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1.1 Background

1.1.1 Organic contaminants: isotope-based assessment of
sources and sinks

Organic contaminants are ubiquitous pollutants in the environment. Their emission
into the environment often occurs by accident. For example, organic contaminants
are frequently detected in groundwater below industrial sites (Blum et al., 2009;
Sherwood Lollar et al., 2001; Zwank et al., 2005). Organic pollutants can also
be emitted by fossil fuel combustion or forest fires, and deteriorate air quality
(Giebel et al., 2011; Okuda et al., 2002; Thompson et al., 2003). In other cases,
organic contaminants are deliberately released into the environment to fulfill a
certain function (e.g., weed or insect control by pesticides). Once they enter the
environment, organic contaminants can undergo a variety of transport, redistribution,
and transformation processes. Among these processes, only transformation can
irreversibly remove the contaminant and render it harmless to the environment,
provided that the contaminant is completely mineralized and does not form harmful
metabolites. It is, therefore, crucial to understand and characterize sources and
sinks (i.e., degradation) of organic pollutants in the environment. In this context,
compound-specific stable isotope analysis (CSIA) has proven a useful tool. CSIA
is the measurement of the relative abundance of light and heavy stable isotopes
(i.e., the isotopic composition) of an element contained in the compound. Stable
isotopes of an element contain the same number of protons, but vary in the number
of neutrons. For example, carbon occurs as the two stable isotopes 12

6C and 13
6C.

The lighter isotope (i.e., 12
6C) has six neutrons and six protons, and accounts for

98.89% of carbon in nature, whereas the heavier isotope (i.e., 13
6C) comprises one

additional neutron, and only accounts for 1.11% (Schmidt and Jochmann, 2012).

CSIA is of interest for the assessment of contaminant degradation, as the isotopic
composition tends to change under the influence of degradation processes (Elsner,
2010; Meckenstock et al., 2004, Fig. 1.1). This change in isotopic composition is
called isotope fractionation, and is a function of reaction progress. It depends on the
isotope fractionation factor, which differs for each compound, reaction mechanism,
and element. Isotope fractionation is described by the Rayleigh equation, which
allows to quantify transformation of organic contaminants either by considering the
temporal change in isotopic composition over time, or by comparing the isotopic
composition of an environmental sample to the emission source. Whereas changes in
concentrations can also result from dilution (Fig. 1.1), CSIA provides clear evidence
of contaminant degradation, which thus represents a major advantage of CSIA over
concentration measurements only.

In addition to the assessment of contaminant degradation, CSIA can also provide
insights into sources of organic contaminants: it allows for the discrimination
between different pollution sources or commercial products of a compound, provided
that these have distinctly different isotopic compositions (Elsner et al., 2012; Schmidt
et al., 2004). In cases where the isotopic composition of an element is similar for the
considered sources, it might be required to analyze an additional element in order to
distinguish between the sources, i.e., to perform multi-element (multi-dimensional)
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CSIA. More specifically, by using the linear stable isotope mixing model, this does
not only allow distinction, but also quantification of the relative contribution of each
source to the environmental sample (i.e., source apportionment). Multi-element
CSIA can also be used for the identification of specific reaction mechanisms (Zwank
et al., 2005; Fischer et al., 2008; Meyer et al., 2009), and even the calculation of
the contribution of each reaction mechanism to overall degradation (van Breukelen,
2007a). The two-dimensional isotope plot in Fig. 1.2 illustrates the use of multi-
element CSIA for source apportionment between sources A and B (panel a), and
distinction between two competing reaction pathways (panel b).

Figure 1.1: Conceptualization of the proportion of light (dark blue) and heavy (green) isotopes (i.e.,
isotopic composition) in an organic contaminant. Dilution does not alter the isotopic composition
(top), whereas degradation generally leads to an enrichment in heavy isotopes of the remaining
contaminant (bottom).

Figure 1.2: Panel a: use of dual-element isotope analysis for source apportionment between two
sources (green line); panel b: distinction between two reaction pathways (dashed line: degradation
via reaction pathway 1, dotted line: degradation via reaction pathway 2, dash-dotted line:
degradation via a combination of both pathways with a contribution of 0.4 of pathway 1); and
panel c: complications in the use of dual-element isotope analysis for an environmental sample that
might be subject to both mixing between sources and isotope-fractionation induced by degradation
via one pathway.
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Many field sites where CSIA data have been collected are characterized by several
pollution sources (Blessing et al., 2009; Mancini et al., 2002; Sherwood Lollar
et al., 2001) and more than one potential mechanism for contaminant degradation
(D’Affonseca et al., 2011; van Breukelen, 2007a; van Keer et al., 2012). Quantification
of degradation in these systems can be complex, as mixing of several pollution sources
with distinct isotopic compositions might obscure degradation-induced changes
in isotope ratios. Similarly, previous studies have illustrated that simultaneous
occurrence of degradation processes complicates CSIA-based source identification
and apportionment (Moore and Semmens, 2008; Seiler, 2005; van Keer et al.,
2012). These complications are shown in Fig. 1.2c, where the hypothetical sample
signature results from a combination of source mixing and degradation-induced
isotope fractionation. There is currently no simple CSIA-based model that can link
sources and sinks of organic pollutants.

So far, CSIA has mainly been applied to analyze degradation of various groundwater
pollutants (Blum et al., 2009; Hunkeler et al., 2005; Sherwood Lollar et al., 2001;
Sturchio et al., 2012; Zwank et al., 2005). Furthermore, it has been used in source
identification and apportionment of organic groundwater contaminants (Eberts
et al., 2008; Mancini et al., 2008), and nitrate (Deutsch et al., 2006; Divers et al.,
2014; Liu et al., 2013). Recently, analytical methods for CSIA of different pesticides
have been developed as well (Badea et al., 2009; Elsayed et al., 2014; Hartenbach
et al., 2008; Meyer et al., 2008; Penning and Elsner, 2007; Wu et al., 2014). CSIA
can provide an important line of evidence for pesticide degradation (Fenner et al.,
2013). Moreover, appropriate sampling and pre-concentration techniques allow
CSIA of pesticides at low (environmental) concentrations (Jochmann et al., 2006;
Zwank et al., 2003). Nonetheless, field CSIA data of pesticides remain extremely
scarce (Milosevic et al., 2013; Schreglmann et al., 2013), and have not yet been
specifically used to assess pesticide degradation at catchment scale. This emphasizes
the need to evaluate the feasibility of CSIA in the analysis of pesticide pollution at
catchment scale.

1.1.2 Sources and sinks of pesticides at catchment scale

Pesticides are an important group of organic contaminants, as modern agriculture
makes use of a variety of pesticides to increase crop yield, and reduce the growth
of weeds or spreading of other pests (e.g., insects or fungi). Diffuse pollution by
pesticides can pose a risk for the terrestrial and aquatic environment, as pesticide
residuals and their metabolites have been found in groundwater and surface water.
Pesticides might also be of concern for human health if they affect drinking water
(direct exposure; Donald et al., 2007; Kjær et al., 2005; Kolpin et al., 1998) or water
used for farming (indirect exposure). It is therefore vital to identify pesticide fate
and degradation in agricultural catchments (Fenner et al., 2013).

After pesticide application, transfer and transformation processes at the surface
lead to the reduction of the amount of pesticide that is available for transport in
the soil (Fig. 1.3). Pesticide transfer to the atmosphere (i.e., volatilization) can
occur during application as spray drift, or after the pesticide has settled on the
ground surface or the crop (van den Berg et al., 1999). Following volatilization, the
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Figure 1.3: Schematic overview of pesticide transport routes and transformation processes (modified
from Burt and Pinay 2005).

pesticide can be subject to aerial transport and atmospheric deposition. Besides,
aerial transport and subsequent deposition of contaminated soil dust can also cause
atmospheric pesticide input. Such transfer processes have been found to cause high
pesticide concentrations in surface water during low flow periods (Rawn and Muir,
1999).

While volatilization leads to the transfer between the soil surface and atmosphere,
sorption causes the transfer from the liquid to the solid phase of the soil matrix (Fig.
1.3). Sorption can, therefore, account for a substantial retention of pesticides in the
subsurface. This can limit the availability of the sorbed molecules for degradation
(Si et al., 2009), but also prolong the residence time of pesticides in microbially
active layers and, consequently, enhance pesticide degradation. The relevance of
sorption depends on the tendency of a pesticide to be attached to the soil matrix
or suspended sediments in the water phase. Transfer into the solid soil phase is
especially relevant if pesticides are applied shortly before a heavy rainfall event
that leads to surface runoff, which can, consequently, entrain a substantial amount
of sediment and sorbed pesticides (Squillace and Thurmanz, 1992; Taghavi et al.,
2011; Wu et al., 2004).

Transformation processes on the ground surface and in the soil represent sinks
of pesticides in agricultural catchments. The transformation of pesticides can be
ascribed to microbial activity or abiotic processes, or both (Fig. 1.3). Depending on
the oxygen content, microbial degradation in the soil matrix can occur under aerobic
or anaerobic conditions. Abiotic processes comprise hydrolysis, redox-reactions, and
direct or indirect photolysis (Gavrilescu, 2005; Hartenbach et al., 2008; Jones and
Norris, 1998; Penning et al., 2010). Photolysis has been detected in surface water,
at the soil surface, and in the topsoil up to a depth of a few millimeters below the
surface (Konstantinou et al., 2001). Whether a specific reaction mechanism occurs,
depends – apart from the properties of the compound itself – on environmental
parameters such as the soil type or the climatic conditions (Arias-Estévez et al.,
2008; Gavrilescu, 2005; Leu et al., 2004b). This variety of potential transformation
processes highlights the need for methods that can confirm pesticide degradation
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and even allow for quantification of the extent of degradation.

The part of the applied pesticide that has neither been transformed nor transferred
into the gaseous or solid phase will be subject to transport processes in the aqueous
phase. The transport to surface water bodies can occur via surface runoff or via
lateral subsurface flow (Fig. 1.3). Vertical subsurface flow transports pesticide
from the topsoil to deeper soil layers and groundwater; it can occur as a slow
movement through the soil matrix or rapid vertical movement via preferential flow
(e.g., in earthworm burrows and cracks; Doppler et al. 2012; Gavrilescu 2005; Zehe
et al. 2001). Preferential flow is assumed to be a prominent leaching process for
pesticides because it bypasses the soil matrix and can thus result in rapid transport
of pesticides from the topsoil to artificial drainage systems. Drainage systems
and subsurface storm flow can, thereupon, cause fast transport to surface water
(Gavrilescu, 2005; Leu et al., 2004b; Müller et al., 2003). In summary, pesticides
can be transported via various pathways, which underlines the importance of a tool
that allows identification of pesticide sources and transport routes in a catchment.

1.1.3 Modeling of sources and sinks of organic water
pollutants

Complementary to the analysis of field data, numerical hydrological models can assist
and facilitate the characterization of sources and sinks of organic contaminants. A
variety of hydrological models is available for different applications. A classification
can be made according to different characteristics: the spatial scale that can be
simulated, the time span and temporal discretization that the model is able to
represent, or the spatial variability in input parameters and processes that the
model accounts for (Quilbe et al., 2006). Distributed physically-based models
are the model type with the highest complexity; they allow for the simulation of
hydrological processes in different flow domains in a detailed and spatially explicit
way (Kampf and Burges, 2007). They have been applied to model nitrate (e.g.,
Flipo et al. 2007; Wriedt et al. 2007) and pesticide transport (e.g., Christiansen
et al. 2004; Fauser et al. 2008; Gassmann et al. 2013; Zehe et al. 2001). However,
only a few distributed physically-based models comprise the simulation of both flow
and transport processes (Payraudeau and Gregoire, 2012).

Parsimonious (lumped) models follow a fundamentally different approach from
physically-based models: they describe the catchment as a series of a few connected
subsystems, and are, therefore, also referred to as conceptual models (Payraudeau
and Gregoire, 2012). The mass-balance equations of the subsystems can then be
combined with a travel-time formulation of transport, which allows calculating flux
concentrations and mass fluxes of conservative and reactive solutes with relatively
few parameters (Botter et al., 2010; van der Velde et al., 2012). This has been,
e.g., applied to simulate atrazine and chloride transport in agricultural catchments
(Benettin et al., 2013; Bertuzzo et al., 2013).

Hydrological models are also frequently used in the characterization of point-source
pollution in groundwater systems. In this context, models that simulate isotope
fractionation processes (isotope-fractionation reactive transport models, IF-RTMs)
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have become a popular method to model and interpret CSIA data from aquifers
(Atteia et al., 2008; D’Affonseca et al., 2011; Pooley et al., 2009; Prommer et al., 2009;
van Breukelen et al., 2005). However, although the Rayleigh equation approach
is an attractive tool in the assessment of contaminant degradation, it tends to
result in an underestimation of the extent of degradation when applied to open
flow systems due to their physical heterogeneity. Therefore, IF-RTMs have also
been used to test the performance of the Rayleigh equation for such systems (Abe
and Hunkeler, 2006; Thullner et al., 2012; van Breukelen and Prommer, 2008). In
contrast, the simulation of diffuse pollution with IF-RTMs has so far been limited
to a few studies of riparian transformation of nitrate (Chen and MacQuarrie, 2004;
Green et al., 2010). To date, it has not yet been examined whether modeling of
isotope fractionation of contaminants at catchment scale can provide additional
information in the assessment of sources and sinks of diffuse pollutants.

1.2 Thesis objectives

This thesis aims at advancing the use of CSIA in the assessment of sources and
sinks of organic contaminants. In view of the aforementioned open questions in
monitoring and modeling of organic pollution and related CSIA data, the specific
objectives of this thesis are to:

i. Develop a simple CSIA-based mathematical model that allows combined source
apportionment and assessment of contaminant degradation for systems where
mixing between sources and degradation can occur simultaneously (Fig. 1.2c).
This model should be applicable independently of the spatial scope and to all
organic contaminants, be it in the characterization of groundwater, surface
water, or atmospheric pollution.

ii. Validate the model from point (i) with a field site application and discuss
factors of model uncertainty.

iii. Bridge the gap between CSIA and the analysis of diffuse pollution at catch-
ment scale by modeling how isotope ratios of pesticides might evolve under
varying hydrological conditions; and provide recommendations for sampling
and interpretation of CSIA data of diffuse pollutants.

iv. Investigate how measured concentration and CSIA data can be combined to
gain more insights into sources and sinks of pesticides at catchment scale; and
provide recommendations for sampling and interpretation of CSIA data of
diffuse pollutants.

v. Evaluate the added value of CSIA data in monitoring and modeling of diffuse
pollution at catchment scale. The aim is especially to identify how the interpre-
tation of field CSIA data can inform modeling of diffuse pollutants, and vice
versa.

1.3 Thesis outline

The thesis is structured as follows:
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i. Chapter 2 describes and discusses a CSIA-based mathematical model for com-
bined source apportionment and degradation quantification (stable isotopes
sources and sinks model; SISS model). The model is derived for the specific case
of two contaminant sources and one degradation mechanism; its application is
also outlined for multiple sources and degradation pathways. Following model
derivation, source apportionment with the SISS model is illustrated for the
groundwater contaminant perchlorate.

ii. Chapter 3 presents a validation of the SISS model against virtual CSIA data
produced with a reactive transport model that includes isotope fractionation
effects (IF-RTM). The chapter further evaluates the model in a field application
with isotope data from a benzene-contaminated aquifer, and discusses model
uncertainties and complications resulting from, e.g., uncertainties in field CSIA
data.

iii. Chapter 4 shows the results of numerical experiments with a distributed
physically-based coupled subsurface-surface model that simulates isotope frac-
tionation of a pesticide at hillslope scale. These virtual experiments are discussed
in view of evaluating the potential use of CSIA for diffuse pollutants in ground
and surface water.

iv. Chapter 5 describes the first field CSIA data of pesticides in stream water from
an agricultural catchment. Moreover, it provides a combined measurement and
modeling approach of pesticide concentrations and CSIA data. The chapter first
discusses concentrations and carbon isotope ratios of two herbicides measured
during the growing season in an agricultural headwater catchment. Subsequently,
it shows the simulation of these field data with a parsimonious model based
on travel-time distributions. This leads to a discussion of the usefulness of
such a combined monitoring and modeling approach in the analysis of pesticide
pollution.

v. Chapter 6 completes the thesis with a summary of the main findings and
conclusions of the previous chapters, and presents recommendations for future
research and application of the developed models and approaches.


