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Organic pollution

Widespread organic pollution in aquifers (“legacy 
contaminants”, e.g., benzene, chloroethenes) and 
catchments (“micropollutants”, e.g., pesticides) 

Common issues:
• identify emission sources
• provide evidence and quantification of transformation
• identify transformation pathway

source: André Künzelmann/UFZ



Key questions

Common issues:
• identify emission sources 
• provide evidence and quantification of transformation
• transformation pathway

How to extract this information?
• compound-specific isotope analysis (CSIA)
• mathematical and hydrological isotope models
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1.1) CSIA FOR ORGANIC POLLUTANTS

4

4



12C (98.9%)

13C

Organic contaminant (like BTEX, PCE, MTBE) 

Reaction product:
lower ratio, becomes
depleted in 13C12C

13C

Dilution vs. degradation of organic contaminants

Lower concentration, 
but equal isotope 
ratio12C

13C

Dilution

Contaminant:
higher ratio, 
becomes enriched 
in 13C

12C

13C Biodegradation
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The Rayleigh equation

Degradation 12C-contaminant:

Degradation 13C-contaminant:
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Integration leads to Rayleigh equation:

Isotope ratio:

Fraction remaining:

(Kinetic) isotopic fractionation factor:

(Kinetic) isotopic enrichment factor:
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Advantages of CSIA: degradation 

Evidence and quantification of degradation because
• degradation alters isotopic composition
• dilution has no impact
• physical processes (sorption, dispersion…): generally

limited impact on isotopic composition
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Advantages of CSIA: sources

Source fingerprinting: isotopic composition can depend on 
manufacturer or source of raw material
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source: Annable (2007)



Advantages of CSIA: sources

Source apportionment: what is the contribution of each 
source to the sample mixture?
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isotope mixing model:

contribution of source A



1.2) DUAL-ELEMENT ISOTOPE DATA
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Source identification with 2D isotope data

PAHs in forest soils

• main source: coal combustion at low 
temperatures

source: Bosch (2015)

source mixing in 2D



12

Differentiation between transformation pathways 
with 2D isotope data

herbicide isoproturon

 hydroxylation vs. hydrolysis

source: Penning (2010)

characteristic slopes (εH/εC) for different transformation pathways



2) FIELD CSIA DATA OF ORGANIC 
GROUNDWATER POLLUTANTS
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benzene
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Calculating degradation in the field

source: Braeckevelt (2012)



CSIA in the field: heterogeneous systems
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source: Kopinke (2005) ES&T

εlab=-2‰

 underestimation of biodegradation

complete degradation

no degradation

Calculate extent of degradation (1-f) from field CSIA data
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CSIA in the field: heterogeneous systems

source: Kopinke (2005) ES&T

complete degradation

no degradation

Calculate the isotopic enrichment factor (ε) from field CSIA data

Field-data derived enrichment factors
 underestimation of ε
 overestimation of degradation

εlab=-2‰



3) COMBINED SOURCE APPORTIONMENT 
AND DEGRADATION QUANTIFICATION
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Mixing and degradation

CSIA applied either for degradation quantification or source 
apportionment
What if isotopic composition changes due to source 
mixing and degradation?
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 Can we develop a CSIA-based
model for combined 
quantification of degradation 
and source apportionment?
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SISS model: approach

Mathematical model for two mixing sources and degradation via 
one reaction pathway
 the Stable Isotope Sources and Sinks Model

remaining
fraction

remaining
fraction

degradation
(sink)

degradation 
(sink)

source: Lutz (2014a)
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SISS model: mixing followed by degradation

1. calculate mixing line (green)
2. set up equation for degradation trajectory (red)
3. calculate intersection point
4. calculate source contributions and extent of degradation

source: Lutz (2014a)
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SISS model: unequivocal source partitioning

• Relative source contributions defined by 2D-isotope signature

 It is possible to divide the 2D-isotope plot into areas of certain 
source contributions

remaining 
fraction

remaining 
fraction

degradation 
(sink)

degradation 
(sink)

source: Lutz (2014a)
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SISS model: field application

modified from
Van Keer et al. (2012)

δ13C and δ2H 
of benzene

Lutz (2014b)

εH=−79‰ and εC=−3.6‰
(sulphate reducing) 

εH=−60‰ and εC=−1.9‰
(methanogenic) 



4) ISOTOPE MODELLING FOR DIFFUSE 
ORGANIC POLLUTANTS
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Modelling of CSIA data

• IF-RTMs (isotope fractionation reactive transport models) for 
groundwater systems
analyse isotope ratios in contaminant plumes
test performance of Rayleigh equation in open systems

• Novelty: simulation for diffuse pollutants
 include groundwater, unsaturated zone and surface runoff
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source: Prommer (2009)
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Diffuse pollutants on catchment scale
• challenges: 

• extrapolating from lab to field conditions
• low environmental concentrations

 hydrological models help explore the use of CSIA for diffuse 
organic contaminants

source: modified from 
Burt and Pinay (2005)



4.1) VIRTUAL EXPERIMENTS FOR A 
HILLSLOPE 
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Example I: hillslope model

 LH kk

 LH kk

modelling of concentrations, 
δ13C- and δ2H of pesticide

hillslope
outlet

Can CSIA be used in river monitoring to analyse diffuse pesticide 
pollution?

 performance of “virtual experiments” with flow and solute 
transport model (HydroGeoSphere)



Hillslope model: results

• isotope enrichment with growing
distance from the emission source

• enrichment > analytical uncertainty

28
source: Lutz (2013)

carbon isotope ratios

• decreasing concentrations with 
increasing depth and distance from 
the source

concentrations
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Hillslope model: results

• comparison to modelled 
concentrations of conservative 
solute
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underestimation by Rayleigh equation

• isotope ratios drop to the source 
values  emission via surface 
runoff

• use in source identification

extreme rainfall event

source: Lutz (2013)
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Insights from the virtual experiments

• magnitude of enrichment >> analytical uncertainties  can
be detected by CSIA

• CSIA can be used for detection of pesticide transport via 
surface runoff

• good accuracy of Rayleigh equation approach
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How does this work in a real catchment with field data?
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4.2) FIELD CSIA DATA FROM AN 
AGRICULTURAL CATCHMENT
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Catchment-scale modelling of pesticide CSIA

What does CSIA tell us about pesticide transport and degradation?

collaboration with G. Imfeld, O. 
Elsayed, M. Lefrancq, S. Payraudeau 
(University of Strasbourg)
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concentration + carbon CSIA of S-metolachlor during a growing season

source: Lutz (2017)
32



Field CSIA data – catchment scale
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source: Lutz (2017)

Concentrations:
• Highest outlet concentrations after 

extreme rainfall event in May

CSIA:
• evidence of degradation: 2.5‰ 

enrichment vs. 0.5‰ analytical 
uncertainty

• challenge of low environmental 
concentrations for CSIA

• degradation at catchment outlet via 
Rayleigh equation: 94.1% 
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Conceptual hydrological model 
using travel time distributions

decreasing degradation rate constant 
with increasing travel time

first-order 
kinetics



Model results: concentrations and δ13C of S-met

• calibrated against discharge, 
concentrations and CSIA in 
multiple runs (grey area)

• underestimation of  peaks

• mobilisation of sorbed and 
thus non-degraded pesticide 
in the source zone following 
rainfall

• calibrated εC=-1.13‰ (best fit) 
and εC=-0.9±0.3‰ (mean)

35source: Lutz (2017)
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Model results: mass balance

36

• pesticide mass balance (study 
period): 
• degradation: 74.7±9.5%
• transport to river: 4.6±5.3%
 pesticide retention: 20.7±8.2%

• degradation at catchment outlet 
via Rayleigh equation: 94:1% 

source: Lutz 
(2017)
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Monitoring and modelling: feedbacks

benefits of modelling 
• mass balance: extent of degradation, transport, retention
• calibration of enrichment factor
• testing of alternative model setups (no erosion, first-order 

kinetics everywhere etc.)
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For you to take home

Advances in analytical methods to allow for higher resolution in 
CSIA data of diffuse organic pollutants

Evidence and quantification of degradation (Rayleigh)
Source delineation for local pollution

Low-cost complementary approach
Mass-balance based quantification of degradation
Simulation of scenarios and virtual experiments

 Field CSIA data and modelling can inform each other

Field CSIA data

Modelling

Outlook
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