator - As Project Technical Coordinator, Dr. Carty
integrates available and appropriate applied technical capabilities and materials provided by
diverse project participants and contractors into executable field efforts. Dr. Carty provides
technical guidance, field and data management coordination, and overall quality assurance
management.

Project Task Leaders and Liaisons

NRCS Liaison - Ray Linder of NRCS coordinates resource availability and tasking of all
NRCS employees.

Field Soil Characterization Task Supervisors - Alex Winfrey with Leodis Williams, both of
NRCS, coordinate and supervise NRCS soils-related efforts.

District Conservationist Liaison - Dave Philyaw authorizes use of local NRCS District staff
and resources.

UArCES Liaison - Gerald Crossland coordinates technical and field support of UArCES and
is sample liaison for collection and shipping of soil and vegetation samples to
UArCES laboratories.

AGF Liaison - Ted Gathright, with several associates, coordinates AGF and aquatic and
terrestrial wildlife technical and field support and is Task Supervisor for these efforts.

Local Vegetation Coordinator - Rhonda Martin (Figure 3) of UCCD oversees day to day field
vegetation-related efforts and logistics, and is Task Supervisor for these efforts.

Arkansas Forestry Commission Liaison - Charles Sullivan assisted by Matt Russell
coordinates efforts of Arkansas Forestry Commission staff and counsels the project
regarding silviculture- and forest industry -related issues.

AOGC Liaison - Gary Looney coordinates petroleum industry and AOGC technical and field
support and acts as general liaison with landowners.

Regulatory Advisor and ADEQ Liaison - Ed Thompson with K.O. Mogensen advise on
regulatory matters.



NRCS Water Quality and Vegetation Advisor - With experience on a similar precursor
project, Ray Erickson (Figure 3) advises on vegetation, water quality, logistics, and
regulatory issues and, with Ralph Harris, Jr. (grasses), and Gene Nistendirk
(silviculture), advises and provides field leadership in vegetation efforts.

NRCS Engineer - Randy Childress has led the site topographic survey effort.

Technicians - Ginger Rubio and Barbie Rogers of UCCD provide field support (Figure 3),
data workup, and report preparation assistance including Global Positioning
System/Graphic Information Systems (GPS/GIS), ElectroMagnetic imaging (EM),
navigation aid determination and placement, irrigation, planting, photography, and
sample collection and onsite analyticals, as well as site safety coordination and
landownership delineation. John Ritchey of OCCD provides aerial digital ortho-
photographic mapping assistance. Rick Worthington of OCCD provides surveying
and navigation aid assistance. Julie Orrick, senior author of "Site Selection Process"
(3), Weston Ritchey, and Torrence Joseph were recent graduates or students who
previously assisted in many of these functions have assumed employment elsewhere.

Analytical Laboratory Leaders

WQL Task Supervisor and QC Officer - Dr. Paul Vendrel.

WQL QA Officer - Terry Nichols.

AIL Task Supervisor and QA Officer - Karen White.

AIL QC Officer - Mike McNerlin.

ADL Task Supervisor and QA Officer - Nancy Wolf.

ADL QC Officer - Betsy Murdoch.

SCL Task Supervisor - Kurt Ossier.

SCL QA Officer - Michelle Steele.

SCL Analyst - Jennifer Fryar.

STL Task Supervisor and QA Officer - Doug Carroll.

STL QC Officer - Diane Lefex.

Other Project Leaders

Public Documentarian - As Public Documentarian, Don Lambert of the Arkansas Museum of
Natural Resources (AMNR) maintains public-oriented documentation of project
progress.



Halophyte Task Supervisor and Propagation Materials Prime Contractor - Dr. Nick Yensen,
President of NyPa  International, provides leadership in halophyte production, and
provides propagation materials from patented, proprietary, and generic stock.

Greenhouse Prime Contractor - Rhonda Martin, Proprietor of The Martin House, obtains
stock, propagates, and conditions halophyte nursery stock under greenhouse and field
conditions using step-wise salinity augmentation and environmental hardening
techniques (Figure 2).

Project Communications Coordinator - Project Communication is maintained primarily by
e-mail. Principal participants were requested to use common word processing and
spreadsheet software. Emily Knight of NRCS assumed the position of coordinator of
electronic data and communications to smooth out hardware and software
compatibility problems.

OCCD Liaison - Dr. Corbet Lamkin oversees resource utilization provided by OCCD.

Project Attorney - George LeCroix Taylor provides oversight of project legal affairs.

Landowner Representative

Landowner Coordinator - Jerry Ramsey (18 ac) organized landowner participation, donates
long-term equipment (three wheeler, trailers, polypipe, polypipe repair materials) and
storage, labor assistance.

Industry

Phillips Petroleum Company - Provides technical and financial support.

Lion Oil Company - Under leadership of Ken Rudder provides equipment, fuel, technical and
financial support.

Great Lakes Chemical Company - Under leadership of Mike Hazelwood provides technical
and financial support.

Georgia Pacific Company - Offered donation of byproduct lime material as chemical
amendment.

Con Agra Company - Offered technical assistance with procurement and use of poultry litter.

Christy Construction Company - Provided construction materials and fabrication.

GreenBridge EarthWorks - Donated labor and provided field and office equipment

Agency, Individual, and Organization Donors

State Senator - Jodie Mahoney has led fundraising effort in Little Rock and at local functions.

AMNR - Don Lambert with Sheri Neely and Rhanda Wright assisted with meetings and
provided meeting rooms.



AOGC - Gary Looney assisted with project planning and provided meeting location.

API - Donated cost of teaching of Part A of salt remediation short-course to project
participants.

SAU - Donated use of laboratory equipment, meeting rooms, computer resources, greenhouse
resources, field plots and equipment test fields.

SACC - Donated meeting room.

SAUTech - Donated meeting room.

Entergy - Donated meeting room.

King's Inn - Donated meeting room.

Geonics - Donated EM equipment rental time.

Rainwater's Wholesale Supply Co., Inc. - Donated field equipment fabrication services.

Student Efforts

El Dorado High School - Dee Post, a teacher worked with a student organization, the
Seekers, in providing field assistance

Louisiana Technical University - Two of Dr. Jeff Hillard's students, Torrence Joseph, and
Barbie Rogers have worked on this project and assisted in publications. Barbie
Rogers has become the UCCD technician. Rhonda Martin is pursuing a Master's
degree on a halophyte-related project at Louisiana Technical University.

Southern Arkansas University - Julie Orrick, one of Dr. Randall Adams' former students has
prepared a project publication outlining the manner in which sites were selected (3).

Camden High School - Weston Ritchey was a summer worker.

Juvenile Probation - Milton Kimble & staff have allowed a number of youth to perform their
community service obligations on the project.

Other Project Donors Include (please excuse inadvertant omissions)

City of El Dorado - Under guidance of Mayor Mike Dumas, delivered to site city mulch
materials and provides free utilities to visiting project workers.

Kroger's Grocery - Provided meals for project meetings.

Brookshire's Grocery - Provided meals for project meetings.

Orrell Industrial - Provided discounts for project vehicle repair.

Ward's Alternator & Starter Service, Inc. - Provided discounts for project vehicle repair.



Mufflex Muffler - Provided discounts for project vehicle repair.

Ronnie Woods - Flew two project photographers over sites for aerial photos. Toured
candidate sites.

Joe R. May - Field electricity and staff assistance.

Bobby Tucker - Discounts on quarterly aerial photography.

Dr. Omer Jenkins - Provided discount for statistics consulting.

Charlie E. & Lynn Williams - Donated lodging and meals to project participants

Lloyd Phelps - Loaned irrigation sprinkler sets.

CONCLUSIONS
Using community resources in environmental projects can reduce project costs and provide
an opportunity to develop new skills. A project of this nature also helps a develop a sense of
community and civic pride, and reminds us that we are all responsible for our environment.
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ABSTRACT
Remediation of brine contaminated soils will be effective if the specific nature of

the salt is fully understood. Oklahoma State University Soil, Water and Forage Analytical
Laboratory offers two packages of salinity tests to assist producers and site remediation
specialists managing soil salinity problems. Salinity Management is a quick and easy
method and it measures salt and related soil properties in a 1:1 soil to water extract.
Analytes, however, in the Comprehensive Salinity package are measured from the
saturated paste extract, which is closer to field moisture conditions than the 1:1 extract.
The Comprehensive Salinity package also includes determinations of important anions,
which are not offered by the Salinity Management package. Electrical conductivity (EC)
and ions from the 1:1 soil to water extract are converted to those of saturated paste extract
by use of conversion factors. However, the 1:1 soil suspension extract is intended for salt
diagnosing soil-salt problems for farmers and is not recommended for brine contaminated
soil characterization. The balance of total cations and anions has proved to be a valuable
tool to measure the accuracy of extraction and analysis. New techniques for bromide and
chloride analyses in the extract are under development and should be available soon. The
exchangeable sodium percentage (ESP) is commonly estimated by using the sodium
adsorption ratio (SAR) due to the difficulties in measuring exchangeable cations in
alkaline and alkali soils. The estimation is based on a linear relationship between ESP on
the exchange sites and SAR of the soil solution for the Western States soils and selected
Oklahoma soils.



COLLECT A REPRESENTATIVE SAMPLE
Getting a representative soil sample for analysis is simple, but not easy. Research

at Oklahoma State University and other universities has clearly shown that a minimum of
15-20 cores (using a soil probe) or small samples taken randomly from the field or area of
interest, are necessary to obtain a sample which will represent an average of the soil in
the sampling unit (Fig. 1) (Zhang and Johnson, 1999). These cores should be collected in
a clean plastic bucket (to avoid metal contamination), mixed thoroughly and placed in a
sample bag. At least one pint (OSU soil sample bag full) sample is needed for a salinity
test. Sometimes the small sample size received by analytical laboratories is inadequate to
make a saturated paste. This may decrease test accuracy.

Sample obtained by the above procedure will be an average of the area sampled.
If the area sampled is extremely variable in the soil properties being tested, then it may be
better to separate the field into smaller areas, and get a representative sample from each
of these subset areas in order to determine field variabilities. In this way, treatments can
be tailored to specific field conditions. Variability in a field can often be noted by
differences in surface soil color and crop growth.

When salt accumulation is expected as a cause of poor stand establishment and
the sample is being taken after planting, then the depth of sampling should approximate
the seeding depth (1-3 inches). This is especially important when conditions have been
favorable for soluble salts to move upward and accumulate near the surface after
planting. A shallow depth should be tested since excess salts are harmful to seed
germination and seedling vigor. At other times during the year a sample of the entire
tillage depth may be most useful to test for salt accumulation. Separation by 1-foot
increment may be needed when sampling brine spill area or disposal pit for remediation
purposes.

DETERMINATION OF SOLUBLE SALTS
The salt content of a soil is normally estimated from the electrical conductivity

(EC) measurement on a saturated soil paste or a 1:1 soil to water suspension, but the
composition of salts can be accurately determined from the extracted solutions. Making
saturated paste extract is time consuming while 1:1 extraction is quick and easy. EC and
the concentration of soluble salts determined from the 1:1 soil to water extract are
normally adjusted to approximate the saturated paste extract using the converting factors
listed in Table 1. Plants in salt affected soils are responsive to the concentration of salts in
the soil solution. Ideally, the determination of soil salinity should be made on extracts
obtained at a moisture content in the field moisture range, but the preparation of such
extracts requires the use of special extraction equipment, so it is not commonly used. The
saturated paste is much closer to field moisture conditions than the 1:1 suspension.
Furthermore, increasing moisture content of a soil increases the solubility of certain
compounds thus increasing the salinity measured. Therefore, 1:1 soil to water extract is
not recommended for general salinity characterization.



CATION AND ANION BALANCING
To ensure the consistency and reliability of the analytical results, we have been

participating in the North American Proficiency Testing Program, which is an external
quality assurance program for soil testing laboratories. Internally, we employ cation and
anion balancing as a cross-checking of chemical analyses. Samples are normally rerun if
the difference of the sums of cations and anions is over 5%. Theoretically, the total
soluble anion concentration should be equal to the total soluble cation concentration
expressed in equivalent or milliequivalent. Table 2 shows the average chemical properties
of over 1,000 comprehensive soil salinity tests from the saturated paste extracts. Majority
of those soil samples were from brine contaminated sites. They contained considerable
soluble salts (TSS) including sodium. The sums of cations and anions are nearly equal.
This indicates our analyses are highly reliable.

RELATIONSHIP BETWEEN SAR AND ESP
The exchangeable sodium percentage (ESP) is a commonly used index of

sodicity for investigation of soil structural stability and for soil classification and
remediation. However, experimental determination of ESP is tedious and subject to errors
since saline and sodic soils often contain alkaline-earth carbonates and relatively high
concentration of soluble salts (USDA, 1954). Incomplete removal of index salt solution
during washing step of the cation exchange capacity (CEC) determination can lead to
high CEC and thus low ESP values. Similarly, hydrolysis of exchangeable cations during
the removal of the index salt solution, and the dissolution of calcium carbonate and
gypsum can all lead to low values of CEC and therefore to high ESP estimates. On the
other hand, the SAR of soil solution can be easily and accurately measured. Studies have
shown that there is a linear relationship between SAR of the soil solution and ESP
(USDA, 1954; Oster and Schrolar, 1979), so SAR has been commonly used to calculate
ESP based empirical equations. Among all the equations, the equation (ESP = 1.475SAR
– 1.26, r2 = 0.85) produced by the United States Salinity Laboratory (1954) using 59
samples from 9 Western States is the most widely used in the world. Although, the slopes
and intercept of the linear line between ESP and SAR depend on mineralogy and can
vary with salinity and saturation percentage, a recent study conducted at Oklahoma State
University resulted in a similar relationship to that of the Western States soils (Figure 2).
This suggests the USDA equation can be successfully used in a broad region with a wide
variety of soils.

NEW TECHNIQUES FOR CHLORIDE
AND BROMIDE ANALYSIS

Chloride (Cl) ion is one of the most important constituents of brine contaminated
soils. It was traditionally measured by titration with silver nitrate, but this method is
inefficient for commercial laboratories. More recently, most laboratories have used flow
injection autoanalyzer to speed up the analysis. However, this colorimetric method
employs mercuric thiocyanate as a reagent. Special cautions need to be taken when
handling the chemicals and the waste has to be disposed as a hazardous material since it



contains Hg. Recent development in the inductively coupled plasma spectroscopy (ICP)
has provided a new opportunity to quantify Cl spectroscopically with other analytes
simultaneously. This method for Cl analysis is underdevelopment at Oklahoma State
University for characterizing salt affected soils. The same ICP instrument is also able to
analyze bromide (Br), which is not commonly tested by commercial laboratories.
Bromide is widely used as an environmental tracer. Quick and inexpensive analysis of Br
should be available in the near future also.
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Table 1. Converting EC and salt concentration from 1:1 extract to the saturated paste extract.

Saturated Paste Extract 1:1 Extract*
EC
Na
Cl
K
HCO3
Ca
Mg
SO4
CO3

3 x EC
2.78 x Na
2.78 x Cl
2.78 x K
2.78 x HCO3
1.67 x Ca
1.67 x Mg
1.67 x SO4
1.67 x CO3

*Conversion factors are based on US Salinity Laboratory Staff (1954).

Table 2. Salt characteristics of brine contaminated soils using saturated paste extraction.

pH EC Na K Ca Mg NO3 Cl SO4 CO3 HCO3 B TSS SAR ESP
ds/m ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % %

6.7 21 4364 72 1117 347 70 9214 666 4.5 100 1.2 16286 25.6 21.5

∑(Na + K + Ca + Mg) = 189.7 + 1.84 + 55.9 + 28.6 = 276 (milliequivalent)
∑(NO3 + Cl + SO4 + CO3 + HCO3) = 5 + 259.9 + 6.8 + 0.1 + 1.6 = 274 (milliequivalent)



Figure 1. The minimum number of core samples needed to make a representative composite
sample is about 20.

Figure 2. Relationship between ESP and SAR of selected Oklahoma soils compared with the
relationship established by US Salinity Laboratory.
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ABSTRACT
Direct push methods and tools for obtaining electrical logs of unconsolidated

formations have been developed. The direct push Wenner array probe is about 15-inches
in length and 1.5-inches in diameter. The probe is advanced with a direct push machine
equipped with a hydraulic hammer to depths exceeding 100 feet under favorable
conditions. This portable system is operated from a lap top computer and provides real
time on-screen logs. Logs may be printed and saved to diskette. Two people can complete
a 60-foot log in about one hour. No previous borehole or well is required and no cuttings
are generated while logging. The Wenner array is effective in defining lithology and
locating aquifers and aquitards for geo-environmental investigations in alluvial and
glacial deposits. The logs may be used to determine optimum locations for wells and
screen intervals. The direct push Wenner array also is a fast, accurate, and cost effective
method to locate and map brine plumes in unconsolidated materials.



INTRODUCTION
Direct push electrical conductivity logging (DP e-logging) is a rapid cost

effective way to conduct geohydrologic investigations with minimal sampling and
disturbance of the surface and subsurface. Electrical conductivity has been used by soil
scientists for many years to investigate soils. Geologists are typically more familiar with
the inverse of electrical conductivity measurements, that is electrical resistivity, for
conducting geologic investigations, especially in petroleum exploration. The direct push
e-logging is conducted in unconsolidated materials by advancing a Wenner array probe
directly into the subsurface with a percussion probing machine without a pre-existing
borehole or monitoring well. Two sites in differing geological settings with different
contaminants have been investigated using the DP e-logging technology. This paper will
briefly summarize the use, application, and interpretation of the DP e-logging technology
at these two sites and show how the data can be used to gain an accurate understanding of
the subsurface.

THE DIRECT PUSH ELECTRICAL LOGGING
SYSTEM AND ITS OPERATION

Conductivity Probe and Logging

Soil conductivity logging was conducted using Geoprobe Systems Direct Image
Soil Conductivity System. The system was operated in the Wenner array configuration.
The electrical conductivity probe itself consists of a steel shaft that has four isolated
electrodes embedded in an engineering grade plastic to isolate the electrodes from the
steel shaft (Figure 1). The probe is about 15 inches long with a 1.25-inch diameter at the
drive point and 1.5 inch diameter just above the top electrode. This geometry provides a
taper angle to assure contact with the soil as the probe is advanced into the subsurface.
The shielded cable for transmission of the signal is attached to the probe by a water tight
rubber seal (1).

The conductivity probe is advanced to depth (logging is conducted) using a
hydraulically driven percussion probing machine (Figure 2). Depth and the speed of
advancement of the probe are measured with a string pot system. The signals from both
the conductivity probe and string pot are carried to the instrumentation box by coaxial
cables. A notebook PC is connected to the instrumentation box and the Direct Image
software provides a real time display of the conductivity signal, probe depth, and speed of
advancement as logging is conducted. The e-log files can be saved to diskette and hard
copies of the logs can be printed in the field if desired.

Conductivity Arrays

Two different conductivity arrays are currently available for use (Figure 1). The
first is the Wenner array, which employs all four probe contacts, and the second is the
dipole array, which uses only two contacts (2). In the Wenner array (Figure 1), current is
sent through the formation between the top and bottom contacts of the probe. This current
is measured, as well as the voltage that results across the two middle contacts. The



conductivity is a simple function defined by a constant times the ratio of the current to
voltage (1). The other available array is the dipole (Figure 1). The dipole uses just two
contacts of the probe. This is done by passing current from one contact to the other
through the formation and measuring the voltage across the same two contacts. Because
the dipole contacts are closer together, they give finer vertical resolution than the Wenner
array but do not penetrate as deeply into the formation. This means that the dipole array
effectively ‘sees’ less of the formation than the Wenner array. The Wenner array was
used for all logs completed for this study.

Units of Electrical Conductivity and Factors Influencing the
Electrical Conductivity of Unconsolidated Materials

Most geologists are more familiar with electrical resistivity logging than
electrical conductivity logging. The unit of measurement reported for resistivity logging
is the Ohm-meter (2) (3). Since electrical conductivity is the inverse of electrical
resistivity, the unit of measurement is reported in Siemens/meter. The Siemen is the
inverse of the Ohm. Because of the low conductivity of earth materials, the unit used for
electrical conductivity here is milliSiemens/meter (mS/m). The electrical conductivity of
unconsolidated soils and sediments is primarily a function of their grain size. Fine
grained materials such as clays have a higher conductivity than silty materials, which in
turn have a higher conductivity than sands or gravels. Most soils and sediments are
mixtures of clays, silts, and sands and the conductivity of any bulk soil or sediment will
be influenced by this fact. Some other major factors influencing the conductivity of
unconsolidated materials is the chemical composition, moisture content, and salinity of
pore fluids (brines). Because clay minerals are ionically active they will conduct well
even if only slightly moist (2). Of course, if brine fluids are present they will greatly
increase the conductivity of the formation. Because of these factors, selected soil and
sediment samples at a particular area must be collected to verify what a particular
conductivity value represents. Once sampling verifies the e-log response at a site, e-logs
can be collected to define the subsurface geology and construct geologic cross sections
and fence diagrams. The logs, along with the depths (elevations) measured can be used to
construct contour maps of formation contacts to define potential migration pathways for
contaminants such as dense non-aqueous phase liquids (DNAPLs), light non-aqueous
phase liquids (LNAPLs), and brine.

Interpretation of DP e-Logs

Interpretation of the DP e-logs is relatively simple and quick. In general, finer
grained materials have a higher electrical conductivity than coarser grained materials.
Therefore, clay rich soils or sediments will have a higher electrical conductivity than
silts, which in turn will have a higher electrical conductivity than sands and gravels.
Indeed, most of the electrical conductivity of saturated sand and gravel formations is the
result of conductance of the contained groundwater. An example log from an alluvial site
(Figure 3) shows both the speed graph and electrical conductivity (EC) graph verses
depth, essentially as seen on the computer in the field. The EC graph shows that the
electrical conductivity of the alluvial sediments varies from a minimum of about 3 mS/m
at a depth of about seven feet to a maximum of just less than 200 mS/m at a depth of
about 24 feet. This log was obtained near a monitoring well where split spoon sampling
was conducted. The split spoon samples show that silty surface soils are present to a
depth of five feet where relatively clean dry sand is encountered. In the monitoring well,



the water level was measured at approximately nine feet below ground surface (BGS).
This corresponds with the increase in the EC from about 3 mS/m to 20 mS/m observed on
the e-log at that nine feet depth. The split spoons provided samples of saturated sand with
varying amounts of silt to a depth of about 22 feet where a silt-clay layer approximately
five feet thick was encountered. This corresponds closely with the electrical log where
the EC increases abruptly from about 40 mS/m to over 140 mS/m at about 22 feet to 27
feet indicating the presence of the silt-clay layer. Below this clay layer the split spoon
samples again provided saturated sands with varying amounts of silt to a depth of
approximately 37.5 feet where a silt-clay layer was again encountered. Again the e-log
corresponds with the samples collected (Figure 3) showing the EC increasing from about
25 mS/m to 60 mS/m from 27 to 37.5 feet (sand with increasing silt content). The abrupt
increase in the EC at 37.5 feet to over 100mS/m correlates with the silt-clay layer
sampled at that depth. Between about 40 to 60 feet BGS, the EC drops again to a range of
about 20 mS/m to 30 mS/m correlating with the sands and gravels (silty) sampled over
this interval. Just below 60 feet the EC increases again to about 50 mS/m suggesting a silt
rich layer that corresponds to the split spoon samples collected nearby at this depth. This
simple but detailed comparison of the DP e-log to core samples, shows that the e-logs
correspond well with the collected samples. The higher EC corresponds with the finer
grained materials and the coarser grained materials correspond to the lower EC values.

APPLICATION OF THE DP E-LOGGING
SYSTEM IN ALLUVIAL DEPOSITS

Site Description and History

This site is a chrome and zinc plating facility that has been in operation since the
late 1960’s (Figure 4). It is located on the Arkansas River flood plain in south central
Kansas. Chrome plating operations were conducted in several horizontal tanks and one
deep vertical tank that was located in a 35 foot deep unlined pit. Shallow soil sampling
led to the removal of approximately 150 yd3 of chromium contaminated soils.
Downgradient groundwater sampling has defined a hexavalent chromium plume. The site
is located on alluvial deposits of the Arkansas River. These deposits consist of clays,
silts, sands and gravels more than 100 feet thick and rest on the Cretaceous Age Dakota
Formation (4). Figure 4 is a site map of the study area. The monitoring well and e-log
locations are provided on the site map.

Interpretation of Characteristic e-Log

One of the e-logs for this alluvial site (PI04) was previously discussed in the
section titled “Interpretation of DP e-Logs” and is shown in Figure 3. As noted above this
log was obtained near a monitoring well where split spoon sampling was conducted. The
detailed discussion above revealed that the e-logs correlated with split spoon samples
collected nearby. Low EC indicates coarse grained materials (sands and gravels) while
higher EC indicates the presence of finer grained materials (e.g. silts or clays). This
simple interpretation can then be used to define the potential aquitards (silt-clay layers)
and the possible aquifers (sands and gravels) at the alluvial site (Figure 3).



Geologic Cross Section and Interpretation of Site Hydrogeology

The aquifers and aquitards defined by the DP e-logging at the alluvial site are
identified in Figure 3, a typical log for the site. The first, second and third aquifers are
separated by silt-clay layers several feet thick that form aquitards at this site. Below
(Figure 5) several e-logs from a transection across the site are plotted side by side. The
spacing of the logs for the transection are shown on the site map (Figure 4) and trend
from southwest (PI01) to the northeast (PI06). The logs show the first aquitard at a depth
of about 25 feet extends across the site but pinches out toward the southwest (PI01). A
second aquitard is present at a depth of about 40 feet across the area investigated. The
maximum electrical conductivity observed in this second aquitard at the southwestern
most location (PI01) is above 150 mS/m. At succeeding logs to the northeast the
maximum electrical conductivity observed in this second aquitard slowly decreases and
the width of this layer also decreases until it is not present at the northeastern most
location (PI06). Apparently, this silt clay layer pinches out to the northeast.

A geologic cross section for the alluvial aquifer site (Figure 6) was created using
Surfer  graphics software. The darker areas on the cross section correspond with higher
electrical conductivity and thus the fine-grained silt-clay aquitards. The lighter areas on
the cross section correspond with lower electrical conductivity and thus the coarse
grained sand and gravel aquifer materials. Geologic cross sections generated from the e-
logs can give a clear picture and understanding of the subsurface geology and
geohydrologic setting. This information can be used to determine potential migration
pathways for subsurface contaminants and appropriate locations and screen intervals for
monitoring wells. At this site, hexavalent chromium was released just upgradient of the
PI01 log location. Because the upper clay layer (aquitard) was not present beneath the
release area, hexavalent chromium has been detected in both the first and second aquifers
downgradient of the site. A pump test in the coarser grained sand and gravel aquifer
showed these materials to have a transmissivity of up to 63,000 gpd/ft . For the third
aquifer with a saturated thickness of approximately 20 feet the hydraulic conductivity
would be 3150 gpd/ft2 or about 1.5 X 10-1 cm/sec. When this information is coupled with
the DP e-logs, it reveals that the lower electrical conductivity zones at this site (below 20
to 30 mS/m) correlate with highly conductive and transmissive aquifer materials. Because
of the high transmissivity of this formation and rapid movement of contaminants, an
extraction well has been installed downgradient of the release site to prevent hexavalent
chromium from contaminating the local municipal water supply.

APPLICATION OF THE DP E-LOGGING
SYSTEM AT A BRINE IMPACTED AREA

Site Description and History

Direct push electric logging was used in the second phase of a comprehensive
environmental investigation that is currently being performed at three LPG underground
storage facilities in Kansas (Figure 7). A traditional electromagnetic (EM) surface
geophysics survey was conducted initially at this site to evaluate the extent of brine
releases. As an evaluation of the potential use of DP e-logging technology for brine site
investigation, electrical logs were run at selected locations. These locations were chosen



to verify that the EM survey had indeed located the presence and areal extent of the brine
releases. The DP e-logs were used to study the vertical extent of brine impact in the
subsurface. This helped to determine if the brine releases were a near surface
phenomenon or present at depth in the ground water, or both.

The three companies, located next to each other, each operate liquefied
petroleum gas (LPG) storage facilities that require the storage and transfer of brine. The
LPG and brine are stored in hundreds of wells that are completed in the Hutchinson Salt
Member of the Wellington Formation, a salt formation approximately 300 to 600 feet
BGS (5) (6). The storage wells are underground caverns developed by solution mining.
Brine extracted from the salt formation during this mining operation was stored in lined
surface reservoirs (brine ponds). Now, when petroleum products are pumped into a
storage well, brine is displaced from the well and flows into the brine ponds by a network
of pipelines. Brine stored in the surface reservoirs is then used to displace the petroleum
products from the well when the product is shipped to various distribution points. The
purpose of the comprehensive environmental investigation is to evaluate the nature and
extent of elevated levels of chloride previously detected in the soil and groundwater at
and near these facilities.

Phase I of this investigation consisted of two extensive electromagnetic (EM)
surveys (Part I and Part II) and the installation of six monitoring wells. Upon completion
of the Part I EM survey, monitoring wells were installed to confirm that the elevated
conductivity values correlated with elevated chloride concentrations. Results of samples
collected from the wells verified that the elevated conductivity readings detected in the
EM surveys could be from elevated chlorides in water or soil. Therefore, the EM survey
was continued.

The purpose of Phase II includes verifying the results of the second round of EM
survey findings. The objectives for Phase II of the Comprehensive Investigation are as
follows:
•  Determine localized groundwater flow directions
•  Determine lithology across the project site
•  Evaluate the horizontal and vertical distribution of chlorides
•  Compare geochemistry of water samples from monitoring wells at various locations

and depths and from the brine ponds to differentiate sources
•  Conduct DP e-logging to confirm EM survey and study vertical extent of brine

impact

Figure 7 is a site map of the study area. The monitoring well and e-log locations are
provided on the site map. The investigation area covers over two square mile sections.
The western part of the study site is overlain with unconsolidated deposits of Quaternary
age. Beneath the unconsolidated deposits is Permian age bedrock material, the Ninnescah
Shale underlain by the Wellington Formation. The eastern part of the study area is
undifferentiated Pleistocene deposits of Quaternary age which make up the Equus beds,
an important aquifer to central Kansas (5).

The Phase II portion of the investigation is currently being conducted.
Investigation methods used in Phase II include the Geoprobe® Electrical Conductivity
(EC) System and conventional well drilling. In addition to collecting e-log data, the
Geoprobe® was used to collect soil samples and to install small diameter piezometers



from which to take water level measurements and groundwater samples. Nineteen new
borings were evaluated during Phase II. An e-log was run at each boring location to
evaluate lithology and/or determine vertical extent of brine impact. A small diameter
piezometer was installed above the bedrock at seventeen locations, using hydraulic
probing equipment. At two locations, the Geoprobe® was not able to reach the depth of
the bedrock with the geologic conditions present. Therefore, 2-inch diameter monitoring
wells were installed using the hollow-stem auger method. Six deep monitoring wells
were installed at water-bearing zones within the shale bedrock. Continuous soil samples
were collected from above the water table at six of the locations.

Interpretation of Characteristic E-Log from Background
Location

Two conductivity logs that represent the background conditions are shown in
Figure 8. The A7 log represents the geology in the western part of the study site. The
unconsolidated deposits of clays with some silts and trace sands register conductivities
between 120 and 160 mS/m. The C4 log represents the geology in the eastern part. This
log was conducted at the edge of a Pleistocene channel filled with clay, silt, sand, and
gravel (7). The conductivity of the dry sands in this boring is as low as three mS/m,
detected between 45 and 55 feet BGS. The conductivity of the sands, between 16 and 34
feet BGS, oscillated around 40 mS/m due to the varying amounts of intermingled silts
and clays.

Interpretation of E-Logs from Brine Impacted Area

Figure 9 shows three e-Logs collected in known brine impacted areas. Each e-log
from a brine impacted area is shown along with a background e-log obtained at a location
with similar lithology. The elevated electrical conductivity readings on the e-logs from
the brine impacted locations are clearly evident. The electrical conductivity at the brine
impacted locations is elevated from about three to ten times that observed on the
background logs. At sites where higher chloride concentrations are present in the ground
water the DP e-logging may yield electrical conductivities as high as 5000 to 10,000
mS/m.

The conductivity of C7 gradually decreased with depth. Continuous soil samples
collected from this location were used for developing lithologic logs and for chemical
analyses. The chemical analyses of chlorides resulted in a decrease in concentration with
depth, confirming the conductivity results. Long-time employees recalled a one-time
historical event that explains a surface source for the brine in this area.

The conductivity of B1 was similar to background concentrations from surface to
a depth of 17 feet, the water table elevation measured in a nearby well. At 17 feet BGS,
the conductivity jumped from 300 mS/m to almost 900 mS/m. A groundwater sample
from the nearby well had a chloride concentration of 36,700 mg/L. The source for the
high conductivity in this boring was upgradient from this location and has been
transported by the groundwater.

The conductivity of A1 is greater than background concentrations through most
of its log. From two feet to six feet BGS, is a steady increase in conductivity to 22 feet
BGS. A slight decrease occurs from six to 10 feet. At 10 feet BGS, a gradual increase in



conductivity occurs. A more significant increase occurs at 15 feet, where groundwater is
encountered. It is likely that this e-log represents a past surface brine source of
contamination and other upgradient sources that traveled through the groundwater.

Results of Direct Push E-Logging at Brine Site

The locations where DP e-logging occurred were selected based on results of an
electromagnetic survey performed over two square mile sections of land. The EM survey
identified elevated conductivity plumes and pathways. The EM survey results were based
on conductivity readings that represent the weighted cumulative sum of the conductivity
variations from the surface to the effective depth of the instrument.

The DP e-logs confirmed the findings of the EM survey. The e-logs showed
elevated conductivity at the same locations the EM survey did. The degree of elevated
conductivity was similar, relative to each other. This was helpful in defining the areal
extent of brine impact. The results of the non-intrusive, more economical EM survey
could be used with greater confidence in defining the areal distribution of brine because
of the confirming e-log results.

The e-logs were used to determine the vertical extent of brine impact. Unlike the
EM survey, the e-logs define the vertical distribution of elevated conductivity levels. This
feature was used to interpret whether the source for the brine was from the surface or
from an upgradient groundwater source, or both. All three situations were present.

The e-logs also defined the lithology over the site. The approximate boundary for
change in surficial bedrock was established using the e-logs.

Summary and Conclusions

Direct push methods and tools for obtaining electrical logs of unconsolidated
formations were used at two differing sites. The direct push Wenner array probe is about
one foot in length and 1.5-inches in diameter. The probe is advanced with a direct push
machine equipped with a hydraulic hammer to depths exceeding 100 feet under favorable
conditions. The electrical conductivity of unconsolidated soils and sediments is primarily
a function of their grain size. Fine grained materials such as clays have a higher electrical
conductivity than silty materials, which in turn have a higher electrical conductivity than
sands or gravels. Some other major factors influencing the conductivity of unconsolidated
materials is the chemical composition, moisture content, and salinity of pore fluids
(brines). E-logs can be collected to define the subsurface geology and construct geologic
cross sections and fence diagrams. The logs, along with the depths (elevations) measured
can be used to construct contour maps of formation contacts to define potential migration
pathways for contaminants such as DNAPLs, LNAPLs, and brines.

Use of DP e-logging at the alluvial site enabled definition of silt-clay layers
within the aquifer system that formed aquitards. These aquitards divided the saturated
sand and gravel deposits into separate local aquifers. The presence or lack of the
aquitards appears to exert control on the migration of contaminants at this site. The DP e-
logs allowed for quick and accurate understanding of the complex alluvial aquifer system
and potential migration pathways. The logs clearly defined depths and appropriate



intervals to screen for monitoring well installation to determine the extent or presence of
contaminants in the different local aquifers.

At the brine site the e-logs were used to establish background conductivity values
for the lithology present. E-logs collected in similar lithology, but with elevated
conductivity values, were used to define vertical and areal extent of brine contamination.
The results of the vertical distribution of elevated conductivity on the e-logs helped to
determine potential sources for brine.

Direct push electrical conductivity logging (DP e-logging) is a rapid cost
effective way to conduct geohydrologic investigations with minimal sampling and
disturbance of the surface and subsurface. Studies completed at these two sites helps to
demonstrate the application of the DP e-logging technology in unconsolidated deposits.
There are several advantages of the DP e-logging system. No pre-existing bore hole or
well is required to conduct the logging and essentially no cuttings are generated during
the logging process. The DP method provides a detailed log of the subsurface at the inch
scale that is not possible with other down hole geophysical methods. This fine resolution
makes it possible to locate and map either thin clay layers or thin sand layers that may
have a significant impact on contaminant migration. With a two-person team a 60 foot
DP e-log can be completed in about one hour. If grouting is required it will take
approximately two hours to complete a 60-foot log and grouting.
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Figure 1. The direct push Wenner array electrical conductivity logging probe. The probe is 15
inches long and is tapered to a maximum diameter of 1.5 inches. The four contact poles or
electrodes are isolated in an engineering grade plastic. All four electrodes are used for running a
Wenner array log while any two adjacent electrodes can be used to obtain a dipole array log.
Vertical resolution with the Wenner array is about 1.75 inches, but finer vertical resolution can be
obtained using any one of the dipole arrays (top, middle, or bottom).



Figure 2. Major components of the direct push electrical conductivity logging system. The direct
push machine used to advance the electrical conductivity probe into the subsurface may be
mounted in a van, pick up truck or track unit. The rod cart is used to hold probe rods that have the
signal cable prestrung through them to make the logging operation more efficient. The
instrumentation case receives raw data signals from the probe and string pot for processing and
sends results to the lap top computer for real time viewing of the e-log.



Figure 3. Log PI04 acquired at the alluvial site using the Wenner array probe. The speed graph
showing rate of advancement of the probe into the subsurface is given on the left and the electrical
log is on the right. Notice that the speed of advancement decreases noticeably when denser
formation materials are encountered at about 25 feet. Higher electrical conductivity correlates with
the silt clay materials that form local aquitards at this site. Lower electrical conductivity correlates
with sands and gravels that form local aquifers and potential migration pathways.



Figure 4. Alluvial site map showing DP e-log locations, monitoring well locations, and boundary
of hexavalent chromium ground water plume near the source.



Figure 5. Six DP e-logs are shown that were obtained in a transect across the alluvial site (Cross
section A-A′, Figure 4). The high electrical conductivity observed from about 24 to 27 feet on
each log corresponds to a silt clay aquitard. Notice this aquitard thins and appears to be pinching
out at the PI01 location. A second silt clay aquitard is indicated by an increase in electrical
conductivity on five of the e-logs at a depth near 40 feet. Notice that this layer is absent in PI06.



Figure 6. A geologic cross section of the alluvial site from A- A′ based on contouring of the
electrical conductivity of the formation materials. Darker colors correspond to higher electrical
conductivity and thus finer grained materials. Lighter colors correspond to lower electrical
conductivity and thus coarser grained materials. The darker zones at about 25 feet and 40 feet
correspond with the aquitards while the lighter zones form local aquifers at the site. These features
control migration of contaminants at this site.



Figure 7. Brine site map showing the brine pits, e-log, and sampling locations.



Figure 8a. DP e-logs from two background locations at the brine site. Highest electrical
conductivity on log C4 correlates with clays and silts at this background location but does not
exceed 175 mS/m. Low EC values below about 45 feet correspond to clean dry sands at the C4
location. Note how speed of penetration decreases in sands and increases in the finer grained silt-
clay materials. The background log from the A7 location where silty clay soils overly weathered
shale and unweathered shale at depth. Little difference in electrical conductivity of these materials
because of similar grain sizes. Notice how speed graph quickly shows decrease in penetration rate
and refusal as unweathered shale is encountered. Maximum electrical conductivity does not
exceed 160 mS/m at this background location.



Figure 8b. DP e-logs from two background locations at the brine site. Highest electrical
conductivity on log C4 correlates with clays and silts at this background location but does not
exceed 175 mS/m. Low EC values below about 45 feet correspond to clean dry sands at the C4
location. Note how speed of penetration decreases in sands and increases in the finer grained silt-
clay materials. The background log from the A7 location where silty clay soils overly weathered
shale and unweathered shale at depth. Little difference in electrical conductivity of these materials
because of similar grain sizes. Notice how speed graph quickly shows decrease in penetration rate
and refusal as unweathered shale is encountered. Maximum electrical conductivity does not
exceed 160 mS/m at this background location.



Figure 9. Three DP e-logs from the brine site that display elevated electrical conductivity readings
due to brine solution impact on the local formation. Logs from background locations (Figure 8)
shown on each graph so that the difference between the electrical conductivity of the background
location and brine affected locations can be easily observed. Brine affected logs show noticeably
higher electrical conductivity than the background logs obtained in similar formation materials.
Horizontal scale on each graph is different, vertical scales same for all graphs.
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ABSTRACT
Oilfields are often coincidentally located where natural- or anthropogenic

conditions induce salinity in surficial soil and/or groundwater. Identifying or eliminating
possible sources of surficial soil/groundwater salts is important in determining potential
responsibility for remediation. Boron isotopes (δ11B) and anion ratios (Br/Cl and SO4/Cl),
are characteristic of various saltwaters and can be used to identify possible sources of
salts when other environmental factors are also known. Chloride, bromide, and boron
isotopes are among the least biogeochemically influenced fingerprint constituents and are
therefore conservative source identifiers. Sulfate is also often conservative enough to be
useful for identification. Other dissolved constituents in both oil brines and other
saltwater sources undergo reactions (such as cation exchange and oxidation-reduction,
"redox") in soils, thereby altering relative concentrations in soil waters and soil
components. Anion ratio changes with increasing chloride concentration can be predicted
based on possible mixing of different waters. Groundwaters naturally discharge dissolved
salts into shallow sediments, or to the surface in depressions or valleys. Evaporation and
transpiration concentrate salts in residual soil moisture or shallow ground water,
especially in semi-arid to arid areas. In addition to the inadvertent discharge of oilfield
brines, non-oilfield related anthropogenic influences that cause soil salinization include
nearby or onsite irrigation, changes in drainage patterns, construction, land clearing,
surface topography, and land management factors such as fallowing, crop, erosion,
fertility, and tilth. Presented is an overview of environmental boron and anion ratio
issues, published databases, data gathering/development procedures, and interpretation
methods for clarifying the potential origins of near-surface salts.



INTRODUCTORY PERSPECTIVE
The manner in which boron isotope and anion ratio data can be used to determine

the relative contribution of various salt sources to site salinity is the focus this paper.
Introductory information is provided in this section to assist those readers with minimal
training in environmental bio- and geochemistry.

Importance of Saltwater Source Identification

The detrimental effect of excessive salinity on existing plant growth and on
surface and subsurface water quality prompted interest in determining the source of
offending salts. Potential crop yield, erosion control effort, and land value are dependent
on the level of site salinity.

In oilfields it is often supposed by default that increased salinity is due to
industrial factors (e.g., saltwater spills from oilfield operations). However, natural
phenomena (e.g., prolonged drought, mineral weathering from saline seeps) and
inappropriate land management not associated with oilfield operations (e.g., cropping,
disturbance of soil drainage) are also common causes. In many parts of the country
oilfields occur in the same locations as natural surficial and near-surficial saline soils,
geologic deposits, and waters, as well as in managed rural farmland, rangeland, forest
land, wetland, and desert lands, and even in urban settings.

Until recent decades, oilfield produced saltwater was handled largely as a
nuisance. The effects of saltwater on the environment were not well understood, and
society in general took little notice. During the early decades of domestic oil production it
is doubtful that either society or producers could have justified an increase in petroleum
prices to better manage produced water.

During the early years of oil production, produced water was sometimes
collected in unlined pits or spilled onto/into surface soils and natural drainageways where
it co-mingled with the (near-)surficial environment. Remediation was either not
attempted or the response was often not timely at sites where vegetation loss and
subsequent erosion appeared to result from application of produced water salts on land. In
many locations, natural, or farmed background conditions not related to oilfield
operations, also exhibited the effects of excess salinity and drought stress. Causes and
effects were not clear then and in fact remain problematic to this day.

In contrast years the predominant practice for produced water management
during recent years has been disposal into permitted disposal wells. However, inadvertent
saltwater spills and leaks still occur.

For the purpose of this paper, potential sources and causes of site salinization are
discussed in the following order: produced saltwater, natural in situ salinity, inappropriate
land management, other sources, and mixtures of these. Chemical specifics of boron
isotopes and target anions are also discussed in these sections.

Renewed interest in assignment of potential responsibility for salinization and
remediation of land has prompted study of methods which may determine the source



(provenance) and/or cause of excessive salts. There are many potential causes and
sources of increased salts, and several such factors may be interacting at any given time.

 Comparison of boron isotope and anion ratios from the affected site, an
unaffected background site if available, and potential source waters can help rank the
most probable sources/causes of apparent increased salinization of land. Interpretation of
these ratios may also assist in remediation effort planning by clarifying the true
salinization cause and effect scenario. Typical ion and isotope ratios characteristic of
waters of interest are provided in Table 1.

Defining Salinity

Although salinity substantially affects engineering properties such as corrosion,
soil structural stability, and permeability, most people would probably regard salinity as
important primarily due to its effect on biota. Different plants and animals are adapted to
different salt levels. Although different levels of salinity have been categorized or
quantified for specific purposes, salinity in nature constitutes a relatively seamless
continuum of concentrations.

Agronomists have characterized salinity levels with regard to plant response.
Agronomy is the agricultural science dedicated to production of large-scale row crops.
Salinity response data are still being developed and refined for agronomic crops as well
as for other plant, animal, and microbial biota.

Not completely by chance, agronomic crops usually fall into a category of plants
called glycophytes (sweetwater, i.e., not saline water- loving plants). However, a great
number of useful plants and large-scale crops fall into a second category of plants called
halophytes (salt plants or salt-loving plants). Numerous categories of useful plants occur
in both the glycophyte and halophyte realms, e.g., trees, grasses, ornamentals, food, fuel,
pharmaceutical, fiber, forage, etc., (1).

Soil salinity affects the ability of plants to uptake water. Plants exert a force over
time (work) to pull water out of soil pores. Soil retains water against the pull of gravity
by suction caused by capillary tension (matric tension) in small pores. Because salts also
exert a force which draws water toward them, plants must exert additional force to also
pull water away from dissolved soil salts. Thus, increasing soil salinity makes soil pore-
water increasingly unavailable to plants. Glycophyte plants are poorly adapted to pulling
water away from more than minimal dissolved soil salts. Halophytes have adapted to
saline conditions by various processes and many of these plants cannot survive without at
least moderately saline conditions.

An additional importance of soil salts is that essentially all plant nutrients are
taken up by roots as dissolved salts. Of the 16 essential elements required by glycophyte
plants, all but three (carbon, and for the most part hydrogen and oxygen) are obtained
through the roots as dissolved salts. These dissolved-salt nutrients include the following
essential elements: phosphorus (P), potassium (K), nitrogen (N), sulfur (S), calcium (Ca),
iron (Fe), magnesium (Mg), boron (B), manganese (Mn), copper (Cu), zinc (Zn),
molybdenum (Mo), and trace amounts of chloride (Cl). All plants require salts in order to
grow.



By focusing on commercial glycophyte crops over the years, agronomists began
to characterize soils as "saline" if the specific conductance (electrical conductivity, EC)
exceeded 4 dS/m (equals 4 mmhos/cm and 4,000 µS/cm) (2). (The units of dS/cm are
used by soil scientists; the units of µS/cm are typically used by water scientists. Formerly
used units for dS/m were mmho/cm and for µS/cm were µmho/cm.) This value was
measured in the "saturated paste extract", or in soil pore-water at the moisture condition
where all soil pores were filled with water (no air, and no further increment of water).

The saturated paste is prepared by filling all of the pores of a subsample of soil
with deionized water. The water in the saturated paste is allowed to equilibrate with and
dissolve salts in the soil to the extent possible under this moisture condition. The
equilibrated soil pore water is then extracted from the soil solids by some form of
pressure or vacuum filtration.

The resulting "saturated paste extract" represents the most dilute concentration of
salts which can be experienced by plant roots; e.g., shortly after a thorough rain or
irrigation event. With practice, the ability to achieve this water content in diverse soil
samples is repeatable and it provides an excellent reference method for comparison of
plant responses to different salinity conditions.

Numerous yield tests of agronomic glycophyte crops indicate that a saturated
paste extract salinity level in excess of 4 dS/m causes the yields of most plants in this
group to be restricted (2). Thus, the value of 4 dS/m is considered by agronomists to be
the threshold of a "saline" soil. It has also been established that the threshold of soil
salinity at which only a few very salt-tolerant common agronomic crops would be
expected to yield satisfactorily is 16 dS/m (2).

All but overlooked in these efforts were halophyte crops, primarily because they
were not in the mainstream of agronomic production. Halophyte cash crops include
forages, grains, turf, ornamentals, oil seed, food, fuel, fine wood, fiber, and
pharmaceutical crops. The economic potential of many of these crops is substantial and
they often provide excellent yields on land which is essentially unusable by agronomic
crops.

Many euhalophytes (true halophytes) suffer a nutrient and/or salinity deficiency
when the EC is as low as 16 dS/m, and may exhibit poor yields for this reason. Many
euhalophytes require even higher salinity for optimal growth. Various efforts have shown
the commercial viability of growing crops by irrigating with seawater (3).

PRODUCED WATER
Produced water is formation water which is pumped to the surface during the

process of oil or gas extraction. A formation is a relatively homogeneous geologic
stratum. Different producing formations can contain widely variable salinities. In many
of the mature oil fields in the United States it is not uncommon for saltwater to constitute
over 95 percent of the fluid produced. In this paper the terms produced water and
formation water will be used synonymously.



When produced water is spilled on land, oily components less dense than water
generally migrate to the top of the water saturated zone. As the water table moves up and
down in seasonal fluctuations, a "smear zone" is created where oil coats soil particles in
the zone where the surface fluctuates.

The environment below the smear zone is often in reducing conditions due to
oxygen deprivation. This condition may stimulate a number of chemical changes below
the smear zone, especially if this depth was previously primarily in the oxidized
condition.

Salts in Produced Water

All produced water contains some dissolved salts. Hard and soft rock minerals in
geologic deposits partially dissolve into positive and negative ions which have the ability
to transmit electricity in water and also into uncharged constituents. Sedimentary
geologic formations may have developed after particulate deposition or chemical or
biochemical precipitation of minerals in sea water or lake water environments. Water
resident in micro or more predominantly macro pore spaces between solid particle or
mineral grains becomes produced water when extracted with oil or gas.

Each mineral has a unique upper limit (solubility product) to which it can
dissolve in a static body of water depending on temperature, pressure and water
composition. Some minerals dissolve readily and/or completely and others dissolve very
slowly and/or very slightly. Each mineral will dissolve until the concentrations of its
constituents dissolved in water become sufficiently high that they begin to recombine (re-
precipitate) back into the solid (mineral) form.

Water is considered to be saturated with respect to these minerals when this
equilibrium condition is reached. Because water often moves very slowly within a
formation it is generally considered to be in approximate chemical equilibrium with
respect to the minerals in its resident formation. Waters that migrate from one formation
or mineral suite into another may undergo re-adjustment to new equilibrium conditions
with its new mineral surroundings.

Under equilibrium conditions, the concentration and ratios of many dissolved
ions found in formation water can be relatively unique to that formation. As a result,
selected ion concentrations and ratios can be used to identify waters from certain
formations. As discussed in the next section, anions (negatively charged ions) such as
bromide (Br), chloride (Cl), and sulfate (SO4) are often of greatest use in determination of
provenance. Anion ratios of particular interest are Br/Cl and SO4/Cl.

Water within formations may migrate into differing rock or sediment layers.
Because dissolved salt ions contribute to the density of its aqueous solution, more saline
water entering or generated within formations may tend to concentrate near the bottom of
a formation.

Another parameter representing salinity in geologic waters is total dissolved
solids (TDS). TDS is measured in filtered (at 0.45 µm to remove suspended solids) water
by evaporating the water and weighing the solid residue). Alternatively, TDS is often
calculated by summing the concentrations of the major dissolved species when a



complete chemical analysis is available (bicarbonate concentration is multiplied by
0.4917 to reflect CO2 loss so the TDS is comparable to the evaporate to dryness method.)

When measured or calculated properly, TDS has a linear correlation with actual
dissolved solids at any concentration. Aside from the need to filter some samples, the
disadvantages of representing dissolved solids by TDS methods are that they require time
to a) evaporate water and measure mass or b) analyze samples for major constituents and
calculate a sum.

Dissolved solids in water can also be easily estimated by determination of its
ability to conduct electricity. The transmissivity of electrical current is directly related to
the a) species, and b) concentration of each dissolved ion present. The magnitude of
electrical current transmitted in water (as stimulated by a set voltage between two
electrodes) is termed the solution's specific conductance (or its electrical conductivity,
EC). Conductivity meters range in price and accuracy. The meters should be calibrated
with conductivity standards to check accuracy. Small battery operated EC meters are
inexpensive and can be carried in a shirt pocket, but are less accurate and may require
more frequent calibration than larger meter and electrode instruments.

EC only provides a gross measure of the quantity of dissolved salts present.
Except in single salt solutions, EC does not indicate the species of salt(s) involved. As
salts become concentrated in more saline solutions, the relative efficiency of electrical
current transmission decreases because opposite charge ions begin to travel in dissolved
pairs. Thus, EC only provides a relatively linear correlation with total dissolved solids
(TDS) data at relatively low to moderate salinities.

Salinity in natural waters ranges from < 500 mg/L TDS (EC <1 dS/m or <1,000
µS/cm) in drinkable groundwater to almost saturated solutions of >300,000 mg/L TDS
(EC > 220 dS/m or 220,000 µS/cm) in very saline formations.

Another method for estimating EC that is also linear at any unsaturated salt
concentration is determination of refractive index. Refractive index (RI) measures the
angle of refraction of light passing through a solution. Results are typically read as
percent salt and/or parts per thousand of salts, although other units can also be used.
Portable RI devices can also be carried in a shirt pocket, and only require a light source
such as the sun for usage and deionized water for calibration. They are more expensive
than most field EC meters. Limitations may occur where waters contain many suspended
particles or much organic color.

Boron Isotopes in Produced Water

In surficial and produced waters boron occurs predominantly as highly soluble
boric acid, borate, and several B complexes. Although boron usually occurs as weather
resistant borosilicates in igneous and metamorphic rocks, sedimentary rocks also
typically contain more easily weathered hydrous borates (4). It is this characteristic of
high solubility, and the fact that B is mobile because is relatively unaffected by reactions
such as ion exchange or redox, that results in B being a useful tracer.

The two stable isotopes of boron are also pertinent to this paper. Boron exists
naturally as two stable isotopes, 10B and 11B. In addition to the 5 protons in a boron



nucleus, 10B contains 5 neutrons, and 11B contains 6 neutrons. About 19.78% of boron
atoms occur as the 10B isotope, and about 80.22% occur as the 11B isotope (5).

The accepted method of reporting the ratio of these two isotopes is by comparing
it to a universally-accepted reference standard NBS SRM951. By computing the “per
mil” or per thousandths difference between the sample and the standard one has a
universally understood unit that compensates for analytical differences among
laboratories (Eq. 1). This per mil value (‰) is written as a delta 11B (δ11B) and can be
useful in reporting and comparing values from different water samples. The ratio in any
solution is derived by the use of equation 1 (6) as follows:

       (11B/10B)spl - (11B/10B)std

δ11B ‰ cspl  =     x  103 (Eq. 1)

     (11B/10B)std

where: cspl,  spl, and std respectively represent the corrected sample,  pre-corrected  sam-
            ple, and reference standard values.

Boron isotope ratios for rock types may initially have been established deep in the earth,
and subsequent variation in the ratios has occurred by various physical and chemical
processes. Unless other influences are evident, it can generally be assumed that δ11B
should reflect the rock type with which it was associated or the source waters from which
it mixed or evolved (7). This would include alterations of natural waters by mixing with
oilfield brines and agriculturally related recharge (7).

The ratios of two stable boron isotopes, 11B and 10B vary significantly from
environment to environment and are often indicative of specific bodies of water. Because
most oilfield brines are associated with marine geologic depositions relatively high in
11B, the δ11B for most oilfield brines would also be expected to be relatively high (7).

Analyses of boron (8) and boron isotopes (7) are complex. Although the
differences in ratios (isotropic signatures) may appear small, they are actually substantial
due to the high degree of instrumental analytical precision. The wide variation in δ11B
values in various environments is discussed in detail in (7).

NATURAL SURFICIAL SALINITY
Salts are natural components of soils and near-surface sediments. As in formation

waters, dissolved salts are present in interstitial micro- and macro-pore water between
clay, silt, sand, and larger particles. Other solids in soils which come into contact with
soil water include plant-originated colloidal humus, partially decomposed matter, and
living phyto-microbes and plant roots. A wide variety of animal organisms ranging in
size and form from faunal-microbes to mammals are also found in soil. In California
brine shrimp are commercially raised (for aquarium fish food) in water with salt
concentrations as high as 200,000 mg/L TDS (about 7 times the concentration of
seawater).



A wide range of natural salt concentrations can be found in soils and surficial
sediments. These include surface evaporite deposits, saline seeps, and otherwise naturally
salty soils and sediments. Dissolved salts in soil pore-water can be very dilute with <500
mg/L TDS, or exhibit surface or subsurface salt crystals (efflorescences) precipitated
from a saturated soil pore-water solution by evaporation of water.

Playa lakes such as the Bonneville Salt Flats (solidified salt crust), the Dead Sea
(~340,000 mg/L TDS), and the Great Salt Lake (as high as ~160,000 mg/L TDS) are
extreme, but not uncommon, examples of "geologic" surficial evaporite salt deposits.
These are often located where substantial evaporation occurs and where these
topographic basins have no surface outlet and minimal internal drainage. Salts are mined
from such locations on most continents.

In more typical landscapes, erosion features may cut across layered sediments.
Each sedimentary layer has unique hydrologic properties of porosity and permeability
(ability of water to flow through it) and geochemical properties of rock, mineral, and pore
water chemical composition. A wet and transmissive layer (above a relatively
impermeable layer) exposed when erosion cuts through layered sediments can discharge
water to the surface. The area of obvious wetness is called a spring or seep.

A saline seep is simply a surface, or near surface, discharge of water with high
salinity. Shallow groundwater can be evaporated by wicking a few feet upward to the soil
surface or removed by plants in the evapotranspiration process.

Substantial amounts of salts often accumulate where water evaporates from a
seep. Over prolonged evaporation periods high surficial salt concentrations can occur
even where seeping water is relatively low in salinity. Natural saline seeps exist in humid,
cold, and relatively flat areas, as well as in arid, warm, and topographically varied areas.

The Natural Resources Conservation Service (NRCS, formerly the Soil
Conservation Service, a U.S. Department of Agriculture agency) has examined and
mapped the soils in almost every county in the United States. Soils are categorized by
physical and chemical properties. A soil "series" (name) is the name given to any soil
which fits within a defined range of characteristics. Soils of a given series may be found
in one or several states. Interestingly, there are substantial additional salt-affected lands in
the United States that, for one of several reasons, do not fall into a category of soil types,
and thus have no series name.

Soil salinity is one of the parameters measured in order to determine its soil
series name. There are approximately 1,523 soil series that have saturated paste extract
salinities that may range as high as 16 dS/m. Approximately 622 soil series have
salinities that do not range as low as 16 dS/m (9). The total land in the USA with salinity
that does not range as low as 16 dS/m is almost 12 million acres. An additional 42 million
acres of land in the USA has salinity values which may range up to 16 dS/m (9).

Boron, Bromide, Chloride, and Sulfate Chemistry

Boron, bromide, chloride, and sulfate occur naturally as dissolved constituents in
soil, surface water, and ground water. Concentrations of these constituents vary widely



from location to location. Sulfate and chloride are typically much more abundant in soils
and waters compared to boron and bromide.

These can be found in higher concentrations in surface waters that have been
concentrated via evaporation or transpiration and when subject to mixing with influent
waters high in salts. Dilution of these constituents occurs when exposed to rain and/or
surface or groundwaters with lower salt concentrations.

Dissolved boron, bromide, chloride, and to a lesser extent, sulfate ions are rather
chemically conservative and migrate with water. These salts are also transported through
the atmosphere in particulate material or dissolved in rainwater, and by migration of biota
and biotic residue.

Typically, most atmospherically derived salt that comes into contact with the soil
surface will eventually infiltrate into the soil and percolate downward. Only a small
percentage of surficially resident salt migrates directly downgradient as runoff water,
although water later exiting soils can contribute a large percentage of the salt load .in
runoff in streams.

Chloride and bromide are the most soluble of the subject ions and the least
biologically active. Due to their extremely high solubility, chloride and bromide occur
primarily as the dissolved anions, Cl and Br. In very dry areas, these ions form several
halide salts, primarily NaCl and NaBr. Chloride is essential as a trace nutrient, but of
almost negligible importance for many glycophyte plants. Bromide is not considered an
essential plant nutrient.

Chloride and bromide ions move almost without hindrance in the soil for this
reason, and because they are have a negative electrical charge which causes them to be
repelled by the predominantly negatively charged soil clays. These anions are only
weakly adsorbed onto the relatively few positively charged sites on clay and in organic
matter. Because they are only weakly held in soil and migrate essentially freely with
water, changes in chloride (and bromide) concentrations often indicates the passage of a
soil-pore water wetting front.

Because they are very soluble, chloride and bromide minerals are usually the last
to precipitate after evaporation of water. In order to decrease soil salinity, chloride (and
therefore bromide) can be readily leached to locations below plant root zones if other
leaching factors are favorable.

Boron and sulfate are micro- and macro-nutrients, respectively, for plants. These
ions (boron also occurs in dissolved form as undissociated orthoboric acid) also
precipitate. Sulfate is much less soluble - typically forming gypsum and anhydrite; boron
is quite soluble - forming minerals like borax, colemanite and ulexite in highly
evaporated playa lakes.

In soil, boron is found in the structure of silicate minerals, in organic matter, and
adsorbed onto the relatively low percentage of positive anion exchange sites on clays, and
iron and aluminum oxides (oxides, oxyhydroxides, and hydroxides). The number of anion
exchange sites on soil clays increases with decreasing pH. In soil the predominant boron
species changes from undissociated B(OH)3 to B(OH)4

- as pH increases past 9. Therefore,



fixation and availability of boron in soils is most influenced by organic matter, pH,
texture, clay mineralogy, and moisture content (8).

Sulfur is found in oxidized soils as the dissolved SO4
-2 anion, and in gypsum,

barite, jarosite, other sulfate salts, and organic matter. In reduced (usually very wet or
high organic matter) soils, sulfur may occur in the sulfide (S-2) form often as FeS (pyrite),
and a number of other sulfide minerals, as well as dissolved hydrogen sulfide (H2S).
When oxidized, these soils become very acidic as the sulfide oxidizes to sulfate. Gypsum
(CaSO4:2H2O) is more predominant in arid areas compared to humid areas due to its
relatively poor solubility. The solubility of gypsum can increase about 3 fold in the
presence of increasing salinity. Barite (BaSO4) occurs in both arid and humid regions and
is almost insoluble.

Although borate and sulfate ions have a negative electrical charge that causes
repulsion from soil clays, their greater uptake by biota, slight adsorption, and
precipitation (in the case of sulfate) results in a slower leaching rate in soils compared to
chloride and bromide.

Among plant micronutrients, boron has a very narrow range of acceptability to
plants. For many plants boron deficiency concentration levels are not far removed from
boron toxicity concentrations.

Boron and sulfate can also be removed from soil by leaching. Substantial
quantities of sulfur are removed from soil and water by plant uptake. Although boron
uptake by most plants is low, more boron is purposefully taken up by glycophytes than
chloride or bromide.

Plants, including halophytes have various methods for handling excessive salts.
Some plants are able to exclude salts at the exterior of roots whereas other plants
incorporate the excess salts in various plant tissues, or weep salts from above ground
exterior surfaces. Some plants accumulate excessive salts in leaves, and then drop the
leaves.

Salts levels can be slowly lowered in soils by harvesting plants. As much as 1000
pounds of salt per acre can be incorporated into and removed as harvestable plant tissue
each growing season (10). Salts in plant residue that is allowed to remain on the ground
will be liberated during biodegradation and reenter the soil or migrate elsewhere as
runoff.

Sulfate is commonly applied as a fertilizer nutrient and boron is occasionally
applied as a fertilizer. Even when fertilization does not include purposeful application of
sulfur or boron, they may be present in some of the ingredients of some fertilizer blends.
Fertilizer blends also often contain trace amounts of chloride and bromide.



SALINIZATION BY
INAPPROPRIATE LAND MANAGEMENT

Inappropriate land management may cause salinization in locations where
salinity had not previously been apparent or problematic. Land management activities are
included among anthropogenic (man-influenced) factors (vis-a-vis natural factors).

Inappropriate land management may result in salinization as a result of
inappropriate irrigation, drainage, crop type and rotation, chemical additives, topographic
changes, and placement, removal, or poor maintenance of structures, among other causes.
As many as 6,144 mi2 (almost 4 million acres) in western Oklahoma alone are underlain
by geologic formations containing evaporite salts (11) and have geology, climate, and
land management conditions susceptible to saline seep development (12).

Inappropriate Irrigation Practices

Among the most common causes of land salinization are inappropriate irrigation
practices. Inappropriate irrigation practices include irrigation with poor quality or
insufficient water.

Although natural rainfall generally contains negligible salinity, irrigation water
can contain many salt constituents at a variety of concentrations. Over the years,
irrigation with poor quality (even slightly salty) water can result in elevated soil salinity.
Irrigation with poor quality water continues to add salts to the soil. Much of the salts
applied as irrigation water are not removed from the soil by plants. Therefore, as water is
removed from the soil by evapotranspiration, salt levels in the soil continue to rise.

Salt build-up in soil can also be caused by insufficient irrigation. Although
irrigation water volume is temporarily greater than evaporation water volume,
evapotranspiration forces remain almost constantly at work pulling water and salts
upward in the soil. One way to overcome this situation is to schedule irrigation such that
the hydraulic gradient is predominantly downward. This entails applying water in excess
of evapotranspiration withdrawals.

Low volume and/or short duration irrigation events may be problematic if the
time for downward infiltration of soil water is too brief. Root-zone soil salinity
subsequently increases because a) newly dissolved salts migrate back upward with water
as it moves toward the evaporating zone, and b) salts rejected at plant roots will remain in
the soil near the roots as water is transpired by plants.

In many situations irrigation scheduling can correct this problem by irrigating
with more water, or irrigating over a longer time span. In either case applied water should
exceed the volume of water removed by evapotranspiration. Sufficient excess applied
water can leach salts not taken up by plant roots to a location sufficiently deep in the soil
that it a) does not negatively impact plant growth due to salinity build up, and b) does not
wick back up into the root zone during extended periods of evaporation.

A factor called leaching requirement is calculated to determine how much water
in excess of anticipated evapotranspiration will be required to leach salts sufficiently to



maintain a predetermined acceptable level of soil salinity (2). The leaching requirement is
calculated based on irrigation water salinity and desired soil salinity relative to plant
growth.

Inappropriate Drainage

Salts are traditionally removed from soil by leaching them to a deeper location
via mass flow of water. In addition to a positive hydraulic head, removal of salts by
leaching requires an available a) receiving zone that is hydraulically downgradient
(hydraulically open or emptying spaces or pores into which water can flow), and b) route
by which salts can travel to the new location (sufficient continuous porosity). Many soils
do not have a sufficient receiving zone or sufficient continuous path porosity.

Any restriction to the downward egress of water (internal soil drainage) causes
leaching to be constrained or to effectively cease, and salt build-up will result. Water
egress can be impeded by several situations, but restrictive soil or geologic layers and
high water table conditions are the most common causes. Because mass flow is the
primary means of salt transport in soil, salts will essentially cease migrating downward as
the water which contains them ceases to migrate downward.

Soil or geologic layers can be restrictive to downward flow if physically
compacted, cemented, or deficient in macropores, or if minerals are layered in horizontal
flat planes. Each of these conditions constitute poor soil structure (detrimental
arrangement of soil particles).

Compaction of soil can be caused by tillage implements (tillage pans) or surface
traffic. Soil or geologic layers can become cemented as silica or other constituents
precipitate and harden in soil pores. Heavy clay soils with poor structure can exhibit
substantial hydraulically-restrictive micropores and few hydraulically-transmissive
macropores. Poor structure can also result if the flat plywood-shaped clay minerals
arrange in flat-side to flat-side layers and restrict permeating water flow similarly to the
action of horizontal roof shingles. Water then becomes perched above these layers, as soil
internal drainage is slower than the rate of water percolation above.

Water can move downward in soils through both micropores and macropores, but
can only move upward in soils through micropores (unless the water table is rising).
Water moves rapidly in macropores but only very slowly in micropores. The capillary
tension exerted on water by micropores is very strong and tends to pull water into them
with great force. During evaporative conditions, as near surface micropores lose water to
evaporation, their capillary demand to replace the lost water with additional water from
below increases. The capillary demand for water pulls water upward from lower in the
soil profile. The smaller the pore, the greater the capillary pull exerted, and this capillary
force is many times stronger than gravity.

In hydrological terms, a water table typically refers to the elevation (or depth) of
the top of the piezometric (free water, or saturated zone) surface in the uppermost water-
bearing (sufficiently transmissive to be extracted by pumping) strata. However, in soil,
water and salt migration will essentially cease at the top of the uppermost saturated zone
regardless of transmissivity. Therefore, the water table may be at the top of the saturated



zone above a perching feature, or in a zone of minimal hydraulic transmissivity such as a
clay layer.

Many soils across the USA have natural hydraulically restrictive layers or high
water tables. However, anthropogenic activities have greatly increased the number of
acres with drainage problems. Tillage pans or artificially raised water-table elevation
conditions have created drainage problems in soils that previously had sufficient drainage
in the native condition.

Water-table elevations also fluctuate seasonally. The seasonal depth of a water
table may vary as much as 6 ft or more. As a result, salts may have a much shorter (or
longer) distance to travel upward during evaporation, or downward during leaching to
reach the end of the migration path (the evaporation interface or the water table) during
some seasons compared to other seasons.

Poor fertility can also lead to restricted drainage. Plant growth is minimized by
poor soil fertility. A plant can only grow to the extent that the most limiting nutrient
allows. Good plant growth promotes biotic soil forming factors that in almost all
situations tend to improve soil internal drainage by improving macroporosity.

Plant processes facilitate rearrangement of soil particles into aggregates and
stabilize them with exudates and a host of associated micro-ecosystem bacteria, fungi,
and other biota. Much of a soil's macroporosity consists of the pore space between the
newly formed soil aggregates.

Poor fertility can also result in poor chemical conditions that affect clay
aggregation. Good clay aggregation requires that dissolved multivalent cations (positively
charged ions, principally calcium and, to a lesser extent, magnesium ions) greatly
outnumber sodium cations (singly charged). When calcium and magnesium are depleted
due to plant uptake, or are precipitated into carbonates by high pH, then sodium may
become the dominant dissolved cation.

When sodium is the "dominant" dissolved soil cation (which can occur with as
little as 10 percent dissolved sodium relative to all dissolved multivalent cations), it can
cause dispersion (disaggregation) of some clays. Clay dispersion causes particles in
aggregates to repel due to long–ranging, net negative electrical charges. The repelling
clay particles move into and ultimately clog soil macropores. When this happens at the
soil surface, the phenomenon is called soil puddling (when wet) and results in soil
crusting (when dry).

In the manner noted above, soil crusts and clogged macropores severely restrict
downward migration of water. Soil crusts also greatly inhibit the exchange of oxygen in
the above-ground atmosphere with carbon dioxide in the soil atmosphere. In order to
respire and grow, most plants require water and oxygen to be present simultaneously at
the plant roots. Increased salinity can result because water can neither effectively
infiltrate the soil nor effectively percolate downward within the soil to promote salt
leaching. However, transpiration, to the extent plant health can support it, will continue to
remove water from the soil, leaving salts behind in the root zone. In addition, evaporation
will leave salts behind at the evaporation interface near or at the soil surface.



Inappropriate Crops and Crop Rotations

Among other functions in the soil, plants serve as biotic water pumps. Plants pull
water from the soil and transpire it into the atmosphere. Some plants transpire
substantially more water than others.

In general, the roots of perennial plants extend into a greater volume of soil
compared to non-perennials. Perennial plant roots have more time to grow deeper and
farther laterally compared to annual plant roots. This usually translates into the ability of
perennials to transpire a greater volume of water compared to annuals or seasonal plants.

For this reason, trees, perennial grasses, and crops such as alfalfa tend to keep
water tables lower (and promote better soil internal drainage) compared to annual or
seasonal crops. In many locations where alfalfa has been planted, the water table has been
observed to drop by more than four feet.

When crops such as wheat are planted where perennials once grew, water tables
can rise several feet. The water table can rise close enough to the soil surface that upward
wicking due to capillary pull during evaporative periods can transport substantial
amounts of salts into the root zone and salinize a soil that had not previously experienced
a salinity problem.

Land clearing and fallow cropping have a similar effect - a resulting rise in the
water table and salinization of soils that had not previously exhibited salinity problems.
Massive clearing of natural non-saline forests and other lands for the purpose of planting
pastures and crops in Australia resulted in the salinization of almost 3 million acres of
soils (13).

Inappropriate Chemical Additives

Salinization of soils can be caused by inappropriate application of chemicals to
the soil. Inappropriate chemical additions can include the type of chemical or the quantity
of the chemical.

Essentially all plant nutrients are taken into plants as salts. Therefore, essentially
all fertilizers (including manures and composts) contain substantial salts. Feed lots and
fertilizer mixing or transfer areas may increase soil salinity in proximal locations or in
hydrologically downgradient locations.

Fertilizers and other soil additives should be applied in accordance with soil test
results, and soil tests should include analysis of soil salinity. Reputable soil test
laboratories will provide warnings (where required) regarding soil salinization conditions
or potential hazards. However, unless stated by the landowner, soil test laboratories may
not be aware of important co-salinizing factors such as irrigation with poor quality water,
or high water-table conditions that may influence their recommendations.

Fertilizer recommendations are also based on the type of crop and yield goal. By
growing plants as anticipated, the fertilizer is largely harvested with the crop and minimal
long-term salinization of the soil results. When different crops or no crops are grown, the
fertilizer may remain as soil salts.



Inappropriate use of herbicides may inadvertently result in long-duration
conditions similar to fallow conditions. Overgrazing or insufficient fertility may also
result in insufficient vegetation to keep the water table down.

Inappropriate Topographic Changes

Soil and watershed hydrology is very complex. Soil can be considered a "black
box" into which and out of which a balance of water molecules must flow over time.
Only a few of the most pertinent factors related to moisture conditions and gradients in
soils have been discussed above.

One additional important factor is surface topography. Over the years during
natural conditions, plants, soils, seasonal weather, water table, soil fertility, and other
factors cause a seasonal and even decades-long relative equilibrium of conditions. In
some locales this results in naturally saline soils, and in other conditions, naturally non-
saline soils. Sometimes a single factor such as alteration of surface land shape can result
in salinization of a soil that previously exhibited no salinity problem.

Soil terraces are a highly recommended practice for minimizing soil erosion in
many soils. The terrace effectively shortens the slope and minimizes the velocity and
resulting eroding power of surface runoff water.

However, soil terraces can also cause water that historically ran off to
temporarily pond at the upslope terrace barrier. The ponded water has an increased
opportunity to infiltrate the soil where the upslope toe of the terrace meets the general
soil surface. In many situations, the added infiltration water is beneficial to crops.
However, in some situations, the additional infiltrating water can cause a previously non-
problematic water table to rise to a new higher, and more problematic level with regard to
soil salinity. In appropriately arranged berms, land leveling, and irrigation ditches can
similarly contribute to soil salinization.

Inappropriate placement, removal, or maintenance of structures

Placement, removal, and/or poor maintenance of structures may also be a cause
of soil salinization. Structures may include roads of any type, fire breaks, buildings,
drainage or irrigation ditches, flood irrigation berms, ponds, pipelines, and subsurface
drainage systems.

Both soil surface and subsurface drainage may be affected by such structures.
Although it may be readily apparent that these structures cause surface runoff to be
obstructed, the added overburden pressure of the surface structures, including pond water,
also causes an increased cone of positive hydraulic pressure beneath them. This increased
hydraulic pressure causes the subsurface flow (groundwater flow) to be restricted or
diverted. Soil salinization may result from a water table which rises as a result.

Where surface and subsurface drainageways and drains have been established
and have worked well over the years, the water table may rise, and soil salinization result,
if they are not maintained. Surface waterways can become clogged with sediment or have
their flow velocity restricted by certain types of vegetation. Clogged or collapsed
subsurface drains or failure to keep sumps pumped down can also cause the water table to



rise. Subsurface drains can become clogged by sediment and chemical or biologically-
induced precipitates.

Other Salinization Causes and Sources

Runoff of de-icing road salts, inappropriate salt mine and storage cavern
discharges, and landfill and salty waste leachates can contribute to soil salinization. Spills
of chemicals such as hydrochloric acid and water softener salts may also be a cause of
soil salinization. Overwithdrawal of freshwater from aquifers and resulting saltwater
intrusion is occurring in many parts of the world including the USA. These conditions
can deteriorate the quality of irrigation water.

OTHER PROPERTIES OF BORON,
BROMIDE, CHLORIDE, AND SULFATE

Bromide and Chloride

Compared to chloride, bromide tends to become- enriched in formation waters
associated with marine sediments and oilfields. This is primarily due to the enrichment of
bromine in organic matter, a precursor to oil. Waters in contact with organic-rich
materials may then become enriched in bromide during the decomposition of the organic
matter. Bromide also tends to be enriched in residual evaporite brines because halite
(NaCl) precipitation excludes most bromide ions. Some formation waters associated with
oilfields derive their high salinity from trapping of residual evaporite brines by the
sediments deposited in the evaporitic basin. As a result, Br/Cl ratios are usually greater in
formation waters associated with oil and gas fields than in saltwaters generated by
dissolution of rock salt (halite).

When formation brines are diluted by freshwater, both the bromide and chloride
concentrations decrease at about the same rate because the freshwater contributes little to
the concentrations. Therefore, the Br/Cl ratio doesn't change appreciably until the water
becomes much less saline. As the water salinity approaches that of the freshwater, the
Br/Cl ratio begins to change at a greater rate as the percentages of bromide and chloride
from the formation brine decrease.

Concentration of bromide and chloride in freshwater or slightly saline water by
evapotranspiration water loss in soils increases the contents of each constituent at
essentially the same rate. Therefore, soil salinity generated by inappropriate land
management generally contains Br/Cl ratios within the range of the initial soil or shallow
groundwater.

If the initial water was somewhat saline due to dissolution of halite in the rocks
underlying the soils, the Br/Cl ratio in the saline water generated by the
evapotranspiration process will usually be less than that of formation waters associated
with oil and gas fields. However, because precipitation and very fresh groundwaters and
soil solutions can have Br/Cl ratios in the range of formation waters, the difference in the
Br/Cl ratio of saline soil waters generated by inappropriate land practices from the Br/Cl



ratios of oilfield waters can be small. In that case, the use of sulfate/chloride ratios can be
valuable.

Sulfate

Compared to chloride and bromide, sulfate is very active both biologically and
chemically. It undergoes a greater degree of anion exchange, and combines with various
cations into a number of minerals ranging from very insoluble (e.g., barite, BaSO4), to
somewhat soluble (e.g., gypsum, CaSO4:2H2O), to very soluble (e.g., thenardite,
Na2SO4).

The utility of sulfate is further complicated by its increasing solubility as salinity
increases (a factor about three). Sulfur is also susceptible to oxidation and reduction
interactions with sulfate and sulfide as the predominant respective end products. As a
result, sulfate is a less "conservative" fingerprint compared to boron isotopes and Br/Cl
ratios.

In typical conditions of soil salt accumulation, SO4/Cl ratios decrease once
evapotranspiration causes salt contents in the soil solution or shallow groundwater to
exceed gypsum solubility. This condition decreases the dissolved sulfate by precipitating
it as gypsum. Precipitation of gypsum also requires substantial concentrations of
dissolved, free calcium.

Sulfate to chloride ratios tend to be very low in oilfield brines where sulfate has
been chemically reduced to dissolved sulfide and then precipitated as sulfide minerals.
The ratios are often much lower than in soil solutions and shallow groundwaters
subjected to gypsum precipitation during evapotranspiration-induced concentration of
salts.

CALCULATING AND
PLOTTING MIXTURE CURVES

The number of interactions to which ions (and to some extent isotopes) of
interest are susceptible requires that analytical data be obtained for the most appropriate
samples. Although general assumptions can be made using published data for certain
types of water, the results are unlikely to be as accurate as for samples of the actual
waters of concern. Among reasons for this are uncertainties in actual salinity sources,
alteration in soil water chemistry over time,, and differences in produced water
chemistries depending on the particular strata from which the water derives.

Published data useful for salinity source identification based on boron isotopes
can be obtained in reference (7), and on chloride, bromide, and sulfate concentrations in
references (14 - 21).



Water Mixture Calculations

When a volume of one water is mixed with a volume of another water with
different chemical characteristics, the concentration of a dissolved ion of interest can be
calculated using equation 2.

Cm = CsV + Cr (V - 1) (Eq. 2)

where: Cm,  Cs,  and Cr = concentrations of the ion of interest (e.g., Br, Cl, or SO4) in the
final mixed water, the salinity source water, and the water with which the salinity
source is mixed, respectively, and
V = volume fraction of the salinity source.

Equation 2 requires that the ion of interest is completely dissolved prior to and
after the two waters are mixed. In other words, the ion of interest is not changed in
concentration by mineral precipitation, or adsorption on surfaces in contact with the
water. is rarely an issue with chloride and bromide (due to their extreme solubility), but
may occasionally be of concern for boron (which may somewhat enrich one isotope
during biotic or ion exchange interactions), and is sometimes an issue with sulfate (which
can precipitate as a variety of minerals of varying solubility depending on the
composition of the two waters.

If the constituent concentration and volume of the water contaminated by a saline
water, and the concentration of the constituent in the known saline source water are
known, the volume of the saline source can be estimated from equation 2. If the source of
salinity is uncertain, equation 2 can be used to calculate the expected change in
concentration in a constituent given a range in volumes of different salinity sources and
the composition of the water with which it mixes. If equation 2 is first used to calculate
the change in concentration of one constituent with different volumes of a salinity source
and the receiving water, and then used for a similar computation for a second constituent,
the change in the ratio of the two constituents with mixing volumes can be calculated
from the separate results.

Data from such calculations can be used to plot a curve showing the change in a
constituent ratio for mixtures of the saline source and receiving waters. Chloride is
usually the constituent of interest that represents the magnitude of the salinity problem.
Thus, the graph with the mixing curve is drawn for the ratio as one axis and chloride as
the other axis. The endpoints of the curve are the low-chloride receiving water and the
higher-chloride saline source.

In order to determine the possible end points to use in the mixing-curve
calculation, chloride, and bromide or sulfate concentration ratio data are collected for
samples of the potential saline source (e.g., a produced water), and if possible, the water
representing the receiving water prior to the contaminating event. The ion ratios and
chloride concentrations for the mixing curve are then plotted along with points for the ion
ratio and chloride concentration for samples of the contaminated water.

Comparison of the location of the points for contaminated water relative to
mixing curves of the receiving water with potential saltwater sources can then be used for
studying potential source identification. The interpretation involves consideration of the



possible range of the end-point ratios for the receiving and source waters, and the error in
the analytical determinations. In addition, the interpretation should consider the effects of
multiple mixtures if more than one type of saltwater source is possible.

The chemical composition of the contaminated water and the end-point waters
can be used to calculate the volume ratio of mixing if the point for the contaminated
water lies on or close to the mixing curve for the receiving and saltwater source waters.
In some cases, the data can be used to compute the volumes and chloride contributions
from two saltwater sources such as natural rock-salt dissolution and oilfield brine
contamination.

The δ11B of a mixture of waters is a function of the saline source water and the
receiving water, and the dissolved boron concentration and percent volume contribution
of each water in the final mixed water. The equation used to calculate the resulting δ11B
is given in equation 3.

δ11Bm = (((δ11Bs)(Cs)(%s)+(δ11Br)(Cr)(%r))/((Cs)(%s)+(Cr)(%r))) (Eq. 3)

where: m, s, and r represent mixed, saline source, and initial receiving waters, respec-
             tively, and

C and % represent boron concentration and percent by volume, respectively.

BORON ISOTOPE CASE STUDY
The ubiquity of B in surface, ground, and formation waters and the wide

variation in B isotopic signatures in natural as well as man-influenced sources, allows the
use of B as an intrinsic tracer. Recent specific applications of B as in intrinsic tracer
include: 1) the ability to detect municipal wastewater recharging an aquifer, 2) to
compute percentages of mixing of contaminated groundwater from different sources, and
3) the ability to distinguish natural saline water from oilfield brine.

Wastewater derived from municipal treatment plants or even septic tanks carries
a B isotopic signature that is somewhat unique, varying over a narrow range from 2 to 6
per mil. This is important because the local source waters used in waste treatment plants
are highly variable. The explanation for this is that the B in wastewater is derived from
detergents and soaps, and the B in these products is obtained primarily from the same
source - playa lakes in California. Wastewater in Tucson, AZ and in Los Angeles, CA is
being tracked as it recharges and mixes with native ground water. Even though in some
cases the background ground water has similar chemical composition, the isotopic
signature is distinct and the waters can be easily distinguished (6, 22).

Some waters are carrying contaminants that change chemical form along the flow
path, such as nitrate from agricultural, industrial, or wastewater sources. Tracking the
movement of nitrate is imprecise because of these redox transformations to other nitrogen
forms. B isotopes can be helpful in this instance because the source waters have different
B isotopic signatures (23). In a study in Avra Valley, Arizona the water sources were
differentiated using the B signature. Here the nitrate-laden water (i.e., the contaminant
water) is distinguished by the B present as a co-migrating species (23).



The water sources can not only be distinguished, but the mixing percentage of the
various waters can be determined if the endmember compositions are known. Figure 1
illustrates the mixing calculation and the ability to distinguish small percentages of a
water (e.g., leachate from a contaminated source) with higher B concentration from
waters with low B concentration, which is typically the case with contaminated water
having elevated B from industrial processes that concentrate the water.

Similarly, the application to oilfield brines is straightforward. The B isotopic
ratio in oilfield waters is often quite different from saline waters derived from natural or
non-oilfield related sources. Figure 2 is an example of the ability to distinguish several
water types from a site in west Texas by combining the B concentration, B isotopic value
and the Cl concentration. Note the large separation between the near surface saline water
signature and the saline oilfield water.

B can be extracted from the water or the soil and analyzed for the isotopic
signature. It is important to note that the isotopic ratio is a comparison of the percentages
of a given isotope in a sample. Consequently the concentration of the B in the sample is
not as important. This allows the method to be used in evaporated water because the ratio
remains the same even though the B concentration is changing as evaporation progresses.

ANION RATIO CASE STUDIES
Concentrations of conservative constituents in water change mainly by three

types of mechanisms: mixing of waters with different compositions, concentration of
dissolved contents by evapotranspiration loss of water, and dissolution and precipitation
of substances containing the constituents. Evaluation of anion ratio changes with
increasing salinity is particularly helpful for source identification because the effect of
evapotranspiration, during which ratios remain essentially constant, can be more easily
contrasted with changes in ratios for the mixing of freshwaters and saltwaters of different
composition.

Chloride is usually the most conservative constituent in waters. Therefore,
chloride serves as the best representative of salinity. Anion ratios such as Br/Cl and
SO4/Cl can be plotted versus chloride concentration and compared to mixing curves for
different end-member waters (15). Even where sulfate is affected by some differential
removal by mineral precipitation (usually gypsum) during evapotranspiration
concentration of salts, the change in the anionic ratio can be diagnostically different from
the change produced from end-member mixing.

General Example

In one case (12) saline waters were generated due to changes in watershed
drainage near the surface of dry land-cropped watersheds in northwest Oklahoma. As
reported in (15), replacement of perennial vegetation with annual or seasonal vegetation
and installation of erosion control terraces resulted in increased leaching of evaporite
minerals in weathered zones beneath the cropland. Water that had previously been
trapped and transpired by plants or had run overland as surface runoff, began to recharge
to the weathered zone of the bedrock and dissolve salts in this zone. The recharge raised
the level of groundwater that then flowed to low areas of the landscape. The near-surface



groundwater in the local low areas allowed increased evapotranspiration that
concentrated salts in the root zone. Restricted plant growth due to increased salinity
slowed transpiration of water, which also minimized salt removal by plants. The process
generated saline soil waters with both high sulfate and chloride concentrations.

Kansas Case Study

Salt scars and saline soil waters were found in low areas at two sites about 0.5
mile apart in two adjacent oil fields in Coffey County, southeast Kansas, during the early
1990’s (Figure 3). The sites overlie alluvium of the Neosho River valley. The bedrock
underlying the alluvium and forming the valley wall over two miles to the northeast
comprises shale and sandstone of the Pennsylvanian Douglas Group. The most probable
sources of shallow salinity were thought to be either oil brine or concentration of
dissolved solids by evapotranspiration in saturated and poorly drained soils or oil-field
brine. Many oil wells exist in the vicinity and produce from the "Squirrel sand" in the
upper part of the Cabaniss Formation near the top of the Cherokee Group. Enhanced
recovery of oil by waterflooding started in 1969 on one oil lease and in 1974 on the other
lease. Oil-brine spills and leaks are known to have occurred in the area in the past.

Samples were collected by a state agency from a borehole augered into a surface
salt scar on each of the two leases (Table 2). The saline water sample from one salt scar
(B1 in Table 2) was obtained from a 4-ft deep borehole in clay loam at a naturally low-
lying area. Another shallow water sample (B2) was collected to represent apparently un-
affected background conditions from a borehole augered to 5 ft in a soybean field about
150 ft south of and at a surface elevation approximately 1.5-2 ft higher than for borehole
B1. The saline water (M1) from the other salt scar was collected from a 2-ft borehole in
silty loam. Associated background sample M2 was obtained from a 3-ft borehole in silty
loam about 200 ft upslope of M1. An oilfield brine was collected from the saltwater tank
on the lease within which the M samples were located. The saltwater in the tank is a
mixture of brines produced from many oil wells on the lease. The Kansas Geological
Survey analyzed the waters and these data have been rounded to the nearest consistent
decimal point in Table 2.

Both borehole samples from the surface salt scars contain comparable chloride
concentrations that are both substantially greater than either of the upslope background
soil waters. However, sulfate concentrations for both B site samples (salty and
background locations) are appreciably higher than for either sample from the M site. In
addition, the sulfate concentration in the M2 background sample was somewhat higher
than in the more salty M1 sample. Bromide concentrations in both salty samples were
comparable, and higher than in both background samples.

Salinity sources were identified using mixing graphs of Br/Cl ratio versus
chloride concentration and SO4/Cl versus chloride concentration. Both the Br/Cl graph
(Figure 4) and the SO4/Cl graph (Figure 5) contain two pairs of conservative mixing
curves. In accordance with data, background B2 and M2 samples in Figures 4 and 5 are
positioned at the lowest respective chloride levels, and the B1 and M1 saltier samples are
positioned at the highest respective chloride levels. The dashed line and solid line curves
represent potential mixing outcomes if the oil brine mixed with the M2 background
sample and B2 background sample, respectively. If the M1 salty sample falls within the
dashed line potential mixing curves, then mixture of the respective background sample



M2 with the oil brine could have resulted in the M1 data obtained. Likewise, the B1 salty
sample could have resulted from oil brine impact if it lies within the solid line mixing
curves.

The Br/Cl ratios for the two saltwater end points for both pairs of curves (Figure
44) are based on the combined analytical error in the oil brine analysis and an additional
5% for possible natural variation in the oil brines in the area. The Br/Cl ratios of the
lower-chloride end points for the curves were calculated from the analytical error plus
20% for the additional natural range possible in the ratios.

The dashed and solid line mixing zone curves are drawn to test the hypothesis:
Do the saline soil waters from the salt scars fit the mixing of the upslope soil waters with
oil brine. If the saline waters fit within the respective mixing zones, results are considered
consistent with oil brine as an origin of salinity. As Figure 4 indicates, both of the points
for the saline borehole waters fit within the respective mixing zones for oil brine as the
potential source of contamination.

An alternative mechanism to be considered is whether the salt scar salts could
result from evaporative concentration of surface water or soil water. If the surface salt
scars have little or no vegetation, the main concentration process would be evaporation of
surface water or soil moisture wicked upwards by capillary action. The Br/Cl ratio would
be expected to remain essentially constant as the dissolved solids concentrated during
water loss. No detectable fractionation would be expected to occur in the soil moisture
unless appreciable amounts of the mineral halite (sodium chloride) were precipitated. The
chloride concentration at which halite would start to precipitate is approximately 190,000
mg/L at the mean annual temperature of the shallow subsurface at the site. The saline
borehole waters are appreciably below this concentration indicating that the Br/Cl ratios
would not be altered because halite precipitation would not occur.

Based solely on Br/Cl ratios in samples M1 and M2, evapotranspiration alone
(i.e., oil brine not necessarily a factor) could explain the salinity concentration in location
M1. However, the oil brine has the same Br/Cl ratio as both samples M1 and M2 which
suggests oil brine (as noted by potential mixing curves above) could also be causative
based on Br/Cl ratios alone. Thus, for the M1 location, the Br/Cl ratios alone indicate that
the following are possible: Salinization of M1 may be due to a) evaporation alone, b)
impact of oil brine, or c) both.

In contrast, again based solely on Br/Cl ratios, concentration of salts by
evapotranspiration cannot be the sole origin of B1 salinity, because the nearby upslope
B2 water has an appreciably lower Br/Cl ratio. Again, the B1 salinity has the same Br/Cl
ratio as the oil brine. Thus, for the B1 location, the Br/Cl ratios alone indicate that oil
brine is the most probable cause of salinization.

A plot of the SO4/Cl mass ratio versus chloride concentration (Figure 5) for the
water samples assists in distinguishing the relative importance of oil brine versus
evapotranspiration as salinity origins. Data in Table 2 is consistent with other
observations that the sulfate/chloride ratios of oil-field brines in Kansas are generally
much lower than for near-surface ground waters that derive salinity from
evapotranspiration of fresher waters.



Each pair of curves in Figure 5 represents a mixing zone as described above for
Figure 4. The SO4/Cl ratios for the two saltwater end points for both pairs of curves are
based on sulfate concentrations of 1 and 5 mg/L (to accommodate the <5 mg/L oil brine
data) and +20% of the chloride concentration of the oil brine. The SO4/Cl ratios of the
lower-chloride end points for the solid curves were calculated from the analytical error
plus 50% for the additional natural range possible in the ratios.

The greater range in SO4/Cl ratios at lower chloride concentrations used in Figure
5 in comparison for Br/Cl ratios in Figure 4 at similar chloride values is expected because
the natural range in SO4/Cl ratios is greater than for Br/Cl. For example, compare the
orders of magnitude in the ratio axes on the two figures. Part of the curve forming the
lower boundary of the mixing zone for site B coincidentally overlies part of the curve
forming the upper boundary of the mixing zone for site M. This has no significance and
is simply noted to help assist the reader in examining Figure 5.

Figure 5 indicates that the M1 datum is consistent with the hypothesis of mixing
of fresh M2 water and oil brine because the point for M1 fits within the dashed-line
mixing zone. The combination of both the Br/Cl and SO4/Cl relationships with chloride
content for M1 water strongly indicate that oil brine is the primary source of salinity and
evapotranspiration concentration is not a significant factor.

Figure 5 shows that sample B1 does not fit the mixing of B2 water with oil brine
as the sole origin of the water chemistry because the point does not fit within the solid-
line mixing zone. However, the SO4/Cl ratio of water B1 is substantially lower than that
of B2 indicating that evaporation or evapotranspiration alone could not produce the
salinity. The sulfate content of water B1 is also much too low for a decrease in the SO4/Cl
ratio to have occurred as a result of fractionation from precipitation of gypsum.

The horizontal arrow in Figure 5 suggests a mechanism for the salinity origin. If
oil brine leaked or spilled at or near the surface and flowed to the location of sample B1
and mixed with water similar to sample B2, the resultant mixture would be expected to
plot near the left end of the horizontal arrow. Oil-brine contaminated water at the surface
and in the soil at the low area around B1 could then be concentrated by
evapotranspiration; the sulfate and chloride concentrations would both increase whereas
the ratio would remain the same. The arrow in Figure 5 indicates the progress of the
constant sulfate/chloride ratio of sample B1 during chloride concentration resulting from
the subsequent evaporation period.

In order for the combined mechanism for the salinity origin of water B1 to be
consistent with the Br/Cl relationship in Figure 4 (i.e., for a similar horizontal arrow to be
drawn to the point for B1 and still have the left end of the arrow fall within the Br/Cl
mixing zone with solid curves), the evapotranspiration concentration factor could not
exceed a value of about 2. The combined Br/Cl and SO4/Cl relationships suggest that oil
brine could have increased the chloride concentration of water from B2 (557 mg/L) by a
factor of about 2-3, followed by evaporation or evapotranspiration further increasing the
salinity by a factor of approximately 1.5-2 times, to give the observed chloride
concentration of 2,470 mg/L.

These ion concentration and anion ratio vs chloride plots indicate that the
probable cause of increased salinity at the B1 and M1 sites is most likely contamination



by oil brine, and that evaporation of natural site B2 and M2 background water alone
cannot be the cause of the salinization.

Oklahoma Case Study

As noted above, saline soils and near-surface groundwater can also be formed by
filling the natural drainage ways in low areas. Natural drainageways act to decrease the
local water table in the vicinity of the low areas by routing surface water runoff away
from almost flat toe slopes. Filling almost flat toe slopes and depressions captures runoff
water and results in a more elevated water table in low spots during and after wet periods.
When the water is close to or at the surface and the climate is dry, evapotranspiration can
substantially increase salinity.

As previously reported in (15), an example of this situation occurred in an oil
field area of south-central Oklahoma where landowners believed oilfield operations to be
the cause, even though the oil wells were at a lower elevation on the land surface than
nearly all the saline soils and shallow groundwaters of concern. The landowners also
thought that the oil field operation was the source of salinity in two unused water wells
that could only produce water at <1 gpm. Bedrock underlying the properties was mainly
sandstone, siltstone, shale, and some limestone of Middle Pennsylvanian age.

Figure 6 shows data for groundwaters from the two unused and four shallow
monitor wells on the properties, two wells outside the property screened in Pennsylvanian
strata, and oil brine produced on the properties. The dashed mixing curves indicate the
potential zone of mixing between freshwater and the oil brine, and the solid mixing
curves form the boundaries for mixing freshwaters with the saline groundwaters on the
properties.

The range in the end points for the freshwater Br/Cl endpoints was also based on
other freshwater data for Oklahoma. The Br/Cl range is relatively large for the saline
groundwaters but still contrasts with the curves showing the mixing of freshwater and oil
brine. However, an alternative explanation might be hypothesized for a mixture of natural
salinity and oil brine as sources of elevated chloride concentrations.

As shown in Figure 7, a mixing plot of SO4/Cl versus chloride concentration
helped rule out oil brine as contributing to the salinity. The solid mixing curves form the
boundaries for mixing freshwaters with natural salinity sources. The solid curves were
chosen to enclose points for water samples from ponds in the area, water wells outside
the property, all the water samples from soil boreholes, and the four shallow monitoring
wells. Points for analyses of soil leachates (not shown) either plot within (most of the soil
leachates) or above the same freshwater and natural sources zone.

Points for the groundwaters from the two unused wells on the properties plot near
the middle of the same natural conditions zone in Figure 7. Thus, formation of salinity in
both the shallow groundwaters and the soils in the low areas of drainage and seeps also
fits the evapotranspiration concentration of natural soil moisture and groundwater. The
SO4/Cl ratio remains essentially within the same range at low- and high-chloride
concentrations as expected for consumption of water and retention of both dissolved
sulfate and chloride. The relatively wide range in the SO4/Cl values results from some
fractionation of sulfate relative to chloride during precipitation and leaching of solid salts



in the soils, as well as the range in the ratio of the original soil waters. The average ratio
of the soil waters is in the range of the groundwaters from the wells used for or drilled for
water supply.

The SO4/Cl ratios for all samples of oil brines from the producing field are very
low. Most of the sulfate concentrations in the oil brines were below detection limits and
thus are plotted on Figure 7 at the mass ratio 0.0001, even though the actual ratios would
be lower. The figure indicates that the increase in chloride concentration for the
groundwaters on the properties does not reflect mixing freshwater with oil brine.

Cation relationships also helped in the identification of the groundwater salinity
as natural for the two unused water wells. The (Ca + Mg)/Na ratios were very low and the
Na/Cl mass ratios were near or >1.0 for water from both wells. These data fit the slow
flushing of natural remnant salinity in the lower permeability rocks by rainfall recharge.
The recharge is softened by cation exchange with clays with high-sodium content as it
flows through the near-surface strata, just as water would be softened (decrease in
calcium and magnesium concentration) by flowing through a conventional water
softener. If oil brines were spreading from producing or injection wells toward the water
wells, opposite cation relationships would be expected, i.e., the sodium in the brine would
be adsorbed and exchanged for calcium and magnesium on the clays and the (Ca +
Mg)/Na in the groundwater would increase.

Corroborating evidence that the cause of salinization of the wells was not due to
oil brine at the above site was provided at a location about 4 miles distant. Data at this
second location provides a good contrast to salinization derived from natural sources and
evapotranspiration concentration.

The bedrock of the area to the west is sandstone, siltstone, and shale of Lower
Permian age. The Br/Cl ratio of oil brine sampled from the upgradient direction of
groundwater flow (and suspected of causing the problem) was somewhat higher than that
for brine produced from the location illustrated in Figures 6 and 7. The SO4/Cl ratio was
also very low. Chloride concentrations in the contaminated groundwater ranged up to
>10,000 mg/L.

Data for all the groundwaters sampled plotted within the zone of mixing of
freshwater and oil brine on both Br/Cl and SO4/Cl ratio versus chloride concentration
graphs. The (Ca + Mg)/Na ratios were relatively high and the Na/Cl mass ratios of all
samples with chloride concentrations >250 mg/L from the water supply and monitoring
wells fell within 0.24 to 0.40. These data fit the expected hardening (increase in calcium
and magnesium relative to sodium concentration) of groundwater that would be caused
from recent movement of oil brine into the aquifer.

Figures 6 and 7 also include two points (K) for analyses of waters in a drainage
ditch, and from a 5-ft deep borehole in a salt scar that formed in an oil field in Harper
County in south-central Kansas (a county bordering the Oklahoma state line). The salt
scar occurred in a low topographic area much like that described in (12).

 The bedrock is Permian and contains some evaporite minerals. Both sulfate and
chloride concentrations in the waters were high. The Br/Cl ratios of oil brines in the
region are typically >0.003 (Br/Cl x 104 >30) and the SO4/Cl ratios substantially <0.01.



Both the Br/Cl and SO4/Cl ratios for the salt-scar waters in south-central Kansas
plot within the zone of mixing of freshwaters and salinity from natural and evaporation
sources on Figures 6 and 7. Although the oil brines for the area have lower Br/Cl ratios
than for the south-central Oklahoma location, the Br/Cl values of the salt-scar samples
are also generally lower than the shallow Oklahoma groundwaters. Thus, a figure similar
to that of Figure 6 could be generated only for the Kansas site by shifting the set of
curves to lower ratios.

The chemistry of the salt-scar waters indicated that the main source of salinity fit
concentration of salts in soil waters by evapotranspiration in a similar manner as in the
north-central Oklahoma case (12). Although oil-brine contamination could have been
included in the mixture, the amount would have to have been minor.

CONCLUSIONS
Salt scars and saline soil waters can form from natural processes, land use

changes, and oil-brine spills. These processes are generally more prevalent, but not
exclusive to areas where there are natural sources of salinity such as evaporite minerals in
soils and rocks, and where the climate is semi-humid to semi-arid. Saltwater
contamination from human activities in these environments can make identification of
salinity sources affecting soils challenging.

Application of potential mixing based on 11B/10B, SO4/Cl and Br/Cl ratios can
greatly assist in answering salinity source questions. Identification of both potential and
improbable source waters can be obtained from these ratios. The results must be
examined as a consistent whole and interpreted within the framework of soil and bedrock
characteristics, land use, site topography and hydrology, oil-brine data, and water
chemistry.
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Table 1. Typical ion and isotope concentrations and ratios of characteristic waters.

Water** Chloride Br/Cl SO4/Cl 11B/10B δδδδ11B
(ratio) (mg/L) (ratio) (ratio) (ratio) (per mil, or ppt as 0/00)

Fresh Surface
&

Groundwater

0.1
to

100

0.0003
to
0.1

0.05
to
50

-- --

Seawater 19,400 0.00347 0.130
4.200

to
4.236

38.7
to

47.6

Dead Sea 207,000 0.0286 0.0026 -- --

Natural
Evaporite

Brine

10,000
to

250,000

0.00006
to

0.0005

0.03
to
0.4

3.918
to

4.244

Marine      Non-Marine
20.7             -31.3
to                   to
31.5               7.3

Oil and Gas
Brine

<10,000
to

270,000

0.0005
to

0.04

<0.00005
to

0.05
-- --

(Summarized from Bassett, 1990 (ref 7), Whittemore, 1988 (ref 14), and others)
*  General ranges presented.
** Many additional water types/geologic origins with characteristic ratios not shown.

Table 2.  Constituent concentrations and mass ratios for water samples from Coffey County, KS.

Sample EC Cl SO4 Br (Br/Cl)4 SO4/Cl
(dS/m) (mg/L) (mg/L) (mg/L) (ratio) (ratio)

Soil borehole B1, 4-ft deep 8.0 2,470 377 8.1 32.8 0.153
Soil borehole B2, 5-ft deep 2.7 557 179 1.1 19.8 0.321
Soil borehole M1, 2-ft deep 8.6 2,880 37 10.5 36.5 0.013
Soil borehole M2, 3-ft deep 1.0 47 59 0.2 38.2 1.260
Produced oil brine* 86.0 36,330 <5 132.0 36.3 <0.001
* Collected from brine tank that receives saltwater produced from different oil wells.
Bromide/chloride ratios shown are X 104.
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ABSTRACT

Evaporation is an economical way to dispose of oil and gas produced water in
warm, arid climates. During colder seasons, it is not effective. The freeze-thaw
evaporation (FTE) process couples freezing with evaporation. By combining these
natural processes, produced water can be treated economically on a year-round basis in
colder climates. Another feature of the FTE process is that treated water purified to a
quality suitable for beneficial use can be produced from the freezing process.

The FTE process is being successfully applied in the treatment of natural gas
produced water in the Green River Basin at the McMurry Oil Company evaporation
facility in the Jonah gas field. The objectives of the commercial deployment at the Jonah
field are to reduce produced water management costs and maximize beneficial use of the
water. The concentrated brine produced during the FTE process at the Jonah field can be
used in deep drilling operations (> 2200 ft) and is being evaluated for use in well
stimulation. Potential uses for the treated water are road spray for dust control, near
surface drilling operations (0-2200 ft), and water for livestock.

This paper provides a summary of the results of the commercial FTE

deployment at the Jonah field. The quality and yield of process streams are provided
along with process economics.



INTRODUCTION

Natural gas production in the state of Wyoming is increasing. The expansion of
coal bed methane production in the Powder River Basin is rapid in spite of issues related
to produced water discharge and ownership of the resource. Further, deep drilling and
new completion and stimulation technologies are resulting in drilling in many fields
throughout the state that previously could not be economically produced.

The freeze-thaw evaporation (FTE) process is a technology that has been
successfully applied in the Rocky Mountain states of Wyoming and New Mexico. Given
the climatic conditions of these locations, the process which couples evaporation with
freezing is well suited for these regions.

Evaporation ponds are commonly used for produced water disposal in arid
climates of the United States and Canada. Low construction costs and low operating costs
make them an attractive choice for natural gas producers. Their limitation lies in the fact
that they can only be utilized when seasonal temperatures and climatic conditions
promote evaporation. Coupling evaporation with water purification by freezing addresses
the problem of seasonal usage of evaporation ponds. Freezing the water reduces the
volume of water that must be disposed by purifying the water to a level that is acceptable
for beneficial uses such as watering livestock and agricultural irrigation. In the Jonah gas
field, located in Wyoming’s Green River Basin, the FTE process is being used at the
McMurry Oil Company evaporation facility to produce treated water and a brine solution
suitable for re-use in near surface (treated water) and deep drilling (brine).

THE FTE PROCESS

The fundamental concepts of the FTE process are simple. Evaporation takes
place seasonally when the temperatures and climatic conditions promote it. Freezing
occurs when the ambient temperature drops below 320F. Constituents in the produced
water lower the freezing point below that of pure water. However, when the produced
water is cooled below 320F, relatively pure ice crystals form, along with an unfrozen
solution (brine) that contains elevated concentrations of constituents. Because of the
brine’s high constituent concentration, its density is greater than that of the ice, and the
purified ice and brine are easily separated. Coupling the natural processes of freezing and
evaporation makes the FTE process an effective and economic method for treatment and
disposal of produced water, and allows for year-round operation of the facility.

When the ambient temperature drops below 320F, produced water is
automatically pumped from a holding pond and sprayed onto a freezing pad (Figure 1).
The freezing pad consists of a framework of piping with regularly placed, upright,
extendable spray heads similar to those used to water lawns. (Figure 2 – Photo of Jonah
set-up). As the spray freezes, an ice pile begins to form. The high salinity brine, identified
by its high electrical conductivity is separated and pumped to a pond where it can be
utilized in deep drilling applications. As the ice pile increases in height (Figures 3 –7 –
Photo of ice piles), the sprayers are extended. When the ice on the freezing pad melts, the
purified water is pumped from the freezing pad and discharged or stored for later
beneficial use. No new wastes are generated by the FTE process. In Wyoming, the



freezing period may begin as early as November and continue into April. Evaporation can
occur from May through October. Because of the similarity between an FTE facility and
a conventional evaporation facility, retrofitting an existing conventional evaporation
facility can be easily accomplished.

FTE IN THE GREEN RIVER BASIN

Efforts to commercialize the FTE process began in the early 1990s with
research sponsored by Amoco Production Company, Gas Research Institute and the US
Department of Energy. Numeric process and economic modeling, as well as a bench-
scale process simulation, were conducted by BC Technologies, Ltd. and the University of
North Dakota Energy and Environmental Research Center (EERC) between 1992 and
1995. The results confirmed that the FTE process was technically and economically
feasible and ready for demonstration in the field.

A conventional evaporation facility operated by Amoco Production Company in
the San Juan Basin of New Mexico was selected and converted to an FTE facility. The
field evaluation was conducted from 1995 through 1997. Results of this demonstration
confirmed that the FTE process had significant commercial economic potential. Selected
results from the field evaluation are summarized in Tables 1 and 2.

The success of the FTE process in New Mexico field evaluation led to the
decision to commercially deploy the process. McMurry Oil Company, a producer with
gas wells in the Jonah field of the Green River Basin in Wyoming, agreed to convert a
conventional evaporation site into an FTE facility. To achieve this, two freezing pads
(0.45 acre in size) were added to the facility along with brine evaporation and treated
water storage ponds that were added the following fall. The commercial deployment of
the FTE process was initiated in February 1998 with approval from the Wyoming Oil
and Gas Conservation Commission. Although the late start date and unusually warm
spring severely limited throughput to the freezing process, the FTE plant was
successfully operated at temperatures below –200 F and treated water of a quality suitable
for a variety of beneficial uses was produced. This was encouraging considering a
positive net production of ice was possible for only two weeks of operation, climatic
conditions did not allow for aging of the ice pile (which in previous research correlated
strongly with treated water quality), and the feed water was predominantly from “frac
flow-back” which is more complex, and in turn, difficult to treat than conventional
produced water. The evaporation phase of the process began in May 1998 and continued
through October 1998. During that period, 34,300 bbl of water was evaporated.

Freezing began again in the fall of 1998 and continued through April of 1999.
During that period, 17,300 bbl of water was fed to the freezing pads and yielded 9,500
bbl of treated water and 5,900 bbl of brine solution. The total dissolved solids (TDS)
concentration of the feed to the freezing pads was 22,800 mg/l. The treated water had a
TDS concentration of 1,210 mg/l and is suitable for re-use in near surface drilling
applications (<2,200 ft depth). The brine produced had a TDS concentration of 66,900
mg/l and is suitable for re-use in deep drilling operations. In addition, suitability of the
brine for re-use in well stimulation operations is also being considered due to its high
potassium chloride concentration (> 3%). Selected results of chemical analyses of the



feed, treated water and brine from the FTE commercial deployment in the Jonah field
are provided in Table 3.

Because of the success of the FTE process in treating produced water and ability
to utilize the products of the process, the McMurry Oil Company had decided to continue
the operation at its site in the Jonah field.

THE FUTURE OF FTE IN THE ROCKIES

Because of the success of the FTE process in treating the produced water and
the decision by McMurry Oil Company to continue operation at its site, Crystal Solutions
(CS), LLC, was formed to conduct efforts related to FTE commercial operations. CS
has obtained required permits for commercial FTE operations in the Great Divide
Basin of Wyoming from the Wyoming Department of Environmental Quality and Carbon
County. The CS facility is sized to process 600 bbl/day and is currently under
construction.

CONCLUSIONS

The FTE process has been clearly demonstrated as a technology that, when
properly located and operated, can provide significant water management cost savings to
natural gas producers. It is most effective in arid climates with sub-freezing temperatures
that are sustained (at least diurnally) throughout the winter months. This process of
coupled evaporation and freezing allows producers an economic alternative to manage
produced water on a year-round basis.

In addition, results compiled from the deployments in the Green River Basin and
the San Juan Basin show that FTE is a viable process capable of producing water
suitable for a variety of beneficial uses such as road spray, livestock watering, irrigation,
and re-use in drilling and production operations. McMurry Oil Company’s latest
innovation of re-using both the treated water and brine solution for their drilling
operations opens the door to the possibility of further production savings for natural gas
producers. Water treatment using the FTE process can also be applied to treating oil and
gas residuals found at refinery or gas treatment plants and other industrial waste waters.

For more information about the Freeze-Thaw/Evaporation (FTE) Process, contact
any of the following individuals:

• John Harju, GRI, 8600 West Bryn Mawr Ave., Chicago, IL 60631-3562. Phone:
(773)-399-8198. E-Mail: jharju@gri.org.

• John E. Boysen, B.C. Technologies, Ltd., 507 Ivinson St., Laramie, WY 82070.
Phone: (307)-742-5651. E-Mail: BCT01@aol.com.



Table 1. Quality of Process Streams – FTE Field Evaluation in New Mexico’s San Juan Basin
during the Winter of 1996-97.

Feed Treated Water Brine
TDS, mg/L 12,800 1,010 44,900

EC, µS 16,200 1,670 45,700
Total Alkalinity
(CaCO3), mg/L 9,380 700 35,550

% of Feed -- 52.9 20.1

Table 2. Treated Water Quality – FTE Field Evaluation in New Mexico’s San Juan Basin during
the Winter of 1996-97.

T1-T10 T6-T10 T9 T10
% of TW Yield 100 50 10 10

TDS, mg/L 1,010 352 438 200
EC, µmhos 1,670 582 718 315

Total Alkalinity
(CaCO3), mg/L 700 243 289 124

VOCs and SVOCs Not Detected Not Detected Not Detected Not Detected

Table 3. Treated Water Quality – FTE Commercial Deployment in the Jonah Field of
Wyoming during the Winter of 1998-99. Analysis Results Summary.

Parameter Feed Treated Water Brine
TDS, mg/L 22,800 1,210 66,900

Total Alkalinity (as CaCO3), mg/L 400 33.4 694
pH 5.4 6.5 5.4

Oil and Grease, mg/L 19.2 <0.1 69.2
Barium, mg/L 3.08 0.62 3.18
Boron, mg/L 14 0.88 44

Chloride, mg/L 10,700 586 34,000
Phenols, mg/L 10 1 31

Potassium, mg/L 6,100 314 17,400
Sodium, mg/L 3,280 171 9,250
Sulfate, mg/L 224 15.8 638

Total Organic Carbon, mg/L 1,300 <100 2,200



 Figure 1. Block-flow diagram of the FTE process

Figure 2. Photo of the FTE pipe grid



Figure 3. Photo of the ice piles at Jonah

Figure 4 – Sunrise at the Jonah FTE site



Figure 5. Ice mountains at the Jonah field

Figure 6. Dawn in Wyoming



Figure 7. Measuring the height of the ice piles at Jonah

Figure 8. The McMurry Oil FTE facility in the Green River Basin of Wyoming



Figure 9. The Crystal Solutions FTE facility location in the Red Desert of South Central
Wyoming.
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ABSTRACT
Produced water represents the largest volume waste stream generated by oil and

gas producers. Because treatment and disposal cost may cause some wells to become
uneconomical to operate, a successful development of downhole separation technology
will have a significant economical and environmental impact on resource development
and utilization worldwide. Within the last few years, interest has developed in separating
oil and water downhole and re-injecting the produced water back into the formation.

Although hydrocyclone separators have been successfully employed for marginal
wells that produce large water-to-oil ratios, significant technical barriers to the
widespread use of this emerging technology exist. The lack of reliable predictions of
hydrocyclone separator performance for either oil in water or for water in oil dispersions
partly contributes to the reluctance of introducing this technology downhole. This paper
discusses the potential of using a cluster of small hydrocyclones (< 10mm) as a means to
separate oil and water downhole in small production tubes.



INTRODUCTION
Produced water represents the largest volume waste stream generated by oil and

gas producers (1,2). In 1985, approximately one trillion barrels of produced water was
generated worldwide (3). In 1996, over 500 million barrels of water were produced in the
Gulf of Mexico (4) and about 12 million barrels in the State of Michigan (5). With the
exception of offshore platforms, most produced water must be reinjected back into the
formation. Within the past few years, industrial interest in separating oil and water
downhole and reinjecting the produced water directly back into the formation, or
elsewhere underground, has increased significantly. A schematic of the concept is
illustrated by Figure 1. Obviously, this innovative approach to processing production
fluids would reduce (or eliminate) waste treatment processes at the surface. Clearly, if
this waste reduction strategy becomes widely deployed, the risk of contaminating
underground sources of drinking water with reinjected produced water will be decreased
significantly. Recently, Veil et al. (2) organized an authoritative review of several
downhole separation strategies.

Downhole separation of gas and water has already been successfully field-tested
and has provided the impetus to explore the possibility of extending this innovative
processing concept to other multiphase fluids (4, 6-8). For example, for wells that
produce large water-to-oil ratios, hydrocyclone separators have shown much promise for
downhole oil/water separation (DOWS). DOWS technology could have an important
economical and environmental impact on energy resource development and utilization in
North America and elsewhere. Although hydrocyclones are presently being deployed
downhole as demonstration projects, the widespread use of this strategy will require a
significant re-design of these compact separators. Fortunately, advances in multiphase
flow research and analysis have been achieved recently due to the availability of laser-
based flow instrumentation, inexpensive computing systems, and improved
computational protocols to further develop the engineering science and technology
needed to advance the state-of-the-art for downhole separation. These enabling
technologies open up new possibilities for developing next generation separators for
downhole use (see Figure 2). A major barrier to the widespread acceptance of
hydrocyclones for downhole separation is the uncertainty in the response of these
devices to changes in operating conditions.

LOW CAPACITY HYDROCYCLONES
Figure 3 illustrates the general concept of a hydrocyclone separator. This inertial

based separator has been used extensively in the process industries (9,10,11). The
general frustoconical shapes available commercially range from simple cylinders to
truncated cones. Current oil/water hydrocyclone separators have a frustoconical shape
and are based on a reverse-flow design with unequal backpressure on the overflow and
underflow streams (12). For high inlet Reynolds numbers, it is well established that
vortex breakdown will occur within a confined vortex chamber if the local swirl number
exceeds a critical value (13, 14). Unfortunately, the core vortex of a reverse-flow as well
as a forward-flow hydrocyclone can become unstable and choke. This phenomenon,



which has been previously studied at MSU for a class of deoiling hydrocyclones
(15,16,17), occurs if the flow split ratio drops below a critical level (18, 19).

Small-diameter hydrocyclones have been employed commercially for
solid/liquid and for liquid/liquid separations for more than fifty years (20,21) and have
recently been studied by Wesson and Petty (22) and Ali et al.(23) for deoiling produced
water. The potential for oil/water separation downhole provides ample incentive to
miniaturize hydrocyclones beyond the commercial scales presently employed.

The Navier-Stokes equation and the continuity equation govern the internal flow
structures within hydrocyclones. For low Reynolds number flows, direct numerical
solutions to these equations can be developed for complex geometries. Figure 4 gives the
dimensions of a low capacity 5-mm diameter prototype mini-hydrocyclone. The twin
tangential inlet and outlet slots are specified to maintain symmetry in the flow field. The
total inlet area equals the area of the overflow outlet plus the area of the underflow
outlets. The overflow and underflow outlet areas are the same. The vortex finder is
inserted through the roof of the hydrocyclone and extends below the inlet slot (Lv = 2bF).
Figure 5 shows the distribution of mesh elements over the computational domain. A
commercially available mesh generation scheme was employed to produce
approximately 135,000 computational elements.

RESULTS AND CONCLUSIONS
Figure 6 shows the flow contours produced by solving the Navier-Stokes

equation and continuity equation using a commercial CFD code (24). A uniform inlet
velocity of 0.4 m/s was specified and the difference between the underflow and overflow
pressure was set to 400 Pa. The no slip boundary condition at solid/fluid interfaces was
used. The calculations show that the pressure drop between the feed and overflow
streams ranges from 100 Pa for a feed rate of about 0.05 lpm to ≈1,000 Pa for a feed rate
of 0.3 lpm. By contrast, the pressure drop for the larger 76-mm hydrocyclone for a feed
rate of 100 lpm is about 1 bar (or 106 Pa). Although the Reynolds number based on the
inlet slots is low and the swirl is relatively weak, the predicted flow patterns show that
axial flow reversal occurs near the underflow withdrawal slots. This is an important
conclusion inasmuch as the lighter oil phase will be captured by the core vortex and
removed through the vortex finder tube. Although the tangential component has decayed
significantly towards the lower portion of the cyclone, the bulk of the oil phase will still
be subjected to a significant centripetal acceleration (≈ 6400 cm/s2) in the upper portion
of the hydrocyclone.

A 76-mm diameter hydrocyclone has a flow capacity of about 124-lpm for a
pressure drop of 7 bars between the feed and the overflow stream. By contrast, a 5-mm
hydrocyclone has a capacity of only 0.5-lpm for a pressure drop of 0.02 bar. The volume
of these small cyclones is about 0.393 cm3 and the capacity of a bundle of 248 mini-
hydrocyclones equals the capacity of a single 76-mm hydrocyclone. The total volume of
the bundle is only 97 cm3 whereas the single large hydrocyclone has a volume equal to
7600 cm3. This represents a significant reduction in size and opens up the possibility that
miniature hydrocyclones could be deployed in small diameter production wells to lower
the produced water/oil ratio.
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Figure 1. Downhole Separation of Oil and Water.



Figure 2. Next-Generation Vision of Downhole Processing of Multiphase Production Fluids.



Figure 3. Schematic of a Reverse-Flow Hydrocyclone Separator.
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Figure 4. Geometric Scales for a Cylindrical Cyclone with Twin Tangential Inlets and Outlets.



Figure 5. Computational Domain for CFD Calculations.

Axial
Velocity

(m/s)

Tangential
Velocity

(m/s)

Figure 6. Flow Contours Showing the Magnitude of the Axial and Tangential Components of the
Velocity.

Perspective

Top Geometry Characteristics

•  65 geometric blocks

•  64 axial divisions

•  2100 x-y plane cells

•  ~135000 mesh elements



DISSOLVED GAS FLOTATION PUMP
DEVELOPED FOR PRODUCED

WATER TREATMENT

Paul C. “SKIP” Broussard Jr.
President of Monosep Corporation

ABSTRACT
The treatment of produced water is becoming one of the biggest world wide

economic and environmental concerns. Oil and Gas Producers are looking for economic
ways to treat the produced water for disposal or re-injection. The need for efficient
equipment to clean the produced water has led to much research and a variety of methods
have been developed to treat this water. Both onshore and offshore locations require
equipment to treat produced water with flow rate capacities from 500 BPD up to 500,000
BPD. Supplying the needs for such equipment has kept companies looking for new and
creative ideas. One such idea developed by Monosep is a Dissolved Gas Flotation (DGF)
pump. This pump creates the micro-fine bubbles needed for flotation equipment. This
paper will provide the background and development of this new flotation pump.



INTRODUCTION
Offshore platforms and onshore locations with space limitations require compact

and efficient flotation systems to clean the produced or processed water. Oil and Gas
Producers are looking for new technology to increase the efficiency and/or reduce the
size of the flotation equipment. Monosep has developed a new flotation system to meet
these needs. This break through in technology is centered on a new type of pump that
creates the micro-fine bubbles needed for flotation. The pump dissolves the gas into the
water creating extremely small gas bubbles. The pump is called a Dissolved Gas
Flotation (DGF) Pump. Monosep has installed quite a few DGF pump systems and have
had excellent results. The pump is patented by a major pump manufacture. A patent for
the process system for produced water treatment is pending for Monosep.

The following paper will present the development of this technology. First, the
background and importance of the flotation process will be discussed. Second, the
mechanical aspects of the pump will be explained, followed by the results of the shop
testing and the field-testing. This presentation will close with a brief summary and
Monosep’s outlook for the DGF PUMP.

FLOTATION PROCESS
Flotation systems are used for a variety of applications throughout the world.

This process floats solids, oils and other contaminates to the surface of liquids. Once on
the surface these contaminates are skimmed off and removed from the liquids. Oil and
gas production facilities have used flotation systems to remove the oils and solids from
their produced and processed water for many years.

The key to good flotation is both gravity and the creation of millions of very
small bubbles. Based on Stokes Law, the size of the oil droplet and density of the droplet
will effect the rate of rise to the surface.

The larger and lighter the droplet the faster it will rise to the surface. By attaching
a small gas bubble to an oil droplet it will decrease the density of the droplet which will
increase the rate at which it will rise to the surface. Therefore the smaller the gas bubbles
created the smaller the oil droplet floated to the surface. Therefore the key to flotation is
to create as many small bubbles as possible. How the bubbles are introduced into the
water stream is also important. The bubbles need to fill up the cells entirely. The
retention time of the produced water in the treatment equipment is important. The
average retention time for a vertical unit is about 4 minutes and 6 minutes for a horizontal
unit.

There are a few different types of flotation systems.

1. There is a Dissolved Air Flotation (DAF) system. In this method the air is
compressed and dissolved into the water stream. These bubbles are very small
and give good results, but the system requires a compressor and a saturation tank.



This system is not suited for offshore platforms due to space and maintenance
requirements.

2. There are Induced Gas Flotation (IGF) systems. These IGF systems can be
mechanical or hydraulic.

a) The mechanical system uses a motor and paddle assembly to basically shear
the gas out of the water. As the paddle spins in the water it agaiates the cell
with small bubbles. This system requires a good bit of maintenance. The
motors, bearing, and paddles need to be greased and oiled.

b) The hydraulic system uses a recirculation pump to drive an eductor, which
induces fine gas bubbles into the water. Each flotation cell is filled with
many micro-fine gas bubbles. The recirculation pump recycles from 25% to
125% depended on the equipment design.

3. There is a Gas Sparging system. This system uses a porous SST tube to sparge
small gas bubbles into the water. The gas bubbles are very small and provide
good results. The sparging tubes however are prone to plugging with scale and/or
hydrocarbons. (see Figure 1)

These methods have been in the industry for many years. Monosep is now
introducing a new hydraulic method for flotation without the need of eductors. The
recirculation pump used in this system dissolves the gas bubbles within the pump and
associated piping.

NEW DGF PUMP CONCEPT
About the DGF Pump

The impeller in the DGF Pump is designed with dual sides. One side is designed
to drive the liquid like a normal centrifugal pump and the other side is designed to draw
in a vapor into the pump and mix it with the liquid. In addition to the new impeller a
special seal was invented to extend the life of the pump. With these innovations the pump
creates a sub-atmospheric pressure region within the pump’s seal chamber. As the
impeller draws in the vapor it is mixed with the liquid being pumped and compressed into
micro-fine bubbles. Because of the close tolerance between the backvanes of the impeller
and the backplate of the pump the vapor is sheared into fine bubbles and then they are
compressed in the sub-atmospheric pressure region of the pump. These fine bubbles
become dissolved into the liquid within the discharge piping of the pump. The result of
this process provides similar size bubbles to Dissolved Air Flotation systems. The bubble
size in this new DGF Pump is estimated to be 1 micron or less.

Flow and Pressure

The flow rate of the liquid in the discharge piping and the backpressure on the
pump are key factors to creating the smallest bubbles possible. The way the pump is
piped up to a process tank or vessel is very important. An optimum velocity of the pump
piping should be 1 to 2 feet per second. Also a minimum saturation time of ten (10)



seconds is needed in the discharge piping before the backpressure valve. An optimum
backpressure on the pump is between 55 and 65 PSI. To calculate the discharge piping
size and length the follow formula can be used.

Q = V * A

Q = flow rate
V = velocity of fluid media
A = area of pipe

Multiply the Velocity by 10 seconds to calculate the length of pipe needed before the
backpressure valve. (see Figure 2)

This new flotation pump has been applied to the processing of produced water.
The liquid driven by the pump is produced water; the vapor drawn into the pump to be
dissolved into the produced water is produced gas. In the clarification of produced water
the elimination of oxygen for the treatment system is essential. Therefore produced gas is
used for the flotation vapor. Gas vapor has more infinity to oil and will attach to an oil
droplet easier than oxygen. Most importantly oxygen will precipitate iron oxide into the
produce water stream which has a tentecy to become oil wet and contaminate the
discharge.

SHOP AND FIELD TESTING
Shop Testing

The first time Monosep tested the DGF Pump was in an existing unit. A vertical
(CYCLOSEP with a sparging system) rental unit was fitted with the new DGF Pump at
the shop. The internal sparging tubes were removed and the existing external piping for
the sparging system was utilized. The liquid used in the vessel was fresh water. The
vapor inlet of the pump was open to the air for this test. The results were fantastic. The
vessel was quickly filled with billions of micro-fine bubbles which turned the water
milky white. The ½”piping for the sparging system provided the right amount of
backpressure on the pump to allow the air to dissolve into the water. These great results
lead Monosep to have a few more pumps built for testing.

 The next test was done on a horizontal unit (VEIRSEP with an eductor system).
The existing eductor piping was used and the eductors were not removed. The results
were poor because the backpressure on the pump was not enough. The water traveled
through the piping too fast for the air to dissolve into the water.

A small test unit was used for further testing. The unit was about 2-½ foot by 2-½
foot by 4 foot tall. This box was built on legs and had plexi glass sides so that the bubbles
could be seen. The pump suction came off the bottom and the pump discharge was piped
down into the water from the top.

The first test was with one ½” down comer. The results were not very good. The
next test was with four ½” down comers. The end of each down comer was capped and a
1/8” hole drilled into the cap as an orifice to create the necessary backpressure on the



pump. In this test the pump did not produce any bubbles because the backpressure was
too great. Next the holes were drilled to ¼” and the pump worked great. The next test was
with 3/8” holes and the bubbles were not as good as with the ¼” hole. Our conclusion
was that four (4) ¼” orifices provided the right amount of backpressure on the pump.(see
Figure 3)

Monosep next began to design a new vertical unit (SPINSEP) especially for the
DGF Pump. Before the construction on the new unit began a client agreed to retrofit an
existing sparging unit offshore with the DGF Pump. The installation went fine and the
results where very good. The discharge water quality of the new DGF Pump was better
than the previous sparging system. The client was very pleased.

Before the new vertical unit was finished another client agreed to retrofit a
sparging unit on an offshore platform. Again the results were very good. So before the
new test unit was finished, two DGF Pumps were in service offshore and proving to work
very well. On these units the backpressure on the pump was controlled by valves keeping
the pressure around 60 psi. .

The new test unit was designed with two manways on opposite sides of the vessel
and plexi glass covers were made so that the bubbles could be seen and filmed. The first
test was with fixed orifices ranging from ¼” to 3/8”. Both internal and external orifices
were used. The bubble size was not consistent so the orifices were removed and the ball
valves were used to regulate the backpressure. This method gave good results. The results
where taped on video camera. The piping was redesigned with globe valves to replace the
ball valves for better control. Again the results were great and a tape was made to show
the billions of fine bubbles. (see Figure 4)

Once the valves where pinched off to provide the right backpressure, clouds of
micro-fine bubbles filled the vessel. The clear water became milky white. A small red
sign was placed in the water about 8” from the plexi glass. Before the pump was turned
on the sign was clearly visible. Within a few moments after the pump is turned on the
sign becomes hard to see due to the billions of fine bubbles clouding up the water. The
bubbles are so small they begin to float sideways and downwards. The bubbles became
suspended in the water rising very slowly to the surface. It was noted that rust particles
and oils from the steel floated to the surface because of the very fine bubbles.

Field Testing

After these great results Monosep rented this test unit to an offshore client who
achieved 8 to 12 PPM discharge. This test unit was then sold to another client after
another successful trial test. Over the past few years now several DGF pump systems
have been built. By the summer of 1999 Monosep has built five new vertical units, one
new horizontal unit, and refurbished or retrofitted five horizontal units. In addition we
have added the DGF pump system to two existing skimmer vessels by piping the
discharge of the pump through the bottom drains.

The vertical units have shown good results but because DGF system can create
such fine bubbles the bubbles tended to flow out with the water rather than rise to the
surface. Therefore the backpressure valve was opened lowering the pressure which



increased the bubbles size. The slightly larger bubble tended to rise to the surface
bringing the oil droplets upward.

On two units some in-line sight glasses where installed in the discharge piping of
the pump to observe the bubbles size change as the backpressure valve was regulated. It
was observed that a 15 to 25 psi pump discharge pressure there where more bubbles.
With a higher pressure of 35 to 45 psi there where less bubbles. However these bubbles
seem to be smaller. Like with the first test unit we put a plexi glass cover on the manway
so we could see the bubbles inside the unit. The higher backpressure gave smaller
bubbles while the lower pressure gave slightly larger bubbles.

The units gave better results in the field with the lower 15 to 25 psi differential
on the pump discharge.

As with the normal eductor system the DGF horizontal units are more efficient at
removing oil from the water than the vertical units. Due to the extremely small bubbles
size, having an extra chamber or cell for the bubbles to rise to the surface improves the
performance. We are presently running tests on a horizontal unit offshore. We are testing
the backpressure settings and number of active flotation cells. We hope to finish the tests
by the year 2000.

As mentioned earlier Monosep has even added the DGF pump system to existing
skimmers. In both cases the performance of the equipment improved.

FUTURE TESTING
A new horizontal rental unit will be built with both the traditional eductor system

and the DGF Pump system. We hope to test the unit offshore to see the difference
between a proven IGF system and the new DGF Pump system. By turning a few valves
the same produced water can be treated using an IGF eductor system or the DGF Pump
system.

Monosep is looking to test this new technology in other oily water treatment
applications. Many refineries have API pits to treat the processed water. This process
water contains oil and solids. These pits are not very efficient by offshore standards. By
adding the DGF Pump into the pit the flotation should greatly improve the performance
of these pits. Steel mills and paper mills use flotation technology to remove oils and
solids. Monosep hopes to test this new technology in these and many other applications
in the next few years.

SUMMARY
The future of the Dissolved Gas Flotation Pump looks very clear. With quite a

few units in operation providing excellent results Monosep is moving forward by
expanding the supply of this new pump to our customers. We are looking at many retrofit
situations and we are looking at supplying our equipment for more than just produced
water.



We have had a few repeat customers who have been pleased with this new
technology. So far the only disadvantage to this technology is the delivery of the pumps
from the factory. Monosep has ordered about 30 pumps over the last two years. We will
continue to develop and market this new technology.
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ABSTRACT
One of the most important energy resources of the United States is its abundant coal
deposits. Many of these coal deposits are also an important source of natural gas. As is
the case with petroleum wells, these natural gas wells bring water to the surface in
addition to the gas. This highly saline “produced water” is typically gathered from widely
scattered wells and transported to a central location where the water is injected into a
deep well used specifically for water disposal. The costs of transportation and deep-well
injection add substantially to the cost of gas production. In addition to the cost of
disposing of this water, transporting produced water may require a substantial amount of
traffic on environmentally sensitive federal lands.

This paper describes the design, development, pilot testing and scale-up of a new process
involving ion exchange and reverse osmosis to treat this water1. The process removes the
salts, organics, and metal ions from produced water such that 80 percent of it will meet
drinking water standards. Treatment allows this water to be used for irrigation, fishing
ponds or discharge to streams.  The remaining 20 percent of the water is disposed of in
the original deep wells. The process is environmentally beneficial and is less expensive
than transporting all of the water to disposal wells.

                                                
1 The HERO process is a patented technology licensed to Hydrometrics, Inc.



INTRODUCTION
Oil and natural gas wells often bring saline water to the surface with the oil and

natural gas. This product is called produced water. In a northern New Mexico and
southern Colorado field, natural gas is extracted from a coal deposit approximately 2000
feet below the surface. The field contains approximately 1600 wells. One of the major
disadvantages of extracting natural gas from coal deposits is the amount of produced
water which must be handled: an average well in this field delivers 30 to 50 barrels of
produced water per day. This water is trucked to deep injection wells at a substantial cost.
The water contains hardness, barium, strontium, coal fines and hydrocarbons that are
difficult or impossible to filter out.

Reverse osmosis systems have previously been tested on these water supplies with
limited success. Membranes have quickly fouled with organic materials or silica, which
has made the process uneconomical. Successful installations have used lime softening to
reduce the hardness and silica. Micro- or ultra-filters were used as pretreatment to the RO
system to remove organics. This extensive pretreatment increased the cost of the RO
system substantially, and some low molecular weight organic materials passed through
the micro-filter membrane and fouled the RO system.

ADVANTAGES OF THE NEW HIGH
EFFICIENCY REVERSE OSMOSIS PROCESS

RO membranes can be fouled with scale or organic matter. The most common
scale-forming compounds are calcium carbonate, calcium fluoride, calcium sulfate,
strontium sulfate and barium sulfate. These scales can be removed from the membrane
with acid or EDTA. Organic foulants can be organic acids, un-ionized hydrocarbons or
microbiological growth. Organic foulants including microbiological growth are normally
cleaned from the membranes with a caustic solution. Sometimes surfactants are added to
the solution to improve the process.

Thin-film composite membranes have the advantages of operating over a broad
pH range, lower operating pressure and very high salt rejection characteristics. However,
the advantages of thin-film composite membranes must be balanced against certain
disadvantages. The membrane has an anionic charge while it is operating. This
encourages cationic-charged materials such as ferric hydroxide and aluminum hydroxide
to adhere to the membrane. The membrane also is damaged by free chlorine, which
makes it difficult to control biological growth and prevent fouling. The membrane has a
polysulfone support material. In earlier attempts to treat produced water, it was theorized
that un-ionized phenolic or cresylic compounds penetrated the rejecting layer into the
support structure, causing it to swell and foul the membrane.



The beauty of the High Efficiency Reverse Osmosis (HEROTM) process is its
resistance to fouling that plagues other membrane systems (Figure 1). The first step in the
process is to remove all of the divalent, scale-forming metallic ions. Calcium,
magnesium, strontium, barium and iron are removed by weak acid cation (WAC) resin.
Weak acid cation resin is highly selective for hydrogen ions. The resin can be regenerated
with near stoichiometric amounts of hydrochloric or sulfuric acid, but cannot be
regenerated with salt. When a solution containing alkalinity is passed through the resin,
hydrogen ions attached to the resin react with bicarbonate ions in the water to produce
water and carbon dioxide. Calcium, magnesium, strontium and barium ions replace the
hydrogen ions on the resin.

If divalent ions are absent, the resin will accept sodium or potassium ions to
replace hydrogen ions removed from the resin by the neutralization reaction. However,
these monovalent ions are loosely held and are easily replaced by divalent ions later in the
exchange process. In this way, WAC resin can remove hardness from saline solutions
completely and effectively. Normal strong acid cation (water softener) resins are
regenerated by high concentrations of sodium and are ineffective in softening highly
saline waters. WAC resin also has an anionic charge. The resin attracts and removes
cationic materials that would otherwise be attracted to and foul the thin-film composite
membrane.

During the WAC softening process, alkalinity is converted to carbon dioxide and
the pH of the water is reduced. When treating waters that contain much more alkalinity
than hardness, such as produced water, additional acid is added to convert the remaining
alkalinity to carbon dioxide. The water is then decarbonated through a forced-draft air
stripper or membrane degassifier. By removing carbon dioxide and alkalinity, the water
loses its natural buffering capacity and the pH can subsequently be raised with a small
amount of caustic soda.

After carbon dioxide and alkalinity are removed, the pH of the water is increased to 10
with caustic soda and fed to the reverse osmosis system. Operating the RO system at this
high pH has three important advantages:

•  At high pH, the RO operates in a continuous cleaning cycle for organic materials.
Fats and oils are emulsified, and silt is dispersed and removed from the membrane
surface.

•  Silica is an order of magnitude more soluble in high pH water as  compared to its
solubility in neutral pH water. This allows the RO system to operate at very high
recovery rates without silica scaling.

•  Weak organic acids are ionized and repelled from the membrane, so rejection of
these organics is greatly improved. Cresylic and phenolic compounds are ionized
and do not foul the polysulfone layer of the membrane. Rejection of weak
inorganic acids such as silicate and borate is also greatly improved.



HEROTM PILOT PROCESS DESIGN
The expected produced water analysis for the pilot test is shown in the first

column of Table 1. The other columns in Table 1 reflect computer-projected analyses
after pretreatment and the reverse osmosis system. The client’s goals for the treatment
process were:

•  The volume of water to be deep-well injected should be reduced by 80 percent.

•  Product water should be suitable for irrigation or discharge to a stream, and meet
EPA drinking water standards.

•  Reject water from the process should be suitable for deep-well injection without
fouling the strata. It should contain no more alkalinity than untreated produced
water and be free of hardness and sulfate.

•  The system should be mobile and capable of being moved from well to well.

The pilot unit was sized to treat one 400-barrel tank of produced water each day.
The feed rate was 15 gpm, the product flow was 12 gpm and the reject flow was 3 gpm.
Produced water was to be provided from gas wells that had been recently reworked by
cavitation. The water from these wells contained large amount of coal fines. To remove
these fines and most of the hydrocarbons, a bag filter and a multi-media filter were
installed in series. The water was then treated through WAC resin in the hydrogen form.
The WAC unit was designed to treat three 400-barrel tanks between regenerations. To
minimize hardness leakage, the WAC unit was designed to regenerate counter-currently
with hydrochloric acid.

After the WAC, the water was acidified with hydrochloric acid, which converted
any remaining alkalinity to carbon dioxide. The carbon dioxide was then removed with a
forced-draft decarbonator (air stripper), which was a packed PVC column. This limited
the mobility of the pilot unit, since the column stood 8 feet above the trailer. However,
because the alternative air stripper using membrane degassifier elements required a long
lead time, a forced-draft decarbonator was used to maintain the project schedule. After
the decarbonator, water was stored in an intermediate holding tank and then pumped to
the RO system.

The RO feed water pH was adjusted by feeding caustic soda (sodium hydroxide).
The amount of caustic was controlled by pH meters with PID control. After mixing with
caustic, the water was filtered through a 5-micron cartridge filter.

Normal brackish-water RO systems operate on 500 ppm TDS feed waters at 75
percent recovery rates, where recovery equals the flow of product water divided by the
flow of feed water. The total dissolved solids (TDS) of the reject water from these units is
approximately 2000 ppm and the osmotic pressure is approximately 20 psi. These units



operate at feed pressures of 200 psi and the flux rate through the membrane array is fairly
constant. There is little decrease in flux through the membranes due to increasing TDS
and osmotic pressure.

This RO system required a unique design to treat 14,000 TDS feed water in the
first stage and 70,000-ppm TDS water in the final stages, similar to a sea water system.
The osmotic pressure of the water in the membrane system increased from 140 to 700 psi.
Sea water systems are designed to operate with high reject osmotic pressures, but are
normally low-recovery, single-stage designs.

If the feed pump were sized to produce a reasonable flux in the final stage, the
membranes in the first stage would be over fluxed. To avoid this problem, the system was
designed with a first-stage operating pressure of 360 psig. Reject from the first stage was
then boosted to a pressure of 780 psig and fed to the second and third stages. Filmtec
standard rejection seawater thin-film composite seawater membranes were used. The
membranes were housed in four pressure vessels arranged in a 2:1:1 array (Figure 2).

TEST RESULTS
The pilot system was tested at two different sites, each of which received water

from a number of different wells. At Site 1, the water was fairly clear and did not contain
significant amounts of hydrocarbons. However, the TDS was significantly higher than
expected, ranging from 19,000 to 22,000 ppm. The alkalinity was lower than expected,
ranging from 2500 to 4000 ppm. Because of the high TDS, the system capacity was
reduced slightly to approximately 10.5 gpm. The average product water quality was 130
ppm TDS, with water quality meeting EPA drinking water standards. The product water
quality was better than that indicate by the membrane manufacture’s computer
projections. After ten days of testing at Site 1, the equipment was moved to Site 2.

Water at Site 2 was nearly identical to that shown in the design analysis with two
major exceptions: it contained coal fines at concentrations much greater than expected
and significant amounts of hydrocarbons. The hydrocarbons were believed to come from
three sources:

•  Water trucks used to haul the produced coal gas water to the pilot unit were also
used to haul produced water from petroleum wells to the deep well. These trucks
were not cleaned between loads.

•  Gas compressors on some of the wells leaked lubricating oils into the produced
water.

•  Some gas wells produced oily produced water.



Filtration of water at Site 2 was also not very effective. Effluent from the WAC
was normally turbid, and the storage tank after the degassifier was typically covered with
black scum. Normal brackish-water RO systems are very sensitive to fouling with silt and
colloidal matter. Even water with turbidity values below 1 NTU may foul RO systems in
a matter of days.

A special scale has been developed to measure the fouling tendency of RO feed
waters, called the Silt Density Index (SDI). The SDI scale is not linear; each whole
number increase indicates a doubling of the fouling tendency of the water. As a general
rule, RO feed waters are filtered or ultra-filtered to reduce the SDI level to a value of less
than 3. To put that number in perspective, City of Chicago drinking water has a turbidity
level of 0.4 NTU, but an SDI of 6. It will foul a normal RO membrane system within a
week. Feed water to the RO pilot system after filtration had an SDI over the maximum
test value of 6.6. The water plugged the filter paper used for the test within a few minutes.

There was some concern that this extremely fouling water would blind the
membranes quickly. However, both the product flow rate and the trans-membrane
pressure remained constant. The system was operated for six weeks at Site 2 on this
extremely fouling feed water. For the most part, the system operated at the same pressures
and flows throughout the test period. On several occasions, the acid feed to the
degassifier inlet failed and alkalinity in the degassified water increased dramatically.
During these pH excursions, caustic soda was unable to raise the pH of the RO feed water
to the desired level.

The RO feed water pH would drop as low as 7.8 during these occasions.  The
membranes subsequently fouled rapidly: within an hour after the RO feed water pH fell
below 9.8, the feed pressure would start to rise and the product flow rate would decline.
In each case, the acid feed system was repaired within two or three hours but during that
time, the RO product water flow would decline by as much as 20 percent. Even more
surprising, the membranes cleaned up as quickly as they fouled once the pH control had
been restored. Within two hours after the RO feed water pH returned to 10, the product
flow rate and trans-membrane pressures returned to design values. With the exception of
the pH excursions, the product flow rate and the trans-membrane pressures remained
constant during the six weeks that system was operated at Site 2. There was no indication
of long-term membrane fouling.

Samples of the feed water and effluent from each unit operation were taken for
analysis at an independent laboratory and daily field tests were done on-site. Typical
results of these tests are shown in Table 2. Results are comparable to the original
computer projections shown in Table 1, with a TDS value of approximately 210 ppm.
Product water from the HERO process was in all respects suitable for irrigation or
discharge to a stream or pond. Reject water from the HERO process, though much more
concentrated in dissolved solids, was suitable for deep-well injection. Based upon
analysis of the reject water, no problems were anticipated with scaling or plugging of the



formation. Regenerate waste from the WAC unit was also suitable for deep-well
injection.

Operating cost projections have been performed for a full-scale installation. These
projections include costs for waste transportation, chemicals, labor, maintenance and
power. These costs will vary for each location due to the logistics of chemical supplies,
water disposal and well  location. However, the projections indicate that a significant
amount of money can be saved by reducing the amount of water hauled to the injection
well by 80 percent. Furthermore, the permeate can be used as “frac water” for petroleum
wells or made available for other environmentally beneficial uses.

CONCLUSIONS
The pilot test has proven that HERO can be used to produce high-quality process

or irrigation water from saline, oily and turbid produced water. Through the HEROTM

process, 80 percent of the produced water in this gas field can be recovered. The
remaining 20 percent of the water can be deep-well injected. In pilot testing, the process
prevented long-term membrane fouling without requiring costly pretreatment. The cost of
this treatment is less than the current cost of transporting water to deep wells for
injection.



Table 1. HERO  Process Projected Chemistry - Based On Original Samples

Produced
Water As

Ion

Produced
Water As

CaCO3

Pretreated
RO Feed As

CaCO3

RO Product
as Ion

RO Reject as
Ion

Ca 48 120
Mg 24 99
Na* 4276 9323 9600 104 22364
K 21 27 27 0.7 106
Sr 20 23
Ba 34 25

Total Cations 9616 9627

HCO3 7170 5879

CO3 11 0.4 67

OH
Cl 2650 3737 9616 161 34,576
SO4

NO3

Total Anions 9616 9627

Total Hardness 219
MO ALK. 5879 11
P ALK. 6
CO2 120 120

SiO2 25 25 25 1.3 124

Fe 0.2 0.2
TSS 5 5 <1
TDS (Ion) 14,268 14,268 11,276 267 57,237
pH 7.9 7.9 10 10 10



Table 2. Typical Field Test Results Using HERO  Process - Site 2

Produced
Water as Ion

Produced
Water As
CaCO3

Pretreated
RO Feed As

CaCO3

RO Product as
Ion

RO Reject as
Ion

Ca 33 83 2.3 5.3
Mg 22 91 0.9 3.1
Na 3590 7826 8349 70 19000
K 24 31 30 0.7 106
Sr 19 22 0.9 1.9
Ba 34 25 1.65 4.77
Total Cations 8077 8385

HCO3 7050 5781 23

CO3 34 25 67

OH
Cl* 1627 2294 8326 79 29,458
SO4

F 0.7 2 2 2.4
Total Anions 8077 8385

NH3 8 22 22 7 9

Total Hardness 173 3.2 26
MO ALK. 5781 78 57 137
P ALK. 38 40 81
CO2 78 78

SiO2 25.7 25.7 25.7 1.3 124

Fe 0.2 0.2
TSS 6 6 2 5
TDS (Ion) 13,705 13,705 11,100 210 48,773
Conductivity 16,200 16,200 20,500 490 86,000
pH 8.1 8.1 10 11 9.7
Oils 5 5 <1 5
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ALTERNATIVES TO REINJECTION OF
PRODUCED WATER IN SOUTH OMAN

Paula J. Hansen and Paul Deutsch, Geomatrix Consultants, Inc.

ABSTRACT
A study was performed to identify and evaluate potential use or disposal

alternatives, including the required pretreatment, to deep-well reinjection of produced
water from a production station in South Oman. The alternatives considered included:
agricultural use, where treated water would be utilized to grow salt-tolerant plants;
aquaculture, where treated water would be used to raise aquatic animals; ocean discharge
of treated produced water; and energy production, where produced water would be used
to grow plants destined for methane production. Deciding factors of cost-effectiveness of
this alternative, and public acceptance led to the selection of agricultural use. This paper
describes the conceptual design, including pretreatment technology and parameters for a
pilot-scale farming study.



INTRODUCTION
Geomatrix Consultants, Inc., was part of an international team that performed a

study in the mid 1990 to identify and evaluate environmentally sound, cost-effective
reuse or disposal alternatives to deep-well reinjection of produced water for production
stations in southern Oman. The study culminated in a preliminary conceptual design and
estimated cost for one potential alternative.

A significant volume of water is co-produced with oil from the southern Omani
fields. The production station that was the focus of this study was one of several in south
Oman. Approximately 20% of produced water was returned to the active oil reservoirs
for pressure maintenance, and 80% was disposed via reinjection into shallow unsaturated
formations following primary treatment. Typical produced water volumes reinjected at
the production stations at the time of the study ranged from 5.3 million to 11.8 million
gallons per day; volumes were projected to increase by up to several hundred percent by
the end of the decade. Management options that involve reuse of produced water become
more important to consider as production volumes increase.

A number of reuse/disposal alternatives for produced water were identified via
review of literature and discussions with oil producers. Four alternatives, including the
associated treatment needed to achieve the water quality required for each use/disposal
method, were retained for development of conceptual designs and screening-level cost
estimates. Following evaluation of the alternatives, agricultural use was selected for
development of a conceptual design.

This paper reviews the alternatives identified, summarizes their evaluation, and
presents the conceptual design for the selected alternative of agricultural use.

Preliminary Alternative Screening

Several potential alternatives for disposition of the excess produced water were
identified for evaluation, including discharge to evaporation ponds; discharge to surface
water courses, discharge to the ocean or coastal waters; conversion to fresh water by
desalination; salt production; energy production; industrial use; agricultural use; and
aquaculture. Of these, discharge to ponds, surface water courses, or the ocean are the
most widely practiced.

Each of these methods requires treatment to remove oil, and for some, to remove
other components of the produced water to levels specific to meet regulatory
requirements or to render the water suitable for the end use.

All alternatives were subjected to a preliminary screening using:

! environmental protection

! regulatory acceptability

! public perception



! economics

! operational reliability.

Salt production and industrial reuse were not selected because of an insufficient
local market for large quantities of salt or industrial quality water. Discharge of produced
water to surface water courses was eliminated as incompatible with Omani regulations.
Evaporation via ponds does not provide a recoverable product to offset disposal costs.
Fresh water production was not selected because treatment of the produced water to meet
drinking water standards renders this alternative operationally complex and more costly
than other alternatives.

Based on the preliminary screening, four alternatives (illustrated in Figures 1
through 4) were selected because they are potentially more cost-effective than deep-well
reinjection and/or yield useful products that offset the cost of disposal. The alternatives
retained are described below.

! Agriculture
Treated produced water would be used for irrigation of one or more salt-
tolerant plant species. Disposal would occur through evapotranspiration and
percolation. The irrigated plants would yield useful products to offset part of
the cost of water disposal. A number of tree or shrub species, including
several native to Oman or its vicinity, were identified, along with several
herbaceous crops such as cotton and halophytes such as pickleweed
(salicornia).

! Aquaculture
Treated produced water would be sent to ponds to raise aquatic animals
suited to brackish or saline waters. The animals would be harvested for food
or byproducts. Disposal would occur through evaporation and percolation.
Several species of fin fish and crustacea were identified as candidate aquatic
animals.

! Energy Production
Treated produced water would be used to grow algae and aquatic plants;
these would be harvested and fermented to yield methane gas. Disposal
would occur through evapotranspiration and percolation.

! Ocean Discharge
Treated produced water would be transported via a pipeline to the coast for
discharge through an outfall. No use would be made of the water prior to
discharge.

To allow further evaluation, conceptual-level designs and estimated screening-
level costs were developed for each of these alternatives and the associated treatment.



Conceptual Design and Screening-Level Cost Evaluation

Methodology

The purpose of developing conceptual-level designs and order-of-magnitude cost
estimates was to eliminate technologies that might not be cost-effective. The conceptual
design for each use/disposal alternative was developed on the basis of very limited site
information and a set of assumptions. General assumptions were made to develop a
common design basis for preparing the conceptual designs, and alternative-specific
assumptions were made to develop the components of each design and screening-level
cost estimate.

Developing conceptual design involved defining the end use so as to identify the
required level of treatment. Produced water is a complex matrix of inorganic and organic
compounds that must be considered in the design of the optimum treatment and selection
of the use/disposal alternative. In addition to hydrocarbons, produced water may contain
suspended and dissolved solids, heavy metals, radionuclides, and residual chemical
additives used in oil field operations. The assumed concentratoins of constituents in
produced water for Design Basis (Table 1) were based on limited analysis of water
samples and on assumptions.

A number of treatment methods capable of achieving a given water quality were
identified, and screening-level costs were developed to identify the most cost-effective
method for a given treatment level. A range of estimated costs was developed for a
variety of treatment trains potentially suitable for each end use/disposal option.

For the purpose of this study, the relative accuracy of costs was more important
than absolute accuracy. Cost estimates were based on vendor quotes from various
potential sources and on experience on similar projects. Screening-level cost estimates
included preliminary capital costs, construction-related costs, and limited operating costs.
Potential revenue production was not included at this stage because of a lack of reliable
information upon which to base a full economic analysis. Costs were developed in 1995
US dollars; for imported equipment and materials, costs represent those in the country of
origin. US labor costs were used in the evaluation. Screening-level cost estimates for
treatment options and the end use/disposal options were combined to develop net present
value (NPV) costs for the four alternatives under evaluation, assuming an interest rate of
8% and an operating life of 20 years.

Basis for Conceptual Design and Cost Estimates

Elements of the design basis and general assumptions include:

! treatment and disposal of 26.4 million gallons per day of produced water
having the characteristics in Table 1;

! flat topography in the vicinity of the production station and an approximately
600-foot drop from the production station to the ocean;



! an arid climate with a temperature range of 10-55 degrees C, negligible
annual rainfall, and pan evaporation rates of approximately 11.5-13 feet per
year;

! a soil cover of 3-6.5 feet having good mechanical characteristics for
excavation and compaction and a high infiltration rate in the vicinity of the
production station; and

! an energy cost of $0.10 per kilowatt hour.

Treatment Options and Screening-Level Costs

Treatment of the produced water is required primarily to remove oil; other
technologies were also evaluated for removal of dissolved oil and solids, including
metals. Treatment technologies and performance capabilities were identified based on
conventional oil industry experience and industrial and municipal wastewater experience.
The technologies and their capabilities are summarized in Figure 5. Secondary treatment
technologies for removal of small oil droplets include mechanical (induced gas flotation,
hydrocyclone, centrifuge, filtration, and membrane polishing) and biological (activated
sludge, anaerobic and aerobic ponds) methods. Tertiary treatment methods for removing
dissolved oil and solids include steam stripping, activated carbon polishing, and
constructed wetlands. Options for removing heavy metals include chemical precipitation
and ion exchange. Estimated capital and operating costs for the technologies are shown in
Table 2.

For a given level of treatment methods, judged not cost-effective were eliminated
from consideration when estimating the ranges of treatment cost. For example, treatments
using centrifugation, hydrocyclones, or membrane separation to remove oil droplets were
eliminated based on higher estimated total cost. Screening also took into account the ease
of coupling a given treatment and end use/disposal option and the level of operational
reliability.

Conceptual Design and Cost Basis of Agriculture Alternative

The use of treated produced water to irrigate a single-stage halophyte crop of
plants tolerant of both high-salinity water and desert climate, (such as salicornia, atriplex,
or halophytes for landscape use) was considered to have greatest potential for this
application. Other schemes are possible, such as growing a series of crops using irrigation
tail water from the first crop of salt-tolerant land plants to irrigate another one or two
stages of salt marsh plants and halophytes tolerating water of progressively higher
salinity. Assuming excess produced water for root zone flushing can be allowed to
percolate, the single-stage crop design is more cost-effective.

The conceptual design (Figure 6) incorporates unlined agricultural plots; an
option to maximize deep percolation to maintain a saturated zone below the root zone is
installation of a drainage system using wells or subdrains to recover a portion of the
percolated water. Either pivot or furrow irrigation could be used; the conceptual design
includes pivot irrigation with one 150-horsepower pump capable of delivering water to
twenty-four plots on approximately 3,000 acres. The crops were assumed to utilize
approximately 8 million gallons per day: a 10-percent leaching fraction was assumed, and



the remaining water is lost via evapotranspiration. The agricultural alternative requires
dispersed oil removal to a level of less than 10 milligrams per liter (mg/l). Treatment for
removal of certain metals (arsenic, cadmium, or selenium) or boron may be necessary if
field trials indicate an accumulation of these in the crops.

Capital costs for the agriculture alternative fall into two categories: equipment
and start-up assistance. Equipment for planting, irrigation, and harvesting; a pump for
delivery to the field; and additional pumps for each two pivots would be needed.
Equipment replacement in 10 years is assumed. Construction-related costs include field
preparation and earthwork to build holding ponds. Operating costs include equipment
maintenance, power, labor (one supervisor and twenty-four laborers), and materials such
as gypsum and sulfur soil amendments to counter the high ratio of sodium to calcium and
magnesium in the water and fertilizer.

Conceptual Design and Cost Basis of Aquaculture Alternative

Evaporation of the treated produced water would be accomplished in a series of
large lined ponds; aquatic animals would be raised in the staged flow-through
evaporation ponds, and the last series of ponds would be used solely to evaporate
concentrated, high-salinity water. Salt remaining following evaporation would require
disposal.

The selection of useful aquatic organisms depends on the salinity of the water
and the tolerance of each species for the particular minerals in the produced water.
Catfish, tilapia, or algae could be grown in the initial, lower-salinity stages; species such
as milkfish or brine shrimp can tolerate higher salinity and thus could be grown in
subsequent stages. The conceptual design (Figure 7) is based on extensive farming of
tilapia fish, which represents a median cost between the more expensive production of
shrimp and less expensive production of aquatic plants. The tilapia fish has potential
market value for direct consumption or as a dried fish additive to animal feed, and the
reproduction cycle of the tilapia fish is relatively resistant to temperature, salinity, and
toxic compounds. A density of 1 to 2 fish per 10 square feet of pond area is assumed.

The conceptual design includes 350 1-acre farming ponds and thirty-eight 62-
acre evaporation ponds, for a total pond area of approximately 2,700 acres. The available
farming surface is limited by temperature rise and increase in salinity. An estimated flow-
through volume of approximately 1.9 million gallons per day is needed to purge wastes
from the production ponds. The aquaculture alternative requires dispersed oil removal to
a level of less than 2 mg/l, and treatment to remove heavy metals would likely be
necessary.

Capital costs for the aquaculture alternative include equipment such as pumps for
water transfer between ponds, mechanical aerators, and specialized harvesting
equipment; materials such as the initial fish stock; and start-up assistance from a
company specializing in aquaculture. Construction-related costs include earthwork for
building the ponds, surface preparation of the ponds, and liner installation. Operating
costs include supplies such as fish restocking; power; nutrients and/or food; and labor to
perform water quality monitoring, fish harvesting, and pond maintenance.



Conceptual Design and Cost Basis of Energy Production
Alternative

The conceptual design for energy production (Figure 8) involves pumping treated
produced water supplemented with nutrients into facultative or aerobic ponds to promote
the heavy growth of algae or floating plants; additional evaporation ponds are used to
reduce the volume of produced water. The algae or floating plants are harvested, dried,
and then fed to an anaerobic digestor to produce a “biogas” consisting of approximately
60 percent methane. Algae is harvested using a centrifuge or filter press; floating plants
are harvested using nets or rakes from dikes or floating pontoons. The biogas produced
could either be used for direct heat production or to produce energy in gas-powered
engines.

The conceptual design includes a total pond area of approximately 2,500 acres;
four aerobic production ponds produce a yield of approximately 2,600 pounds of algal or
plant matter per day. Production of microalgae was assumed for costing purposes.

Only secondary treatment to achieve a concentration of oil below 15-40 mg/l is
included in the conceptual design, because bioaccumulation in the algae or plants is not
expected to inhibit plant productivity. The necessity for heavy metals removal would
ultimately depend on the disposition of the digestor sludge; if disposed on land or used as
a soil supplement, treatment may be needed to prevent an accumulation of metals in the
receiving soil.

Capital costs for this alternative include equipment such as pumps to transfer the
water between ponds; algae separation, drying, and handling equipment; an anaerobic
digestor and associated ancillary facilities; and gas-powered engines. Construction-
related costs include field preparation and earthwork to build the facultative, aerobic, and
evaporation ponds. Operating costs associated with this alternative include labor to
harvest the algae and to operate and maintain the process equipment (2 to 3 full-time
laborers and one technician); power for transfer pumps and aeration equipment; nutrients;
and waste stream handling.

Conceptual Design and Cost Basis of Ocean Discharge Alternative

This alternative involves constructing a pipeline of sufficient capacity along a
suitable route from the production station to the ocean. The route spans 150 kilometers
and has an elevation drop of approximately 600 feet. Gravity flow with an appropriate
diameter was used, obviating the need for booster pump stations. Additional pipe length
was included for expansion and contraction loops. A one-kilometer ocean outfall was
assumed; actual outfall length depends on depth to be reached, the offshore regime, and
diffuser requirements. Two materials, high-density polyethylene (HDPE) and cement-
lined wrapped steel, were evaluated for pipeline construction.

Water discharged would have to meet Omani government requirements and
pertinent international maritime regulations; the conceptual design includes treatment to
reduce oil concentrations to below 5 mg/l prior to discharge. Treatment for heavy metals
and dissolved oil was not included, but tertiary treatment at additional cost may be
necessary to meet more stringent requirements.



Capital costs for the pipeline include piping materials and construction costs. The
design is based on aboveground construction and no significant physical obstructions
along the alignment. Operating costs include maintenance items such as inspection,
cleaning, and section repair or replacement.

Alternative Evaluation

Screening-level costs for each alternative, including a range of estimated
treatment costs, are shown in Table 3. The agriculture alternative has the lowest cost,
with an NPV of approximately $60 million, followed in order by energy production,
ocean discharge, and aquaculture. Aquaculture has the highest estimated NPV, primarily
due to treatment required to sustain a viable fish population.

The alternatives were evaluated using the following criteria:

! cost

! environmental protection

! regulatory acceptability

! public perception

! ease of implementation

! operational reliability.

Agriculture was selected for further design and cost development; aquaculture was
eliminated from further consideration based primarily on cost and bioaccumulation
concerns. Energy production was eliminated primarily because a surplus of gas is
currently flared at the station, and the cost of gas production is not justified. Ocean
discharge was eliminated based on higher cost and potential environmental impact;
public perception also could present an obstacle to implementation.

Conceptual Design of Agriculture Alternative

Treatment

The primary considerations determining the treatment requirements for an
agricultural end use are the potential adverse effects of oil, chemical constituents, and
ionic species in the produced water on the plants; avoidance of oil staining; in the plots,
and Omani regulations governing agricultural use. The conceptual treatment design is
predicated upon receiving a waiver from the government’s “Regulations for Wastewater
Reuse and Discharge,” which specify target concentration limits for oil, total dissolved
solids, and certain inorganic species such as boron, chlorides, and selenium. The
proposed treatment technology focuses on removing oil to a target effluent concentration
of 5 to 10 mg/l.



The most cost-effective process for removing oil to the target levels was induced
gas flotation (IGF) followed by deep-bed crushed nutshell media filtration. This process
was retained for further design development. The conceptual design (shown in Figure 9)
includes multiple process units operated in parallel. Gravity or low-shear pumps
introduce produced water from the primary treatment to four to six flotation units
(depending on the manufacturer and model selected). Operation under inert headspace
and with chemical addition to optimize oil and solids removal is assumed; effluent oil
concentrations are anticipated to be approximately 50 mg/l. Floatation unit effluent is
pumped into tanks and filtered through deep-bed media filters containing crushed
nutshells. Filter backflushing results in a waste stream containing oil and solids; this is
routed to tanks for oil separation and solids settling. Oily solids are dewatered via
centrifuge or rotary vacuum precoat filter and disposed in a dedicated landfill constructed
near the treatment area.

Alternatively, a slightly more costly treatment involves deoiling (using basins)
followed by a biological activated sludge process, which could lower heavy metals
concentrations to a greater degree, providing more flexibility in selecting agricultural
crops.

Agriculture

A pilot-scale farming study preceding full-scale agriculture implementation is part of the
proposed design. The pilot study would evaluate:

! the tolerance of different crop species to the produced water;

! the impact of non-treated and treated produced water on plant growth and oil
accumulation in soil;

! the impact of irrigation on soil drainage;

! bioaccumulation of metals in plants and soil;

! the optimum irrigation methods and schedule, leaching fraction, and fertilizer
requirements.

Candidate plants selected for evaluation in a pilot-scale farming study fell into
two categories:

! herbaceous plants grown as seasonal crops that produce a valuable product,
and

! trees or woody shrubs grown as perennials for good fuel wood, capable of
high wood productivity when irrigated with saline water and able to regrow
from rootstock following harvesting.

Two herbaceous plants, cotton and pickleweed (Salicornia species), were
selected. Salicornia can be grown as an oil seed crop or can be processed into briquettes
for fuel. The decision may depend upon accumulation of metals in the seed or other plant
tissues.



Cotton has the advantage of a wide tolerance to boron concentrations in irrigation
water, although this may be species and climate dependent. Several species of Prosopsis
trees meet the selection criteria and were selected for pilot-scale evaluation. Eucalyptus
potentially meet the criteria and use large amounts of water, however, these trees were
banned in Oman at the time of the study.

The design of a full-scale farming operation provides for disposal of the
produced water throughout the entire year by using a diversified cropping pattern that
includes an annual crop (750 acres of salicornia or cotton) and a permanent salt-tolerant
tree crop (2,250 acres of Prosopsis). Several irrigation methods are anticipated in the full-
scale design: center pivot sprinkler type for salicornia; flood irrigation for cotton; and
flood or micro-irrigation for the trees.

The annual crop is harvested at the beginning of the hottest season, so that the
tree crop would then have access to additional irrigation water during the hottest season
when evapotranspiration is greatest. The emphasis on the tree crop yields higher revenues
with lower management requirements.

Site selection is critical to the successful implementation of the agriculture
alternative. Adequate soil cover free of drainage impediments, so that over-irrigation with
the saline produced water can be used for root zone flushing, and no high-quality
underlying aquifer close to the site are key selection considerations. Several potential
farm sites were considered during the conceptual design phase (Figure 10). The site on
the lower coastal plain was recommended based on the above criteria.



Table 1. Design Basis: Water Characteristics
Concentration

Constituent (mg/l)
Oil 300-1800
Na. K 4135
Ca 11
Mg 4
Fe 0.1
Cl 5779
SO4 322
HCO3 636
CO3 0
Salinity 10,265 as NaCl
TDS 10,887
Total Hardness 44 as CaCO3
pH 7.48 @ 19ºC
H2S 5.2
BOD (Assumed) Up to 50
Temperature 40ºC
Metals Present <10µg/L As, B, Ba, Cr, Cu, Fe, Mn, P, Sr

Table 2. Screening-Level Cost Summary of Treatment Technologies

Estimated Costs
Operations and Maintenance

Treatment Capital Cost Total Annual Cost Labor Portion 20-Year NPV
Option ($ in Thousands) ($ in Thousands) (Man-Hr) ($ in Thousands) ($ in Thousands)
Secondary Mechanical
Induced Gas Flotation 2,206 1,123 240 4,800 13,233
Hydrocylone 8,554 639 125 2,500 14,827
Centrifuge 55,110 1,370 2,500 50,000 68,559
Filtration (crushed
 nutshell) 6,567 589 300 6,000 12,347
Membrane 14,401 5,576 2,500 50,000 69,150
Secondary Biological
Activated Sludge 5,000 270 3,750 75,000 7,651
Anaerobic Ponds 16,695 150 4,160 75,000 18,168
Aerobic Ponds 5,355 692 10,000 100,000 12,148
Tertiary
Steam Stripping 13,412 2,330 7,500 150,000 36,289
Activated Carbon 13,020 1,849 2,500 50,000 31,172
Constructed Wetland 14,000 135 4,160 75,000 15,325
Heavy Metals
Chemical Precipitation 16,080 24,000 7,500 150,000 251,644
Ion Exchange 12,182 2,411 5,000 100,000 35,855



Table 3. Summary of Screening-Level Costs for the Conceptual Design

Annual Operations
Construction and Maintenance 20-Year

Capital Costs Costs Costs NPV Cost
Alternative ($ in Thousands ($ in Thousands) ($ in Thousands) ($ in Thousands)
Agriculture
Treatment 7,600-8,800 included in capital cost 1,700-1,800 26,600-26,900
Agriculture 6,300 6,000 2,000 31,500

Total 13,900-15,000 6,000 3,700-3,800 59,700-60,000
Aquaculture
Treatment 19,800-34,000 included in capital cost 4,100-5,800 63,100-95,300
Aquaculture 5,800 47,400 4,000 95,000

Total 25,600-39,800 47,400 8,100-9,800 158,100-190,300
Energy Production
Treatment 8,800-16,700 included in capital cost 135-1,700 18,100-26,800
Energy Production
 (incl. ponds) 29,100 8,900 1,600 55,000

Total 37,900-45,800 8,900 1,700-3,300 73,100-81,800
Ocean Discharge
Treatment 7,600-8,800 included in capital cost 1,700-1,800 25,600-27,900
Pipeline (Steel) 54,700 27,300 1,200 93,800

Total 62,300-63,500 27,300 2,900-3,000 120,300-122,600
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ABSTRACT
This paper presents a novel methodology to solve the water/wastewater reuse

allocation planning problem. The methodology guarantees minimum fresh water usage
yielding at the same time as it constructs the corresponding water network. For the
single-contaminant case, the procedure does not require computers or highly qualified
professionals to implement it in an industrial problem. Because of the constructing
nature of the method, it always provides an optimal solution. The refinery
multicomponent case, although not solvable by hand, can be solved by a simple and
reliable procedure.

The paper also discusses the intricacies of the water management problem in
conjunction with energy savings related to the fact that water is required at different
temperatures and pressures throughout the plant. A method to address energy efficient
single contaminant water utilization systems is then presented. Finally, retrofit piping
options are studied in a framework that minimizes annualized fixed costs. The method is
capable of handling either small-scale problems (few water-using units) or large-scale
problems. Examples to illustrate the technique principles, including large examples (over
twenty or thirty processes) are included.

* Now at Rowan University, Chemical Engineering, 328 Henry M. Rowan Hall, Glassboro, NJ
08012.



INTRODUCTION
The chemical and petrochemical industries make an intensive usage of water. The spent

water contains several contaminants (phenols, sulfides, ammonia, benzene, oil, etc.), which
cannot be discharge directly without creating an environmental pollution problem. Water cleanup
has been the object of several retrofit programs in industry, and legislation exists that regulate
and establish goals for these efforts (e.g. Clean Water Act).

Wastewater has several contaminants that make it unsuitable for discharge. For example,
the total organic carbon (TOC), the biochemical oxygen demand (BOD) and the chemical oxygen
demands (COD) indicate the organic matter content. Oil and grease (O&G) and total petroleum
hydrocarbons (TPH) give a measure of the presence of oil, grease and other hydrocarbons. The
physical characteristics of the wastewater are also adjusted before disposal. These characteristics
include the total suspended solids (TSS), pH, temperature, color and odor. For these reasons and
in compliance with the EPA Clean Water Act of 1977, wastewater must be treated before
discharge (that is, end of pipe treatment). Several treatment options are taken into account
depending on the sludge characterization. In other words: wastewater treatment procedures are
based on the type and concentration of its contaminants.

Several procedures have been proposed to design economical wastewater treatment. With a
few exceptions, these procedures rely on the application of certain rules of thumb. The current
installations usually merge several waste streams and use appropriate technologies to clean them
before disposal. These are therefore, end-of-pipe wastewater cleanup solutions. Several papers
discuss these options. Belhateche (1) offers a complete discussion of these technologies.

To attack the problem at its roots, i.e. the generation of pollutants, process simulation was
proposed as a tool to perform pollution balances on processes and calculates pollution indices
(Sowa (2); Hilaly and Sikdar (3)). One of the main results of this line of work is the WAR algorithm
developed by the EPA Risk Reduction Engineering Laboratory. However, for many processes the
reduction of the generation of many pollutants is not possible. The petroleum processing industry is
such an example. The major pollutants in refinery wastewater are part of the crude and are not
generated in the plant. Many other pollutants are by-products that are difficult to reduce.

Finally, starting in the eighties and increasingly in the nineties water re-use started to
become popular as means of reducing the total amount of water intake. This, in turn, not only saves
upstream treatment but also saves wastewater treatment. Industry and the EPA in the United States
is now seriously considering and discussing the advantages and disadvantages of zero-liquid
discharge solutions as the ultimate goal of green chemistry.

Roadmap for Improved Process Solutions

Until a few years ago, the problem of water treatment was considered as a set of
sequential treatment operations of a single wastewater stream consisting of the wastewater from
all unit operations (desalters, strippers, etc). At the same time, without the concept of wastewater
re-use, processes are fed by freshwater only. Such a system is depicted for three water user
processes (Pi) and three treatment units (Ti) in Figure 1 (a). One way of obtaining improved
designs is the reuse of wastewater from one process to feed another without sending it to
treatment. This reduces the cost because the overall water intake is smaller (Figure 1 (b)). The
next step is to introduce series/parallel designs of the wastewater treatment unit avoiding at the



same time the merging of all the wastewater streams into a single feed stream (Figure 1 (c)).
Finally, treatment can be decentralized in such a way that some pollutants are removed from
wastewater of selected processes allowing the reuse of these waters (Figure 1 (d)).

Optimal Water/Wastewater Allocation

The search for optimal wastewater reuse solutions was addressed by industry itself more
than twenty years ago (Carnes et al. (4), Skylov and Stenzel (5), Hospondarec and Thompson, (6);
Mishra et al (7), Sane and Atkins (8)). Takama et al. (9) used mathematical programming to solve a
refinery example. A superstructure of all water-using operations and cleanup processes was set up
and an optimization was then carried out to reduce the system structure by removing irrelevant and
uneconomical connections. The authors made an important contribution by addressing the problem
of water management as a combination of water/wastewater allocation among processes and
wastewater distribution to cleanup units. After the paper by Takama et al. (9), several papers
followed addressing the problem as a single contaminant problem and later as a multi-
contaminant or multicomponent problem. It was not until very recently when the issue of energy
efficient utilization was researched. Wang and Smith (10) proposed a methodology that can
effectively pick optimal reuse solutions. Dhole et al. (11) popularized this methodology calling it
the “water pinch”. The targeting graphical method exploits the idea of plotting the cumulative
exchanged mass vs. composition for a set of reach and lean streams, a concept first presented by
El-Halwagi and Manousiouthakis (12) for synthesizing Mass Exchanger Networks. Limiting
water profiles for each operation can be obtained from plotting water maximum inlet and outlet
concentrations vs. mass load (Figure 2 (a)). The method is based on assuming:

•  Constant pollutant load picked up in each process.

•  Maximum inlet and outlet concentrations on each process. These are dictated by solubility,
flowrate limitations, fouling, corrosion, etc.

By combining all these streams in one unique profile, a water limiting profile can be
obtained, as it is shown in Figure 2 (b) for four processes. The fresh water line touches the
composite curve at the pinch point and determines the overall water consumption.

Once the target flowrate is obtained, a preliminary network is developed using a matching
procedure rooted in the work of Linnhoff and Hindmarsh (13) and Wood et al. (14). In most cases,
these preliminary designs call for mixing of streams in the middle of unit operations. To obtain a
final true water network, Wang and Smith (10) propose a loop breaking technique. This technique
was proven rather difficult, especially for large systems. The difficulty stems from the realization
that there are no clear criteria as of, which is the loop that needs to be broken at each step. To
overcome this difficulty, Olesen and Polley (15) proposed a simplified design procedure for
single contaminant. The authors used the water pinch to obtain the minimum flowrate target and
then modeled the realizing network by inspection. However, as stated by the authors, because it
is based on a special ad-hoc inspection procedure, this approach cannot handle more than four or
five operations.

Kuo and Smith (16) also recognized the complexity of the evolutionary design procedure
proposed earlier by Wang and Smith (10). In an effort to simplify the previous method, the authors
introduced a new graphical approach. In addition, they addressed the optimal allocation of fresh
water in combination with the distribution of quality of the wastewater that is to be treated. The



authors utilize the water pinch concept to construct the grand composite curve of the system. Then,
the method consists on identifying the pockets that can be created by successively bending the
water supply line upwards and finally, the method creates water "mains" at the end of each
pocket and identifies processes that should be fed by these mains. The method has some
limitations because it fails to provide a systematic procedure for fresh water assignment and
wastewater reuse.

After the pioneering work of Takama et al. (9), the conceptual design approaches
displaced any mathematical programming formulation of the problem for several years.
However, Doyle et al. (15) and more recently Alva-Argáez et al. (17) as well as Huang et al. (18)
presented MINLP or NLP models. Savelski and Bagajewicz, (19), in particular showed the
models can be linearized even for the multiple contaminant case (Savelski et al., (20)).

The importance of simultaneous minimization of utility and fresh water usage was first
addressed by Savelski et al. (21). More recently, Savulescu and Smith (22) proposed a graphical
method to solve the minimization of fresh water achieving at the same time the minimum utility
target. The authors' approach is limited to small-scale problems and considers direct (mixing) heat
transfer but only indirect heat exchange between fresh water inlet and wastewater outlet streams.
Moreover, it requires that all wastewater streams are mixed and it cannot deliver a network
featuring minimum number of heat exchangers.

All the above work constitutes important attempts to solve the single and multiple
contaminant water/wastewater distribution problem. However, each of these methods has either
numerical or implementation problems that prevent them from being robust.

In this work, we first propose an algorithmic design procedure that targets the single and
multiple contaminant water allocation problems while providing at the same time a realizing
network. More realistic models of main unit operations are also included to show the importance
and influence of previous simplification to the overall water usage. Then, we present a modeling
procedure to solve the simultaneous minimization of utility and water consumption. Finally,
retrofit alternatives including water and piping annualized cost are explored.

PROBLEM STATEMENT
Given a set of water-using/water-disposing processes, it is desired to determine a

network of interconnections of water streams among the processes so that the overall fresh water
consumption is minimized while the processes receive water of adequate quality. This is what is
referred to as the Water/Wastewater Allocation Planning (WAP) problem. A more stringent-
version of this problem was presented by Takama et al. (9) and later used by Wang and Smith
(10). In this version, limits on inlet and an outlet concentration of pollutant are imposed a-priori
on each process and a fixed load of contaminants is used. These inlet and outlet concentrations
limits account for corrosion, fouling, maximum solubility, etc.



WATERSAVE
WaterSave is a recently developed method that permits the practicing engineering to

easily perform an optimal distribution of fresh water and wastewater reuse among the existing
refinery processes. The uniqueness of the method is that, in many cases the design procedure
does not require sophisticated software (although a WaterSave software package is available) or
highly trained specialists to design the optimal water allocation network. The new algorithmic
procedure is based on recently developed mathematical conditions of optimality (Savelski and
Bagajewicz, (23)).

Before we discuss the methodology, some definitions that will be useful later are
presented.

Definitions

We start by introducing terminology of water-using sets and processes, which will be
used later in the paper (Savelski and Bagajewicz, (23)):

•  Fresh Water User Processes (FWU): Fresh Water User Processes are processes that require
fresh water. They may also be consumers of wastewater.

•  Wastewater User Processes (WWU): Wastewater User Processes are processes that are fed
solely by wastewater.

•  Head Processes (H): Head Process is a special case of a FWU that utilizes only fresh water.

•  Intermediate Wastewater User Processes (I): Intermediate Wastewater User Processes are
processes that are fed by wastewater from other processes and feed other processes with the
wastewater they produce.

•  Terminal Wastewater User Processes (T): Terminal Wastewater User Processes are
processes that are fed by wastewater from other processes, but they discharge their
wastewater to treatment.

Figure 3 illustrates schematically the way these processes are aligned. The set of fresh water
users consists of the set H and subsets of sets I and T. Similarly, the set of Wastewater users is
formed by a subset of I and a subset of T. That is, not all intermediate and terminal processes use
fresh water and/or are solely fed by wastewater.

•  Set of Precursors of a Process j (Pj): A set of Precursors of a process is the set of all
processes that send wastewater to process j.

•  Set of Receivers of Process j (Rj): A set of receivers of a process is the set of all processes
where wastewater from process j is sent.

Finally, the following definitions will help in the presentation of the necessary
conditions.



•  Partial Wastewater Providers (PWP): A Partial Wastewater Provider is a process whose
wastewater is partially reused by other processes, that is, a portion of its wastewater is sent
directly to treatment.

•  Total Wastewater Providers (TWP): A Total Wastewater Provider is a process whose
wastewater is fully reused by other processes.

SINGLE CONTAMINANT
TARGETING AND DESIGN

The single-contaminant fresh water/wastewater allocation-planning problem can be
easily solved by hand. WaterSave provides with a set of rules, known as Maximum Reuse Rules,
which when properly followed guarantee a water network featuring minimum fresh water
consumption. The method is based on recently developed mathematical conditions of optimality.
These conditions are presented in a series of theorems whose proofs can be found in Savelski and
Bagajewicz (23, 24). They can be summarized as follows:

•  MONOTONICITY: At every Partial Wastewater Provider (PWP), the outlet concentrations
are not lower than the concentration of the combined wastewater stream coming from all the
precursors.

•  OUTLET CONCENTRATION: All FWU processes have reached their maximum
possible outlet concentration

In addition to these conditions the Maximum reuse Algorithm was proposed:

Maximum Reuse Algorithm

Consider a set of (n-1) precursors of process n (Figure 4). We assume that process n has
a maximum outlet concentration that is larger than that of all its precursors (monotonicity). In
Figure 4, all possible connections from the precursors of process n are indicated. We now explain
the optimal policy of water allocation, such that the fresh water usage of process n is minimum.

The maximum reuse allocation of wastewater to process n is given by the application of
the recursive formula that maximizes the wastewater usage from those precursors of n that are
monotone. By maximizing the wastewater reuse, the freshwater intake of process n is then
minimized.

Example 1. Maximum Reuse Rule Application.

The following example shows how the wastewater is assigned and how the necessary
water for dilution is calculated. Table 1.a lists the possible precursors of process A and their
characteristics. Table 1.b the limiting conditions of process A.



1. Given the available precursors, we first list them in increasing order by their maximum outlet
concentration and then use them one at a time following that order. Table 1.a shows the
ordered precursors.

2. Take the first precursor of the list and calculate the maximum possible wastewater flowrate
that process A can admit from a precursor of this concentration. That is given by:
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Therefore, we take the first precursor 1P  and calculate the maximum possible wastewater
that process A could admit from it, that is:
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In this case, htonF w
A /0.2040.00.104667.00.203333.33 =⋅−⋅−= . Figure 5 shows the

water/wastewater distribution to process A.

Simple Design Procedure

The following design procedure is proposed (Savelski and Bagajewicz (25)):

1. Feed fresh water to all processes that have zero inlet maximum concentration (Head
Processes). To calculate the required flowrate assume the outlet concentration is maximum.



2. If no process has zero inlet maximum concentration take the process with the lowest
maximum outlet concentration.

3. Order the rest of processes in increasing order of maximum outlet concentration.

4. Take the first process of the list and apply the maximum reuse algorithm. Exclude from the
list of sources those that violate monotonicity.

5. Keep applying the maximum reuse rule in this fashion for all the rest of the processes.

The above procedure satisfies all necessary conditions of optimum (monotonicity in the
outlet concentrations and outlet concentrations at their maximum values) and leads to an optimal
structure.

Example 2: Consider the limiting data for a four-process problem given in Table 2.
We now show how the new design methodology is applied to this problem.

Step 1: Identify Head Processes
Process 1 is the only process with maximum inlet concentration equal to zero. Therefore, one
obtains:
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Step 2: Maximum outlet concentration ordering
There are three processes left to order. That is:

Process Number max
outC

2 100

3 800

4 800

Since processes 3 and 4 has the same outlet maximum concentration, either one could be listed
first.

Step 3: Apply the Maximum Reuse Rules

3.1. We take the first process of the list (process 2) and apply the rule. We realize that due to
the necessary condition of monotonicity, there are no possible precursors for this
process. Therefore, fresh water is fed to process 2.

Calculating the necessary fresh water intake, we obtain:
htonF w /0.502 =

3.2. We take process 3 and apply the rules. The maximum outlet concentration of this
process allows us to supply it with wastewater from either process 1 or 2.

Using (1), we can write:



( ) ( ) hton
CC

CK
F

inout

in /0.20
50875.01100

505.37
1 max

,33,1
max
,1

max
,33

3,1 =
⋅−−

⋅=
−−

=
α

13,1 0.20 FF == . Consequently, we can fulfill process 3 water intake by using process 1
only. We now calculate the necessary fresh water intake using (2).

htonFKF w /0.20875.00.205.373,13,133 =⋅−=−= α

3.3. Finally, we consider process 4. This process has only one monotone precursor, which is
process 2. Process 3 has wastewater of the same concentration as the maximum outlet
process 4. Therefore, it cannot be used as a wastewater provider. The outlet
concentration of process 2 is lower than the maximum inlet concentration of process 4,
therefore the flowrate 4,2F can be calculated as follows:

( ) ( ) 2max
,2

max
,4

4
4,2 /7143.5

100800
000,4 Fhton

CC
LF

outout

<=
−

=
−

=

Since 24,2 FF < , process 4 does not require any other water intake to fulfill its
requirements. Consequently, it is a WWU and the problem is solved.

Finally, we calculated the total fresh water intake that the network requires, that is:

htonFFFW www /0.900.200.500.20321 =++=++= .

Both, the water consumption and the network design (Figure 6) coincide with those reported by
Wang and Smith (10).

Other Design Procedure

As it was shown by (LP paper reference) the problem can have multiple solutions, out of
which the one that can be obtained by hand is just one. Several other solutions can be obtained
by constructing a mixed integer linear programming model, which is very easy to solve and that
can be used to obtain the minimum number of connections, or the minimum cost of connections.
Unfortunately, the solution procedure for multiple contaminants is not as straightforward as this
one.

SIMULTANEOUS WATER
AND HEAT UTILITY OPTIMIZATION

Problem Statement

Given a set of water-using/water-disposing processes, which required water of a certain
quality and temperature. It is desired to determine a network of interconnections of water streams



among the processes and a network of heat exchangers between these streams such that the
overall fresh water and the utility consumption are both minimized. The water minimization is
required to provide the processes with water of adequate quality as dictated by imposed inlet and
outlet concentration limits.

To solve this problem we use the following procedure:

a) First, the minimum fresh water consumption is targeted using a simple (but rigorous) linear
programming model.

b) Minimum Utility is targeted using a MILP model for a pinch operator (Bagajewicz and
Manousouthakis, (26)). This model accounts for both mixing and indirect heat exchange.

c) Once the minimum utility target is obtained, the heat exchanger network can be constructed.
If one uses the process-to-process flowrates and utility targets obtained form the previous
steps, the problem reduces to a classical heat exchanger network design. However, one may
decide to leave the constraints corresponding to the flowrate connections and build a
generalized heat transshipment model. As this model is solved, new process to process
connections and flowrates are chosen helping thus to achieve a lower capital investment
target.

Example 3: We now apply the procedure to a problem proposed by Savulescu and Smith (22).
Table 3 shows the limiting data for this problem. Figure 7 displays the resulting water network
with a total fresh water intake of 90.0 kg/s. The problem has no pinch and the minimum number
of matches calculated is 7. Therefore, a heat exchanger network featuring only 7 heat exchangers
is obtained. The minimum utility obtained is 3,780 kW. Figure 8 shows such network.

MULTIPLE CONTAMINANT
TARGETING AND DESIGN

Consider the case where the pattern of flows is given, that is, all the potential precursors
of each process are fixed. In such a case, Savelski et al. (20) observed that a generalization of the
maximum reuse rule derived for single components consists of an LP sub-problem. With this
solution at hand, the only thing remaining is the construction of a tree of combinations. Such a
tree is shown in Figure 9 and each branch of the tree can be interpreted by saying that every
member of the combination is only a precursor of the processes that follow in the list.

A first upper bound is obtained by developing one complete branch of the tree. This tree
is then explored developing every branch and using certain stopping criteria. In addition, at each
node of the tree, a partial count of freshwater intake is available, and when it is larger than the
current upper bound, it is also used to cut the tree.

The search allows exploring different design alternatives, capability that other
methodologies fail to provide. Some of these alternative networks may consume more fresh water
than the optimal case but they may still present an interesting option if the interconnections among
processes are somehow limited. Forbidden and compulsory connections among processes are not



unusual. This procedure guarantees global optimality for the case where all the wastewater users are
terminal processes.

The method is very efficient. For example, the problem of Table 4 renders the solutions
shown in Figures 10 and 11, and no others. The importance of this method stems from its ability
of being able to provide several sub-optimal solutions that may be attractive to the practical
engineer, but can also be useful for retrofit studies.

REFINERY CASESTUDY- TOTAL ANNUALIZED
COST OPTIMIZATION

The following is a refinery case study that involves eight water-using operations. Table 5
presents the limiting data and Table 6 the distances between the processes. Six alternative
solutions were explored.

•  Solution without wastewater reuse. Figure 12 shows the corresponding network.

•  Solutions with wastewater reuse: WaterSave was used to obtain different solutions to this
problem. The optimal and the best four sub-optimal water networks are shown in Figures 13,
14, 15, 16 and 17 respectively.

•  A full economical comparison between the different design alternatives is presented in Table
7. This economical analysis includes the cost of the freshwater, the cost of the end-of-pipe
treatment, the required piping, and the pumping costs.

Economic Data

Water Cost (Includes freshwater cost end-of-pipe treatment) ($/ton): 1.5
Pipe Cost Factor ($/in-ft): 75
Interest Cost (%): 5
Number of Payment Periods (years): 10
Operation Days per Year: 350
Water Reasonable Velocity (ft/s): 7
Pump Efficiency (%): 85
Motor Efficiency (%): 95
Electricity Cost ($/kw-h): 0.066
Centrifugal Pump Cost ($/hp): 2,000

CONCLUSIONS
A new method to solve the water allocation problem in refineries has been presented. It

has been shown through multiple examples that the procedure always provides the minimum
fresh water target and a realizing network. In the case of single-contaminant, a simple design
method has been shown. The design can be performed totally by hand even for large-scale
problems. The energy efficient single-component water allocation problem has also been



modeled using the new methodology. Finally, the total annualized costs for a large refinery case
study has been optimized showing the capability of the proposed methodology in providing
several alternative solutions.

NOTATION
C concentration of contaminant, ppm
F water flowrate, ton/h
Subscripts: Superscripts:
in: at inlet min: minimum
out: at outlet max: maximum
j: process j w: fresh water

jP : precursors of j

jR : receivers of j
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Table 1 a. Limiting data for Example 1.

Precursor
outC

(ppm)
Available
Flowrate
(ton/h)

1 80 20
2 90 15
3 100 10

Table 1 b. Limiting data for process A in Example 1.

Process max
inC

(ppm)

max
outC

(ppm)

Mass Load of
Contaminant

(kg/h)
A 50 1000 5

Table 2. Limiting Data for Example 2.

Process
Number

Mass Load of
Contaminant

(kg/h)

max
inC

 (ppm)

max
outC

(ppm)

1 2.0 0 100
2 5.0 50 100
3 30.0 50 800
4 4.0 400 800

Table 3. Limiting Data for Example 3 from Savulescu and Smith (1998).

Process Number Mass Load of
Contaminant

(g/s)

max
inC

(ppm)

max
outC

(ppm)

Temperature
(ºC)

1 2 0 100 40
2 5 50 100 100
3 30 50 800 75
4 4 400 800 50

Temperature of fresh water CTw
ο20=

Temperature of wastewater CTout
ο30=



Table 4. Limiting data for the Example from Doyle and Smith (15).

Process Number Contaminant max
inC

 (ppm)

max
outC

(ppm)
A 0 15
B 0 4001

C 0 35
A 20 120
B 300 12,5002

C 45 180
A 120 220
B 20 453

C 200 9,500



Table 5. Process Limiting Data of the Refinery Case study.

Process Description Contaminant max
inC

(ppm)

max
outC

(ppm)

Load
(kg/hr)

Pressure
(psig)

Salts 300 500 0.18
Organics 50 500 1.20
H2S 5000 11000 0.75

1 Caustic
Treating

Ammonia 1500 3000 0.10

30

Salts 10 200 3.61
Organics 1 4000 100
H2S 0 500 0.25

2 Distillation

Ammonia 0 1000 0.80

10

Salts 10 1000 0.60
Organics 1 3500 30
H2S 0 2000 1.50

3 Sweetening
(Amines)

Ammonia 0 3500 1.00

30

Salts 100 400 2.00
Organics 200 6000 60
H2S 50 2000 0.80

4 Sweetening
(Merox I)

Ammonia 1000 3500 1.00

30

Salts 100 350 3.00
Organics 200 6000 75
H2S 50 1800 1.90

5 Sweetening
(Merox II)

Ammonia 1000 3500 2.10

30

Salts 85 350 3.80
Organics 200 1800 45
H2S 300 6500 1.10

6 Hydrotreating

Ammonia 200 1000 2.00

30

Salts 1000 9500 120
Organics 1000 6500 480
H2S 150 450 1.50

7 Desalter I

Ammonia 200 400 0.00

200

Salts 800 9500 140
Organics 1200 6500 220
H2S 150 450 1.20

8 Desalter II

Ammonia 200 400 0.00

200

Salts
inC  (ppm) = 0

Organics
inC  (ppm) = 0

H2S inC  (ppm) = 0

0 Freshwater

Ammonia
inC  (ppm) = 0

30



Table 6. Refinery Case study distances between processes.

Caustic
Treat.

Dist. Sweetening
(Amines)

Sweetening
(Merox I)

Sweetening
(Merox II)

Hydrot. Desalter
I

Desalter
II

Caustic
Treating

- 1200 600 900 1200 600 900 1200

Distillation 1200 - 900 900 1200 1200 900 600
Sweetenin

g
(Amines)

300 900 - 1200 1500 300 600 300

Sweetenin
g

(Merox I)

900 900 900 - 300 1500 1800 1500

Sweetenin
g

(Merox II)

1200 1200 1200 300 0 1800 2100 1800

Hydrot. 600 1200 600 1500 1800 0 300 600
Desalter I 900 900 900 1800 2100 300 0 300

Desalter II 1200 600 600 1500 1800 600 300 0

Fresh
water

Header

1200 1500 900 2100 2400 600 300 600

Table 7. Refinery Case study, results comparisons.

Solutions with water reuse
Without

water reuse
Optimal
Solution

Sub-
Optimal

Solution #
1

Sub-
Optimal

Solution # 2

Sub-
Optimal

Solution # 3

Sub-
Optimal

Solution # 4

Freshwater Flow
Rate (ton/hr)

191.17 162.59 162.59 162.59 162.89 163.25

Freshwater & End-
of-Pipe Treatment
Cost

$ 2,408,700 $2,048,600 $2,048,600 $ 2,048,600 $ 2,052,400 $ 2,057,000

Piping and Pumping
Cost

$ 243,100 $322,400 $327,500 $ 327,700 $ 324,300 $ 321,600

Total Cost $ 2,651,800 $2,371,00 $2,376,100 $2,376,300 $ 2,376,700 $ 2,378,600
Freshwater Flow
Rate Difference (%)
(*)

- 15.0% 15.0 % 15.0 % 14.8 % 14.6 %

- $ 280,800 $ 275,700 $ 275,500 $ 275,100 $ 273,100
Total Cost
Difference (%) (*)

- 10.6 % 10.4 % 10.4 % 10.4 % 10.3 %
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Figure 7. Water Network solution for Savulescu and Smith (1998) problem.
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2 = 8.44 ton/h

Fw
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F1,3 = 2.67 ton/h

F1,out = 16.84 ton/h

F3,out = 54.76 ton/h

F2,out = 34.00 ton/h
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Figure 10: Optimal solution of the problem of Table 4 ( 60.105=w
totalF  ton/h).
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Figure 11. Sub-optimal solution of the problem of Table 4 ( 66.105=w
totalF  ton/h).
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Figure 12. Refinery Case study, water network without reuse.
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Figure 17. Refinery Case study, sub-optimal solution # 4.
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ABSTRACT
A large number of volatile organic compounds (VOCs), which are highly toxic and have

an odor, are banned for their direct release in the atmosphere, and the list of such VOCs is
increasing day-by-day. The VOCs (which include volatile hydrocarbons, oxygenates, and hallo-
and sulfur compounds) from waste gases and waste waters are to be oxidatively destroyed by
their conversion into harmless products, such as carbon dioxide, water, hydrogen halides, SO2,
etc., which can be released in the atmosphere after the acid removal. However, because of low
concentration, their homogeneous oxidation by direct incineration is highly energy intensive and
hence very costly. Worldwide efforts are, therefore, continuously being made to develop more
and more economical/energy efficient processes, involving catalytic oxidative destruction of
VOCs at low temperatures using various catalysts with or without containing noble metals. An
overview of the recent developments on this and other processes for controlling emission of
VOCs is presented.



INTRODUCTION
Volatile organic compounds (VOCs), such as toxic or malodorous hydrocarbons,

oxygenates and halogenated compounds, amines and sulfur compounds, have long been a major
source of air pollution. These pollutants cause direct effects because of their toxicity or malodor
and secondary environmental effects due to the creation of photochemical smog, resulting from
the formation of ozone by the photochemical reaction of VOCs with NOx and other air-borne
chemicals, in the presence of sunlight. At present, there is much environmental consciousness in
both developed and developing countries throughout the world and laws have already been
enforced in respect of the regulation of various toxic or hazardous air pollutants. National
emission standards are being revised or adapted putting more and more stringent requirements of
emission control and adding to the list of toxic pollutants more and more compounds,
particularly, toxic volatile organic pollutants (VOCs) from various industrial and commercial
production/processing units [1,2].

There are a variety of sources of the VOC pollutants contaminated air streams, such as,

- commercial chemical processes involving production of organic compounds and
polymers

- industrial units (using volatile organic solvents) involving printing, metal
decorating, coating, food processing, dry cleaning, metal degreasing, paint
drying, etc.

- air stripping units associated with ground water and contaminated soil and waste
material clean-up, and,

- storage and loading/unloading of VOCs.

The VOC pollutants are to be separated (by physical processes) or destroyed by oxidizing
them into less harmful compounds, such as carbon dioxide, hydrogen halides, SOx, etc., which
can be released in the atmosphere after acid removal (e.g. hydrogen halide or SOx, if present). A
number of technologies, listed below, have been considered for controlling VOC emissions [2,3]:

• Thermal oxidation (thermal incineration)
•  Catalytic oxidation
•  Flaring (flame combustion)
•  Condensation
•  Adsorption or absorption
•  Membrane separation
•  Ultraviolet oxidation
•  Corona, ultra sonic or plasma destruction
•  Biofilters

However, because of their broad applicability to a wide variety of VOC emission
streams, the processes based on thermal and catalytic oxidation, flaring, condensation and
adsorption are the most popular VOC controls used. Ruddy and Carroll [3] outlined the factors
that must be considered for selecting a VOC control technology.

When the VOC pollutants are at high concentrations, thermal (non-catalytic) combustion
(at temperatures above 10000C) and physical separation processes are economical. However, for
the elimination of VOC at very low concentrations (less than 1000ppm), catalytic combustion at
low temperatures (200 – 400oC) is proved to be more economical, particularly when the adiabatic



temperature rise is very low. The main advantages of catalytic combustion compared with
thermal combustion (which is widely used) are lower energy consumption, higher efficiency
(>99%) at very low VOC concentrations, very little or no production of secondary (e.g. NOx),
lower production of CO2 (form fuel burning) thus reducing “green house effect”, lower capital
cost and lesser space requirement (i.e. smaller treatment unit). The limiting factors of the catalytic
combustion processes are, however, catalyst deactivation due to poisoning, coking, sintering or
masking of catalytic active sites by suspended solid particles, and its thermal sensitivity and mass
transfer limitations [4,5].

Earlier work (before 1987) on the oxidative destruction of different VOCs over various
solid catalysts at low temperatures has been critically reviewed by Spivey [4, 6]. Later Spivey and
Butt [5] reviewed the deactivation of noble metal catalysts and transition metal oxides in the
complete oxidation of different VOCs. The main objective of this work is to review recent patents
on the VOC emission control by catalytic combustion and other technologies. Not all, but a few
recent important research papers on this topic are also covered.

Processes for Decontamination of Ground Water, Waste Water and Soil
/Waste Materials

The main VOC contaminants are as follows:

! VOC contaminated exhausts or waste gases,
! VOC contaminated ground water and waste water, and
! VOC contaminated soil and waste solid materials.

VOCs from the contaminated soil, waste materials and waters are to be removed by
stripping with air before their oxidative destruction.

Decontamination of Waste and Ground Water

From the contaminated waste waters, VOCs are removed by air stripping, producing a
gas stream contaminated by VOCs. For decontaminating VOC-contaminated ground water, a
process based on gas-lift pumping and in-situ vapor stripping has been presented by Gorelick and
Gvirtzman [7].

Decontamination of Soil

Apparatus and methods have been developed for thermal stripping of volatile organic
compounds from soil and waste materials by contacting them with hot non-oxidative co-current
gases [8] or using a recirculating combustible gas [9]. The VOCs in the gas are removed by
combustion in a burner fired with a supplemental fuel. A portion of the combusted gas is
exhausted to atmosphere and the remainder is recirculated for decontaminating soil [9].

Recently, Daily et. al. [10] have discussed a dynamic underground stripping process for
removing localized underground VOCs form heterogeneous soils and rock in a relatively short
period. Their process uses steam injection and electrical resistance heating for heating the
contaminated underground area to increase the vapor pressure of the VOC contaminants and
thereby speeding the process of decontamination and making the VOC removal more complete.
The injected steam passes through permeable sediments, distilling out the VOC contaminants,
which are pumped to the surface. The steam impermeable sub-surface layers are heated by



applying large electrical currents. The condensed and vaporized VOC contaminants are
withdrawn by liquid pumping and vacuum extraction.

Very recently, Wang et. al. [11] have presented a process involving a treatment of VOC
contaminated soil with the sodium and calcium salts of naphthalene sulfonates, lignosulfonates
and their derivatives for the detoxification and/or chemical remediation of the VOC contaminated
soil. Soil has more affinity for these salts than VOC contaminants and hence the VOCs are
displaced from the soil by the salts.

Recovery of VOCs from Gas Streams

When the concentration of VOCs in the gas streams are high, the recovery of VOCs for
their reuse and/or safe disposal is economical.

In a process disclosed by Vora and VanOmmeren [12], VOCs and water are recovered from a low
boiling gas stream by compressing the gas to an elevated pressure and cooling the gas in stages to
condense VOCs and water, while avoiding freezing in the system. In another process [13], a gas
stream containing VOCs is passed continuously through a condenser counter currently with
respect to cold clean vent gas combined with a cryogenic refrigerant. The VOCs are condensed at
various temperatures inside the condenser and are separately recovered with very low refrigerant
utilization.

CATALYTIC OXIDATIVE
DESTRUCTION OF VOCs

In catalytic oxidative destruction (COD) of VOC, the VOC reacts with oxygen on the
surface of a catalyst, leading to complete oxidation of VOC. The desirable end products of the
oxidation of different VOCs are as follows:

- oxidation of volatile hydrocarbons to CO2 and water
- oxidation of volatile oxygen containing organic compounds (oxygenates) to CO2

and water
- oxidation of volatile organic halocompounds to CO2, water and hydrogen halide

(the formation of halogens e.g. Cl2, F2 and Br2 is undesirable)
- oxidation of volatile sulfur compounds to CO2, water and SOx
- oxidation of volatile organic nitrogen containing compounds to CO2, water and

NOx.

The acid gases (HCl, SOx and NOx) formed in the oxidative destruction of VOCs are removed
from the gas streams by their absorption in water and/or by alkali treatment.

Important general considerations/observations for effective and economical catalytic
oxidative destruction of VOCs are as follows [4,5,14].

•  For VOC with low concentration (generally below 1000ppm), the oxidation process are net
consumer of heat as the entire VOC contaminated gas stream must be heated to an elevated
temperature. It is expensive to heat the entire gas stream, particularly to a high temperature
(e.g. above 400oC) and hence catalytic destruction of VOC is economical only at lower
temperatures.



•  If the oxidation is incomplete (i.e. partial oxidation) due to either low intrinsic activity of
catalysts or its deactivation during the process, there is a high possibility for the formation of
even more toxic by-products, which are not present in the feed (e.g. phosgene from vinyl
chloride, chlorine form chlorinated hydrocarbons, etc.) the products of VOC oxidation should
be only fully oxidized ones (e.g. CO2, H2O, HCl etc.)

•  Most of the oxidation catalysts are poisoned by the presence of halogenated, sulfur and
phosphorous compounds present in trace amounts and also by suspended solid particles in the
contaminated gas streams.

•  There is a reversible inhibition of oxidation activity of the VOC catalysts by water vapors
present in the feed gas or produced in the oxidation.

•  Combustion of mixed VOCs is quite complicated because of competing effects, resulting
from the combination of changes in the catalyst with time.

Catalysts for Oxidative Destruction of VOCs

Catalysts reported for the combustion of VOC pollutants fall broadly into following
categories:

♦  Supported noble metals (viz. Pt and Pd) with or without transition metal
♦  Single transition metal oxides (viz. oxides of Ni, V, Co, Cr, Cu, Mn, etc.)
♦  Mixed transition metal oxides (viz. MnO2-CuO, CuCr2O4, Cr2O3-MnO2, CoO-MoO3,

CoMoO4 and Zn-Co spinel oxide, etc.)
♦  Perovskite-type mixed metal oxides
♦  Transition metal exchanged zeolites (viz. Cu, Cr, Co, Mn and Ce exchanged Y zeolite)
♦  Transition metal stabilized zirconia

The mechanism of deep (or complete) catalytic oxidation involves both lattice and surface
oxygen for metal oxides and probably reduced metal sites for supported noble metals [4].

Supported Noble Metals

Supported noble metal (Pt group) catalysts are not developed specially for VOC
destruction but those developed for automobile exhaust emission control are used. One of the
most significant advantages of noble metal catalysts for the control of VOC (viz. hydrocarbons
and oxygenated and halogenated compounds) is their ability to form complete combustion
products (CO2, H2O and hydrogen halide) and high activity. However, these catalysts are
deactivated due to poisoning by chlorinated compounds and sulfur compounds, particularly at
low temperature (below 400oC) [4,5]. Noble metal VOC catalysts can also destroy chlorinated
hydrocarbons and sulfur compounds, but higher concentrations of noble metal and also higher
temperatures (above 450oC) are needed to overcome chloride or sulfur poisoning. Because of
higher noble metal concentrations, the catalyst cost is increased very significantly and also at
higher operating temperatures, the catalyst is deactivated by sintering and/or slow evaporation of
noble metal itself, even in the absence of chlorides. Hence, there is a need for replacing costly
noble metal catalysts by developing new cheaper and poison resistant catalysts with high
performance for VOC destruction [15].

Transition Metal Oxides

The most active metal oxide catalyst for complete oxidation of VOC are usually found to
be oxides of V, Cr, Mn, Fe, Co, Ni and Cu [4]. These metal oxides have somewhat lower activity



than the noble metal catalysts, but they have greater resistance to certain poisons especially
halogens, P, As and Pb. However, these catalysts are poisoned by sulfur compounds and also
there is a possibility of loss of the metal from metal oxides by formation of volatile metal
chlorides by their interactions with chloro-compounds resulting in HCl or Cl2 being produced.
Also, reversible inhibition of oxidation activity by water vapors, either produced in the reaction or
present in the inlet gas is particularly pronounced for the metal oxide catalysts. Further, molecular
Cl2 (which is undesired product) is produced by the classical Deacon reaction ( 2 HCl + 0.5 O2 →
H2O + Cl2) during the oxidation of chlorinated VOC over transitional metal oxides, resulting in
an incomplete oxidation and also causing chlorination and hence deactivation of the catalyst.
However, on acidic catalysts, there is little or no occurrence of the Deacon reaction [14]. Hence,
for controlling Deacon reaction, it would be interesting to add an acidic function to new catalyst
formulations containing transition metals.

Very recently, Chuang et. al. [16] have disclosed a catalyst containing noble metal (e.g.
Pt) in combination with a transition metal oxide (e.g. Cr2O3) that are deposited as a thin outer
layer or shell of thickness ≤ 0.1 mm on a porous inert support (e.g. silica or alumina), for
effective oxidation of VOCs essentially to CO2 and water. Catalyst packing material useful for
regenerative catalytic oxidation of VOCs and carbon monoxide has also been presented by
Nguyen et. al. [17].

Perovskite-Type Mixed Metal Oxides

Research activities on perovskite-type oxide catalysts (ABO3), with a rare earth ion as an
A-site and a transition metal ion as a B-site, have concentrated only on the complete oxidation of
hydrocarbons, particularly related to automobile exhaust emission control for replacing costly
noble metal catalysts [18,19]. These studies revealed that Co- and Mn- based perovskite oxides
are potential catalysts (with very high activity) for deep oxidation of hydrocarbons at lower
temperatures and their activity can be drastically improved by the substitution of other metal
cations for A- and B-sites. Recently, Choudhary et. al. [20-22] have observed high activity of Ag-
doped LaCoO3, LaFeO3 and LaFe0.5Co0.5O3 perovskites in complete oxidation of methane, higher
hydrocarbons and oxygenates. A large enhancement in the activity of perovskite by their doping
with silver has been observed. The hydrocarbon combustion activity of LaCoO3 and LaMnO3
perovskites is also found to be increased markedly by their hydrothermal treatment [23].

Transition Metal Containing Zeolite

Relatively little work has been reported on the use of zeolite catalysts for VOC
destruction. Only a few studies [23-30] have been carried out on the oxidation of chlorinated
hydrocarbons over transition metal ( viz. Cr, Co, Ce and Mn) exchanged Y-zeolite and
deactivation of Co-exchanged Y and mordenite in the oxidation of chloro compounds. Although
these zeolite catalysts showed high catalytic activity (complete conversion of chloro compounds
at low temperature with formation mostly of HCl (i.e. very little or no Cl2 formation), the
formation of carbon monoxide (an undesirable combustion product) is favored over CO2 (a
desired product) and also the catalyst is deactivated rapidly due to coke deposition. Nevertheless,
zeolite-based catalysts have high potential but not yet fully exploited for the control of
halogenated VOCs.



Transition Metal Stabilized Zirconia

Transition metal (particularly Mn and Co) stabilized zirconia showed very high activity
in the combustion of methane [31,32], propane [33] and toluene and oxygenates [34]; their
activity was found to be comparable to that of noble metal catalysts [31].

Process for Catalytic Oxidative Destruction (COD) of VOCs

The processes for the catalytic oxidative destruction (COD) of different types of VOCs
are described below:

COD of Hydrocarbons and Oxygenates

Catalytic complete (or deep) oxidation or combustion of hydrocarbons, particularly of
lower hydrocarbons, has been investigated and covered in a number of critical reviews [35-43].

Recently Matacotta et. al. [44] disclosed a method for the full oxidation of VOCs,
particularly hydrocarbons using a mixed metal oxide compound A2B3O6+∂ (A = alkaline earth,
alkali or lanthanide; B = transition metal or group III element, O = oxygen), as a catalyst.

Catalysts and methods for COD of volatile oxygen containing compounds, which have
been developed recently, are as follows:

1. COD of methanol from waste water by first stripping methanol from water and
then oxidizing it in gas phase using a noble metal catalyst deposited on a
hydrophobic support [45].

2. COD of methanol, formaldehyde, resins, binders and hazardous air pollutants
(from various wood manufacturing processes) using a number of catalyst beds
containing noble metals and/or transition metal oxides at lower peak
temperatures than the temperatures encountered in regenerative thermal oxidizers
[46].

3. COD of volatile oxygenates (produced in baking, brewing and flexographic
printing processes) at lower temperatures using noble metal containing hydrated
MnO2 catalyst, having increased resistance to poisoning by sulfur compounds
[47].

4. Low temperature COD of oxygenates (e.g. alcohol) in waste gases (produced by
processes such as baking, brewing and flexographic printing) using a supported
ABO3-type perovskite catalyst (A= La, Ce or Y and B= Cu, Cr, Mn, Fe, Co, Ni)
containing Pt or Pd and having increased resistance for sulfur poisoning [48,49].

COD of Volatile Organic Halocompounds

Greene et. al. [50] have disclosed a catalyst, which is a metal-exchanged and metal-
impregnated aluminosilicate zeolite containing one or more exchanged metal (viz. Ti, V, Cr, Co,
Ni, Cu, Fe, Mo, Mn, Pd or Pt) and one or more impregnated metal ((viz. Ti, V, Cr, Co, Ni, Cu,
Fe, Mo, Mn, Pd or Pt) and disclosed a process using these catalysts for COD of halogenated
organic compounds. The CO/CO2 and Cl2/HCl ratios in the effluent gases could be
varied/controlled by selecting impregnating-metals and exchanged-metals. Greene [51] has also
disclosed a combined sorbent/catalyst system for the COD of VOCs, particularly halogenated
VOCs.



Photocatalytic processes for the destruction of halocompounds have also been claimed.
Raupp and Dibble [52] claimed a gas-solid photocatalytic oxidation process for a complete
destruction of trichloroethylene type material and non-halo VOCs to CO2, water and HCl, using
TiO2 photocatalysts irradiated by UV rays in the presence of moist air at ambient temperature.
More recently, Yamazaki et. al. [53] have also claimed a photocatalytic method and apparatus for
decomposing and removing VOCs, such as tri-halomethane, by using a TiO2 photocatalyst coated
on glass fibres and irradiated with UV rays.

Removal of Toxic Sulfur Compounds from Waste Gases/Waste Materials

Matros and Meyer [54] have disclosed a process and an apparatus for the removal of
sulfur compounds, such as H2S, CS2, carbonyl sulfide, organic sulfur compounds and their
mixture from waste gases. The process involves thermal and/or catalytic oxidation of the sulfur
compounds using a catalyst containing noble metal or oxides of Cr, Ce and/or Mn, producing a
combustion gas containing sulfur oxide, which is removed from the combusting gas by adsorption
or absorption. Ahmed [55] presents a process for removing toxic sulfur containing compounds,
ammonia and oil and grease from waste water.

OXIDATIVE DESTRUCTION
OF INDOOR VOCs

Sources of indoor VOCs are household products, such as paints, paints-strippers and
other solvents, aerosol sprays, wood preservatives, moth repellants and air freshners, cleansers
and disinfectants, stored fuels and automotive products, dry-cleaned clothes, hobby supplies,
refrigerant gas, etc. The indoor VOCs can affect the health of the inhabitants by causing
headache, irritation to eye, nose and throat, loss of coordination, nausea, also damage to liver,
kidney and central nervous system, and even cancer in animals and also in humans, depending
upon the type and concentration of VOCs. Since levels of several indoor VOCs are found to be 2
to 5 times (even 1000 in some cases, e.g. paint stripping) higher than outdoors, the indoor VOCs
need to be removed or converted to harmless products by some means. Devices claimed in recent
patents for reducing/destroying indoor VOCs are briefly described below.

Neumiller [56] claimed a convection-based catalytic air purification device for removing
effectively VOCs form ambient room air in a living space at atmospheric pressure by the catalytic
oxidation of VOCs to CO2 and water at 80o- 150oC. Recently, Tabatabaie-Raissi et. al. [57]
disclosed photocatalytic destruction of toxic volatile air-borne toxins (such as formaldehyde and
similar compounds that are used in medical environments), using TiO2 (which is a photocatalyst)
coating on flexible paper type face masks. They have also disclosed a method of destroying
formaldehyde leakage from a wood layer of wood panelling and wood shingles by depositing a
layer of TiO2 on the wood surface and applying light of wave length 400nm to the TiO2 deposited
surface. More recently Wang et. al. [58] have disclosed an indoor air pollutants destruction
apparatus and method using corona discharge which produces ozone for oxidative destruction of
VOCs and biological forms such as bacteria, fungi, viruses and spores.



REMOVAL OF VOCs BY
ADSORPTION/ABSORPTION

One of the way of controlling VOCs at very low concentrations is to concentrate the
VOCs from the waste gases by adsorption or absorption and then desorb them. The desorbed
VOCs may then be reused if their separation is economical, or destroyed oxidatively in thermal or
catalytic incinerators. Recently, a number of adsorption/absorption processes for VOC control
have been claimed in the patent literature.

Colagiovanni [59] provided a VOC abatement system, incorporating a carbon or zeolite
type concentrating adsorption device and employing a regenerative thermal oxidizer for
effectively combusting the VOCs prior their release into the atmosphere, Recently, Sivavec [60]
has disclosed a method for the recovery of VOCs, such as trichloroethylene from air by
adsorption using a sorbent such as polyester elastomer or carbon-filled rubber, followed by
desorption of the VOCs by heating the sorbents. The desorbed VOCs are then reused or
incinerated. More recently, Grimme et. al. [61] have claimed a VOC adsorbent material such as
an aluminosilicate gel treated with a masking agent for adsorbing VOCs from recirculated spray
booth air while spraying a coating on a work piece. The adsorbent is periodically regenerated
with heated air, while desorbing the sorbed VOCs. The desorbed VOC may then be oxidatively
destroyed using a catalyst. Other adsorbents and adsorption systems claimed for removing
different VOCs from air-streams are listed in Table-1.

Very recently, Morita [77] has presented an apparatus for combusting adsorbed unburned
components (e.g. CO, aldehydes and hydrocarbons) of flue gas stream, after their desorption at
≥400oC, over oxidation catalyst containing Pt-group metals on monolithic honeycomb support.
Chen and Nguyen [78] have also disclosed a combined adsorption concentration-catalytic
oxidation system for VOC emission control.

A few absorption processes are also reported for removing VOCs including
hydrocarbons, halogenated compounds and other hazardous and toxic chemicals from
contaminated air streams. Rafson [79] has disclosed the removal of VOCs from air by their
absorption in tiny water droplets suspended in the contaminated air. Grasso and Hoag [80]
claimed a process for removing VOCs from contaminated gas stream by their absorption in a
non-volatile organic liquid absorbent. Yamase et. al. [81] have also claimed a process based on
absorption for recovering volatile hydrocarbons and alcohols from a gas generated from gasoline,
kerosene, benzene and alcohol discharged from the storage tanks, tank trucks and tank lorries.

A use of membrane for removing VOCs, directly from waste water is also reported.
Recently, Sikdart et. al. [82] have disclosed an use of pervaporation membranes, prepared by
dispersing a hydrophobic adsorbents (e.g. activated carbon) uniformly into a polymer ,matrix, for
removing VOCs from waste water. Livingston [83] used water insoluble selectively permeable
polymeric tubular membrane for removing organic compounds form water.



DEVICES AND SYSTEMS/ PROCESSES FOR
VOC EMISSION CONTROL

Device/Method for Continuous Monitoring of VOCs

Mitra et. al. [84] developed a gas chromatographic method for continuous monitoring of
VOCs at very low concentration in gaseous or liquid stream. This method is based on
concentrating the VOC, using an on-line microsorbent trap and injecting the sorbed VOCs by
rapidly heating the sorbent trap, gas into chromatographic column for separation and detection.

Processes / Devices for Controlling VOC Emission

A large number of patented processes and devices/systems based on different principles,
such as,

- catalytic and non-catalytic incineration
- destruction of VOCs while generating power
- corona/plasma discharge, and
- biodegradation / bioremediation,

for controlling VOC emissions are available. Recently patented processes and devices for the
control of VOCs are briefly summarized in Table 2.

CONCLUSIONS
A large number of catalysts and catalytic processes and devices have been developed

and/or claimed for removing/destroying VOCs from contaminated air streams. However, most
contaminated air or waste gas streams contain a complex mixture of VOCs. Hence, because of the
mixture effect, each VOC contaminated gas stream is to be treated separately for the effective
removal of VOC and their destruction to desirable/environmentally acceptable products. Further,
continued developmental efforts and research activities are therefore necessary to meet the goal
and also improve the economics of the VOC emission control by developing improved catalysts
(which are cheaper and have higher activity at lower temperatures and better selectivity for
desired products and also better stability against deactivation due to poisoning by sulfur and halo-
compounds, sintering and loss of active components by evaporation) and catalytic processes for
oxidative destruction of VOCs. High potential of transition metal containing zeolites and
perovskite-based catalysts needs to be exploited for developing desirable or improved VOC
emission control catalysts.
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Table 1. Adsorption/Absorption system claimed for adsorptive removal of different VOCs from
air streams.

S. No. VOCs Adsorbent/Adsorption system Ref.

1. Ketones and
fluorocarbons

Carbon molecular sieve (prepared by the patented process) [62]

2. VOCs System including an adsorbent, combustion unit, desorption
gas sensors and a flue gas temperature sensor

[63]

3 Toxic VOCs from
contaminated ground
water

Granular activated carbon (while eliminating secondary air
contamination involved in conventional air stripping
process)

[64]

4. VOCs from storage
vessel

Pressure swing adsorption (PSA), using a single adsorber
vessel

[65]

5. VOCs from moist gas
stream

Crystalline molecular sieves containing octahedral sites,
such as ETS-4, ETS-10 and ETAS-10

[66]

6. VOCs Vacuum swing adsorption (VSA), using at least two
adsorbent beds

[67, 68]

7. VOCs Dealuminated Y zeolite (Si/Al >40) in the presence of steam [69]

8. VOCs Air-borne adsorbent material mixed with VOC
contaminated exhaust air in a vertical column

[70, 71]

9. VOCs Adsorption system involving suspended adsorbent particles
for the removal of VOCs from contaminated
Air

[72]

10. VOCs Adsorbent for adsorbing selectively and effectively a VOC
from contaminated gas and method for the preparation of
the adsorbent

[73]

11. Condensable VOCs Adsorption system containing two adsorbent beds for
removing condensable VOCs

[74]

12. Oil mist and oil vapors
from compressed air

Macroporous polymer adsorbent [75]

13. Toxic VOCs Granular activated carbon [76]



Table 2.Various processes and devices for controlling VOC emissions.

S.
No.

Process / Device Ref.

1. Organic compound incinerator with a temperature sensor within the combustion zone
and a VOC detector for controlling VOC emission

[85]

2. Catalytic incinerator for oxidation/combustion of VOCs [86, 87]

3. System for removal of oxidizable VOC contaminants and reducible gases from
process emissions by an initial oxidation process and a subsequent reduction process

[88]

4. Apparatus containing plurality of catalytic pads and plurality of gas fired catalytic
units for destroying VOCs from gas phase.

[89]

5. Process for VOC concentration and conversion of hydrocarbon portion of VOCs to H2
and CO, using supported nickel or Pt-group metals or transition metal oxides

[90, 91]

6. Process for reducing VOC (such as toluene, methyl chloride, iso-propyl alcohol, butyl
alcohol and their mixtures) emissions during processing and coating articles with ink
paints and plastic coatings

[92]

7. Methods for thermal catalytic oxidation of VOCs in waste gases from industrial plants [93]

8. A combined non-catalytic-catalytic oxidation system for destroying VOC from
contaminated air streams with varying VOC concentrations

[94, 95]

9. Thermoelectric ultra pyrolysis reactor (with uniform temperature of 19000C) for
destroying heavy and light VOCs and hydrogen sulfide

[96]

10. Catalytic/thermal converter for cleansing air contaminated by VOC in exothermic
reaction

[97]

11. Catalytic oxidizing method for destroying VOCs using Pt or Pd catalyst [98]

12. Modular thermal oxidizing device with heat exchanger and burner for rendering VOCs
harmless

[99]

13. Device for removing VOCs from building materials [100]

14. Compact point-of-use catalytic oxidation device for destroying VOCs in gas streams
from semi-conductor manufacturing process

[101]

15. System and method for oxidation of VOCs stored or held in tanks by internal
combustion engine to CO2 and H2O

[102]

16. Systems for the destruction of VOCs while generating power. [103-
108]

17. Device/method based on coronal discharge for reducing effectively VOCs and
halogenated VOCs.

[109-
110]

18. Device for removing VOCs from air by using plasma discharge [111]

19. Bio-process for continuous removal of VOCs from gas stream by membrane
separation coupled with bio-degradation of VOCs to CO2 and water

[112]

20. Bioremediation apparatus for removal of VOCs from hydrocarbon contaminated air
stream by passing the air stream through a layer of bio-active media.

[113]
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ABSTRACT
Formation  of nitrogen oxides (NOx) above unacceptable levels (above about 200 ppm) in

the combustion of methane/ natural gas in flames (at about 1800oC) is a very serious problem for
gas power plants and other gas fired units. The removal of NOx from the flue gases are very
costly and hence there is a great need to control the formation of NOx (below 25 ppm level) in the
combustion process itself. This could possibly be accomplished if the combustion temperature is
brought down from 1800oC to about 1300o – 1500oC, using catalysts or other means. Worldwide
efforts have been made to achieve this goal by carrying out the combustion, at least partially,
using thermally stable catalysts. A brief account of recent developments on the reduction of NOx
production from hydrocarbon combustion in gas power plants by various means and approaches
has been presented.



INTRODUCTION
Nitrogen oxides (NOx) are among the most undesirable by-products of hydrocarbon

combustion from both mobile (automotive vehicle engines) and stationary (e.g. boilers, furnaces,
electric power plants, gasifiers, incinerators, engines and gas turbines) sources. World wide, over
30 million tons of NOx are vented to the earth’s atmosphere each year [1]. In the United States,
since 1971, there is a large decrease in the emission and ambient air concentration of some of the
major air pollutants, viz. carbon monoxide (CO), sulfur oxides (SOx), volatile organic compounds
(VOCs), lead and particulate matters, but the decrease of NOx is relatively small [2]. NOx
emissions contribute to photochemical smog and/or indirectly (via formation of other pollutants),
adversely affecting both human health and the terrestrial and aquatic ecosystems. In order to
protect our health and ecosystems, NOx emissions must be reduced below desirable limits and
hence regulations limiting NOx are becoming increasingly stringent throughout the world. In the
United States, according to the Clean Air Act Amendments (CAAA) of 1990, NOx emissions
must not exceed 25 ppm or the “Best Available Control Technology” (BACT) must be used for
new power plants. However, certain US states and districts (especially California) have stricter
NOx standards than the federal regulations. Since, the worldwide trend is towards lower NOx
emissions limits, worldwide efforts have been made and also are being made to develop new and
cost-effective technologies to control NOx emissions to comply with the present (below 25ppm)
and the more stringent future (below 10ppm) NOx emission regulations.

NOx emissions can be  controlled either by preventing (or reducing) NOx formations in
the combustion at the source (called as primary control technology) or by removing NOx from the
exhaust stream of the combustion and converting it into more environmentally acceptable
substances, such as N2, O2, H2O and CO2 (called secondary control technology). The secondary
control technologies for controlling NOx emission from the combustion exhaust gases are based
on selective catalytic reduction (SCR) of NOx, using NH3, CH4, CO or H2 as the reducing agent,
and direct catalytic decomposition (DCD) of NOx. The DCD technology is an emerging
technology for NOx emission control but not yet commercialized; it is at the stage of laboratory
scale development. SCR technology for NOx emission control in power plants has been
commercialized since 1972 [3,4]. SCR, using ammonia as a reducing agent, can bring NOx
emissions from gas turbines down to 10 ppm, but its commercial use for treating gas turbine
exhausts has been limited by its high capital and operating costs [5] and other associated
additional problems, such as ammonia slip (unreacted ammonia), catalyst deactivation and
formation of by-products (ammonium sulfate and bisulfate) [6]. SCR of NOx with different
reducing agents has been covered in a number of reviews and articles [7-12].

Because of the problems associated with the secondary NOx emission control
technologies, it is preferable to use primary NOx emission control technologies for gas-fired
power plants and industrial boilers and furnaces.

Natural gas (which contains mainly methane with small amounts of C2-C4 alkanes and
traces of C5+ alkanes) has several advantages over other fuels. As compared to coal and oil,
natural gas burns more cleanly and efficiently in a variety of equipments, producing much lower
amounts of particulates, SOx and NOx. Moreover, power plants based on natural gas fired turbines
have much lower capital and operating cost and shorter construction period than coal- and oil-
based plants [13]. Hence, most of the new power plants will be based on natural gas, depending
upon its availability.



In the United States, the NOx emissions by gas turbines are estimated to be 1 million ton
per year [5,14]. The conventional natural gas fired combustors show NOx emissions ranging from
100-430 ppm [5]. In this review, a short account of developments in the primary NOx emission
control technologies for natural gas fired power plants is presented.

MECHANISM OF NOX FORMATION IN NATURAL
GAS COMBUSTION

In the homogeneous combustion of natural gas or hydrocarbon fuels by air, NOx
compounds (primarily NO) are formed by following two main mechanisms [14]:

•  thermal  mechanism, proposed by Zeldovich and
•  prompt mechanism

Thermal Mechanism

Thermal NOx is formed by the homogeneous oxidation of molecular nitrogen (from air)
through the following free radical reactions :

O2 + M        ⇔ 2O + M
N2 + O         ⇔ NO + N
O2 + N         ⇔ NO + O
N + OH      ⇔ NO + H

The concentration of NOx produced by the thermal mechanism increases rapidly with increasing
both the temperature, particularly above 1500oC, and the residence time as shown in Fig. 1 [1,
15].

The NOx formation is very low for temperatures up to 1400oC, but the NOx concentration
is above 160 ppm at 1800oC, which is the flame temperature in the conventional thermal
combustion. The formation of thermal NOx could be eliminated or drastically reduced by
decreasing the combustion temperature below 1500oC or by decreasing the residence time or
both.

Prompt Mechanism

The prompt mechanism, which is the second mode for NOx formation in the combustion,
is initiated by hydrocarbon radicals by their reaction with molecular nitrogen.

HC radical + N2             ⇔ HCN + N

The atomic nitrogen reacts rapidly with hydroxyl radicals or atomic oxygen from flame to form
NO. The HCN is also converted rapidly to NO by reaction with oxygen atom and other radicals in
the flame. The prompt mechanism predominates at low temperatures under fuel rich conditions.
The formation of prompt NOx could be eliminated if the combustion of hydrocarbons is complete,
leaving no residual hydrocarbon free radical.



The thermal and prompt mechanisms for NOx formation in the hydrocarbon combustion
are discussed in details in the review by Miller and Bowman [15].

BASIS FOR NOX PREVENTION / REDUCTION
In a gas turbine (which is an external combustion engine used for generating electrical

power in gas fired power plants), mechanical power is generated in two steps :

Step 1. Generation of heat from the chemical energy of the fuel in the combustion
chamber.

Step 2. Conversion of the heat produced in the combustion chamber into mechanical
energy in the turbine.

A gas turbine with a conventional (homogeneous) combustion system is shown schematically in
Fig. 2.

In the conventional gas turbine, compressed air at 10 – 12 atm. and at about 350oC is fed
to the combustor and mixed with natural gas in correct proportion. The natural gas – air mixture
is ignited and burnt in a flame at about 1800oC. A bypass air stream (at about 350OC) is mixed
with hot exhaust gas (at ≈ 1800OC) form the combustor and cools it to about 1300OC. The gas
stream then passes through the turbine, which drives the compressor and the electric power
generator. The thermodynamic efficiency of gas turbine is higher when the turbine inlet
temperature is higher. The maximum turbine temperature is, however, limited by the metallurgy
of the turbine components to currently about 1300oC, but it may increase to 1400o – 1500oC in the
next generation of turbines.

NOx emissions form the conventional gas turbine unit (without modified combustion) is
very high (above 160 ppm) due to the prevailing high flame temperature (1800oC) in the
combustor. In order to reduce the NOx emissions below 25 ppm, the gas turbine must meet the
following two criteria :

•  The combustion temperature should be brought down to or below 1500oC (preferably
between 13000 – 1500oC), so that the formation of the thermal NOx is eliminated or
reduced.

•  The combustion should be complete (lean fuel condition) so that the formation of prompt
NOx is eliminated.

The above can be accomplished in principle by feeding more air to the combustor than
that normally used in the conventional turbine unit. The adiabatic temperature rise in the
combustor due to the heat produced in the combustion of fuel is restricted as a part of the heat is
absorbed by the extra air for its temperature rise. Hence, the temperature in the combustor can be
decreased by increasing the air to fuel ratio; the combustion temperature can thus be controlled by
manipulating the air to fuel ratio. Similarly, the lowering of combustion temperature can also be
effected by water or steam injection. Thus, the dilution of combustion gas mixture essentially
forms the basis for lowering the combustion temperature and consequently reducing or
controlling NOx formation in the combustors.



A number of modified versions of gas combustors, involving

•  non catalytic  combustion with steam or water injection, recirculation of cooled
exhaust gases and fuel or air distribution

•  catalytic combustion, and
•  combined (or hybrid) catalytic and non catalytic combustion,

have been developed and patented for controlling NOx formation in the gas turbine power plants.
These are briefly described in the following sections.

MODIFIED NON-CATALYTIC (HOMOGENEOUS)
COMBUSTION FOR CONTROLLING NOX

FORMATION
The use of higher air to fuel ratio (or dilution of the fuel- air feed with air) possess several

problems, particularly those associated with flame stability for reducing or controlling NOx
formation in the combustion. Because of the dilution, the fuel-air mixture approaches the
flammability limit and hence the flame becomes unstable and noisy. Also, the flame instability
produces vibrations that can reduce compressor life, increase maintenance costs and adversely
affects the operational reliability of the turbine [16]. To overcome these problems, the following
approaches have been tried.

NOx Formation Control by Staged Combustion with Air Feed
Distribution

In earlier patent, Haye and Paul [17] disclosed a method for reducing NOx in
hydrocarbon combustion occurring in different stages and combustion zones. In a primary
combustion zone, hydrocarbon fuel is burnt incompletely while producing some NOx and leaving
substantial quantity of unburnt hydrocarbons and carbon monoxide, but leaving no oxygen. The
combustion products are conducted through a gas dispersion matrix or bed where the NOx is
reduced by the unburnt hydrocarbons and CO to produce carbon dioxide and nitrogen. The
combustion is then completed in a secondary combustion zone by injecting air.

In the later patents, Haye and Paul have disclosed a method of burning fuel [18] and an
apparatus for burning fuel [19] for reducing NOx in the hydrocarbon combustion products. Fuel
rich mixture (fuel – air mixture containing air less than that required for the complete combustion
of hydrocarbon fuel) is allowed to burn as a core in the combustion chamber and the balance air
required for the complete combustion is injected coaxially and rotationally as a sheath or vortex
surrounding the core. In the later part of the combustor, mixing of the hot combustion gases with
the sheath air by some means leads to a complete combustion of the residual combustibles. A
similar approach with some variations is also patented by Morimoto and Suzuki [28].

By the above methods, the formation of thermal NOx can be reduced to some extent, but
the formation of prompt NOx cannot be prevented, the prompt NOx formation is favored under the
prevailing fuel rich conditions.



NOx Formation Control by Water and/or Steam Injection

According to a more recent US patent [20], water or steam is injected into the combustion
zone of a combustor of the gas turbine power plant unit to provide a predetermined reduction in
NOx formation. Also, the steam which is in excess than that required for the NOx reduction is
added to the output of the compressor portion of the gas turbine for increasing the gas turbine
power output due to the increased mass flow.

Water or steam injection [20 – 23] can reduce the temperature of hot spots in the flame
and thereby lower NOx emissions to about 25 – 42 ppm. However, the use of water and/or steam
injection for controlling NOx emissions is limited by the increased operating costs due to the
requirement of high purity water.

NOx Formation Control by Recirculation of Flue Gases

A few patents [24 – 27] disclosed methods and systems for flue gas circulation, which
results in the reduction of NOx production from hydrocarbon combustion.

In a combined gas-steam power plant, NOx emissions are controlled by recycling a
controlled amount of the steam boiler exhaust gases to the air compressor of the gas turbine [24].
The recycled gases constitute upto about 30% of the fluid flowing through the compressor.
Before recycling, the exhaust gases were cooled to the compressor inlet temperature.

Lofton et. al. [25 – 26] and Dinicolantonio [27] have also disclosed flue gas recirculation
methods for minimizing NOx production form hydrocarbon combustion premix burners.

Two Gas Turbines Connected in Series for Low NOx Formation

Correa [29, 30] has used two gas turbine units connected in series, the first with a rich
combustor and the second with a lean combustor, for carrying out the combustion of rich fuel and
lean fuel, respectively, for reducing NOx formation. Fuel-air mixture, rich in fuel, is fed to the
combustor of the first turbine unit and burnt at a temperature below the threshold for creating
thermal NOx to produce hot combustion products, comprising of substantial CO and H2 and
negligible NOx. The hot combustion products are cooled by the turbine. The cooled products are
mixed with air and the resulting fuel-air mixture, lean in fuel, is burnt in the combustor of the
second turbine unit at a temperature below the threshold for creating thermal NOx.

NOx Formation Control using NOx Reduction Devices in Combustors

A few recent patents [31 – 33] disclose a use of NOx reducing devices, such as baffles
and combustion tube inserts, for reducing the flame temperature, and thereby reducing NOx
formation form hydrocarbon combustion.

Rakowski et. al. [31] used a baffle for dividing a long combustion chamber into two
regions for staged combustion : the first region for the rich combustion of fuel by the primary air
in a flame under fuel-rich conditions, and the second region for the lean combustion of unburnt
fuel from the flame by its turbulent mixing with the secondary air. Other NOx reduction devices,
such as combustion tube inserts, for lowering NOx formation in fuel-fired heating appliances have
also been patented [32, 33].



No method discussed above can, however, meet the future NOx emission legislation. The
NOx emission from hydrocarbon combustion below 10 ppm can be accomplished combining the
above methods, particularly the water or steam injection or lean premix combustion, with the
SCR technology. But the resulting cost of the combination technology is very high [34].

CATALYTIC, PARTIAL CATALYTIC AND HYBRID
COMBUSTION FOR PREVENTING NOX

FORMATION
Catalytic Combustion

Catalytic combustion is covered in a number of reviews [35 – 40]. In catalytic
combustion, fuel reacts with oxygen on the surface of a catalyst, leading to complete oxidation of
the fuel. The catalytic combustion does not involve flame and can be carried out under lean-fuel
conditions and consequently at much lower temperatures than those associated with the
conventional homogeneous combustion in flame [35 – 38]. Because of the lowering of the
operating temperature, the NOx formation in the catalytic combustion can be reduced to a very
low level, even less than 1 ppm. Because of this, there is a growing worldwide interest in the use
of catalytic combustion in gas turbine combustor for power generation. The increased interest in
the use of natural gas fuelled gas turbines for meeting the future demand for electric power,
satisfying the more and more stringent NOx emission regulations (<10 ppm), has stimulated much
research and developmental activities on catalytic combustors in recent years [38 – 47].

In a gas turbine with a catalytic combustor (Fig. 3), the fuel-air mixture with lean fuel
reacts on the catalyst surface at a residence time of 100ms or less with a complete combustion of
fuel. In this case, unlike the conventional gas turbine system, the bypass air stream is not
necessary because the catalytic combustor exhaust gas temperature can be matched to the turbine
inlet temperature by controlling the air to fuel ratio. A similar method for the catalytically
supported combustion useful for generating power with low NOx emissions is disclosed in a US
patent by Pfefferle [48].

The catalytic combustors have following important advantages over the flame
combustors :

•  Catalytic combustors are easier to operate, even under fluctuating feed compositions
and temperatures, and also are less noisy.

•  Catalytic combustion can be carried out over a wide range of air to fuel ratios and
hence also at lower temperatures, using lean fuel.

•  Because of the lower temperatures, the formation of NOx is low, below acceptable
limit (<10 ppm) and also a cheaper construction material can be used.

In spite of these attractive advantages offered by catalytic combustion, its use for gas
turbine power plants is limited. No catalyst has yet been developed to fully satisfy the following
important criteria for its use in the catalytic combustors :

•  Low ignition or light-off temperature (200o- 350oC) of the fuel-air mixture.



•  Low pressure drop and high catalytic activity sufficient to maintain complete combustion at
the operating high space velocity.

•  High thermal / hydrothermal stability against catalyst deactivation and fouling and/or thermal
shock resistance for a wide range of the operating temperatures (350o – 1400oC).

•  Prolonged catalyst life (at least for one year) under the high temperature (upto 1400oC)
operation.

In the recent years, extensive research efforts have been made for developing catalysts,
satisfying all those criteria, but only with a partial success [39, 40, 42 – 44, 47]. A possibility of
developing an ideal catalyst, satisfying all the desired criteria for a fully catalytic combustion, is
quite remote. Hence, the following three approaches to overcome the problems associated with
the fully catalytic combustors, have been made :

•  Segmented catalyst zone (or multi-monolith) combustor
•  Partial catalytic combustors with both the catalytic and non-catalytic (homogeneous)

combustion
•  Hybrid combustor with catalytic and non-catalytic combustion and the distribution of fuel or

air.

A simplified version of these three approaches is illustrated in Fig. 4.

Catalytic Combustion with Segmented Catalyst Zones

In this approach, the combustion reaction is initiated with a highly active catalyst, such as
supported palladium at low temperature in the first segment, while most of the combustion (and
heat generation) is completed on the second catalyst, having lower activity but much higher
thermal/hydrothermal stability, in the second segment. Using palladium supported on cordierite in
the first segment and thermostable extruded cation-substituted hexa-aluminate in the second
segment, Osaka Gas has demonstrated the NOx formation at levels below 15 ppm for the
combustor outlet temperature at 1100oC, continuously for more than 200 hours [49, 50].

This approach satisfies the low temperature ignition/light-off criteria, but yet does not
overcome the limitation regarding stability of the catalyst (used in the second segment) required
for the present and future (next generation) turbines, operating at higher inlet temperatures
(1300oC and 1400o-1500oC, respectively).

Recently Dalla Betta et. al. [51] have patented a high pressure catalytic combustion
process using specific catalyst and catalytic structures in two zones with heat exchange in second
catalyst zone, and, optionally, having a final homogeneous combustion zone. A similar process
involving multiple stages is described earlier.

Partial Catalytic Combustion

In the partial catalytic combustion approach (Fig. 4B), all the fuel along with air is fed to
the catalyst but only a part of the fuel is combusted while maintaining the maximum temperature
of the catalyst zone at 800o – 900oC. The unconverted fuel and partial oxidation products undergo
homogeneous combustion downstream of the catalyst. This approach has been followed by
Catalytica, Engelhardt and Johnson-Matthey [52-54].



The partial catalytic combustion has two major advantages :

(i) the combustion catalysts operating at 800o- 900oC are already available,
and

(ii) the combustion outlet temperature can be increased to 1300o – 1500oC.

However, its use is limited because of the difficulty in controlling fuel conversion in the catalyst
zone. The high conversion results in catalyst deactivation (due to catalyst sintering and/or
fouling) and/or reaction run-away.

Hybrid (Two or Multiple-stage) Combustion

Hybrid combustors with both the catalytic and homogeneous combustion of fuel ,
occurring in two [55-58] or multiple stages [59, 61] have also been developed for reducing NOx
formation.

Two stage hybrid combustors

Toshiba Corpn. [55-58] has developed a hybrid combustor in which only a part  of the
fuel is introduced before the catalyst in a pre-combustion zone and the remaining fuel after the
catalyst (Fig. 4C). The lean fuel, introduced before the catalyst, is completely combusted over the
catalyst at below 1000oC and the fuel that is introduced in the catalyst exhaust gases undergoes
homogeneous combustion, which brings the combustor outlet temperature upto 1300oC.

The main problem with this two-stage hybrid combustion approach is how to obtain a
complete mixing of the fuel injected after the catalyst with the catalyst exhaust gases within the
very short ignition delay time, particularly at high pressures. The imperfect mixing can cause
local hot spots at high fuel to air ratios, producing high thermal NOx.

Another two-stage hybrid combustor, involving air distribution rather than fuel
distribution in two stages, has also been tested for reducing the NOx production [47].

Multi-stage hybrid combustor

Dalla Betta et. al. [59] have described a combustion process having a series of stages in
which the fuel is combusted step-wise using specific catalysts :

- Palladium containing catalysts in the first two zones and
- Metal oxide catalysts in the next (high temperature) catalytic zone,

and, optionally, a final homogeneous combustion in the last zone. This multistage hybrid
combustion, involving combined step-wise catalytic and homogeneous combustion, is shown
schematically in Figure 5.

In this approach, there is no distribution of feed fuel or feed air in the combustor; a lean
premixed fuel-air mixture is introduced to the catalyst in the first zone. The temperature rise in
the first two catalytic zones is limited because of the decomposition of palladium oxide (which is
formed by the oxidation of palladium metal from the catalyst above 200oC) to less active
palladium metal above 800oC. Thus, the palladium catalyst acts as a temperature switch for
controlling the temperature in the first two catalytic zones. The role of metal oxide catalysts,
having higher thermal stability but lower activity, is to further increase the temperature of the



combustion mixture to a temperature enough for triggering the homogeneous combustion. The
combustion is completed in the homogeneous reaction zone. Thus, most of the limitations of the
earlier described combustors are overcome in this multistage hybrid combustor.

NOx emissions in the test runs, simulating actual gas-turbine conditions of this approach,
are found to be less than 1 ppm and 2.2 ppm at a combustor outlet temperature of 1400oC and
1500oC, respectively, indicating the applicability of this approach even for the next generation
gas turbines [60]. However, the heat transfer from the catalysts, particularly in the low
temperature zones, may play important role in controlling the catalytic combustion, implying the
requirement of large area for heat transfer between the catalyst and combustion gas mixture.

CONCLUSIONS
Thermal and prompt NOx formation from hydrocarbon combustion can be avoided or

drastically reduced by avoiding fuel-rich regions, where hot spots (above 1500oC) exist, and
incomplete combustion, respectively, in the combustor. These conditions are best satisfied in a
lean premixed combustion throughout the combustor. A significant progress has been made to
reduce NOx formation below the desirable levels, using catalytic combustors with segmented
catalysts, partial catalytic combustion and hybrid combustion in two or more stages, involving
both catalytic and homogeneous combustion reactions. The catalytic combustion of lean
premixed fuel-air mixture with or without homogeneous combustion has high potentials for
reducing NOx production from hydrocarbon combustion, which has been confirmed in some
cases by test runs under simulated turbine conditions. However, as yet, no catalytic combustor
approach is commercialized. For its commercialization, the catalytic combustor approach should
be both technically and economically feasible. Control of the fuel combustion under the actual
turbine operating conditions should be technically feasible and the capital and operating costs of
the combustor should be attractive as compared to the conventional gas turbine systems coupled
with NOx removal systems, such as, SCR and DCD of NOx. Further R&D efforts are needed for
overcoming the following important issues associated with the catalytic combustors, not yet fully
resolved :

- Development of catalytic materials having high thermal stability and prolonged
catalytic life under the high temperature combustion process.

- Development of an improved low temperature combustion catalyst which shows
high activity and prolonged catalyst life at a wide temperature range, so that the
pre-flame combustion, required in most catalytic combustors, for increasing the
temperature of fuel-air mixture to that required for initiating catalytic
combustion, can be eliminated.

- Complicated combustor or combustion sequence and/or imperfect mixing of
secondary fuel or air with catalyst exhaust gases, making the combustion control
difficult.

- Development of a complete catalytic gas combustor turbine system and testing
the NOx formation in an actual turbine environment.

Nevertheless, the catalytic combustors seem to have bright future and further sustained R
& D efforts will lead to a successful development of commercially feasible combustor for gas
turbine power plants.
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Figure 1. Influence of temperature on NOx formation in the homogeneous combustion of
methane at different residence times.

      Fuel     1800oC

1300oC

    350oC
     Air    Bypass Air                                           Exhaust

        Compressor Turbine
     Air        Shaft

                                                         Exhaust

Figure 2. Conventional gas turbine unit for gas-fired power plant

1200 1300 1400 1500 1600 1700 1800

0

50

100

150 10 atm. pressure

20 ms

100 ms200 ms

N
O

x co
nc

en
tr

at
io

n 
(p

pm
)

Temperature (oC)

 Combustor



      Fuel     

1100o - 1300oC

    350oC            Catalytic Combustor
     Air                                                      Exhaust

        Compressor Turbine
     Air        Shaft

                                                         Exhaust

             Figure 3. Gas turbine unit with a catalytic combustor



    Catalyst
           Catalysts                             Catalyst                                             Fuel or Air

     Fuel            Fuel      Fuel
   + +        +           Homo-
Air                                            Air                   Air                           geneous

                 combus-
                   tion

         (A)     (B)                  (C)

Figure 4. Schematic representation of modified catalytic combustor with (A) segmented catalyst zone,
(B) partial catalytic combustion and (C) hybrid combustion.

Homo-
geneous
combus-
tion



         Zone – 1           Zone – 2          Zone – 3      Zone - 4

  Fuel +
    Air

13000 -
1500oC

Te
m

pe
ra

tu
re

Figure 5. Simplified representation of multistage combined catalytic and homogeneous combustion with
schematic temperature profiles in the different zones.

Homogeneous
  combustion



AIR QUALITY ISSUES AND GAS
INDUSTRY EMISSION TRENDS IN

SOUTHWEST WYOMING
Curtis O. Rueter, Radian International

Jon K. Rudolph, GRI

INTRODUCTION
The sparsely populated southwest Wyoming region is a major producer of coal,

trona, natural gas, and oil. Mineral resource industries employ approximately 7,000
people, with a payroll in excess of $325 million. Recent pipeline expansions and
additions along with improved natural gas prices have spurred rapid growth of natural gas
production and made this the major growth industry in the region.

Much of western Wyoming is federal land, managed by the U.S. Bureau of Land
Management (BLM), the U.S. Forest Service (FS), or the National Park Service (NPS).
Recommendations by BLM and FS that identified incremental emissions growth of 977
tons/year (tpy) of nitrogen oxides (NOx) as a “level of concern” because of possible
impacts on regional visibility may greatly limit future resource recovery in this area.

Earlier this year, the U.S. Environmental Protection Agency (EPA) passed the
regional haze rule, which is directed at protecting visibility throughout the United States,
especially in the western U.S.

Because of the growing importance of regional visibility issues to the future
production of oil and gas resources in Wyoming as well as other parts of the country
(e.g., Breton Sound in Louisiana and southwestern Colorado), the activities in southwest
Wyoming have the potential to become a precedent-setting example for how these issues
are resolved. As a result, the Gas Research Institute (GRI) initiated a program to provide
technical data, information, and analysis that can be used to enhance the examination and
review of air quality impact assessments to help ensure responsible development. This
initiative consists of four tasks: model review, emission inventory review, analysis of gas
industry trends, and review of source apportionment and other independent approaches
for assessing the impacts of particular sources on the region’s visibility.

In a separate effort, the U.S. Department of Energy (DOE), through the Lawrence
Berkeley National Laboratory (LBNL), also began examining the issues surrounding
regional visibility and oil and gas production in southwest Wyoming. To maximize the
use of resources, GRI and DOE have coordinated their technical efforts in this area, with
DOE/LBNL focusing on the modeling aspects while GRI’s program has centered on the
emissions inventory and analysis of gas industry emission trends.



The remainder of this paper presents background information and history of the
overall air quality issues in southwest Wyoming, a brief summary of the overall GRI
program, and a discussion of the initial results from GRI’s efforts on the gas industry
emissions trends analysis.

BACKGROUND ON AIR QUALITY ISSUES
Much of the following information reflects information originally compiled by

Klym and Doelger (1) as well as the authors’ knowledge of recent events.

Evolution of the NOx Cap/Level of Concern

In the spring of 1996, as part of its Record of Decision (ROD) on the
Environmental Impact Statements (EIS) for the Expanded Moxa Arch and Fontenelle
Infield Drilling projects, BLM imposed an emissions cap for its Rock Springs District in
southwest Wyoming. This cap limited growth in NOx emissions within the district to 977
tpy, and potentially impacts drilling and production activities in the Stagecoach Draw and
Jonah fields as well as in Moxa Arch and Fontenelle.

The basis for the NOx cap originated in the analysis of the projected impact on
regional visibility of these two proposed projects. As part of its review of the EIS, the
BLM concluded that the effects on visibility were within acceptable limits. However, a
separate review by the FS concluded that the development would lead to deterioration of
air quality, particularly visibility, in the Bridger Wilderness, which is a Class I wilderness
area. (Under the 1990 Clean Air Act Amendments and the Wilderness Act of 1964, the
FS has specific responsibilities for managing and protecting air quality related values for
Class I areas, for general protection of forest lands from air pollution impacts, and for
preserving the unspoiled character of the wilderness areas.)

There were at least two key differences in the modeling approaches used by the
BLM and FS in reaching their disparate conclusions. First, BLM used a threshold value
for acceptable change in visibility of 1.0 deciview (meaning a linear expression of a 10%
change to ambient conditions or visibility), while FS used a lower threshold value of 0.5
deciview. Second, the BLM analysis did not include days when the relative humidity
exceeded 68% for the normally arid area (since cloud cover and precipitation on those
days would render visibility impacts moot), while the FS analysis included these days.
The 977 tpy cap was suggested based on the FS modeling approach.

While BLM said it “could not embrace” the FS results, BLM adopted the cap
based on the FS concerns. However, after appeals by the state of Wyoming and others,
BLM changed its proposed cap to a “level of concern,” since BLM does not have the
statutory authority to impose such a cap; this authority lies with the Wyoming
Department of Environmental Quality (WDEQ). WDEQ is responsible for protecting air
quality in the state, which includes evaluating the potential impacts and degradation from
new projects and establishing plans for mitigating these impacts (such as requiring
emission controls or limiting permits). The BLM and WDEQ agreed to monitor the
growth of NOx emissions in the area, and WDEQ has issued quarterly updates on the
consumption of this 977 tpy increment.



This 977 tpy NOx increment may significantly limit future development of all
types in southwest Wyoming. In particular, development of oil and gas resources, with
projected drilling of 1,100 to 3,100 new wells by 2010, may be limited to approximately
200 wells.

Southwest Wyoming Technical Air Forum

The WDEQ is required under 40 CFR 52 to prepare a long-term strategy for
visibility protection every three years, and consultation with the Federal Land Managers
(including BLM and FS) is part of this strategy development. As part of the adoption of
the 1997 long-term strategy and at the request of Governor Gehringer, WDEQ agreed to
form an interagency committee called the Southwest Wyoming Technical Air Forum
(SWYTAF). The formation of SWYTAF was supported by BLM and FS, and the results
of the SWYTAF group are to be included in the next long-term strategy update in 2000.

SWYTAF’s objectives are to “develop a methodology to assess the impacts of
industrial development on southwest Wyoming air quality, visibility, and AQRV (air
quality related values); and to agree on measures and directions to resolve concerns with
those impacts.” SWYTAF’s membership includes technical and policy experts from
WDEQ, FS, EPA, BLM, Indian tribes, mining and petroleum industries, city and county
officials, private land owners, and environmental organizations.

In working to achieve its first objective of developing a methodology for
assessing impacts, SWYTAF has compiled meteorological and emission inventory data
for the region and has been working to evaluate and calibrate an acceptable model. The
model being used is the CALPUFF/CALMET model, and it is being calibrated against
1995 data from the Interagency Monitoring of Protected Visual Environments
(IMPROVE) station in the Bridger Wilderness. To date, emission inventories have been
prepared for the modeling, and a secondary organic aerosol (SOA) module has been
developed for the model, since these aerosols, as well as sulfate and nitrate particulate
matter, are primary contributors to visibility impairment in the region. SWYTAF is in the
process of performing its final modeling at this time, with results expected in early 2000.

Once the model is calibrated and accepted, it will be furnished to the federal
agencies, WDEQ, and industry for their use. WDEQ proposes to use this modeling
system to determine future impacts to visibility and AQRVs in Wyoming Class I areas
and to revise its long-term strategy and state implementation plan (SIP) for preventing or
remediating impacts based on this analysis.

Changes in WDEQ Permitting

In response to the concern about emissions in southwest Wyoming, WDEQ
changed its policy with regard to Section 21 permitting. Section 21 of the Wyoming Air
Quality State Regulations requires permitting of all air pollution sources in Wyoming,
but, historically, WDEQ had granted a waiver to Section 21 for all sources emitting less
than 50 tpy. However, in an effort to reduce emissions in Wyoming (extending the life of
the 977 tpy NOx increment) and to be able to track consumption of the increment, WDEQ
rescinded this waiver in March 1997 and required permitting of all sources (including
those previously constructed). As part of this permitting, sources must evaluate the
installation of Best Available Control Technology (BACT). WDEQ has advised that the



following sources must consider BACT: 1) sources with volatile organic compound
(VOC) emissions greater than 15 tpy; 2) sources with total hazardous air pollutant (HAP)
emissions greater than 10 tpy; or 3) sources with engines rated at 100 horsepower (hp) or
more. This change in the waiver policy has required significant permitting and emission
control efforts for the oil and gas industry in Wyoming.

Related Air Quality Issues

Although the focus of this paper is regional air quality in southwest Wyoming,
regional visibility is becoming a more important issue throughout the United States, and
especially in the western U.S. The adoption of the regional haze rule earlier this year by
EPA requires Best Available Retrofit Technology (BART) on sources built between 1962
and 1977. The rule provides for a mandatory state program under Section 308 of the rule
(under this, the states would be responsible for enforcing BART on affected sources in
their jurisdiction) or for a voluntary program under Section 309. The Western Regional
Air Partnership (WRAP) is expending considerable effort trying to set up an emissions
trading program for sulfur dioxide (SO2) emissions in the western U.S. Approximately
100 oil and gas sources have been identified as contributing approximately 10% to 15%
of the SO2 emissions in the western states.

Other regional visibility initiatives are also occurring across the country. In
particular, the Minerals Management Service (MMS) and the Offshore Operators
Committee (OOC) have been grappling with visibility issues regarding Breton Sound on
the Louisiana coast. Additionally, WDEQ has recently requested funding from oil and
gas operators and others to conduct air monitoring in northeast Wyoming under a new
Northeast Wyoming Visibility Study (NEWVIS). Both these initiatives are affecting the
development of new oil and gas resources in these areas.

PROGRAM OVERVIEW
The GRI program is aimed at providing technical information to the oil and gas

industry as it addresses regional modeling systems and their use for air quality impact
assessments. Because Wyoming has progressed the farthest in addressing these issues and
is potentially setting precedents for other areas with its decisions and recommendations,
much of the work focuses on a technical review of the system currently under
development there. The areas of research have been organized into four tasks: a model
review, an emission inventory review, a trend analysis, and source apportionment.

Task 1: Model Review—SWYTAF has already selected its modeling approach.
The intent of the model review is to supplement and enhance the understanding of the
advantages and possible disadvantages of this modeling approach. Under the coordinated
GRI/DOE effort, this work is largely being performed by LBNL, and initial findings have
been reported elsewhere (2).

Task 2: Emission Inventory Review—Emission inventory review efforts are
focused on refining the existing emission inventory for volatile organic compounds
(VOC) and NOX. This includes a technical review of the existing SWYTAF emission
inventory, with an emphasis on understanding the basis for the inventory, determining if



the inventory is sufficient to meet regional modeling objectives, and identifying those
portions of the inventory whose accuracy could be improved through additional effort.

Task 3: Trend Analysis—Determining emission and production trends in the oil
and gas industry over the last several years will provide insight into the relative
contributions of the oil and gas industry to air quality issues in Wyoming.

Task 4: Source Apportionment and Additional Approaches—This task will
explore other methods for examining the contribution of oil and gas sources to air quality
issues in Wyoming and elsewhere. Initial efforts will focus on the feasibility and cost of
alternative approaches before any concerted effort is made to pursue other approaches.

As noted previously, LBNL has taken the lead in performing the model review
(Task 1) and examining other approaches (Task 4) under the coordinated GRI/DOE
program, and their initial results have been previously reported (2). Task 2, Emission
Inventory Review, has been slowed by the lack of availability of complete data sets for
review, although much of this information has recently become available. The remainder
of this paper focuses on the initial results of the gas industry emissions trends analysis
efforts.

GAS INDUSTRY EMISSION TRENDS
ANALYSIS–INITIAL RESULTS

The trends analysis effort is focused on changes in Wyoming oil and gas
production and corresponding emissions over the past several years and into the future.
The objective is to examine how the oil and gas emissions inventory has changed over
time and whether it will increase or decrease in the foreseeable future. The steps to be
taken to accomplish this include the following:

•  Collect oil and gas production data for the period 1988-1997 and data on
projected production for future periods;

•  Perform an industry survey to understand changes in oil and gas equipment
usage (e.g., trends toward centralized processing) and control equipment
usage over time; and

•  Relate these changes in production and equipment usage to emissions.

One of the drivers for performing this task is that oil and gas activity has
increased significantly in southwest Wyoming in recent years. At least some of the
emission inventory work performed to date has been on a “per well” basis, so there is a
perception that emissions from oil and gas have increased as rapidly as the number of
wells. Balancing this perceived increase in emissions are decreasing gas and condensate
production per well and the changes in processing and emission control equipment
mentioned above.

Oil and Gas Production Data

The Bureau of Land Management (BLM) collects a large amount of information
on oil and gas development and production that occurs on public lands. As one method of



providing this data to the public, BLM provides the data to private companies who
package it and offer it for sale. Data were obtained from PI/Dwight’s for Wyoming oil
and gas production for the years 1988-1997 and analyzed to generate the figures in this
paper.

Figure 1 presents the trends in the number of producing wells and gas production
for Fremont, Lincoln, Sublette, Sweetwater, and Uinta counties in southwest Wyoming.
As shown in the figure, the number of producing wells has increased from approximately
2,000 to approximately 4,200, or an increase of approximately 110 percent. At the same
time, gas production increased from approximately 525 BCF/year to about 850 BCF/year,
or about 62 percent.

Figure 2 presents the same well data, but includes production of condensate
rather than gas. As demonstrated in this figure, condensate production peaked at
approximately 6.1 to 6.3 million barrels/year in 1988-89, and has since fluctuated
between about 4.9 and 5.5 million barrels/year. This represents a decrease in condensate
production of about 14% between 1988 and 1997.

Combining the data in Figures 1 and 2, Figure 3 shows that while the number of
wells increased by 110% over the ten year period, average gas production per well
declined by 23% and average condensate production per well decreased by 59%.

Initial Emission Trends from Production Data

Based on the production data presented above, an initial analysis of gas industry
emission trends is in progress. To estimate these emissions, the following assumptions
were made [these assumptions were the ones used by SWYTAF in its emission inventory,
so that the trends identified would be consistent with their emissions inventory (3)]:

•  For drill rig engine emissions, the number of new wells drilled from the
PI/Dwights data were used, along with an assumption that two 500 HP
engines operated for 360 hours to drill each well. AP-42 emission factors
were used to calculate emissions.

•  For well development flaring emissions, the number of new wells drilled data
from PI/Dwights was also used. Each new well development was assumed to
require flaring 5 mmscf of gas. The gas was assumed to contain 5% VOC,
and the flare was assumed to have a combustion efficiency of 90 percent.
AP-42 emission factors were used to calculate PM and NOx emissions.

•  Blowdown emissions were based on assumptions about the gas production
rate, the blowdown time per well, and the total number of wells. To calculate
blowdown emissions, each well was assumed to have 42 blowdowns per
year. Each blowdown was assumed to last 30 minutes, and the vented gas
was assumed to contain 5% VOC. PI/Dwights data provided well count by
year and gas production rate by year.

•  Dehydrator emissions relate directly to gas production and were estimated on
that basis. To accurately calculate dehydrator emissions, it is important to use
a representative gas composition, as shown in Figure 4. In this figure,



dehydrator emissions were calculated based on gas compositions from the
Jonah EIS and the Echo Springs gas composition, with the GRI-GLYCalc
default BTEX breakdown factors used for the C6+ compounds for Echo
Springs. The dehydrator emissions were calculated assuming no flash tank,
no stripping gas, and no control. These graphs shows that VOC emissions
may vary greatly depending on the gas composition and underscore the
importance of collecting this data in the industry survey.

•  Flashing emissions are directly related to condensate production and the
number of condensate tanks. Flashing emissions were calculated using
Vasquez-Beggs (Flashing) and AP-42 (standing and working) equations. For
this estimate a specific gravity of 0.65 was used. Assumptions also had to be
made regarding the number of tanks and size of tanks, and the API gravity of
the condensate. For this calculation each well was assumed to have on 400-
BBL flash tank, and the condensate was assumed to have an API gravity of
59.

An initial estimate of VOC emissions trends from 1988 to 1997 was calculated
based only on the assumption that dehydrator emissions increased at the same rate as gas
production (62%) and flash tank emissions decreased at the same rate as condensate
production (14%). This calculation indicates a net VOC increase over the last 10 years of
approximately 10%, without accounting for changes in processing equipment (e.g., a
trend toward more centralized processing) or control equipment (e.g., the installation of
glycol dehydrator controls). This suggests that, despite a 110% increase in the number of
wells, VOC emissions from the gas industry have increased only slightly. Once control
equipment is accounted for, it is likely that emissions will have increased even less and
may even have decreased over this period.

Survey of Operating Companies

To further refine this estimate, a survey of gas companies that operate in
southwest Wyoming is being conducted to obtain information on changes in the type of
equipment, addition of controls and changes in operational practices over the last ten
years. This survey is being conducted with assistance from the Independent Petroleum
Association of the Mountain States (IPAMS) and is near completion at this time. In
addition, emission trends from drill rigs, compression, blowdowns, and flaring will be
added at this time.

Once this survey is completed, the initial calculations described above will be
updated to reflect more accurate compositions for dehydrator emissions and flashing tank
losses as well as the changes in operating practices. In addition, emissions from drill rigs,
compression, blowdowns, and flaring will be added at this time.

SUMMARY
Regional visibility is an emerging issue that will impact future industrial

development throughout the United States, and especially in the western U.S. At this
time, planned oil and gas development in southwest Wyoming may be limited by
concerns over visibility.



Because southwest Wyoming may be a precedent-setting “case study” for how
these regional visibility issues are resolved elsewhere (e.g., Breton Sound), GRI has
initiated a program to provide technical data, information, and analysis that can be used
to enhance the examination and review of air quality impact assessments to help ensure
responsible development. This initiative consists of four tasks: model review, emission
inventory review, analysis of gas industry trends, and review of source apportionment
and other independent approaches for assessing the impacts of particular sources on the
region’s visibility. Under a coordinated program with DOE, LBNL has performed most
of the work on modeling issues, and this has been reported elsewhere (2). GRI’s efforts
have focused on the emission inventory and especially the gas industry emissions trend
analysis.

The initial results of the trend analysis shows that VOC emissions have increased
by approximately 10% over the last 10 years, even though the number of producing wells
has increased by 110% in that same time period. This is largely based on a 62% increase
in gas production (and resulting increases in glycol dehydrator emissions) that is mostly
offset by a 14% drop in condensate production (and resulting decreases in flash tank
VOC emissions). An industry survey is presently being conducted to collect additional
information on gas compositions and operating practices to further refine this initial
finding.
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Figure 1. Number of wells and yearly gas production: Fremont, Lincoln, Sublette,
Sweetwater, and Uinta counties.
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ABSTRACT
This paper provides an overview of the methodology and results of an analysis to

assess the potential increased cancer risks associated with airborne benzene emissions
from commercial exploration and production (E&P) waste management facilities in
Louisiana. The overall study, conducted by ICF Consulting (ICF) and TRJ
Environmental (TRJ) under contract to the American Petroleum Institute (API), was
performed in several stages over an 18-month period and addresses potential human
health risks posed by commercial E&P waste management facilities in several regions of
the country. This paper focuses on the methodology and results related to estimating
cancer risks from exposure to airborne benzene emitted from a single, large, hypothetical
facility in the State of Louisiana.

Detailed modeling of the hypothetical 1 million barrel per year facility requires a
substantial amount of data. Two independent approaches were used for modeling. The
first, which was designed to provide a “best estimate” of the risks posed by the model
facility, used available data on existing Louisiana facilities for many of the operational
parameters. These were combined with data from other sources on waste characteristics
(e.g., API data) and engineering-based assumptions as appropriate. The second approach
was designed to encompass the range of operating conditions that could exist at a large
facility. It used a proprietary Monte Carlo simulation model known as the Simulated
Emission Estimation and Dispersion (SEED) Model to vary many of the key input factors
that would affect emissions from the facility. Because it includes extreme, less likely
scenarios, the SEED Model produces more conservative results and higher estimated
cancer risks. Cancer risks from both approaches were estimated using a probabilistic risk
assessment model known as SimRisk.

This study indicates that offsite cancer risk from airborne benzene at commercial
E&P waste management facilities is less than 2.5 x 10-5 even under extremely
conservative assumptions (based on the SEED Model). The high-end, “best estimate” risk
predicted by this analysis is 6.7 x 10-6, with a median “best estimate” risk of 9.9 x 10-7.
All of these risks are well within (or below) a cancer risk range of 1 x 10-6 to 1 x 10-4,
which EPA generally considers to be protective of human health. The study also
indicated that significant additional reductions in risk can be achieved through
operational changes at the facility.



INTRODUCTION
This paper provides an overview of the methodology and results of an analysis to

assess the potential human health risks associated with airborne chemical emissions from
commercial exploration and production (E&P) waste management facilities in Louisiana.
This study, conducted by ICF Consulting (ICF) and TRJ Environmental (TRJ) under
contract to the American Petroleum Institute (API), was performed in several stages over
an 18-month period and addresses potential human health risks posed by commercial
E&P waste management facilities in several regions of the country. This paper focuses on
the methodology and results related to estimating cancer risks from exposure to airborne
benzene emitted from a single, large, hypothetical facility in the State of Louisiana.

The modeling of the hypothetical 1 million barrel per year facility consisted of
two independent approaches. The first, which was designed to provide a “best estimate”
of the risks posed by the model facility, used available data on existing Louisiana
facilities for many of the operational parameters. These data were combined with data
from other sources (e.g., API data) and engineering-based assumptions, as appropriate, to
develop a complete list of needed analytical parameters. However, even this “best
estimate” is conservative, because many of the data and assumptions used are known to
be conservative. Under this approach, an EPA model was used to estimate chemical
emissions from the various treatment units at the model facility. A separate EPA model
was used to estimate the downwind, airborne concentrations of chemicals that are
incidentally released to the air from the facility’s treatment operations. The airborne
concentrations generated by this model were used as the input for a separate exposure
assessment model, known as SimRisk, that employs a Monte Carlo simulation to estimate
the probability that adverse health effects would result from offsite benzene exposures.

The second approach was designed to encompass the range of operating
conditions that could exist at a large facility. It used a proprietary Monte Carlo simulation
model known as the Simulated Emission Estimation and Dispersion (SEED) Model to
vary many of the key input factors that would affect emissions from the facility.
Specifically, the SEED Model was used to estimate the range of emissions and downwind
concentrations that could occur, taking into account the wide variation of waste
combinations and chemical concentrations that are possible at a large Louisiana facility
over many years of operation. Cancer risks based on this second approach were also
modeled using SimRisk.

Both analytical approaches were performed in four major steps:

1. Design hypothetical facility and estimate annual emission flux of benzene;
2. Model the dispersion of airborne benzene and develop a database of outdoor

concentrations downwind from the hypothetical facility;
3. Estimate exposures and related human health risks as a function of facility

operations and distance from the hypothetical facility; and
4. Calculate risks under sensitivity analysis assumptions.

All emission, fate and transport, and human health risk models used as part of
this study were designed to estimate potential chronic (i.e., average, long-term) effects of
exposure to air emissions from commercial E&P waste management facilities.



DESIGN OF HYPOTHETICAL FACILITY
AND ESTIMATION OF EMISSION FLUXES

The first step of the study consisted of two components: (1) design of a
hypothetical commercial waste treatment facility in southern Louisiana and (2) estimation
of emission fluxes of benzene from each treatment unit at the hypothetical facility. Each
of these is described in detail in the following subsections.

Facility Design

In order to develop a hypothetical facility, ICF conducted an extensive literature
review as well as telephone and email interviews with E&P waste management facility
personnel. This effort resulted in the development of a hypothetical facility that would
accurately represent the E&P waste treatment industry. Three factors were considered in
designing the hypothetical Louisiana facility: physical design including size, layout, and
climate; input waste characteristics; and treatment process design.

The hypothetical facility design was developed using operational data from
existing facilities in Louisiana. Waste types and treatment processes reported at these
facilities were used to create a hypothetical scenario for E&P waste treatment processes
and emissions modeling. Facility layouts were also developed from operational data. The
average temperature and wind speed data used in the analysis were collected at the Lake
Arthur, Louisiana weather station.

The large, hypothetical facility is assumed to manage 1 million barrels/year of
waste. The facility is approximately 100 acres in total size, with 21 treatment cells, two
storage piles of reuse materials, and a Class II disposal well.1

Another key aspect of the hypothetical facility design was the waste
characterization. The volume of waste entering the facility was estimated based on the
typical operating capacity of large Louisiana facilities. The mix of waste types accepted
was determined based on one year of operational data collected from a large Louisiana
facility. The relative volumes of various wastes received at the facility are not directly
proportional to the amount of each waste generated in the State of Louisiana. Because
these large facilities are more likely to accept the higher oil content wastes, over 13
percent of the total volume of wastes at the modeled hypothetical facility are higher oil
content wastes. According to recent data from Louisiana’s emergency rule, these waste
streams make up less than 5 percent of the total wastes generated in the State. The
benzene concentrations in each waste type were based on data reported in API’s 1996
Associated Waste Study. That study included caveats about the conservative nature of the
data reported, meaning that the benzene concentrations used likely overstate those in
most wastes.

Upon entering the facility, wastes are typically segregated into two categories.
Salt water and certain other liquid wastes are stored in on-site tanks for Class II disposal.
All other wastes (i.e., all those that contain a solid fraction) are loaded into a treatment
cell. Table 1 presents the assumed distribution and disposition of waste types at the

                                                          
1 Class II disposal wells are permitted under the Safe Drinking Water Act for the disposal of
wastes related to the exploration and production of oil and natural gas.



modeled hypothetical facility. The API Associated Waste Study and other literature
sources were used to assign the water, solids, oil, and hydrocarbon content of the wastes.

Treatment Process

The final stage in designing the hypothetical facility was to determine a
representative treatment process. In Louisiana, the most common treatment method is a
form of land treatment, sometimes known as “wet cell treatment,” which consists of the
following three basic stages:

1. An extraction phase, in which wash water is added to the waste, mixed, and
allowed to settle;

2. Removal of free liquids to a retention pond and then injection after a
sufficient residence period; and

3. Removal of the remaining waste, which is dried and stockpiled or sent to
undergo another extraction phase.

These three processing stages were expanded using the waste and treatment
information collected, as described previously. The extraction process encompasses the
addition of wash water to the waste, an aerated mixing period, and a non-aerated, settling
period. The free liquids are then removed, where they are sent to a retention pond, and
then injected into a Class II disposal well. The solids remain in the cell and undergo
several more extraction – washing, aeration, and settling – cycles. Finally, solids are
allowed to dry and are then removed to a stock pile for storage prior to reuse.2

The wastes containing solids are received directly into a treatment cell. The
quantity of waste placed in a one acre cell is approximately 15,000 barrels, creating a
depth of about 24 inches of semi-solid mixture. An additional 8 to 10 inches of wash
water are placed on top of the waste through a combination of freshwater waste, rain
water and local surface water. Filling a treatment cell with waste and wash water may
take up to one month. During this time, free oil may separate from the waste and float on
the surface of the water. The amount of free oil will vary with the type of wastes placed
in each treatment cell. Free oil (conservatively assumed to be 5 barrels per one-acre cell)
is removed with a vacuum truck before treatment begins

Louisiana regulations specify the post-treatment constituent content required for
waste material. Rule 29B specifies limits for moisture content, pH, electrical
conductivity, sodium adsorption ratio, exchangeable sodium percentage, total barium, oil
and grease, chlorides, and several metals. The treatment process is designed to reduce the
waste constituents to meet these regulatory limits.

A major aspect of the treatment involves placing the waste in contact with fresh
water for the purpose of leaching salt. The contacting is accomplished with a specially
designed machine mounted on a backhoe that has the appearance of a single egg beater.
This mixing device is driven very slowly up and down the cell, progressing across,
involving all the waste in the primary mixing zone of approximately six feet diameter.
The mixer is completely submerged and does not beat violently enough to entrain air
(i.e., it does not create “white water” or foam). Cell mixing is completed in about one and
one-half “day shifts” of 10 to 12 hours. When the entire cell has been mixed, the mixer
                                                          
2 Post-treatment waste material can be reused for road construction, landfill cover, and other
purposes.



exits the cell. Solids are allowed to settle over a period of one to two months. During this
period, any significant quantities of free oil that float to the surface and are blown against
a cell dike by wind are removed with a vacuum truck. Depending on the type of wastes in
the cell, it is not unusual for oil to float to the surface after the first and second
treatments, but usually in small quantities.

At the end of the settling period, free water is decanted from the cell through an
under-flow weir that prevents free oil on the surface from leaving with the water. The
removed salty water is stored in a surface impoundment (retention pond) prior to Class II
disposal. The remaining semi-solid waste mixture in the cell is tested for residual salt
content, and typically treated again several more times to achieve the regulatory
specifications for residual salinity of treated material suitable for beneficial reuse in
Louisiana. Each subsequent treatment begins with adding fresh wash water, usually a
combination of rain and local fresh surface water, such that the waste again has 8 to 10
inches of free water covering the surface. The mixer is brought in again and mixes the
waste as above. The cell is allowed to settle for one to two months, and then free water is
decanted. This salt extraction process is repeated, until the residual salt specification is
met. This process reduces other constituents as well, meaning that by the time the salt
specification is met, the waste typically meets all other regulatory criteria as well.

After the final treatment and free water decanting, the cell is left to drain free
water and air dry for an average of four months. During this period, the moisture content
is assumed to fall from about 50 percent to about 25 percent. The drying period ends
when the cell is needed to accept and begin treatment of a new charge of fresh waste. The
contents, described as being a loose, semi-fluid earthen material, are removed from the
cell with an earth mover and placed on one of the reuse waste piles. The consistency of
the treated solid material is such that it typically slumps over the residual material in the
pile. Over a period of time, this material further drains and the water evaporates. The
entire treatment process takes, on average, about fifteen months.

Emission Modeling

For purposes of emissions modeling, the waste treatment practices described
previously for the hypothetical facility were classified as either aerated surface
impoundments or non-aerated surface impoundments. This classification allowed the use
the U.S. Environmental Protection Agency’s (EPA’s) CHEMDAT8 model to estimate
chemical-specific emissions from the various treatment unit operations. CHEMDAT8 is a
peer-reviewed, integrated spreadsheet program, which allows a user to calculate the
partitioning of organic compounds among various pathways. A pathway is considered to
be any process that removes volatile organics from a waste and includes volatilization,
biodegradation, adsorption, hydrolysis, and run-off/migration. CHEMDAT8 incorporates
separate analytical models to estimate volatile organic emissions (on a total and
compound-specific basis) from different waste management practices and has been used
extensively for many industrial waste applications. Empirical validations of the
CHEMDAT8 model have indicated that it tends to overestimate emission fluxes, but the
model should provide reasonable upper bound estimates of emissions from these
operations under the modeled conditions.

Air emissions of volatile organic compounds (VOCs) from the waste treatment
processing steps depend on the VOC concentration in the continuous phase of material
exposed to air. This is different in every phase of waste processing, and changes with
transient conditions during each phase of treatment. To simplify calculation, the phases of



treatment are broken down into steps, and transient conditions during each step are
generally interpolations of several CHEMDAT8 runs.

For the majority of the processing steps, a fresh water layer in the treatment cells
blankets the wastes. Therefore, the continuous phase exposed to air is water, and the
VOC concentration in the water must be determined by a liquid extraction calculation.
The amount of hydrocarbon that would leave the waste material and enter the liquid
phase is determined using waste VOC concentration and corresponding TCLP
concentration data from the 1996 API Associated Waste study. The results of the
extraction calculations are then used as inputs for air emissions modeling using EPA's
CHEMDAT8. Model practices available in CHEMDAT8 applicable at this hypothetical
facility are aerated surface impoundments (mixing) and non-aerated surface
impoundments (settling and retention). Major inputs to the model include waste
constituent-specific concentrations, site-specific waste quantities, treatment unit
dimensions, and operating practices.

At the hypothetical facility, treatment occurs in several steps. Figure 1 displays
these steps. Following is a detailed description of each of these steps. The treatment
process was modeled using the average treatment cell application rate that facilities
reported placing in a one acre treatment cell.

As shown in Figure 1, the waste enters the facility and is loaded into a treatment
cell. During this filling stage, a small amount of pure oil (assumed to be 5 barrels per acre
of waste) separates from the waste and rises to the top of the impoundment where it is
eventually skimmed from the surface. This process is conservatively assumed to release
about one-half of the benzene in the skimmed oil to the air.

After skimming (when necessary), the waste in the treatment cell undergoes the
extraction process, a procedure composed of two steps. First, the fresh wash water is
added to the waste and is mixed for one and one-half working days, assumed to be
sixteen and one-half hours. This mixing enables the benzene in the oil phase of the waste
to redistribute between the oil and the wash water phase. For air emissions estimation, the
mixing process is modeled as an aerated surface impoundment using CHEMDAT8. The
input VOC concentration to the aerated treatment is the average VOC concentration in
the waste and wash water before and after the extraction. The mixing area is calculated
using the six-foot circular area affected by the Egg Beater (modeled as a single, small
impeller). The retention time in the mixing zone is calculated using this area applied to
the total area of the cell undergoing treatment during the total time spent mixing. The
flow is calculated using the area of mixing, the depth of waste in the cell, and the mixing
retention time. The oxygen transfer rate used in CHEMDAT8 is assumed to be zero to
accurately represent the facility operations where mixing does not entrain air.

After the mixing period is complete, the material in the treatment cell is allowed
to settle for a period of two months. During this time, the sludge will settle to the bottom
and the aqueous material will remain at the top of the cell. This period is modeled as a
non-aerated surface impoundment using CHEMDAT8. It is assumed that only the
continuous water phase emits compounds to the air, and is modeled accordingly. The
input benzene concentration of the aqueous waste is the benzene concentration of the
wash water after extraction.

Upon completion of the settling period, the wash water is removed from the
treatment cell and sent to a retention pond ahead of deep-well injection. This retention



process is also modeled using CHEMDAT8 as a non-aerated surface impoundment. The
input benzene concentration is the residual left in the wash water after two months of
non-aerated settling.

Following the first wash cycle, a second cycle begins with the addition of new
wash water to the treatment cell. The two extraction steps (mixing plus settling) and
water removal process are repeated. In the hypothetical facility, the entire waste washing
process takes place five times to achieve the desired residual constituent content in the
waste.

After the wash water is removed from the waste during the fifth cycle, the waste
is left in the treatment cell to continue draining water and air drying for about three
additional months. While this allows excess moisture to evaporate from the waste, it also
allows VOCs to weather off the waste. During this time, it is assumed that the VOC
content of the waste decreases by 50 percent, due to air emissions. This assumes that the
benzene reduction is proportional to the reduction in water content (50 percent reduction
in water content equals 50 percent reduction in benzene content). There is some
experiential support for this assumption, but it is likely (as described below) that a larger
percentage of the benzene is emitted during this phase of treatment.

After the drying step, the residual treated material is relocated to a reuse
stockpile. The stockpile waste is assumed to spread out over the surface of the pile where
it continues to air dry for slightly less than three months before being covered over by
fresh material from another treatment cell. Reports on the chemical concentration
remaining in the residual material contained in the reuse stockpile were used to calculate
emission rates from the stockpile. Using this information and the calculated mass of
benzene entering the stockpile, the mass of benzene emitted to the air while the residual
material is on the surface was computed. The resulting benzene emissions from this stage
of the treatment process may be overstated because of underestimates earlier in the
treatment process. In terms of estimating human health risks, it is largely immaterial
where in the process the emissions occur – the total mass of emissions from the facility
are used to estimate cancer risks. But it is useful to note that, based on the mass balance
of benzene in the waste and in the residual material, the emissions from certain steps in
the treatment process may be under- or over-stated.

The final output of the emission modeling stage of this analysis was a series of
emission rates (in µg/m3) from each unique combination of meteorology, treatment
method, and waste type. Table 2 presents the mass emissions calculated for each
treatment step. These emission rates and meteorological data were then used as the inputs
for the air dispersion modeling stage of the analysis.

MODELING BENZENE DISPERSION AND
OUTDOOR BENZENE CONCENTRATIONS

The dispersion and outdoor concentration modeling consisted of two independent
approaches. The first approach used the emissions detailed previously to generate a “best
estimate” of the risks posed by the hypothetical facility. Under this approach, EPA’s
Industrial Source Complex Long-term Model (ISCLT-3) was selected for modeling the
downwind dispersion of the chemical emissions. This model is a steady-state air
dispersion model that is appropriate for long-term (e.g., one year), fugitive, area source



emissions such as those from the hypothetical waste management facility. ISCLT-3 was
applied using an annual average distribution based on 5 years of meteorological data for
Lake Arthur, Louisiana. Figure 2 provides a pictorial overview of the “best estimate”
approach.

The second approach applied a Monte Carlo simulation (known as the Simulated
Emission Estimation and Dispersion [SEED] Model) to a number of the parameters used
in the “best estimate” analysis. The basic facility design and treatment process remains
the same as in the “best estimate” approach, but the SEED Model approach uses
statistical distributions for the types and quantities of wastes placed in each treatment cell
and the benzene concentration of each waste type. The SEED Model was used to estimate
the range of emissions and downwind concentrations that could occur accounting for the
varied combinations of wastes and constituents that could occur at a facility of that size
and design. By randomly assuming parameters related to facility operation (selected from
distributions of potential waste types, volumes, and benzene concentrations), the SEED
Model combines the results from over 300 different sets of assumptions about the facility.
This allows for a more complete picture to be developed of the possible risks posed by a
particular facility design under different operational scenarios. Figure 3 provides a
pictorial summary of the SEED Model approach. The SEED Model yields a wider range
of potential emissions that reflect the numerous possible combinations of wastes and
benzene concentrations. Some of the scenarios will have very low emissions, while others
will have high volumes of high benzene content wastes placed in treatment cells near the
facility boundary, which would result in the highest level of offsite emissions. Therefore,
the SEED Model analysis will result in higher potential cancer risks based on these
extreme scenarios. The SEED Model provides an extremely conservative (high-end) view
of the expected benzene emissions and predicted cancer risks.

For both approaches, 624 receptor locations were modeled for the hypothetical
facility, representing a Cartesian grid of distances ranging from 30 meters to 5
kilometers. These receptor points on the Cartesian grid were then converted to radial
distances from the origin using the Pythagorean theorem.

The final outputs of this stage of the analysis were average, annual, outdoor
concentrations (in µg/m3) of benzene at each receptor location surrounding the
hypothetical facility.

ESTIMATION OF HUMAN EXPOSURES
AND CANCER RISKS

The next step of the analysis estimated human exposures and health risks as a
function of predicted airborne benzene concentrations at various receptor points
downwind from the hypothetical facility. The modeled receptor points were converted to
a statistical distribution that was used to estimate human exposures at randomly generated
locations around each hypothetical facility. These statistical exposures were then
combined with statistical activity pattern data for different populations to estimate a
distribution of human health risks around each hypothetical facility. This same human
health risk assessment procedure was used for both the “best estimate” and SEED Model
approaches described above.



Exposure Estimation

Using the database of outdoor concentrations at various distances downwind
from each hypothetical facility (generated either by the ISCLT-3 model or the SEED
Model), a series of exploratory statistical analyses were performed on the data for various
scenarios to determine whether the data could be modeled probabilistically. The
following generalized regression equation was found to provide a good fit to the
concentration values obtained from typical dispersion model runs.

ln(CONC) = a0 + (a1)[ln(RD)] + (a2)(NORTH) + (a3)(EAST) + e………...….(Equation 1)

CONC  = the concentration estimated for a particular receptor point by the dispersion
model,

RD  =the radial distance from the receptor point to the center point of receptor
grid,

NORTH  = 1 when the receptor point is north of the center point, 0 otherwise,
EAST  =1 when the receptor point is east of the center point, 0 otherwise,
an = regression coefficients to be estimated,
e = random normal variate with mean 0 and standard deviation = s

The NORTH and EAST variables were included in the regression equation to
reflect the prevailing wind direction and assumed shape of the hypothetical facility. Their
inclusion was found to significantly increase the associated R2 value and to produce
regression residuals (the “e” values) which were more nearly normal in distribution.

Researchers used Equation 1 as the basis for a probabilistic algorithm for
generating concentration values at any specified radial distance. A spreadsheet program
was then used to (1) calculate the distribution of outdoor benzene concentration at 24
distances from 30 m to 5,000 m and (2) plot the results for user-specified percentiles. The
values represent the incremental benzene concentration in the ambient air resulting from
the commercial waste treatment facility. The ambient air likely already includes benzene
from other sources (automobiles, industrial sources). The focus of this analysis is the
incremental benzene emissions attributable to the facility.

Human Health Risk Estimation

Estimates of the downwind, airborne concentrations that are incidentally emitted
to the air from the hypothetical facility’s treatment operations are used as inputs to
SimRisk to estimate the human health risks. SimRisk uses a Monte Carlo simulation to
estimate the probability that adverse health effects would result from offsite chemical
exposures. SimRisk was originally developed to estimate benzene exposures in
populations residing near glycol dehydrators and associated health risks (Johnson, 1997).
For the current study, SimRisk was updated and expanded for application to modeled
VOC pollutants emitted by offsite treatment facilities. The current version of SimRisk
consists of two basic modules:

1. Outdoor concentration module: randomly generates outdoor pollutant
concentrations at specified distances for a particular emission scenario; and

2. Lifetime risk module: converts each outdoor concentration to a lifetime risk
by applying appropriate exposure and risk factors.



The first module uses a simple approach to generate n outdoor concentration
values for each of 24 distances between 30 m and 5,000 m, where n is a number
(typically 1,000+) selected by the model user. The second module converts each outdoor
concentration to a lifetime risk value. This conversion accounts for the following
exposure factors:

1. Residential occupancy period;
2. Number of hours per day spent at the residential location;
3. Number of hours per day spent outdoors at the residential location;
4. Penetration factor for residence;
5. Decay factor for residence;
6. Air exchange rate for residence; and
7. Ventilation (respiration) ratio.

The model randomly selects a value for each factor from a specified distribution,
which is based on actual data. These estimates are applied to the estimates of outdoor
pollutant concentration to produce a pollutant-specific estimate of lifetime exposure for
each person simulated at each of the 24 distances. A cancer unit risk factor for benzene is
then applied to each lifetime exposure estimate to produce an estimate of the probability
that the simulated person will develop cancer as the result of the estimated exposure.

Risk Calculations Using Exposure and Risk Factors

The Lifetime Risk Module is used to calculate human exposures and risks. The
module consists of five steps.

 In Step 1, the module specifies the demographic group of the person to be
simulated. Gender (male or female) and current age define demographic group. The
population is assumed to be comprised of 48.8 percent males and 52.2 percent females.
Current age is specified by one of 30 age ranges between 0 and 100 years.

The demographic group of the simulated person is determined by first assigning a
gender to the person and then assigning an age group to the person. Assignments are
made randomly according to the assumed gender probabilities (48.8 percent male, 52.2
percent female) and the assumed age group distributions.

In Step 2, the Lifetime Risk Module constructs an exposure pattern for the
simulated person. The exposure pattern is used to estimate the total mass of pollutant
respired over the person's lifetime using the following equations:

Mlifetime = (365)(Cout)[(Hinres)(RI/O) + Hout] (Vavg) (Rvent)(YROP)/(24)..............(Equation 2)

RI/O = (P)(a)/(a+k) .............................................................................................(Equation 3)

Mlifetime = total mass of pollutant respired over the person's lifetime (µg)
Cout = outdoor pollutant concentration at residential location (µg/m3)
Hinres = time per day spent indoors at residential location (hours)
Houtres = time per day spent outdoors at residential location (hours)
RI/O = indoor/outdoor pollutant ratio at residence
P = penetration factor of residence



a = air exchange rate of residence
k = decay rate in residence
Vavg = average daily ventilation rate (m3/day)
Rvent = ratio of individual ventilation rate to average ventilation rate
YROP = residential occupancy period (years)

Note that the variables Cout and Mlifetime apply only to pollutant mass emitted by
the offsite treatment facility.

In Step 3, the Mlifetime value is converted to a corresponding health effect risk
probability by the equation:

Ilifetime = (Mlifetime)(URE)/(Nlifetime) ......................................................................(Equation 4)

Ilifetime = lifetime risk of health effect
URE = unit risk estimate (probability of health effect occurring per unit mass exposure)
Nlifetime= unit lifetime mass estimate

The unit lifetime mass estimate (Nlifetime) is defined here as "the respired pollutant
mass that produces a specified risk probability in the average person" in which the mass
quantity is specific to pollutant and health effect. For example, EPA estimates that the
continual exposure of an average person to a benzene concentration of 1 µg/m3 for 70
years will produce a risk probability of 8.3 x 10-6. Consequently, the value of Nlifetime can
be calculated by the expression

Nlifetime = (70 years)(365 days/year)(Vavg)(1 µg/m3) ..........................................(Equation 5)

Vavg = average daily ventilation rate (m3/day).

Making the appropriate substitutions, Equation 4 can be expressed as

Ilifetime=(Cout)[(Hinres)(RI/O) + Hout] (Rvent) (YROP) (8.3 x 10-6)/[(24 hrs)(70 yrs)
(1 µg/m3)] ..........................................................................................................(Equation 6)

SimRisk uses this equation to estimate the risk from pollutant exposure for each
simulated person. The residence of the simulated person is assumed to be located at a
specified distance (30 to 5,000 meters) from the center of the waste treatment facility.
The value of Cout is determined by randomly generating a value using the algorithm
mentioned previously. SimRisk determines the value for each of the remaining variables
in Equation 6 by either (1) randomly sampling a distribution specified for the variable or
(2) using a specified point estimate. For example, the model assumes that residential
occupancy period is well-characterized by the Weibull distribution, a statistical
distribution defined by a scale parameter (δ) and a shape parameter (k).

A value of Ilifetime is determined for each of n simulated persons residing at a
given distance. SimRisk performs the calculations for 24 distances between 30 and 5,000
meters.

SimRisk performs Steps 2 through 5 for each of n iterations to produce a
simulated population of n persons residing at a specific distance (e.g., 500 m). The risks



assigned to these n persons provide a risk distribution for the specified distance. The
entire process is repeated for each of 24 distances between 30 m and 5,000 m. SimRisk
plots these results as distribution percentiles versus distance.

RESULTS OF THE ANALYSIS
The analysis calculated a series of benzene cancer risks based on a wide range of

exposure assumption combinations. A separate distribution of cancer risks was calculated
for the “best estimate” and the SEED Model approaches. The “best estimate” risks
provide our assessment of a most-likely risk from a hypothetical fully functional, large,
commercial E&P waste management facility in southern Louisiana.3 The risks calculated
using the SEED Model account for possible, though unlikely, higher emission scenarios
as well as the more likely scenarios. For both modeling approaches, both a 95th and 50th

percentile risk estimate were produced. In both cases, the 50th percentile represents a
central tendency risk estimate that predicts 50 percent of the simulated population will
experience higher risks and 50 percent will experience lower risks. The 95th percentile
represents a high-end risk estimate and indicates that 95 percent of the simulated people
in the model would experience lower risk and only 5 percent would experience higher
risk. It is important to remember that the 95th percentile generated by the SEED Model is
an extreme high-end risk estimate because it includes: waste mixes with a high benzene
content in oil, a high oil content in waste, heavy loading of treatment cells near the
facility boundary, and high-end exposure scenarios (e.g., long residence times, time spent
outdoors, high respiration rates, etc). The risk estimates generated by both approaches are
thought to be somewhat higher than reality because of the conservatism built into the
models. In addition, although the best available data were used, the underlying benzene
concentrations used for both approaches are known to overstate the actual concentrations
because of the sampling procedures that were used.

The “best estimate” analysis predicted a 95th percentile cancer risk of 6.7 x 10-6

(6.7 statistical cancer cases per 1 million people) and a 50th percentile risk of 9.9 x 10-7

(approximately 1 statistical cancer case per 1 million people) at the facility fenceline
closest to the geographic center of the facility.4 EPA generally considers a risk range of 1
x 10-6 to 1 x 10-4 to be protective of human health5. Figure 4 presents the estimated 50th

and 95th percentile “best estimate” offsite risks at distances of 347 to 5,000 meters from
the geographic center of the facility.

As expected, the risk estimates based upon the SEED Model were considerably
higher than those of the “best estimate” approach. This is because the SEED Model
combines the full range of emission/dispersion scenarios (including high-end

                                                          
3 Typically in the absence of better information, modelers will assume that the average, or
“expected value,” event is the most likely. Of course, this expected value will very rarely occur in
reality. For this reason, the SEED Model was used to allow for a more complete assessment of the
facility’s risks.
4 It is not expected that people actually live at the facility fenceline. They are more likely to live
some distance away, which will lower their risks. But for this type of analysis considering
potential offsite consequences, it is appropriate to look at the high end value for offsite risks,
which would be at the facility fenceline.
5 U.S. EPA. Office of Solid Waste and Emergency Response. Rules of Thumb for Superfund
Remedial Selection. EPA 540-R-97-013, August 1997.



emission/dispersion scenarios) with the full range of possible exposure scenarios.6 The
“best estimate” approach uses a central tendency emission/dispersion scenario combined
with the full range of possible exposure scenarios and thus produces lower estimates.

The risk estimates based on the SEED Model outputs indicate 95th percentile
statistical benzene cancer risk of 2.5 x 10-5 (2.5 per 100,000 population) and a 50th

percentile risk of 1.6 x 10-6 (1.6 per 1 million population) at the fenceline closest to the
geographic center of the facility. As can be seen in Figure 5, the cancer risks decrease
dramatically with distance from the facility fenceline.

Table 3 presents these risks in the context of risks posed by everyday activities.
The purpose of this chart is to provide the reader with a rough guide for understanding
the likelihood of low probability events by providing benchmarks with readily
understandable daily activities.

DETERMINATION OF RISKS UNDER
SENSITIVITY ANALYSIS ASSUMPTIONS

The final step of the analysis was to analyze the effect that operational
considerations could have on facility emissions and risks. While the estimated risk levels
fall within the typical range of risks that the EPA finds acceptable (1 x 10-6 to 1 x 10-4), it
seemed prudent to examine whether any cost-effective, or easy-to-implement, options are
available that can further reduce the risks. This examination of alternatives is not
comprehensive; to the analysis examines two options that appeared to have the potential
for reducing emissions, and therefore risks, in a cost-effective manner. Other options may
be available. For this portion of the analysis, the SEED Model was modified to estimate
the expected reductions in emissions from the following operational changes:

1. Waste segregation followed by loading of all high-oil-content waste (i.e.,
tank bottoms, pit sludge, and produced sand) into treatment units near the
center of the facility or into treatment units located farthest from nearby
residents.

2. Controlling the volume of high-oil-content waste handled at the facility in a
given year.

These operational considerations were modeled using the SEED Model. Different
variables were controlled in order to simulate the desired operational control. The
modeled effect of each of these is discussed in the following subsections.

                                                          
6 The SEED Model randomly sampled from probability distributions representing different waste
type combinations (e.g., 75% drilling waste, 4% tank bottoms, 3% workover fluids, etc.) with
different benzene concentrations for each waste type. The model also randomly assigns the wastes
to treatment cells so that the highest oil content wastes “move” around the facility from one
scenario to the next.



Waste Segregation and Isolation

The first sensitivity analysis investigated the possible risk reductions that could
be achieved using waste segregation and isolation of high-oil-content wastes.
Specifically, for this sensitivity analysis, all of the higher-oil-content wastes (i.e., tank
bottoms, pit sludge, and produced sand) were segregated from the other waste types and
placed in treatment units that are located as far as possible from a fenceline.

The analysis indicated that fenceline cancer risks (using high-end exposure
assumptions which are defined as the 95th percentile risk) could be reduced by 70 percent
simply by controlling the location of high-oil-content wastes within the facility. This
indicates that significant risk reductions from the already low risk estimates can be
achieved through operational practices that are relatively easy to implement and require
no waste testing or analysis.

Controlling High-Oil-Content Waste Volumes

This sensitivity analysis involved reducing the total volume of high-oil content
waste entering the facility. A full range of potential benzene concentrations in tank
bottom, pit sludge, and produced sand wastes were represented in the analysis. This
analysis did not assume any waste segregation or isolation as described above.

It is important to note that this approach could only be used on an isolated basis
because the volume of waste requiring disposal and the waste treatment capacity in the
State are not expected to change significantly. That is waste that is displaced from one
facility will have to be treated at another. For this reason, this approach might be
applicable at select facilities, but would not be appropriate as a general risk reduction
measure.

This analysis indicated that the volume of high oil content wastes entering the
facility is closely related to the risk level at any given distance. Specifically, by reducing
the volume of high-oil-content waste entering the facility by 50 percent, the cancer risk at
the fenceline could be reduced by approximately 49 percent. This finding was again
based on high-end emission and exposure assumptions. If this control on the volume of
waste was combined with the waste segregation and isolation control discussed above, an
even larger risk reduction would be expected.

CONCLUSIONS
This study indicates that offsite cancer risk from airborne benzene at a large,

hypothetical commercial E&P waste management facility in Louisiana is less than 2.5 x
10-5 even under extremely conservative assumptions (based on the SEED Model). The
high-end, “best estimate” risk predicted by this analysis is 6.7 x 10-6, with a median “best
estimate” risk of 9.9 x 10-7. All of these risks are well within (or below) a cancer risk
range of 1 x 10-6 to 1 x 10-4, which EPA generally considers to be protective of human
health.

Given the risk levels found from this conservative analysis, one can conclude that
air emissions from commercial E&P waste management operations pose minimal cancer
risks to nearby residents. The risk levels noted are all at the facility fenceline of the large



hypothetical facility analyzed. The risks decline dramatically with distance from the
fenceline.

Nonetheless, it is prudent to examine ways to reduce risks practically and cost-
effectively. This analysis determined that risk levels could be further reduced by isolating
the highest-oil-content wastes away from the facility boundaries and/or by controlling the
volume of high-oil-content wastes entering the facility. Reductions in waste volumes
entering a facility may be appropriate to respond to real or perceived risks at a given
facility, but cannot be used across all facilities. The sensitivity analyses conducted as part
of this study indicate that a 50 percent reduction in high-oil-content waste volumes
entering the facility will result in a corresponding 49 percent risk reduction at the
fenceline. As discussed above, reducing the volume of incoming waste is not a feasible
overall policy because waste displaced from one facility will have to be transferred to
another facility. However, by changing the placement of certain wastes at the facility so
that those with a high oil content are placed furthest from potentially affected
populations, risk reductions on the order of 70 percent were observed. Given that the
overall risk levels that result from this conservative assessment are within EPA’s
accepted range (1 x 10-4 to 1 x 10-6), additional protective measures may not be needed at
all. However, it is useful to understand the options that may exist for reducing risks.
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Table 1. Input Waste Characterization and Southern Louisiana Hypothetical Facility.

Waste Type

Average
% of
Total

Volume1

%
Volume
Water2

%
Volume
Solids2

%
Volume

Oil2

Treated
or

Directly
Injected?

Median
Benzene
Conc.3
Mg/L

Oil-base drilling mud and
cuttings 10.66 1.0 89.0 10.0 Treated 10.0

Water-base drilling mud
and cuttings 43.69 60.0 39.0 1.0 Treated 0.0

Drilling, workover, and
completion fluids 5.29 5.0 75.0 20.0 Treated 6.74

Production pit sludges 6.49 33.0 40.0 27.0 Treated 156.7
Production storage tank
sludges 4.52 38.0 27.2 34.8 Treated 273.8

Produced oily sands and
solids 2.56 18.0 78.5 3.5 Treated 46.9

Waste from approved
salvage oil operators who
only receive waste oil from
oil and gas leases

0.45 5.0 5.0 90.0 Treated 932.7

Pipeline test water, pipeline
pig water, and waste fluids
from pipeline cleaning

0.20 11.5 58.0 30.5 Treated 2,773.5

Material used in crude oil
spill clean-up operations 0.73 5.0 70.0 25.0 Treated 191.73

Rainwater from ring levees
and pits and production and
drilling facilities

8.06 100.0 0.0 0.0 Injected 0.0

Washout water generated
from the cleaning of
vessels that transport E&P
waste

16.46 100.0 0.0 0.0 Injected 0.0

Washout pit water from
oilfield-related carriers that
are not permitted to haul
hazardous waste or
material

0.88 100.0 0.0 0.0 Injected 0.0

Total Weighted Concentration, mg/L 36.4
Total Weighted Concentration, mg/kg 25.9
1 Based on one year’s history from an existing large facility in Louisiana. High oil content wastes are
overstated compared to their percentage of total wastes in Louisiana.
2 Developed from API data and other sources.
3 Based on API 1986 Associated Waste Study and other sources. Benzene concentrations from the API
1986 study are known to be conservative due to the sampling procedures used.



Table 2. Emissions from Waste Treatment Processes

Waste Treatment Input in One Load (per acre) = 71.2 kg Benzene
Process/Step Benzene Input (kg) Benzene Emissions (kg)
Skimming Oil 0.4 0.2
Cycle 1
Mixing 71.2 1.7
Settling 1.2 0.8
Retention Pond 0.5 0.3
Cycle 2
Mixing 68.2 1.9
Settling 1.0 0.7
Retention Pond 0.3 0.2
Cycle 3
Mixing 65.4 1.8
Settling 1.0 0.7
Retention Pond 0.3 0.2
Cycle 4
Mixing 62.7 1.7
Settling 0.9 0.6
Retention Pond 0.3 0.2
Cycle 5
Mixing 60.0 1.7
Settling 0.9 0.6
Retention Pond 0.3 0.2
Drying 57.5 28.81

Reuse Stockpile 28.5 22.02

Total Emissions (Cycle 1-5)
Mixing NA 8.7
Settling NA 3.4
Retention Pond NA 1.0
Drying NA 28.81

Reuse Stockpile NA 22.02

1 Assumes that benzene content is reduced by 50%, proportional to reduction in
moisture content. Actual benzene emissions at this stage may be higher.
2 This number is back-calculated from mass balance based on actual data
showing benzene content remaining in residual material in a reuse stockpile (6.8
kg). It is believed that this number is overstated and that more of the benzene is
emitted earlier in the treatment process (probably during the drying process).



Table 3. Risks Compared to Everyday Activities

Description of Risk Factor

Deaths Per 1
Million Persons

at Risk
Smoking (all causes) 3,000
Fire fighting 800
Coal mining 630
Farming activities 360
Typical automobile driving (excluding motorcycles) 240
House and other building fires 28
95%tile SEED Model fenceline risk 10
Drinking highly chlorinated water 8.0
Eating 4 tbsp peanut butter per day 8.0
Eating 3 oz. charcoal broiled steak/day 5.0
95%tile “best estimate” fenceline risk 2.7
Floods (all causes) 0.6
50%tile SEED Model fenceline risk 0.6
Struck by lightning 0.5
50%tile “best estimate” fenceline risk 0.4
Hit by meteorite 0.00006

Note: This comparison implicitly equates cancer cases with deaths. According to
American Cancer Society, about 40 percent of cancer cases end in death. For this
reason, risk of death from cancer, presented in the table, was estimated by
multiplying the cancer risks calculated by this analysis by the overall probability of
death from a given cancer case (i.e., calculated cancer risk x 0.4). The reader
should note that this is a rough estimate based on nationwide, 5-year cancer
survival statistics for all types of cancer. The actual survival rate from cancer is
dependent upon many biological and socioeconomic factors that are beyond the
scope of the current study.

Source: P. Slovic “Informing and Educating the Public About Risk.” Risk Analysis.
Vol. 6, 1986.



Figure 1. Benzene Emissions at Louisiana Hypothetical Facility.

Notes:

1 The emission estimate for the drying stage assumes that benzene content is reduced by 50%,
proportional to reduction in moisture content. Actual benzene emissions at this stage may be
higher.

2 The emissions from the stockpile are back-calculated from mass balance based on actual data
showing benzene content remaining in residual material in a reuse stockpile (6.8 kg). This number
may be overstated if the emissions were underestimated during an earlier stage of the treatment
process (probably during the drying process).
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Figure 2: Schematic of Major Steps in “Best Estimate” Modeling Approach

Figure 3: Schematic of Major Steps in the SEED Model Approach
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Figure 4: Offsite 50th and 90th percentile risk estimates for the “best estimate” approach



Estimated Offsite Monte Carlo Emission Dispersion Benzene Cancer Risks

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

100 1000 10000

Distance, m

C
al

cu
la

te
d 

C
an

ce
r R

is
k

50th PCT
95th PCT

Nearest Fenceline
(363 m)

Figure 5. Offsite 50th and 90th percentile risk estimates for the SEED Model approach
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ABSTRACT
The advanced continuous simulation language (ACSL) has been used to solve the

partial differential equations that describe the behavior of adsorbent beds used to control
the emission of volatile organic air pollutants. Five models were tested. These five
models are isothermal beds with and without the local equilibrium, adiabatic beds with
and without the local equilibrium, and finally a bed that is neither isothermal nor
adiabatic. The second virial surface coefficients were used to describe the vapor-solid
equilibrium. The derivation of Van Ness was used to obtain the second virial surface
coefficients of the mixture from the isotherms of the pure components. The use of the
second virial surface coefficients to obtain the vapor-solid equilibrium requires much less
computer programming than the ideal adsorbed solution method and is much more
rigorous thermodynamically. The method was tested with an example in which an
equimolar mixture of benzene, cyclohexane, pentane, and acetone in air passes through a
fixed bed of activated carbon.



INTRODUCTION
Adsorption is a means of reducing the emission of volatile organic compounds

(VOC) from industrial processes. The emission of VOC from industrial processes is
strictly regulated because these compounds are one of the ingredients of photochemical
smog. Adsorption is often attractive because the VOC can be recovered and recycled into
the process thereby generating an economic credit. In a typical industrial application for
controlling VOC by adsorption, the air stream is first cooled to condense and recover
some of the VOC. Because adsorption is more effective at lower temperatures, the cooled
air stream is drawn through the adsorbent where the remaining VOC is removed from the
air stream. When the bed ceases to remove enough of the VOC to meet the regulatory
requirements, the air stream is switched to an another bed and the spent bed is
regenerated. Thermal regeneration is the preferred method. The adsorbents for air
pollution control that are frequently used are activated carbon, activated alumina,
molecular sieves, and silica gel. In this thesis, activated carbon was selected as adsorbent
in the fixed bed adsorption system to control the emission of VOC because activated
carbon is inexpensive, easily regenerated, and is very sorbtive of hydrocarbons.

DEVELOPMENT OF THE
EQUATIONS OF CHANGE

Multicomponent fixed bed adsorption is a transient process that can be
mathematically illustrated through the differential material and energy balance equations.
In the following discussion, the partial differential equations are derived for different
operating conditions for fixed bed adsorption. Then the partial differential equations can
be converted into a system of simultaneous ordinary differential equations suitable for
solving using ACSL (1) by substituting divided difference approximations for the spatial
derivatives. The five multicomponent fixed bed adsorption models previously listed are
derived subject to the different adsorption conditions. Simplifications are outlined in the
development of the partial differential equations.

Development of the IF Model

This model depicts the dynamic behavior of a multicomponent adsorption bed in
which the temperature of the bed is constant and the gas-solid concentrations quickly
reach local equilibrium. The following assumptions are also made. The gas passing
through the bed is in plug flow. There are no changes in composition in the radial
direction. The adsorbate is transported in the axial direction only by convection. With
these simplifications, Johnson (2) has derived the following partial differential equation
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Because the molar flux of the inert gas ′
•

G is almost constant, this property can be used to

simplify the above equation. The molar flux of gas G
•

 can be expressed in terms of the

molar flux of the inert gas ′
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G and the mole fractions of the adsorbate component Yi  by
the following equation
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Substituting Equation (3) into Equation (2) and evaluating the derivative result in the
following equation
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Since the system is dilute with respect to the concentration of adsorbate in the gas phase,
it is supposed that
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Because the inventory of adsorbate in the gas phase is small compared with that of the
solid, the derivative of the mole fraction with respect to time can be considered

negligible. Dropping this term 
∂
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i  and solving Equation (6) for 
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This equation can be used to calculate the adsorbate loading distribution with
respect to time. Because the mass transfer in the gaseous fluid and in the pores of the
adsorbent is rapid in this model, there is local equilibrium and the mole fractions of
adsorbates in gas can be calculated knowing the adsorbate loadings on the surface of the
adsorbent and the multicomponent adsorption equilibrium relationships at the
temperature of the bed.

Development of the IS Model

This model depicts the dynamic behavior of a multicomponent adsorption bed in
which the temperatures of the bed and the gas are constant and the adsorbate
concentrations are not in local equilibrium. Again, it is assumed that the gas passing
through the bed is in plug flow, and the adsorbate diffusion in the axial direction is
negligible. Hence, the transport of adsorbate in the axial direction is primarily by bulk
flow.

A material balance in a section of the fixed bed is identical to that of the IF
model and in rearranged form is
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Another material balance of adsorbate component i in the adsorbent over a
section of the bed dz (cm) can be written as
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In Equation (9), the overall volumetric mass transfer coefficient (3), KGa, can be
estimated to be 0.0001674 gmmoles/cm3⋅s (2). Simplifying Equation (9) yields
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Substituting Equation (10) into Equation (8) yields
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Equations (10) and (11) are used to calculate the loading of the adsorbate component i in
the adsorbent and the corresponding mole fraction of absorbate component i in the gas.



Because the mass transfer in the two phases of the gaseous fluid and the
adsorbent solid in this model is slow (2), it is supposed that the derivative of adsorbate
mole fraction with respect to time equals zero. Next, a divided difference (5) is

substituted for ∂
∂
Y
z
i  and the )( ∗− iiG YYaK  term is expanded; Equation (11) now can be

written as
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From Equation (12) Yi z , the mole fraction of adsorbate component i in the gaseous fluid

can be calculate from Yi
*
, the equilibrium mole fraction of adsorbate of component i in

the gaseous fluid corresponding to the loading of the adsorbate component i on the solid.
However, Yi

*  must be calculated from the multicomponent adsorption equilibrium
relationship.

Development of the AF Model

This model depicts the dynamic behavior of a multicomponent adsorption bed in
which the overall system is adiabatic and the resistances of both mass and heat transfer
between the gaseous fluid and adsorbent are negligible. There is always local equilibrium
between the gas and the solid. The exothermic heat of adsorption causes the temperature
of the gas and the solid to change along the length of the bed. In addition to the previous
restrictions, it is assumed that there is heat transfer only by forced convection along the
length of the bed.

For the AF model, the calculations of the adsorbate concentration are the same as
the IF model. The calculation of the temperature as a function of axial position requires
the solution of another partial differential equation. Johnson derived the following
equation in his thesis (2)
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The heat capacity of the solid can be obtained from the literature (6, 7). The heat capacity
of the gas is that of air. The heat of adsorption of the adsorbates can be obtained from
Johnson’s thesis (2); the heat of adsorption of benzene, cyclohexane, pentane, and
acetone are 11936, 11788, 11788, and 11329 cal/gmmole, respectively.

Development of the AS Model

This model depicts the dynamic behavior of a multicomponent adsorption bed in
which the overall system is adiabatic and the resistance to both mass and heat transfer
between the gaseous fluid and the adsorbent solid should be considerable. The gas and
solid do not attain local equilibrium. The adsorbate concentrations are still obtained from
Equations (10) and (11), but two partial differential equations are required to obtain the
temperature since the gas and solid are at different temperatures. Johnson (2) has derived
these equations; they are
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Equations (14) and (15) can be used to calculate the temperature distribution of the
gaseous fluid and the adsorbent in the AS model. The volumetric heat transfer coefficient
(3), ha, in Equations (14) and (15) has been estimated to be 0.006 cal/cm2⋅s⋅K. The
details of the calculation of this value are in Johnson’s thesis(2). The values of the heat of
adsorption for individual components, ∆Hi, in this model are the same as those of the
previous model.

Development of the NANI Model

This model depicts the dynamic behavior of a multicomponent adsorption bed in
which the overall system is neither adiabatic nor isothermal and the resistance to both
mass and heat transfer between the gaseous fluid and adsorbent solid should be
considered. The calculation of the adsorbate concentration remains the same as that of the
IS model. The temperature of the adsorbent bed can still be calculated from Equation
(14). A different equation is needed to compute the gas temperature because heat is being
lost through the wall of the vessel containing the adsorbent.



Using an overall heat transfer coefficient to obtain the heat loss, Johnson (2)
derived the following partial differential equation for computing gas temperature as a
function of time and axial position, his result is

∂
∂ ερ

∂
∂ ερ ερ

T
t

G T
z

ha T T
C

U T T
R C

G

G

G s G

G pG

in G a

G pG
= −

′
+

−
−

−
•

( ) ( )2
.                  (16)

Equation (16) can be used to calculate the gaseous fluid temperature distribution in the
NANI model. A value of overall heat transfer coefficient (9, 4), Uin, of 0.000124
cal/cm2⋅s⋅K was used (2).

USING SURFACE VIRIAL COEFFICIENTS
TO CALCULATE MULTICOMPONENT

ADSORPTION EQULIBRIA
As discussed earlier, in order to solve the partial differential equations for the

adsorbate loading, the mole fraction of absorbate in the gas, the gaseous fluid temperature
and the adsorbent temperature in the various models, the equilibrium mole fraction of the
gaseous components over the adsorbent must be calculated. To perform this calculation,
temperature, pressure, adsorbate loadings on the adsorbent, and properties of the
adsorbent must be known. Johnson (2) performed this task using ideal adsorbed solution
theory as presented by Prausnitz and Myers (10). It was found that this task was
computationally laborious. By using a surface equation of state, it has been determined
that this task can be greatly simplified. By using the Gibbs isotherm, Van Ness (11) has
shown that the surface fugacity of a component on the surface of the adsorbent can be
calculated from the following equation
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In Equation (17), the compressibility factor of adsorbate zs  can be calculated by the
second virial surface coefficient equation
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Multiplying both sides of Equation (18) by nt  yields
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Because nt , specific moles of total adsorbate on adsorbent equals the sum of specific
moles of adsorbate i on the adsorbent, we can write
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Next, differentiating both sides of Equation (20) with respect to ni results in
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The second virial surface coefficient of the mixture can be calculated from the individual
second virial surface coefficient and the mole fraction of the individual components in
the mixture through the following mixing rule (12, 13)
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Here B Bij ji= (12). Multiplying by nt
2  and differentiating both sides of Equation (23)

with respect to ni  results in
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Substituting Equation (22) modified by Equation (24) into Equation (17) yields
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Simplifying and integrating Equation (25) becomes
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Van Ness (11) also derived the following equation for calculating the surface
fugacity of adsorbate i in the mixed adsorbate f i

PTyRKf iGCii =ˆ .                                                     (27)

In Equation (27), Ki  is the slope of adsorption isotherm for pure adsorbate i as pressure
approaches zero. Ki  is a function of temperature only for a given adsorbent and
adsorbate, and it is a quantity, which characterizes the specific interaction between a
particular adsorbate and a particular adsorbent (11). Taking logarithms of both sides of
Equation (27) and then substituting this equation into Equation (26) yields
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Since the total pressure is slightly above atmospheric pressure, the partial pressure of the
adsorbate i  can be obtained from the following equation
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Substituting Equation (29) into (28) and simplifying Equation (28) gives
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The specific surface and total surface are related by
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and the mole fraction is given by
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Equation (30) can be modified to
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Writing the partial pressure in term of the mole fraction results in
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In Equation (34) ni , specific moles of adsorbate i in adsorbed phase can be calculated
using the following equation
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where Wi , is the adsorbate loading of component i in the solid, and Mi  is the molecular
weight.

In the next section, a technique will be demonstrated for obtaining AKi , and
B
A

ii  from the pure component isotherm.

Calculation of Constants for Multicomponent Adsorption
Equilibrium

In order to use Equation (33) for calculating the multicomponent adsorption

equilibrium, 
B
A

ii  and AKi  must be obtained by writing Equation (33) for the pure

components
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and

AK Intercepti = −exp( ) .                                    (38)

Using the mixing rule previously obtained, the following expression for the cross-
coefficient can be obtained
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Using the pure component experimental data for benzene and cyclohexane, on
Filtrasorb 400 activated carbon and the Dubinin isotherm (14, 15), Johnson (2) was able
to obtain pure component adsorption data for n-pentane and acetone on this adsorbent.
These data were used to make the graphs previously described. The pure component
adsorption parameters are shown in Table 1. A Fortran subroutine was then written using
these data. The inputs to the subroutine are the adsorbate loadings of components on the
solid and the temperature. The equilibrium mole fractions of the adsorbates are the
outputs. This subroutine was then appended to the end of the ACSL simulations and used
in the different models.

RESULTS FROM AN EXAMPLE OF THE
NONADIABATIC-NONISOTHERMAL MODEL

The example tested is the same as that of Johnson. An equimolar mixture of
benzene, cyclohexane, pentane, and acetone, present in a stream of air at 298 K, 1.041
atm, and with a molar velocity of 0.001363 gmmole/cm2⋅s, passes through a fixed bed of
activated carbon with a length of 106.68 cm (3.5 ft). It is supposed that the molar fraction
of each component in gaseous mixture at the entrance of the fixed bed is held at
0.001562. For purposes of obtaining divided differences, the bed was divided into twenty
equal increments.

For the NANI model, the breakthrough time was determined to be 9600 seconds.
Breakthrough time was defined as the time necessary for the exit concentration of any of
the pollutants to attain five percent of  its concentration at the inlet to the bed. For the
IF,IS,AF, and AS models, the breakthrough times are 19000,10600,10100, and 7500
seconds, respectively. Graphs of the NANI model for the vapor phase mole fractions of
the adsorbates, the adsorbate loadings on the adsorbent, the vapor and solid temperatures,
all at bed positions two and seven, are shown in Figures 1,2,3,4, and 5. Dang(16) has
developed graphs of the dynamic behavior of the other models.

Analysis of the Accuracy of Results

In order to verify the accuracy of the results obtained from each of models, a
fractional material balance closure is defined as

i

iii
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ACCOUTIN −−
=δ ,                                                   (40)

where INi and OUTi represent the total amounts of adsorbate i entering and leaving the
fixed bed over a time interval t, respectively, and ACCi represents the total amount of
adsorbate i accumulating in both the vapor and solid phase over the same time interval t.
The fraction material balance closures for the various models is a way of checking the
numerical accuracy of the different models. The model with the largest fraction closure is
AF model with a value of 0.0131785, the maximum closures for the IF, IS, AS, and



NANI models are, respectively, 0.00572741, 0.0128284, 0.00530656, and 0.00557632.
For the process design applications, all of the models have suitable closures.
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NOMENCLATURE
A Specific surface area of adsorbent in the fixed bed, cm2/kg (adsorbent)
AC Cross-sectional area of bed, cm2

A Specific area of adsorbent per mole of total adsorbate, cm2/gmmole
ACCi Total adsorbate i accumulation in bed during a specified time interval,

gmmole/cm2

a Specific area of adsorbent per unit volume of bed, cm2/cm3

Bs Second Virial surface coefficient of a mixed adsorbate, cm2/gmmole
Bii Second Virial surface coefficient of a pure adsorbate i, cm2/gmmole
CpG Molar heat capacity of the gas, cal/gmmole⋅K
Cps Heat capacity of the solid, cal/g⋅K

if̂ Surface fugacity of adsorbate i in the mixed adsorbate, dyne/cm
•
G Molar velocity of gas, gmmole/cm2⋅s

•
′G Molar velocity of inert gas, gmmole /cm2⋅s

∆Hi Heat of adsorption for component i, cal/gmmole
h Heat transfer coefficient, cal/cm2⋅s⋅K
ha Volumetric heat transfer coefficient, cal/cm3⋅s⋅K
INi Total adsorbate i entering bed during a specified time interval, gmmole/cm2

i Subscript referring to adsorbate i
Ki Slope of adsorption isotherm for pure adsorbate i, gmmole/ cm2⋅atm
KG Overall mass transfer coefficient based on interfacial area, gmmole/cm2⋅s
KGa Overall volumetric mass transfer coefficient, gmmole/cm3⋅s
Mi Molecular weight of adsorbate component i, g/gmmole
NADS Total number of absorbable components
Ni

0 Specific moles of adsorbate i adsorbed at Pi
0, gmmole/kg (adsorbent)

ni Specific moles of adsorbate i in the mixed adsorbate, gmmole/kg (adsorbent)
nt Total moles of adsorbate in the mixed adsorbate, gmmole/kg (adsorbent)
OUTi Total adsorbate exiting bed during a specified time interval, gmmole/cm2

P Operational pressure, atm, kPa
0

iP Equilibrium pressure of pure component i, kPa

iP Partial pressure of adsorbate i in the mixed adsorbate, kPa
R Radius of cylindrical adsorber, cm



RGC Gas constant, g⋅ cm2 /gmole⋅K⋅s2

T Bed temperature, K
Ta Ambient temperature, K
TG Gas phase temperature, K
Ts Solid phase temperature, K
Uin Overall heat transfer coefficient, cal/cm2⋅s⋅K
Wi Adsorbate loading of component i, g/g
xi Mole fraction of component i in the mixed adsorbate, gmmole i / gmmole total

adsorbate
Yi Vapor phase mole fraction of component i, gmmole i/(gmmole air +VOC mix)

∗
iY Vapor phase mole fraction of component i in equilibrium with the solid phase

loading of component i, gmmole i/(gmmole air +VOC mix)
Yinert Vapor phase mole fraction of inert component, gmmole i/(gmmole air +VOC

mixture)
z Axial distance of the fixed bed, cm
zs Compressibility factor of an mixed adsorbate, dimensionless
∆z A axial distance interval of the fixed bed, cm
δ Fractional material balance closure, dimensionless
ε Fractional void volume, dimensionless
π Spreading pressure, dyne/cm
ρG Molar gas density, gmmole/cm3

ρP Particle density, g/cm3



Table 1. Fitted Values of Virial Surface Constants

Component         Temperature,K          B, cm2/gmmole         K, gmmole/ cm2⋅⋅⋅⋅atm

Benzene              298.                           6.255x109                 7.5208x10-8

                            310                             6.051x109                 3.2268x10-8

Cyclohexane       298                             8.799x109                 1.0953x10-7

                            310                             8.214x109                 4.2385x10-8

n-Pentane            298                             9.133x109                 2.8653x10-8

                            310                             8.761x109                 1.2796x10-8

Acetone               298                             2.321x109                 9.4673x10-10

                             310                             2.043x109                 4.3297x10-10
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ABSTRACT
Cancer risks to occupants of residential and commercial establishments from

migrating hydrocarbon and solvent vapors are now a major factor in Risk Based
Corrective Action (RBCA) studies and the evaluation of long term hazards of existing
and former petroleum facilities (refineries, oil fields affected by encroachment of
urbanization, etc.).  Such risk assessments are a key part of Environmental Justice
lawsuits.  Acquisition and analysis of migrating organic vapors are not specified in any
EPA protocol, and as a result, numerous field and analytical methods are used.  However,
because of the very low PRGs for such compounds as benzene, vinyl chloride, and DCE,
conventional soil gas sampling methods are not adequate for either reproducible sampling
or analysis.

More than four years of soil gas projects specifically for vapor risk assessment
have led to the development of sophisticated, reproducible, and defensible protocols for
both the sampling and analysis of vapors in the subsurface.  The methods presented are
applicable to virtually any lithology and organic compound, plus sulfur compounds.
Most analyses can be conducted on the site, allowing the mapping of vapor plumes and
determination of first order risk in the field.  As a result, it is not necessary to conduct
such vapor studies solely using expensive canisters and TO-14 analyses, waiting weeks
for results.



INTRODUCTION
The widespread adoption of Risk Based Corrective Action (RBCA) regulations

has added a whole new aspect to evaluation of risks associated with sites contaminated by
petroleum and other organic compounds.  While each regulatory agency has its own
variations on the ATSM RBCA Standard, the estimation of vapor risk is common to all
(ASTM, 1999; CDLE, OIS, 1999).

A review of the recent literature and RBCA-type regulations around the country
reveals an emerging consensus regarding the estimation of vapor related risk: the use of
theoretical physical and chemical properties, plus default geotechnical parameters, with
models to calculate vapor levels in the subsurface results in substantially higher risk
estimates than if vapors are actually measured (Johnson, et. al, 1998).  It is common for
the measured levels to be from 3-5 orders of magnitude lower than the estimated levels.
This has been documented by a number of investigators (Fitzpatrick and Fitzgerald,
1997; McNeel and Dibley, 1998; Viellenave et al., 1999).  A number of factors are either
ignored or treated very conservatively in the models (Daugherty, 1997):

♦  Biodegradation (constant vs diminishing source)
♦  How variations in lithology affect retardation (adsorption)
♦  Soil moisture, including capillary fringe treatment
♦  Equilibrium conditions are assumed for partitioning

The solution to this problem incorporates several actions.  These assume that,
first, existing ground water and soil data have been input into the conservative “plug and
play” model and the site fails to exhibit vapor risks under the 10-6 cancer factor or PRG.
Under that scenario, most of the actions involve acquisition of site specific data.  The use
of site specific data, in particular actual soil vapor measurements, will almost always
have the effect of significantly lowering the estimated risk due to migrating vapors.  The
sampling and analysis of vapors is the key element, and is one for which there are no
EPA protocols.  Instead, there are numerous adaptations of sampling and analytical
methods designed for other matrices which are applied to soil vapor samples.

SOIL VAPOR SAMPLING
Before evaluating specific methods, it is important to set some criteria that must

be met by any sampling/analytical method in order to deliver data that can be used for
decision-making.  The decisions being made relate to human health risks, not whether a
monitoring well needs installation.  Therefore, the data quality objectives are
significantly more stringent.

1. Sample acquisition must be reproducible
2. The sample must represent soil vapor, not atmospheric air
3. Vertical profiling can be conducted
4. The minimum detection limit for any compound must be lower than a level

that will yield an indoor air concentration exceeding the PRG
5. The analytical method must give confirmed compound identification



Four different approaches have been reportedly used for soil vapor sampling for
risk assessment.  All have derived from traditional soil gas surveying for reconnaissance
purposes (Morrison, et. al, 1998; ASTM, 1998).  Each has its own unique set of
advantages and disadvantages; unfortunately, some of the disadvantages are fatal—that
is, they do not allow the method to meet the criteria listed above.

The four vapor sampling methods are:  active; passive; flux chambers; and vapor
implants.  Each method is summarized below.

Active Sampling

Active sampling (as described here) involves the withdrawal of a small aliquot of
whole gas from the subsurface, usually through a hollow probe.  The acquisition of the
sample is done almost immediately after advancing the probe to the sampling depth.  It is
possible to sample multiple depths in the same hole.  The sample is taken either to an on-
site or off-site lab for analysis.  This method is derived from techniques used for most
reconnaissance soil gas surveys.

Passive Sampling

Passive sampling uses a non-polar sorbent contained in, or attached to, a support,
which is put into the ground and left for a period of time.  The sampler loads
continuously while exposed, and once the prescribed residence time is reached, the
sampler is retrieved and sealed in a vapor-tight container for transport to the lab.  The
advantage of passive sampling is that it concentrates the vapor sample, allowing for
improved detection levels.

Flux Chambers

Flux chambers are enclosed devices that sit either on the ground or on a floor for
a specified exposure period, during which they accumulate migrating contaminants.
Vapor samples may be acquired via septum sealed fittings in the container.  Flux
chambers also allow for lower detection limits by making larger volume samples
available for analysis.  However, they are used only on the surface, not the subsurface.

Implants

Vapor Implants are perforated devices installed at specific depths in the
subsurface, either singly or in nests of several per hole.  Each is contained in a sand pack
and sealed from each other or the surface by hydrated bentonite.  Each implant is
connected to the surface using polyethylene tubing and completed as a small monitoring
well.  Implants allow large volume samples to be taken (> 1L) for very low detection
levels and subsequent long term monitoring, if needed.

Sampling Advantages and Disadvantages

Table 1 summarizes the advantages and disadvantages of each of the sampling
methods listed above.



Active sampling will work effectively where lithologic conditions allow
acquisition of large volume samples.  In silty and clayey environments, instantaneous
sampling may fail to acquire a viable sample.  Some practitioners “never fail” to get a
sample; beware!  In tight clays, if the annular seal is good, it is frequently not possible to
get a soil gas sample.  If an air sample is obtained, it is likely to be atmospheric,
rendering the entire exercise wasted.  Because samples are obtained immediately after
probing, the vapor concentration is elevated due to the heat generated by probing (xxxxx,
1996).  However, this effect is vastly smaller with Direct Push than it is using an auger.

Passive sampling is entirely inappropriate for risk analysis.  While it is very
sensitive, it does not acquire a volume of gas, essential for reporting concentrations.
When using passive, it is necessary to make numerous assumptions regarding the vapor
and soil, increasing the collective error so much that the results are valueless.  Vertical
profiles are very expensive, even if possible.

Flux Chambers may not be representative, particularly over hard surfaces
(asphalt and concrete).  It is impossible to get a vertical profile to document the decline in
vapor concentrations with distance from the source.

Vapor Implants are the preferred method, unless the soil character is ideal
(gravels to sandy silts).  Using vapor implants, it is possible, even under most clayey
conditions, to obtain sufficiently large samples to yield low detection levels for risk
calculations.  In addition, vapor implants yield highly reproducible samples for years,
because they represent close to equilibrium conditions of migrating vapors.  As a result,
they can illustrate seasonality (when appropriate) and be used for long term monitoring.
They are only slightly slower and more expensive than Active Sampling.

We recommend the vapor implant approach unless active sampling allows the
acquisition of a large volume sample (Viellenave, et. al, 1998).  However the sample is
acquired, it is essential to isolate the sampling region from the atmosphere.  This is easy
to accomplish using the implants, but more care must be taken with probing or drilling
systems.  A typical vapor implant is illustrated in Figure 1.

ANALYTICAL METHODS
Portable and “field” instruments have been used for soil gas surveys for years,

but are neither selective nor sensitive enough for vapor risk assessments.  Analysis should
be done on “Laboratory Grade” instruments only, with the appropriate settings and QC
for the analytes of concern (US EPA, 1997).  EPA Level III QC should be implemented
for all risk analysis.

Both GCs with applicable detectors and GC/MS analysis are acceptable for most
risk analysis.  Methods can include both traditional analytical methods run for waters and
soils for volatile organics (GC methods 8021 (8010/8020) 8015 and GC/MS method
8260).  Depending on the actual instrument and analyte, the GC methods for halogens
and aromatic hydrocarbons (8021) may exhibit lower detection limits than can be
observed using a GC/MS running 8260.  In any event, it is necessary to be able to
reproducibly report vapor concentrations into the low ppbv range.



Most traditional soil gas surveys (using Active Sampling) will report as low as 1
ug/L, which depending on the compound, ranges from 100-300 ppbv.  Larger volume
samples are required in order to detect closer to 1 ppbv.  The path most often taken to get
low detection limits is to acquire SUMMA canisters ranging from 1-6 L and run such air
analyses as TO-3 or TO-14.  These are very effective in reaching low detection limits, but
impose a high cost and delay in a project.  TEG has developed protocols, for both mobile
and fixed lab situations, to analyze large sample volumes (up to 1 L) without SUMMA
canisters and reach the levels of about 0.1 ppbv running either method 8021 or 8260.  The
cost is not materially higher than standard 10 day turnaround prices for the same method.

The use of mobile labs allows not only rapid decision-making and vapor plume
tracking in three dimensions, but the determination of where and how much of a site or
area is subject to potentially high vapor risks.  Ideally, the lab operator will have
spreadsheets with the local agency RBCA software for input of data directly.  In addition,
vapor risk assessments may be readily integrated into the more traditional site assessment
process as vapors can be run in the same lab as soils and waters, including with
appropriate QC.

At a minimum, the following QC should apply to all vapor risk analyses:

♦  5 point Initial Calibration
♦  Daily Continuing Calibrations (or every 12 hours)
♦  At least two surrogates on every sample
♦  Analytical and field duplicates
♦  Lab and site ambient air samples
♦  System blanks
♦  Standards certifications and prep logs
♦  Supply of chromatograms (and mass spectra)

CASE STUDY
TEG has undertaken dozens of vapor risk projects across the Rocky Mountain

and Midwest U.S.  In each case, ground water concentrations and geologic data were first
input to ASTM-type models for risk estimation.  As a result, the sites “failed” the ASTM
model or was sufficiently close to the PRG that the acquisition of real data was advisable.
Among the projects were such sites as dry cleaners, gasoline stations, manufacturing
facilities, gas storage reservoirs, oil and gas fields, highway department labs, military
facilities, refineries and tank farms, and housing developments.  Compounds of concern
included benzene, vinyl chloride, DCE, TCA, methane, and other volatiles.  With almost
no exceptions, the concentration of the Compounds of Concern declined exponentially as
the distance from the known source increased.

The models generally predict a very high initial concentration of contaminants in
vapor, declining linearly with distance.  Instead, the initial concentration of contaminant
in vapor is moderate to low, and the decline thereafter is exponential.  The pattern
demonstrates that the partitioning of contaminants into the vapor phase is far less than
predicted under equilibrium conditions and that retardation processes (physical and
biological) frequently operate more efficiently than the models predict.



A representative example involved a housing development in Denver, proposed
to be near a petroleum tank farm.  Gasoline and other petroleum products were known to
be in ground water at concentrations approaching 1 mg/L  Input of benzene data into the
Colorado RBCA model yielded benzene concentrations in indoor air above the PRG for
benzene.

The contaminant plume was known to underlie nearly 2/3 of the proposed
development, meaning than more than 40 homesites were potentially at risk.  To firmly
establish the pattern of vapor presence and migration, we first installed three vapor
profiles, measuring the concentration every 5 feet from the surface to just above ground
water.  Given the PRG for benzene, it was determined that a reporting limit of 1 ppbv at
depths from 5’ and deeper below ground surface would be necessary to establish the
vapor profile and risk.  Measurements of benzene in vapor samples reached the 1 ppbv
level at between 15 and 20 feet below grade in all three profiles.  Figure 2 shows a typical
profile, comparing benzene concentrations predicted by the RBCA model from ground
water concentrations and measured in the vapor risk investigation.

Following the development of the profiles, we acquired a vapor sample at 20 feet
in the center of the proposed building envelope for each home in the development and
analyzed the vapor.  Site specific data for soil and other geotechnical data were also
obtained.  The actual vapor concentrations were then input to the RBCA model and the
ratio of predicted indoor air to PRG calculated, resulting in a Risk Factor.  Values less
than 1 predict risk less than the PRG.  All of the Risk Factors were 3-5 orders of
magnitude less than 1.   Figure 3 shows the results of vapor sampling at the sites studied.
On the basis of these findings, the Colorado Department of Public Health and
Environment issued its No Further Action determination and the project proceeded.
During the past two years, monitoring of vapor from a limited number of implants left at
the development has confirmed the vapor risk values obtained in the initial study.

CONCLUSIONS
Soil Gas contaminant measurements are necessary at sites that “fail” the

theoretical Vapor Risk calculations using RBCA models at petroleum and other sites due
to the extremely conservative nature of the models.  However, while many techniques are
available for acquiring vapor measurements, only a few produce accurate, reproducible
values considered valid for Risk Assessment.  The ideal method involves installation of
vapor implants, including at least a limited number of vertical profiles.  Traditional active
sampling can be used if lithologic conditions permit easy acquisition of large sample
volumes without breakthrough from the surface.
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Table 1  Advantages and Disadvantages of Vapor Sampling Methods for Risk

METHOD ADVANTAGES DISADVANTAGES

Active + Most rapid
+ Multi-depth available
+ Least expensive

− Poor to moderate sensitivity
− Fails in clay soils
− Fair reproducibility
− Overstates quantity

Passive + Very sensitive
+ Non-invasive
+ Moderate cost

− Not quantitative
− Very slow
− Single depth only
− Not reproducible

Flux Chambers + Good sensitivity
+ Indoor air comparability

− Very slow
− Expensive
− May not be representative

Vapor Implants + Multi-depth available
+ Very sensitive
+ Reproducible
+ Applicable in all soils
+ Long term monitoring

− Moderate speed
− Moderate cost



Figure 1.  Typical Nested Vapor Implants



Lot Concentration Depth Risk
Number PPBV Factor

1 1.45 20 0.000160361
2 8.38 20 0.000926778
3 7.5 20 0.000829455
4 3.62 20 0.00040035
5 2.58 20 0.000285333
6 2.29 20 0.00025326
7 5.4 20 0.000597208
8 3.04 20 0.000336206
9 9.04 20 0.00099977
10 3.64 20 0.000402562
11 3.95 20 0.000436846
12 1.05 20 0.001161237
13 1.36 20 0.000150408
14 1.32 20 0.000145984
15 0.9 20 9.95346E-05
16 2.05 20 0.000226718
17 0.9 20 9.95346E-05

Figure 2  Typical Profile,Comparing Benzene Concentrations Predicted by the RBCA
Model from Ground Water Concentrations and Measured in the Vapor Risk
Investigation.
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OF A MIXTURE OF MEXICAN HEAVY CRUDE

OILS IN AN EXPERIMENTAL FURNACE
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ABSTRACT
The quantification of emissions from the open chamber combustion of a 1 wt. %

sulfur gasoil is presented. Three different gasoil formulations were tested in a typical
burner using steam as aid for fuel injection. The components of the gasoils were
derivatives of a mixture of 42 vol. % of Maya heavy crude oil with 58 vol. % of Isthmus
light crude oil. The influence of fuel flow as well as oxygen concentration on the
emissions of the combustion process was determined using two levels for each parameter.
All NOx and SOx emissions were within the limits of the standard, where as the
particulated matter went beyond the limits when a 3 wt. % oxygen concentration was
used. The level of particulated matter satisfies the standard when a 5 % oxygen
concentration was used. The gasoil composition was found to influence the efficiency of
the burner when primary heavy oil was used to formulate the gasoil. The main effect is
reflected on the increase of particulate matter emissions.

                                                
* Corresponding author



INTRODUCTION
Air pollution due to emissions from combustion of hydrocarbons has become a

serious problem for modern societies. Since the emission of pollutants is mostly a result
of human settlements, the pollution found in the megalopolises of the world have reached
alarming levels. In cities like Tokyo, Los Angeles and Mexico City, the high population
density compounds the problem of pollutions remediation to a high degree of complexity.
Particularly for Mexico City the geographical characteristics make the air pollution a
unique problem that demand tailor-made solutions.

The biggest problems of air pollution in Mexico are found in the Metropolitan
Area of Mexico City (MAMC). The population, as of 1996, has been estimated at 10.4
million people living in the Federal District area and 8.6 million people living in the
suburbs still within the boundaries of MAMC [1]. With an approximate 21 % of the
population of the country living in the MAMC, a similar percentage of the economic
activity occurs in Mexico City; a great deal of fuel consumption is needed to carry out the
every day life activities. In fact, a great percentage of air pollution originates from fuel
used for transportation. However, another important contribution is that of fuel oil
consumption used for heating purposes in stationary sources: the total demand of gas oil
and heavy oil in the MAMC is estimated around 20,000 BPD [2].

The main areas, the MAMC and the so-called critical zones where heavy oil
production and refining takes place, will be strictly regulated by the local environmental
authorities. With the aim of meeting the environmental standards, in a manner
conceptually similar to the reformulation of gasolines [3], efforts are being carried out
using reformulated fuel oil to decrease the environmental impact exherted upon its
combustion. Since SOx production is one of the target components of the environmental
standard for the year 1998 in Mexico, the study presented here shows results of
combustion of gasoil mixtures containing 1 wt. % of total sulfur content.

Due to the particular geographic characteristics of the Mexico City Valley,
Mexico City is situated at about 2240 m above sea level. Although the oxygen percentage
in air remains unchanged at 21 % the mass of oxygen in a unit volume of air, that of the
valley is 23 % lower than that found at sea level. Therefore, the supply of a volume of air
adequate for fuel combustion is not found at the height of 2240 m, thus resulting in an
incomplete combustion of the fuels. That is, the amount of air required at a height of
2240 m for complete combustion of the fuel is 1.31 (760/580) times the air volume
needed at sea level.

In this work the tests of gasoil combustion were carried out in our laboratory
which is situated at the City of Pachuca at 2400 m above sea level (570-580 mmHg).
Gasoil samples containing 1 wt. % total sulfur were formulated to predict the behavior of
a true low-sulfur gasoil upon combustion for NOx and SOx emissions at conditions found
in Mexico City. All levels of emissions were referred to the NOM-085-ECOL-1994
mexican standard update for its application on 1998 [4].



EXPERIMENTAL
All the combustion experiments were carried out in an FT Combustion Furnace

from Takao Iron Works Co. LTD: The furnace has the specifications indicated in Table 1
and the specifications of the burner are given in Table 2.

To prepare three different gasoil blends, four different fuels were mixed
according to the compositions given in Table 3. The components of the gasoils prepared
were derived from distillation cuts from a mixture of 42 vol. % of Maya heavy crude oil
and 58 vol. % of light Isthmus crude oil. The properties of the components of the gasoils
used for combustion tests are given in Table 4 and the properties of the gasoils
themselves are given in Table 5. Hereinafter these gasoil blends will be referred to as
G#1, G#2 and G#3.

The combustion tests were carried out following an experimental design as
outlined by the experimental matrix given in Table 6. The independent variables were the
fuel flow rate and the oxygen concentration. The response of the system was measured as
the value of emissions limited by the environmental standard, that is, the dependent
variables were SOx, NOx and total particulated matter (PM) concentrations.

The analysis of the NOx, SOx, CO and O2 contained in the flue gas was carried
out using specific detectors from Anatec-Yanaco Corporation for every component to be
identified. The NOx analyzer was a model ECL-77ª Pressure-Reduced
Chemiluminescence Analyzer. An EIR-100S non-dispersive infrared analyzer was used
for measurements of CO content, and an EIR.500s non-dispersive infrared analyzer was
used for detection of SOx. Oxygen concentration was measured using an EZE-700
zirconia sensor and an ALTAS-CR2 non-dispersive infrared analyzer was used to detect
CO2. All detectors were calibrated prior to their use employing mixtures with known
concentrations of the target gases. The overall standard deviation was calculated to be 0.1
% for CO2 and oxygen, while for NOx, SOx and CO it was 1.0 %. An ES-01 pretreatment
unit was used for dust and moisture reduction from the fuel gas.

RESULTS AND DISCUSSION
The properties for all three gasoils used for the combustion are shown in Table 5.

The NOx and SOx emissions present in the flue gas of the furnace reflect similarities also
in both compliance with the environmental standard and absolute value of emissions of
pollutants (see Figures 1 and 2). The effect of the furnace operation conditions indicates
that a 3.0 wt. % of oxygen and a low flow rate, 120 L/h, allow an average of 12 %
reduction of NOx formation with respect to a 5.0 wt. % oxygen concentration and 200
L/h. These results are consistent with a higher supply of oxygen available for nitrogen
oxidation at a higher flow rate. A considerable reduction with respect to the limit of
compliance of NOx, levels is observed for all three gasoils for the four sets of operation
conditions.

As shown in Figure 2, though not as marked as for NOx emissions, the emissions
of SOx reflect also compliance with respect to the limit established by the standard. The
values of SOx emissions for G#1 and G#2 are similar for both gasoils regardless of the



operation conditions since they have a very similar heat capacity while the rest of the
properties are of the same order (see Table 5).

The value of emissions for G#3 are the lowest of all when a 5.0 wt. % oxygen is
used and are, conversely, the highest when a 3.0 wt. % of oxygen is used. These results
correlate with the lowest heat capacity observed for G#3 (see Table 5). For a lower
oxygen concentration the gasoil with the higher heat capacity will burn, marginally, more
efficiently showing a higher oxygen consumption for oxidation of organosulfur
compounds than for oxidation of hydrocarbons, therefore the values of SOx emissions for
G#1 and G#2. The opposite behavior is also seen in Figure 2, when the oxygen
concentration is higher, the heat capacity is a factor of greater importance and the oxygen
consumption for oxidation of sulfur containing compounds is greater for the gasoils with
higher heat capacity, that is G#1 and G#2. The relative effect of a higher flow rate is that
of decreasing the total concentration of SO2, emissions only for G#1 and G#2, those with
the higher heat capacity, which indicates that for higher Reynolds number, as expected,
the rate of molecular transfer is higher and the combustion processes are more efficient.

Contrary to the effects observed for NOx and SOx emissions, the PM emissions
for all three gasoils show a great degree of disparity, see Figure 3. While the emissions
from combustion of gasoils G#2 and G#3 show compliance with the emission standard.
The PM emissions measured during the combustion of G#1 went beyond the limit of the
standard for low oxygen concentration for either flow rate values.

It can be seen in Figure 3 that the operation at a higher flow rate and 3.0 wt. % of
oxygen increases the PM emissions for all three gasoils. This effect is reversed if the
operation is carried out at an oxygen concentration of 5.0 wt. %. From Table 3, the gasoil
G#1 is the one with the highest concentration of primary heavy oil (29.0 vol. %) having
the highest pouring point of all the fractions used (see Table 4). The low pouring point of
the primary heavy oil causes poor drop dispersion upon injection of the fuel into the
burner; this accounts for a higher value of PM regardless of the oxygen concentration and
flow rate used [5]. On the other hand, when a flow rate of 200 L/h and 5.0 wt. % of
oxygen are used the values of emissions of particulated matter comply within the
maximum value allowed by the environmental standard.

Noteworthy to mention, from the standpoint of pollution control, the use of G#1
is not recommended for power generation purposes since the PM emissions are found at
the boundary of the limit set by the environmental standard. Such is not the case for G#2
and G#3, only a factor of economical rentability lies behind choosing between either one
of these two gasoils.

CONCLUSIONS
The results of combustion tests using an experimental furnace with samples of

gasoils containing 1.0 wt. % sulfur were reported in this work. The formulation of the
gasoils tested was carried out using a mixture of 42 vol. % of Maya heavy crude oil with
58 vol. % of Isthmus light crude oil.

Distillation cuts of this crude oil were used to formulate three gasoils and their
combustion properties for emission control were measured.



Based on the measurement of three pollutants controlled by the Mexican
environmental standard NOM-085-ECOL-1994 [4], SOx, NOx and particulated matter, a
choice of two gasoils was made which would comply with the standard when used for
power generation. It was found that the presence of a high concentration of primary
heavy oil in the formulation of one gasoil is detrimental for the control of emissions of
particulated matter.
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Table 1. Main characteristics of the FT Combustion Furnace

Evaporation Capacity 3.6 T/h
Design Steam Pressure 10 Kg/cm2

Operation Steam Pressure 7 Kg/cm2

Steam Temperature Saturated, oC
Air Temperature at the coil box -7 -25 oC
Permissible stack pressure drop (in Mexico) 200 mm Hg
Calibration Pressure in the Combustion
Furnace (in Japan)

333 mm Hg

Fuel Consumption for Start-Up 236.5 Kg/h
Air Excess Ratio 1.4
Furnace Size Diameter = 0.95 m
Furnace Volume 1.715 m3

Thermal Load in the Furnace 1.33.2 x 104 Kcal/m3-h

Table 2. Main features in the burner used for the combustion tests.

Burner Type Automatic fuel burner equipped with a steam jet
Fuel type Combustible fuel (236.5 Kg/h)
Fuel pressure at the burner inlet 4.5 Kg/cm2

Fuel temperature at burner inlet 130 oC
Stack pressure drop Less than 200 mm Hg
Furnace pressure 333 mm Hg
Air temperature at the coil box -7 –25 oC
Furnace excess air ratio (Maximum) 1.2 (1.4)
Spinning ratio 5:1
Sprayed steam pressure 5.5 Kg/cm2

Air pressure at the spraying nozzle 5.0 Kg/cm2

Air consumption at the spraying nozzle 0.7 Nm3/min
Air viscosity at burner inlet Less than 20 centipoises
Start-Up of air-jet nozzle 24 Kg/h
Steam consumption 35 Kg/h

Table 3. Volumetric compositions of each formulated low-sulfur gasoil

Gasoil Composition (vol. %)Fuel components
G#1 G#2 G#3

Desulfurized Diesel 54.0 80.0 86.0
LCO 17.0 -- 8.0
Primary Heavy Oil 29.0 11.0 --
Filtered Oil -- 9.0 6.0



Table 4. Main properties of the fuels used to prepare the gasoils.

Property Desulfurized
Diesel

LCO Primary
Heavy Oil

Filtered
Oil

Specific gravity (29/4 oC) 0.8422 0.9734 0.8958 1.0705
Viscosity @ 37.8 oC, SSU 38.0 38.7 109.4 1775
Net Heat capacity, Kcal/kg 10929 9708 10634 9454
Raw heat capacity, Kcal/kg 10221 9202 9966 8999
% water + sediments, vol. % <0.05 <0.05 <0.05 0.4
Ignition point, oC 116 134 189 226
Inflammation point, oC 100 115 158 160
Pouring point, oC -9 -18 +24 +12
Ramsbotom carbon, wt. % 0.05 0.14 0.10 4.14
Total sulfur content, wt. % 0.38 3.28 1.64 4.98
Carbon content, wt. % 90.42 92.13 89.98 86.7
Ash content, wt. % 0.00004 0.0085 0.0071 0.0856
Total nitrogen content, wt. % 0.025 0.869 0.0835 0.2154
LCO: Light Cyclic Oil

Table 5. Properties of the formulated gasoils

Property G#1 G#2 G#3
Specific gravity (20/4 oC) 0.8786 0.8836 0.8898
Viscosity @ 37,8 oC, SSU 44.4 49.2 45.3
Net heat capacity, Kcal/Kg 10103 10101 10020
Ignition point, oC 129 133 132
Inflammation point, oC 113 126 126
Total sulfur content, wt. % 1.10 1.08 1.08
Carbon content, wt. % 86.74 86.97 86.96
Ash content, wt. % 0.0058 0.0019 0.0016

Table 6. Experiment matrix used for the design of experiments of combustion tests.

Independent variables
# Experiment Fuel flow rate, L/h Oxygen concentration, %

1 -1 -1
2 +1 -1
3 -1 +1
4 +1 +1
Level

Minimun (-1)
Maximum (+1)

120
200

3.0%
5.0%



Table 7. Matrix of the emissions concentration in the flue gas using three gasoils.

G#1 (ppm) G#2 (ppm) G#3 (ppm)
Experiment SOX NOx PM SOX NOx PM SOX NOX PM

1 500 66 108 500 74 47 504 61 52
2 514 80 74 514 80 27 452 80 42
3 490 74 161 490 74 56 511 79 53
4 500 80 73 500 84 23 453 80 32

PM: Particulated matter.



Figure 1 NOx emission values as a function of fuel flow, oxygen concentration and gasoil
type

Figure 2 SOx emission values as a function of fuel flow, oxygen concentration |and
gasoil type
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Figure 3 PM emission values as a function of fuel flow, oxygen concentration and gasoil
type.
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ABSTRACT
Plans for the prevention of pollution, or environmental decontamination in Chile

are regulating the sulfur emissions from fuel combustion processes in industrial and
transport activities. Thus, the petroleum refining industry should implement actions to
reduce the sulfur content in its final products. However, this represents a serious
challenge in order to avoid a damage to the local atmosphere, due to the potential
increase in emissions of sulfur dioxide during the refining petroleum processes.

The effect of fuels tougher specification is assessed, and the available
technological options are identified and discussed, under the context of Chilean
petroleum refining industry.



INTRODUCTION
Sulfur control and management in petroleum processing represent a serious

problem worldwide. Sulfur is a natural component of crude oil found in variable
proportions (from 0.03% to 4%) forming a great variety of compounds like sulfides,
disulfides, mercaptans and cyclic sulfured compounds. These compounds are harmful
during petroleum refining, since they may cause corrosion, bad odour and affect fuel
quality. Therefore, sulfur should be removed during oil processing and managed
adequately to prevent negative environmental impacts.

There is a clear trend worldwide showing a continuous increase in crude oil
consumption and in the demand for "white fuels" such as gasoline and diesel fuel (1).
Such increase in gasoline and diesel oil demand has been accompanied by tougher
specifications. In particular sulfur content in fuels is being restricted due to
environmental and technical reasons. Table 1 shows expected trend in sulfur content in
gasoline and diesel oil for the next decade in different countries.

Moreover, the decrease in worldwide availability of low sulfur light crude oil has
caused the increase in the demand of low price heavy crude oil, which normally features
larger sulfur content.

As a consequence of these trends, sulfur emission from petroleum fuel
consumption is expected to decrease. However, sulfur surplus during oil processing will
steadily increase putting pressure on refineries to adopt suitable process modifications to
meet environmental restrictions. Increased sulfur surplus in oil refineries may lead to
unacceptable air emissions.

In Chile, oil refineries are located in industrial areas with severe air pollution
problems. Crude oil supply mainly comes from Argentina and Ecuador (90%
approximately) and the rest is constituted by crudes of diverse origin (Venezuela, Peru,
Angola, Nigeria, USA, etc.). Sulfur content in crude oil is within the range 0,14 - 2,7%
w/w. Fuel production is oriented to the Chilean internal market and as a whole, cover
85% of total demand. Air pollution problems in big cities has led to tougher measures to
reduce sulfur content in fuels, particularly in diesel and fuel oil, as shown in Table 2.

Consequently, local air quality around petroleum refineries may suffer severe
deterioration due to a rise in sulfur emissions during crude oil processing. Since Chilean
refineries have been upgrading their process technology, there are still serious
technological challenges ahead.

This paper presents a review of process options to deal with expected increases in
sulfur surplus during crude oil processing in Chile

DESCRIPTION OF FUEL PRODUCT
Figure 1 illustrates the main components of fuel products life cycle focusing on

the sulfur inventory along the cycle.



The life cycle begins with crude oil extraction activities and its transport to the
refining plants, where crude oil is fractionated and processed in order to obtain fuel
products according to specifications. These are transported to urban-industrial centers to
be used as fuels in internal combustion engines, heaters for steam generation, etc. Each
activity has direct effects on the environment, as a result of emitted pollutants. From the
sulfur viewpoint, larger environmental impacts are focused on petroleum refining
activities, and fuels consumption. Effect of sulfur over petroleum refining industry is
described below.

Petroleum refining industry and sulfur

Figure 2 shows the main operations that are carried out in a refinery, identifying
those lines with larger sulfur load. The refining process begins with a primary distillation,
where the crude is separated in light products (as light gases and liquefied petroleum
gases), intermediates products (gasoline, naphtha, kerosene and diesel oil) and heavy
products (gas oil and reduced crude). The gas oil and the reduced crude undergo
separation processes and catalytic transformation (hydrotreatment, cracking, coking, etc.)
in order to improve conversion to marketable products. Table 3 shows a summary of
main process units and their effect on gasoline and diesel oil quality.

In a typical refinery, the objective of an important part of the processing is to
reduce the sulfur content of the organic product, mainly by catalytic hydrogenation.
Therefore, sulfur is removed like hydrogen sulfide, a highly dangerous gas that must be
treated.

EFFECTS OF SULFUR CONTENT
RESTRICTIONS

The amount of sulfur generated in the refining process depends on the crude oil
sulfur content and sulfur levels permitted in the product. Table 4 shows estimated
changes in sulfur excess generated in the refining process, due to the application of
restrictive measures of sulfur content in diesel and fuel oil. The sulfur excess represents
the difference between the sulfur input in crude oil and the sulfur output in fuel products.

Three scenarios are assessed, as follow:

1. Light crude with low sulfur content (0,5%).
2. Intermediate crude oil (1% of sulfur).
3. Heavy crude with high sulfur content (2%).

A calculation basis of 20,000 Tm/ day of crude oil, with a production of 7,000
Tm/ day of diesel and 3,000 Tm/ day of fuel oil (the rest of the production is divided in
other different products) is considered here. The reduction of sulfur content in diesel and
fuel oil is 0.3 to 0.15% w/w and 5% to 1.5% w/w respectively.

In all cases, a significant sulfur surplus in petroleum refining is produced, and it
is greater as sulfur content in crude oil increases.



IDENTIFICATION AND ANALYSIS OF
AVAILABLE OPTIONS

Due to the potential increase in sulfur excess, refineries should be able to remove
sulfur from processing streams, in order to obtain more stable residual by-products,
which are also easier to dispose and have less environmental impact, or commercial by-
products. That way, it would be possible to recover and value the resources.

According to the way sulfur compounds are distributed and concentrated during
the refining processes (see figure 2), three optional pathways could be identified as
follow:

a) Separation of sulfur compounds from crude oil feedstock is the first obvious
choice. The benefits of applying sulfur reducing technologies at an early stage are: (i) to
improve the crude oil quality and value, (ii) to reduce the downstream treatment costs
and, (iii) for new refining projects, to allow the use of low cost less sulfur resistant
materials.

To achieve crude oil desulfurization, there exists traditional technology such as
deep hydrodesulfurization catalytic processes that are applied to very low ºAPI crude oils.
This technology allows fractionating and hydrotreatment heavy crude oil through
catalytic hydrogenation processes. Crude oil biodesulfurization is also an emergent
technology that is being developed in United States nowadays (2,3). Biodesulfurization
allows the reduction of the crude oil sulfur content, even when it is being extracted from
the oil wells. The process utilizes a system called emulsion phases contactor which uses
an electric field to disperse drops of water containing sulfur-reducing bacteria onto oil.
Other characteristic is the use of aerobic processes that produce sulfates, which are water
soluble and easier to dispose. This process operates at ambient temperature, reducing
energy costs. Partial desulfurization with biological processes may lead to a significant
upgrade in crude quality and value (4).

b) Recovering sulfur from intermediate streams, once the crude oil has already been
fractionated is another process option. This has been used in all refineries around the
world for many years. Feedstock desulfurization of cracker and reformer unit is a
priority, since sulfur interferes with catalytic process reactions. Hydrotreatment through
selective hydrogenation of sulfur-carbon bond is a widespread technology for sulfur
removal. It allows sulfur and other unwanted elements such as nitrogen, oxygen and
metal traces to be removed. Hydrotreatment also enhance conversion of olefins and
diolefins into paraffins, which reduces rubber formation in fuels. These processes use
cobalt, molybdenum and/or nickel catalysts in presence of hydrogen at high pressures and
temperatures.

 Considering the strictest environmental requirements and the middle distillates
higher demand, hydrocracking and gasification have become very attractive processes for
refineries, since they allow higher conversion of heavy fractions where sulfur is in higher
proportion, into marketable fuels (5,6).

In hydrocracking processes, the crude oil heavy fraction is converted by catalytic
hydrogenation in fuel gas and, low sulfur naphtha and diesel. This process is more severe



than hydrotreatment in relation to pressure and temperature. The hydrogen required
comes from the catalytic reformer process. Two approaches have been very popular: (i)
Atmospheric Residue Desulfurization (ARDS) followed by a Resid Flow Catalytic
Cracking (RFCC) which can maximize gasoline production, and (ii) Ebullated-Bed
Hydroconversion (H-Oil) for upgrading vacuum residue in combination with Fluid
Catalytic Cracking (FCCU), or gas oil Hydrocracking (6).

Gasification processes are also being applied to convert the crude oil heavy
fractions eventhough they were originally developed with other objectives such as
producing petrochemical industry feedstocks and synthetic natural gas. Gasification is a
thermal process in which a hydrocarbon feed is converted to synthesis gas in a reducing
environment. The process permits a wide variety of feeds that goes from gases (natural
gas and residual gases), liquid feeds (gas oil, pitch and tar), up to solid feeds as petroleum
coke. The produced synthesis gas could be used like feedstock to combined cycle electric
power plant or to chemical plants, such as ammonia, methanol and hydrogen (5).

c) Since sulfur recovery processes from intermediate streams are not 100%
efficient, some recalcitrant components remain in fuel products, particularly polyaromatic
sulfur heterocycles (PASHs) that are found in heavier fractions. Due to the evolution
toward stricter fuel standard, it has turned necessary to apply desulfurization treatment
also in fuel products such as gasoline, kerosene and diesel oil, in order to reduce the
sulfur content to meet new specifications (7, 8, 9). Some treatments are described below.

Fuel product fractionation is the most severe treatment to concentrate sulfur in
fuel heavier fraction, but it has the disadvantage of producing fuel quality degradation.
Fuel product hydrotreatment is a less expensive option than intermediate stream
hydrotreating, however, it also has the disadvantage of producing fuel quality
degradation, specially in gasoline. Gasoline and kerosene caustic extraction allows
removing mercaptans, but it has little effect on heavier sulfur compounds. Gasoline sulfur
adsorption is an emergent technology featuring lower capital and operation costs than
other processes with similar efficiency. Besides, it would remove a wide spectrum of
sulfur compounds (viz. organic sulfides, mercaptans, and thiophenic compounds) using
zeolites and solid solutions as hydrotalcite like absorbent material (11). Diesel and
gasoline biodesulfurization can be applied here. It uses enzymatic catalytic reactions for
removing sulfur. Biodesulfurization allows recovering sulfur without hydrocarbon matrix
degradation, in an aqueous stream with a prospective use in detergent and surfactant
industries. However, biodesulfurization is currently less attractive than
hydrodesulfurization, due to higher costs and has not been proven at industrial scale.
Thus, biodesulfurization should be regarded as a complementary technology in order to
remove recalcitrant compounds, and not as substitute for hydrodesulfurization (4, 11).

During FCCU catalyst regeneration, flue gases with high sulfur content are
produced and ought to be treated before emission to the atmosphere. Catalytic removal of
sulfur dioxide leads to a sulfuric acid concentrated stream. Also washing towers (viz.
spray towers, wet gas scrubbings, etc.) transfer sulfur compounds to wastewater treatment
facilities or recover a sulfuric acid concentrated stream (12).

Hydrotreatment and hydrocracking operations produce hydrogen sulfide stream
and light products such as fuel gas and LPG, due to breaking and hydrogen saturation of
sulfur-carbon bond. On the other hand, refining operations such as distillation, catalytic
reforming, FCCU and gasification also generate similar streams. Various separation



process alternatives are currently used to recover light gases and H2S. Extraction
processes with hydrocarbons such as gasoline, followed by absorption to separate fuel
gas, which is normally used as internal fuel in refineries. The most popular absorbent is
methyldiethanolamine (MDEA), because they have favorable characteristics that allow
their recovery and reuse (13). Also others as polyethylenglycoldimethylether are used.
Dry absorbents such as molecular sieves, activated carbon, iron sponge and zinc oxide
are used to a lesser extent (14).

Once hydrogen sulfide concentrated stream is obtained it has to be managed to
minimize negative environmental impacts. Options are mainly directed to obtain either
sulfur by-products that would be commercially profitable or, otherwise, more stable by-
products of lower environmental impact. The most popular technology for sulfur
conversion is the Claus process based on the partial combustion of H2S gas stream. Sulfur
dioxide and unconverted hydrogen sulfide react in the presence of bauxite catalyst to
produce elemental sulfur.

The Claus process removes about 90% of the hydrogen sulfide; therefore other
processes are frequently used afterwards for recovering the rest of hydrogen sulfide from
the tail gas. These processes are expensive, both in terms of capital investment and
energy consumption. In the Beaven process, the hydrogen sulfide is removed by
absorption in a quinone solution. This process is effective for removing small amounts of
sulfur dioxide, carbonyl sulfide, and carbon sulfide that are not affected by the Claus
process. These compounds are first converted to hydrogen sulfide at elevated
temperatures in a cobalt molybdate catalyst, prior to being fed to the Beaven unit. The
SCOT process is also widely used for removing sulfur from the Claus tail gas. The sulfur
compounds in the Claus tail gas are converted into hydrogen sulfide by heating and
passing it through a cobalt-molybdenum catalyst with the addition of a reducing gas. The
gas is then cooled and contacted with a solution of di-isopropanolamine (DIPA) which
removes all trace amounts of hydrogen sulfide. The sulfide-rich DIPA is sent to a stripper
where hydrogen sulfide gas is removed and sent to the Claus plant. The DIPA is returned
to the absorption column (14). The Wellman-Lord process corresponds to a process of
Wet Scrubbing type.

Nowadays, research is directed to improve the Claus process and Claus tail gas
treatments, in order to comply with environmental requirements (15). Processes like
Super-Scot, LS-Scot, Resulf, Clauspol, DoxoSulfreen, Clintox, etc. are being used to
obtain efficiencies in sulfur recovery of more than 99.9% (12).

Other option to obtain sulfur by-products is the sulfur compounds conversion to
salts. For example the sodium sulfhydrate used in the copper mining as additive in
molybdenite flotation process is produced by the reaction between hydrogen sulfide
recovered from sour gases and soda. The reaction takes place in a reactor with stainless
steel packing.

Finally petroleum refining flares are mainly a security system that permits a safe
handling of gases that arise from normal or emergency shutdowns through the blowdown
system. Flare emissions contain an important amount of sulfur dioxide that is eliminated
by atmospheric dispersion. Many refineries consider flares as sulfur handling alternative,
however, this option presents environment problems and emissions should be continually
controlled.



CONCLUSIONS
An important transfer of environmental loads exists through fuel life cycle

components as a consequence of the environmental and commercial restrictions that
regulate the petroleum refining industry. In order to minimize the negative effects of such
environmental loadS on the environment and people, there exist technological options
that could be applied during the refining processes.

In Chile restriction of sulfur content in fuels will lead to more drastic treatments
during crude oil processing in order to meet specifications. This will increase the sulfur
surplus in the refinery.

Available technologies for sulfur control and management fall within 3 options,
as follows: (i) separation of sulfur compounds from crude oil feedstock, (ii) sulfur
recovery from intermediate streams, and (iii) sulfur recovery from fuel products.

Traditionally refineries have preferred sulfur recovery from intermediate streams.
However, these alone may not be sufficient to meet new fuel specifications.

The Chilean petroleum refining industry will have to choose technological
options that allow operational flexibility, so that environmental restrictions do not
constitute a serious constraint to further development.
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Table 1. International evolution of the maximum sulfur content in gasoline and diesel oil (4, 16).

 Country or geographical
zone

 Fuel  Current content
 (ppm)

 Reduction target
 (ppm)

 Year

 150  2000 Gasoline  300
 50  2005

 European Union

 Diesel  350  < 100  2005
 United States  Gasoline  400  30-100  2004
 South Korea  Diesel  2,000  500  2000

Table 2. Sulfur reduction calendar in fuels in Chile (17).

Fuel Current sulfur
content (ppm)

Sulfur content target (ppm)

1998 2000 2002
Unleaded gasoline 1,000 500 200
Kerosene 1,500 500 -
Diesel A-1 1,500 1,000 500
Diesel A-2 2,000 1,500 500
Fuel oil 50,000 10,000 -
Source: CONAMA, 1997



Table 3. Main process units and their relationship with the gasoline and diesel oil quality.

Unit name Role in the refining
processes

Effect in relation to sulfur control in
fuels

Affect
gasoline
quality?

Affect
diesel oil
quality?

Crude tower Distills crude oil to
atmospheric pressure into
various streams for refining.

High sulfur diesel oil production. Provide
naphtha for gasoline production. Light
gases separation with high content of
hydrogen sulfide.

Yes Yes

Vacuum tower Distills crude tower bottoms
into streams for refining.

High sulfur gas oil and pitch production.
Light gases separation with high content
of hydrogen sulfide.

Yes Yes

Naphtha splitter Distills naphtha into streams
for refining.

Requires a previous treatment for sulfur
control.

Yes No

Fluidized cat
cracker

Breaks large molecules into
smaller ones for making more
marketable refined products
such as gasoline and diesel.

High sulfur gasoline and diesel
production. Light gases separation with
high content of hydrogen sulfide.

Yes Yes

Hydrocracker Removes impurities while
breaking large molecules into
smaller ones, makes low sulfur
refined products.

Low sulfur gasoline and diesel
production. Light gases separation with
high content of hydrogen sulfide.

Yes Yes

Cat reformer Rearranges molecules to make
aromatics, which improves
gasoline octane; makes
hydrogen for desulfurization.

Makes hydrogen for desulfurization.
Requires a previous treatment for sulfur
control. Light gases separation with high
content of hydrogen sulfide.

Yes No

Hydrotreater Removes impurities. Supports
other process.

Reduces sulfur in feed. Light gases
separation with high content of hydrogen
sulfide.

Yes Yes

Visbreaker Thermic process that breaks
large molecules into smaller
ones for making more
marketable refined products.

High sulfur gasoline and diesel
production. Light gases separation with
high content of hydrogen sulfide.

Yes Yes

Gasification Thermic process that breaks
large molecules into synthesis
gas

Makes hydrogen for desulfurization.
Sulfur recovery.

No No

Coker Thermic process that breaks
large molecules.

Low sulfur naphtha and diesel
production. Makes coke with variable
sulfur content.

Yes Yes

Gas treatment Support process. Fuel gas and LPG production. Hydrogen
sulfide separation.

No No

Sulfur plant Support process. Make elemental sulfur from hydrogen
sulfide.

No No

Table 4. Sulfur excess generated in the refining processes *

Less restrictive situation
(1)

More restrictive
situation (2)

Crude oil
Sulfur in
crude oil
(Tm/day)

Sulfur in products
(Tm/day)

Sulfur
excess
(Tm/day)

Sulfur in products
(Tm/day)

Sulfur
excess
(Tm/day)

Light crude oil.
Sulfur 0,5% w/w

100 83.02 16.98 72.88 27.12

Intermediate crude
oil. Sulfur 1% w/w

200 124.52 75.48 72.9 127.1

Heavy crude oil.
Sulfur 2% w/w

400 214.3 185.7 105.6 294.4

(1) 0.3% sulfur in diesel and 5% sulfur in fuel oil
(2) 0.15% sulfur in diesel and 1.5% sulfur in fuel oil
* Calculation Basis: 20,000 Tm/ day of crude oil

7,000 Tm/ day of diesel
3,000 Tm/ day of fuel oil



Figure 1. Fuel product life cycle



Figure 2. Diagram of simplified process in petroleum refining industry
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