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Introduction

• Assessment of biodegradation in the unsaturated zone
– Concentration measurements (O2, CO2, VOCs)

– 13CO2

Groundwater

NAPL

Biodegradation ?

LNAPL

?



Introduction

• Compound specific isotope analysis (CSIA)
– Saturated zone

Based on faster cleavage of bonds between 2 light 
isotopes vs light and heavy isotopes.

Thus, 13C-compounds accumulate

12C-compounds degrade faster

12C-H  > 13C-H



Introduction

• Aim : 
– Can CSIA be used to assess biodegradation in the 

unsaturated zone ?

• Approaches :
– Microcosm study
– Column study
– Field study
– Analytical modelling 

• General conclusions



Microcosm experiment

• Aims:
– To quantify isotope fractionation 

factors during biodegradation of 
hydrocarbons under unsaturated 
and aerobic conditions.

• Experimental set up :
– Vials + alluvial sand
– Compounds:

» Pure phase
» Mixture
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Microcosm experiment

– Results
• Enrichment factor

CH3
CH3



• Experimental set up 
– Alluvial sand
– Source of 10 VOCs

Column experiment

• Aims:
– To evaluate if diffusion causes fractionation

– To evaluate how the isotope ratio of the VOC source evolves

– To evaluate if fractionation due to biodegradation can be observed



• Column Results:

1. Source chamber

Column experiment



Column experiment
• Column Results:

1. Source chamber

2. Column profile



• Analytical model: Approach with 2 subspecies

» 13C-molecules degrade slower

» 13C-molecules diffuse slower

» 13C-molecules decay slower

(Cerling et al. Geochim Cosmochim Acta, 1991)
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• Column Results:

1. Source chamber

Column experiment
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• Column Results:

1. Source chamber



• Analytical model: Approach with 2 subspecies

» 13C-molecules degrade slower

» 13C-molecules diffuse slower

» 13C-molecules decay slower

(Cerling et al. Geochim Cosmochim Acta, 1991)
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– Processes:
» First order degradation rate
» Diffusion coefficients: sorption-affected and effective

(Werner & Höhener, 2003)

» Exponential source decay rate

– Solution:
» Transfer function model (Jury & Roth, 1990)

• Analytical model: Approach with 2 subspecies

-Governing equation to describe conc.:
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– Simulation results

• A) Fractionation in the migrating vapours

Column experiment
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Diffusion isotope effect
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– Simulation results

• A) Fractionation in the migrating vapours and at the s ource

Column experiment

Measured Simulated

Diffusion isotope effect

Compound depletion

at the source

and



• Results
– 1 
– 2 Steady state
– 3

Analytical simulations
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• Results
– 1 
– 2 Steady state
– 3

Analytical simulations



• Isotope ratio is controlled by:

Unsaturated zone Saturated zone
– Biodegradation - Biodegradation 
– Diffusion (Isotope-specific diffusion)
– Depletion of the compound at the source

• The isotope fractionation due to diffusion effect:
• In the profile: counteracts the biodegradation effect
• At the source: acts in the same direction as biodegradation

General conclusions



• Assessment of biodegradation on the field with CSIA
– Qualitatively: at steady state

• As long as the source remains constant
• A uniform � 13C with distance means a lack of biodegradation

– Quantitatively:
• Further development of the relationship F/F0 vs � 13C needs to be 

done before calculating the degree of bio (at steady state)
• With numerical modelling using Fick’s law for diffusion

• Potential tool to assess source depletion
– Indicates the last stage of source duration
– Remaining proportion can be assessed with the Rayleigh equation

General conclusions
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