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3
A stable isotope model for combined
source apportionment and degradation
quantification of organic pollutants: model
validation and application∗
Compound-specific stable isotope analysis (CSIA) has proven a
Abstract.
useful tool for the quantification of the extent of degradation (QED), and for
source identification and source apportionment (SA) in contaminated environmental
systems. However, the simultaneous occurrence of degradation processes and mixing
of emission sources complicates the use of CSIA in combined SA and QED. In chapter
2, we developed a mathematical model that allows for combined SA and QED of
organic pollutants (and inorganic compounds such as nitrate) in a scenario of two
emission sources and degradation via one reaction pathway. This chapter presents
a validation of the model against virtual data from a two-dimensional reactive
transport model. The model calculations for SA and QED were in good agreement
with the simulation results, which suggests the correctness of the model assumptions.
However, the application of the model to field data of benzene contamination was
challenged by large uncertainties in CSIA data and the unknown interplay between
competing degradation pathways. Nonetheless, the use of the model allowed for the
identification of a prevailing contribution of one emission source and revealed a low
overall extent of degradation at the field site. This indicates that the model can,
for example, facilitate the characterization of air pollution or aquifer contamination
with organic pollutants.

∗ This chapter is an edited version of: Lutz, S. R. and van Breukelen, B. M. Combined Source
Apportionment and Degradation Quantification of Organic Pollutants with CSIA: 2. Model
Validation and Application. Environmental Science & Technology, 48(11):6229-6236, 2014.
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Introduction

Compound-specific stable isotope analysis (CSIA) has proven useful in the assessment of in situ degradation of organic pollutants (Schmidt et al., 2004; Elsner et al.,
2012; Thullner et al., 2012). Moreover, it has been applied for source identification
and apportionment in environmental systems with more than one potential emission
source (Mancini et al., 2008; Deutsch et al., 2006; Sturchio et al., 2012; Okuda et al.,
2002). However, degradation and mixing processes can lead to changes in isotopic
compositions, such that their simultaneous occurrence might complicate the use of
CSIA in the assessment of source contributions and the extent of degradation (ED)
(Kellman and Hillaire-Marcel, 2003; Moore and Semmens, 2008; Xue et al., 2009;
van Keer et al., 2012; Seiler, 2005). In chapter 2, we developed a mathematical
model (stable isotope sources and sinks model; SISS model) for combined source
apportionment (SA) and quantification of the extent of degradation (QED) of
organic pollutants (and inorganic compounds such as nitrate) in a scenario of two
emission sources and degradation via one reaction pathway. It was demonstrated
that, given isotope data of at least two elements contained in the pollutant, the SISS
model provides a tool for SA even in the presence of degradation-induced isotope
fractionation effects. It was also shown that the SISS model allows for QED of a
sample, and gives a conservative estimate of the ED if mixing follows independent
degradation of the two mixing contaminant pools.
The SISS model was developed for two scenarios where mixing and degradation
occur in a sequential order, i.e., where mixing follows degradation and vice versa.
Moreover, it was assumed that mixing occurs at a localized mixing point. In reality,
however, mixing between different contaminant pools might be accompanied by
simultaneously occurring degradation processes, and it might occur gradually or
only partially. In addition, field isotope data are generally associated with analytical
uncertainties, which might affect the accuracy of the SISS model calculations. Field
sites can also exhibit a large degree of physical and biogeochemical heterogeneity,
which might influence the mixing between emission sources and alter the rate of
contaminant degradation (Anneser et al., 2008; Cozzarelli et al., 1999; Rolle et al.,
2010). Moreover, physical heterogeneity can lead to attenuation of the actual extent
of isotope fractionation, which results in an underestimation of the ED based on
field CSIA data (van Breukelen and Prommer, 2008; Abe and Hunkeler, 2006).
Hence, this work seeks to analyze how these factors affect the applicability and
correctness of the SISS model.
The objective of this study was to assess to what extent the theoretically derived
SISS model holds for environmental systems. To this end, we first validated the
SISS model against a virtual data set from reactive transport model simulations
of a two-dimensional flow system with two emission sources, which enabled us to
compare calculated and exact values of SA and ED. Second, we applied the SISS
model to carbon and hydrogen CSIA data of a benzene-contaminated field site. On
the basis of this, we discuss uncertainties and complications in the use of the SISS
model for field isotope data.
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Methods
Summary of the SISS model

The SISS model is applicable to compounds whose degradation follows the Rayleigh
equation model (i.e., organic pollutants and inorganic compounds such as nitrate).
This chapter makes use of scenario 1 of the SISS model, which assumes instantaneous
mixing between two sources and subsequent degradation via one irreversible reaction
pathway. Scenario 1 always provides conservative estimates of the overall ED of
the sample irrespective of the order of mixing and degradation (see chapter 2 for a
more detailed description). We briefly revisit the main concepts of the SISS model
for scenario 1. The complete description of the SISS model equations can be found
in chapter 2.
Scenario 1 requires dual-element isotope analysis for the determination of the
isotopic signature at the time of mixing, which can then be calculated as the
intersection point between the mixing line between the two sources (Eq. 3.1) and
the trajectory of the degrading mixture (Eq. 3.2; see Fig. 2.2). Accordingly, the
mixing signature (here given for carbon and hydrogen isotope values as (δ 13 CM ,
δ 2 HM )) is the solution of the following system of two equations:
δ 2 HM = mδ 13 CM + b

δ 2 HS =



δ 13 CS + 1000
δ 13 CM + 1000

Φ

· (δ 2 HM + 1000) − 1000

(3.1)

(3.2)

where m and b are parameters that define the mixing line between sources A and B
(which can be obtained from the isotope ratios of sources A and B; see Eqs. 2.15
and 2.16 in chapter 2), subscripts M and S denote the isotope values of the mixture
and the sample, respectively, and Φ is the ratio of the enrichment factors for carbon
and hydrogen isotopes (i.e., Φ = εH /εC ). The relative contribution of source A to
the mixture (fA ) is then given by
fA =

δ 13 CM − δ 13 CB
δ 13 CA − δ 13 CB

(3.3)

where (δ 13 CA , δ 2 HA ) and (δ 13 CB , δ 2 HB ) are the isotopic signatures of sources A
and B, respectively.
The ED of the sample in scenario 1 gives a conservative estimate of the overall ED
in scenario 2 (see chapter 2) or any other scenario, and is determined as follows:
 −3 13
1000/εC !
10 · δ CS + 1
ED (%) = 100 · 1 −
(3.4)
10−3 · δ 13 CM + 1
Equation 3.4 is based on the Rayleigh equation, which is accurate for the calculation
of the ED in closed systems, but generally leads to an underestimation of the ED
when applied to field CSIA data (van Breukelen and Prommer, 2008; Abe and
Hunkeler, 2006).
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Reactive transport model setup

The model was validated against virtual data obtained through simulations with the
reactive transport model (RTM) PHAST (Parkhurst et al., 2010). The model domain
represents a plan view on an aquifer flow system with two partially overlapping
groundwater pollution plumes (Fig. 3.1). It has a length of 500 m in the longitudinal
(downgradient) direction (x-axis) with a spatial discretization of 5 m, and a width
of 200 m in the horizontal direction (y-axis) with a spatial discretization of 2 m.
Variations with depth were not simulated. A groundwater flow velocity of 50 m yr−1
was chosen. The dispersivities were set to 5 m in the horizontal, and 0.5 m in the
vertical direction. The contaminant was emitted by an upgradient source A and a
downgradient source B (Fig. 3.1), which were assigned a zero-order dissolution rate
of 5.28·10−11 mg/(s·L). This resulted, due to downgradient contaminant transport
from source A, in a higher total concentration at source B than source A. The rest
of the model domain represented initially pristine water. The total simulated time
was set to 10 yr (with a time step of 0.1 yr) such that the system reached steady
state.

Figure 3.1: Plan view of the model domain of the two-dimensional PHAST simulations. The
sources were located at x = [50 m, 80 m] and y = [90 m, 170 m] (source A), and x = [120 m, 150
m] and y = [30 m, 110 m] (source B). Monitoring fences at x = 200 m and x = 500 m are indicated
by blue dashed lines. Key model parameters: groundwater flow velocity = 50 m yr−1 ; simulated
time = 10 yr; source A: δ 13 C = −30 h, δ 2 H = −70 h; source B: δ 13 C = −25 h, δ 2 H = −100 h;
first-order degradation rate constant keff = 0.3 yr−1 ; εC = −2 h; and εH = −4 h.

The model simulated the contaminant and its heavy carbon and heavy hydrogen
isotopes as solute species. The concentrations of the corresponding light isotopes
followed from the difference between the contaminant and its heavy isotope concentrations. The target concentrations for the heavy isotopes at the downgradient
boundaries of the sources were chosen such that the initial isotopic signatures were
δ 13 CA,0 = −30 h and δ 2 HA,0 = −70 h at source A, and δ 13 CB,0 = −25 h and
δ 2 HB,0 = −100 h at source B. The simulation of an additional conservative and
degrading tracer, respectively, for each source allowed for accurate information on
source contributions and ED of the virtual data set. Sorption was not simulated, but
this process will not affect model outcomes for steady state plumes (van Breukelen
and Prommer, 2008). Isotopologue-specific diffusion coefficients were not considered
in the simulation of dispersion, as diffusion-induced isotope fractionation might
only be relevant in the vertical direction (and not in the horizontal direction as
applicable here) and under relatively homogeneous conditions (van Breukelen and
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Rolle, 2012).
The total contaminant pool and the tracers were assumed to degrade via a first-order
reaction. According to Hunkeler et al. (2009), degradation of the heavy carbon and
hydrogen isotopes was simulated as:
dCH
=−
dt

3.3
3.3.1

keff
CH
Ctot

+ α1 (1 −

CH
Ctot )

CH

(3.5)

Results and Discussion
Model validation: virtual data set

Figure 3.2 shows the virtual data set that was produced in the PHAST simulations.
Simulated concentrations were highest close to the sources, and decreased with
increasing distance from the sources as a result of degradation and dilution during
eastwards transport (Fig. 3.2a). Degradation-induced isotope fractionation resulted
in enriched δ 13 C- and δ 2 H-values toward the east (Fig. 3.2b and c). Accordingly, the
overall ED increased eastward and reached nearly 100% for large x-values (Fig. 3.2d).
Due to the differing isotopic signatures at the sources, carbon and hydrogen isotope
ratios show a strong north-south gradient (Fig. 3.2b and c). A north-south divide
can also be seen in the relative proportion from source A (fA ): it was approximately
1 in the northern part, and close to 0 in the southern part of the model domain
(Fig. 3.2e).
At x = 120 m (i.e., at the western boundary of source B), the average extent of
degradation of source A was 35.6% (range of between 18.7% and 76.8%). Therefore,
the simulation setup differed from scenario 1, which assumes instantaneous mixing
before degradation. This is a potential source of inaccuracy of the SISS model results.
Moreover, as is the case for field CSIA data from an aquifer, the simulated isotope
ratios were affected by hydrodynamic dispersion, which generally leads to attenuation
of apparent isotope fractionation and, consequently, to an underestimation of the
actual ED (van Breukelen and Prommer, 2008; Abe and Hunkeler, 2006). Hence,
we expected that the SISS model also underestimates the ED for the virtual data
set.

3.3.2

Model validation: extent of degradation

Figure 3.3 compares the SISS-model calculations with the RTM simulations for
two monitoring fences at x = 200 m (panel a) and x = 500 m (panel b). With a
maximum absolute deviation of below −2% at x = 200 m and −1% at x = 500 m,
the calculated ED (EDSISS ) is in good agreement with the actual ED (known
from the simulations; EDRTM ; top right corner of Fig. 3.3a and b). The deviation
of EDSISS from EDRTM resulted from the assumption of instantaneous mixing
before degradation (scenario 1), which always yields a conservative estimate of
the ED (see chapter 2), and the application of the Rayleigh equation approach to
isotope data that are affected by dispersion (van Breukelen and Prommer, 2008;
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Figure 3.2: Virtual data (RTM simulation results) from the simulation of two partially overlapping
groundwater pollution plumes: total contaminant concentration (a), δ 13 C-values (b), δ 2 H-values
(c), overall ED (d), and relative proportion of source A, fA (e). Monitoring fences at x = 200 m
and x = 500 m are shown as vertical white lines. The white arrow in (a) indicates the groundwater
flow direction. Cells with a concentration of below 1 µg L−1 were blanked.
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Figure 3.3: Virtual data (RTM simulation results) and SISS model calculations for the overall ED
(upper panels) and SA (lower panels) at two monitoring fences: x = 200 m (a) and x = 500 m (b).

Abe and Hunkeler, 2006). At x = 200 m, the absolute and relative error in EDSISS
decreased toward the fringes of the mixed contaminant plume (Fig. 3.3a), where
the contribution of one of the sources (source A at the northern fringe, and source
B at the southern fringe, respectively) was close to one. The SISS model accurately
assessed the ED of the predominant source, and given the negligible contribution
of the other source, this resulted in a more precise EDSISS than at the middle
part of the monitoring fence. At x = 500 m, the absolute error in EDSISS was
largest between y = 20 and 110 m (Fig. 3.3b), as this was the area of the largest
non-degraded fraction due to the downgradient position of source B. Moreover,
the application of scenario 1 in the northern part (between y = 86 and 176 m)
yielded an overall ED that was lower than the actual ED of source A and higher
than the actual ED of source B, which resulted in a smaller deviation of EDSISS
from EDRTM . In general, the relative and absolute error in EDSISS decreased
eastwards from the sources (i.e., at x = 500 m compared to x = 200 m), as the
relative contribution of degradation before mixing to overall degradation decreased
with further distance from the source areas. This diminished, in turn, the effect
of the error introduced by assuming no degradation before mixing (scenario 1; see
explanation in section S3.2 of the supplementary information).

3.3.3

Model validation: source apportionment

With an absolute error of below ±0.05% from the actual values, the SISS model
yielded accurate results for the contribution of source A (fA,SISS − fA,RTM ; bottom
right corner of Fig. 3.3a and b). Apart from the southern part of the monitoring
fences, the SISS model slightly overestimated fA . This overestimation was largest
in the middle part, as this area shows a relatively high contribution of both sources,
and thus gave the largest error in absolute values (bottom right corner of Fig. 3.3a
and b). In contrast, fA,RTM was underestimated in the southern part due to the
negligible contribution of source A.
In general, the accuracy of the SISS model in SA and QED increased for larger
x-values (Fig. 3.3), as the difference between the non-degraded fractions of the
sources decreased eastwards, which is more in line with the model assumption of an
equal ED for both sources (scenario 1). Additional RTM simulations with different
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contaminant input rates at the sources (not shown) demonstrated that SA and QED
with the SISS model is also accurate for different source concentrations, as the SISSmodel calculations are independent of concentration data. However, simulations with
a greater distance between the sources (Fig. S3.1 in the supplementary information)
yielded slightly larger errors in fA,SISS and EDSISS , as a greater distance between
the sources implies more degradation for source A before mixing, and thus a larger
error introduced by assuming instantaneous mixing. In summary, the validation
against virtual data indicated the accuracy of the SISS model despite the simplifying
assumptions of localized and instantaneous mixing prior to degradation (scenario
1), and thus supports its use for SA and QED in systems of two emission sources
with different isotopic signatures and one prevailing degradation pathway.

3.3.4

Model application: description of the case study

The number of field studies with detailed dual-element CSIA data that investigated
mixing and degradation in systems with two end members was generally limited.
The study by van Keer et al. (2012) represented, however, a suitable example
application, as it investigated two distinct BTEX source areas, and provided a
detailed field site description, information on prevailing degradation mechanisms
and respective enrichment factors, comprehensive dual-element isotope data (δ 13 Cand δ 2 H-values) for benzene at the source areas and downgradient wells, and information on geochemical conditions (see Tables S3.1 and S3.2 in the supplementary
information).
Figure 3.4 shows the two sources of BTEX contamination at the field site, with
source area A being positioned downgradient from source area B, and the position
of the well filters (i.e., different screening depths at the monitoring wells, indicated
by a capital "F"). van Keer et al. (2012) associated source area B with considerably
higher benzene concentrations (11.6 mg L−1 at W2F1 versus 5.1 mg L−1 at W7; see
also Table S3.2 in the supplementary information) and a larger area than source area
A. They were able to identify the two source areas based on well-filter depths, and
analysis of concentrations and CSIA data, and suggested that degradation of benzene
at the field site occurred under sulfate-reducing conditions (mainly at the plume
fringe) and methanogenic conditions. Moreover, considering concentrations and
CSIA data, the location in the aquifer, and the presence or absence of chlorinated
aliphatic hydrocarbons (only associated with source B), they could attribute the
contamination at most of the downgradient well filters to one of the two source areas.
However, they could not conclusively identify the main contamination source for
well filters in the mixing zone between the contaminant plumes from sources A and
B (Fig. 3.4), as both mixing and degradation processes likely affected the isotopic
signatures. Hence, these well filters are especially qualified for the application of
the SISS model.

3.3.5

Model application: preliminary qualitative analysis

Prior to the application of the SISS-model, we first analyzed the carbon and hydrogen
isotope ratios of benzene at the well filters in a qualitative manner. Following van
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Figure 3.4: BTEX-contaminated field site with two source areas. Carbon and hydrogen isotope
data for benzene were available at 27 well filters with an average screen length of 1.5 m. The
SISS model was applied to isotope data from the well filters in the mixing zone indicated by red
rectangles (modified from van Keer et al., 2012).

Keer et al. (2012), we considered well filters W7 and W8 representative of source
area A, and W2F1 and W3 of source area B. Given the isotopic signatures of the
potential source well-filters and assuming either methanogenesis or sulfate-reduction
(which are associated with different isotope enrichment factors; Mancini et al.,
2003), it is possible to delineate the theoretical range of isotope ratios of benzene
at downgradient wells (shaded area in Fig. 3.5). To obtain the boundaries of
this range, Φ in Eq. 3.2 was set to the values representative of the methanogenic
and sulfate-reducing reaction pathway, respectively. Φ-values in between these
boundaries can result from simultaneous occurrence of both reaction pathways
(van Breukelen, 2007a). Remarkably, however, more than half of the well filters
show isotope ratios that lie outside of this range. This applies, in particular, to
all well filters that van Keer et al. (2012) attributed to the mixing zone between
the two contaminant plumes (see Fig. 3.4 and green diamonds in Fig. 3.5). The
main factors that presumably cause this discrepancy are the analytical uncertainties
in the isotope ratios (standard deviations of duplicate or triplicate measurements
of up to 1.1 h for δ 13 C and 61 h for δ 2 H; see error bars in Fig. 3.5 and Table
S3.2 in the supplementary information), and the appropriate choice of enrichment
factors and representative source well-filters. The enriched δ 13 C-values of the well
filters outside of the shaded area in Fig. 3.5 might also indicate degradation via
an unknown third reaction pathway that led to pronounced carbon, but minor
hydrogen isotope fractionation.
van Keer et al. (2012) considered source area A as the predominant emission source
for the filters indicated by red diamonds in Fig. 3.5 (see also red contaminant plume
in Fig. 3.4). However, the isotopic signature of some of these filters (especially W12,
W15F1, and W17) is closer to the value of source area B (Fig. 3.5), although the
shallow depth of these filters implies that they are mainly located in the contaminant
plume from source A. In fact, W13F1 is the only downgradient well filter whose
isotopic signature can be clearly attributed to source area A (Fig. 3.5). This
indicates that source B is the predominant source area at the field site, and that
mixing with the contaminant plume from source B might also affect the isotope
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Figure 3.5: δ 13 C- and δ 2 H-ratios of benzene at source area A (large red dots); source area B
(large blue dots); well filters attributed to source area A (red diamonds); well filters attributed
to source area B (blue diamonds); and well filters in the mixing zone (green diamonds) for the
BTEX-contaminated field site according to the classification of well filters by van Keer et al. (2012).
Standard deviations of δ 13 C- and δ 2 H-values of duplicate or triplicate measurements are shown
with horizontal and vertical bars, respectively. Trajectories of degrading benzene are indicated by
dashed lines for methanogenic conditions (εH = −60 h and εC = −1.9 h, Φ = 31.6) and dotted
lines for sulfate-reducing conditions (εH = −79 h and εC = −3.6 h, Φ = 21.9; Mancini et al.,
2003). The shaded area constrains the theoretical range of isotope ratios for degraded mixtures
between source areas A and B under the assumed conditions.

ratios of well filters in the contaminant plume from source A. Alternatively, the
relative shift of isotope values of these filters toward source B could also result from
an unknown third reaction pathway.
The isotope ratios of the well filters that van Keer et al. (2012) attributed to source
area B (blue diamonds in Fig. 3.5) are, indeed, mostly consistent with the signature
of source area B. This holds, in particular, for well filters W2F2, W4F2, W5, W6F2,
W6F3, and W9F4. Correspondingly, these well filters are (apart from W9F4) located
upgradient of source area A (Fig. 3.4), which precludes significant mixing effects
with this source. In contrast, well filter W6F1, which is also located upgradient of
the mixing zone, shows an enriched δ 13 C-value that lies outside of the plausible
range (Fig. 3.5). This cannot be explained by large analytical uncertainties, as the
standard deviation for δ 13 C at W6F1 is 0.4 h. The isotope ratios of well filter W10
also exceed the valid range, but the standard deviation in δ 13 C is larger (1.0 h)
compared to W6F1.
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Model application: SA and QED in the mixing zone

We applied the SISS model to the groundwater well filters W9F2, W13F2, W15F2,
and W18F2-F4, which van Keer et al. (2012) assumed to be located in the mixing
zone of the two contaminant plumes. We considered the isotopic signature of W8
representative of source area A, as the relatively enriched carbon isotope ratio at
the alternative well filter W7 would conflict with the more depleted δ 13 C-value at
W13F1 (Fig. 3.5). Likewise, we chose the isotopic signature of W2F1 for source
area B because it allows us to capture well filters with relatively enriched carbon
isotope ratios as opposed to W3 (Fig. 3.5).
As discussed before, some of the isotopic signatures fall outside of the limits defined
by the trajectories for sulfate-reducing and methanogenic degradation, respectively.
In order to increase the number of captured signatures, the data set was modified
in two ways prior to the application of the SISS model. First, the source signatures
were adjusted to more enriched δ 13 C-values within the range of their reported
standard deviations (adjusted values source A* and source B*; green dots in Fig.
3.6). Second, the isotopic signatures of the well filters that still fell outside the valid
limits (W13F2, W15F2, and W18F2) were changed to more depleted δ 13 C-values
within the range of their respective standard deviations (adjusted values indicated
by orange rectangles in Fig. 3.6). This approach was based on the assumption that
the δ 13 C-values outside the applicable range resulted from analytical uncertainties,
and not from degradation via an unknown third reaction pathway that merely led
to carbon isotope fractionation. The shaded area in Fig. 3.6 indicates the valid
limits for the application of the SISS model resulting from this adjustment.
Following the adjustment of some data points as described above, the mixing
signature (δ 13 CM , δ 2 HM ) was determined by numerical solution of Eqs. 3.1 and 3.2
(module nsolve of python package SymPy). Application of Eq. 3.3 then yielded the
relative contribution of source A*, and Eq. 3.4 provided a conservative estimate of
the ED. We obtained two results of SA and QED for each well filter by considering
methanogenic and sulfate-reducing conditions separately. Table 3.1 shows the SISSmodel based SA and QED for the investigated well filters in the mixing zone. The
ED is reported as the range between the conservative (scenario 1) and maximum
estimate. The maximum estimate was obtained by assuming the largest possible
ED of benzene from source A* (constrained by δ 13 C- and δ 2 H-values of benzene),
and no degradation of benzene from source B*. In reality, it is, however, more likely
that both contaminant pools degrade during downgradient transport, which results
in a lower overall ED.
Despite the adjustment of isotope ratios, the signature of well filter W18F2* was still
outside of the possible range for degradation under purely methanogenic conditions
(Fig. 3.6). This indicates that, provided isotope ratios of source B* and filter
W18F2 are correct, other reaction pathways than only methanogenesis (e.g., sulfatereduction) might have played a role. Under sulfate-reducing conditions, the overall
ED at W18F2* based on the SISS model was the highest of all well filters (Table
3.1). Moreover, W18F2* shows, similar to the other investigated filters of well
18, a secondary influence of source area A (fA = 0.05). Filter W15F2 is located
upgradient of well W18 and should therefore show a lower ED than W18. The SISS
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Figure 3.6: δ 13 C- and δ 2 H-values of benzene with standard deviations (horizontal and vertical
bars, respectively) at the emission sources and groundwater well-filters that were used to test the
SISS model (based on van Keer et al., 2012; see Figs. 3.4 and 3.5). The source signatures were
shifted from their mean values indicated by black dots (source A and source B) to the values
indicated by green dots (source A* and source B*). The shaded area represents the valid range for
the application of the model after this adjustment. Black diamonds show well filters with mean
isotope ratios outside this range; they were replaced by the isotope ratios indicated by orange
rectangles. The remaining isotopic signatures were kept at the reported values (orange diamonds).
Trajectories for methanogenic and sulfate-reducing conditions are shown by dashed and dotted
lines, respectively (red: before the adjustment of source signatures; green and black: after the
adjustment of source signatures). Enrichment factors are εH = −60 h and εC = −1.9 h for
methanogenesis, and εH = −79 h and εC = −3.6 h for sulfate-reduction (Mancini et al., 2003).

model yielded, indeed, a minimum ED at W15F2* of about 4.0% and 4.6% under
sulfate-reducing and methanogenic conditions, respectively. In comparison, van
Keer et al. (2012) calculated, depending on the assumed reaction pathway (sulfatereduction or methanogenesis), an ED at W15F2 of 66 to 93% with carbon isotope
data and 25 to 34% with hydrogen isotope data. As opposed to this SISS-model
application, they assessed the ED for the originally measured isotope ratios and one
contamination source. The analysis of isotope ratios at other groundwater wells in
van Keer et al. (2012) shows a comparable inconsistency between the δ 13 C- and
δ 2 H-based ED. In contrast, the SISS model considers mixing between sources A and
B, and incorporates both carbon and hydrogen isotopic data, which thus yielded a
single value for the minimum and maximum ED, respectively. This suggests that
single-element CSIA (and thus the assumption of one end member) is insufficient
for QED of the well filters in the mixing zone.
The relatively enriched carbon isotope ratio of W15F2* led to a minor contribution
of source A*, which agrees with the small fA at the analyzed filters of well 18 (Table
3.1). In contrast, W13F2* shows a proportional contribution of above 0.5 of source
A* (Table 3.1). As W13F2 and W15F2 are located at a similar depth and distance
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Table 3.1: Application of the SISS Model to δ 13 C- and δ 2 H-values of benzenea
from van Keer et al. (2012).
sulfate-reducing conditions

methanogenic conditions

well filter

ED (%)

fA

ED (%)

fA

W9F2

3.2b
−3.3c

0.37

3.6−3.8

0.36

W13F2*

7.1−7.3

0.57

8.1−8.4

0.54

W15F2*

4.0−6.9

0.04

4.6−13.5

0.02
n.d.

W18F2*

20.1−82.8

0.05

n.d.d

W18F3

9.7−15.6

0.09

11.1−28.1

0.06

W18F4

15.7−26.2

0.13

17.8−54.7

0.07

Source values A* (−26.7 h, −116.0 h) and B* (−22.9 h, −91.0 h), m
= 6.6, b = 59.7.
b Conservative estimate (scenario 1).
c Maximum estimate (assuming mixing follows maximum degradation of
source A* and no degradation of source B*).
d Not determined as isotopic signature lies outside of applicable range.
a

from the source areas, this might result from a different position of these well filters
relative to the groundwater flow direction, or physical heterogeneity of the aquifer.
Nonetheless, the SISS model indicates a comparably low overall ED for W13F2*
and W15F2*, as opposed to the analyzed filters of well W18, which agrees with
their upgradient position relative to W18 (Fig. 3.4). Correspondingly, the ED at
W9F2 is the lowest among the investigated well filters, which is consistent with its
upgradient location in the aquifer.
In general, the results of the SISS model were similar for sulfate-reduction and
methanogenesis (apart from the maximum ED). Hence, the appropriate choice of
the active reaction pathway was not crucial for SA or QED of benzene at this field
site, which can be ascribed to relatively similar Φ-values for the two considered
reaction pathways (21.9 h and 31.6 h, respectively). With an increase in the
ED from below 10% to about 20% (conservative estimate; Table 3.1), the results
indicate enhanced degradation between well W13 (or W15) and W18. The model
generally yielded a much lower ED than the single-element isotope analysis by van
Keer et al. (2012). Nonetheless, according to the fA -value of W9F2 and W13F2*,
the model results corroborate the hypothesis by van Keer et al. (2012) that some of
the well filters are situated in the mixing zone of the two contaminant plumes. They
also indicate that the contamination at the well filters in the mixing zone seems to
predominantly originate from source area B despite the larger distance from this
source area. This might result from a combination of various factors: (i) the higher
concentration and considerably larger source area (Fig. 3.4) of source B compared
to source A, (ii) a potentially higher local permeability of the top layer at source
B compared to source A, which would promote mass transfer to the aquifer from
source B, and (iii) presence of DNAPL at source area B, which may have facilitated
BTEX transport to larger depths.
Shifting the isotopic signatures of some of the well filters into the valid model
range caused an overestimation of fA , as this reduced the difference between the
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δ 13 C-values of source A and the well filters. However, the characteristics of the
original isotope data (Fig. 3.5) were preserved: for example, despite the adjustments
of isotopic signatures, the SISS model calculated a small fA at well filters W15F2*
and W18F2*, and indicated substantial mixing between the contaminant plumes
at W13F2* (Fig. 3.6 and Table 3.1). In addition, despite the large degree of
uncertainty in measured isotope ratios and assumed enrichment factors, the model
confirmed trends from the qualitative analysis of the isotope data such as a prevailing
contribution of source B and a larger ED with increasing distance from the source
areas.

3.3.7

Uncertainties and complications in the use of the
SISS model

Figure 3.7 illustrates possible uncertainties and complications in the use of the SISS
model by the previously discussed example of benzene contamination. It shows
that, if the distribution between the competing reaction pathways (methanogenesis
and sulfate-reduction) is unknown, the hypothetical sample signature indicated by
the black star could be interpreted in different ways: it could be entirely attributed
to source A and indicate an ED of 58.0% under sulfate-reducing conditions only
(black dotted line), or it could result from mixing between sources A and B in
a ratio of 50:50 (fA = 0.5; green dot) and subsequent degradation under purely
methanogenic conditions (ED = 57.0%; green dashed line). In addition, considering
the uncertainties in source signatures, the sample signature could also point to
a fA -value of 0.29 (red dot) and methanogenic transformation (red dashed line)
with a slightly lower ED of 53.5%. Two factors particularly complicate SA in this
example: the uncertainties in the measured source signatures, and the unknown
contribution of each pathway to overall degradation. Moreover, in cases where the
Φ-values of the two competing pathways differ more than in this example, the area
of overlap between possible trajectories from source A and B (dark gray area in Fig.
S3.3) would be larger, which would further complicate SA and QED for the sample
signature (see section S3.4 in the supplementary information). Another important
factor is the angle between the mixing line and the degradation trajectories in the
two-dimensional isotope plot (see section S3.5 in the supplementary information):
the SISS model is most reliable when the mixing line between the sources is
perpendicular to the degradation trajectories (Fig. S3.4a), whereas it cannot be
applied if the mixing line and the degradation trajectories have the same slope (Fig.
S3.4b).
Despite the discussed uncertainties and complications, the SISS model represents a
unique tool for SA and QED in cases where the separate analysis of isotope data
for SA and QED is inappropriate. Besides, Fig. 3.7 illustrates complications in the
application of the SISS model to extreme values of source signatures and enrichment
factors, which yields a large range of possible source contributions. Statistical
analyses, on the contrary, would allow for the consideration of uncertainties in
source signatures and enrichment factors, and thus reduce their impact on the
model results (see chapter 2).
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Figure 3.7: δ 13 C- and δ 2 H-values of benzene at the emission sources (black dots) with standard
deviations (horizontal and vertical bars, respectively) from the study by van Keer et al. (2012); range
of possible trajectories for the source signatures under methanogenic and sulfate-reducing conditions
(shaded areas) with minimum (dotted lines) and maximum Φ-values (dashed lines); hypothetical
sample signature (black star); two example mixtures (green and red dots); corresponding mixing
lines (solid lines in green and red) that result from different proportional contributions and
signatures of the two sources; and corresponding degradation trajectories for minimum (dotted
lines in green and red) and maximum Φ-values (dashed lines in green and red) with respective
ED. Enrichment factors are εH = −60 ± 3 h and εC = −1.9 ± 0.1 h for methanogenesis, and
εH = −79 ± 4 h and εC = −3.6 ± 0.3 h for sulfate-reduction (±95% confidence interval; Mancini
et al., 2003). The minimum Φ-value for sulfate-reduction was set to the ratio between the lowest
εH and highest εC within the respective confidence intervals, and the maximum Φ-value for
methanogenesis was set to the ratio between the highest εH and lowest εC within the respective
confidence intervals.

3.4

Conclusions

The SISS model allows for source apportionment and gives a conservative estimate
of the ED for organic pollutants (and inorganic compounds such as nitrate) in
a scenario of two mixing sources and degradation via one reaction pathway. It
showed very good agreement with actual values of source contributions and ED
when validated against virtual data from a RTM. Similarly, the model application
to field isotope data underlined how the SISS model can help in the identification
of the predominant contamination source and assessment of the extent of in situ
degradation. However, this field application was challenged by uncertainties in source
signatures, CSIA data, enrichment factors, and the unknown interplay between
competing degradation pathways. These factors of uncertainty are, nonetheless,
inherent to the interpretation of CSIA data and would affect any approach that
relies on field CSIA data. Overall, it became apparent how the use of the SISS model
can allow for a qualitative and quantitative analysis of field data and improves
the understanding of the interplay between degradation processes and mixing of
emission sources at contaminated field sites.
Future research could test the SISS model in a coupled subsurface-surface hydro-
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logical model that incorporates isotope fractionation effects (see chapters 4 and
5), which would include different routes of contaminant transport and a larger
degree of heterogeneity. Similarly, additional model applications to actual CSIA
data might reveal whether the discussed example represents a particularly complex
case, or whether it is likely to encounter similar difficulties at other locations. In
addition, the SISS model was only tested for two emission sources and one degradation pathway. Follow-up studies could, therefore, aim for the application of the
model to a combination of multiple emission sources and reaction pathways (see the
supplementary information of chapter 2). Despite the encountered challenges, this
study indicates that the SISS model forms a useful basis for a combined analysis of
source contributions and in situ degradation, which can substantially facilitate the
characterization of complex cases of groundwater, surface water, or atmospheric
pollution.
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Supplementary information to chapter 3
S3.1 Alternative model setup with greater distance between
the sources
The model was also validated against PHAST simulations according to Fig. S3.1 in
order to analyze the effect of a larger difference between the non-degraded fractions
of the mixing contaminant pools.

Figure S3.1: Plan view of the alternative simulation with a greater distance between the sources:
source A at x = [20 m, 50 m] and y = [90 m, 170 m], and source B at x = [170 m, 200 m] and y =
[30 m, 110 m]. Dissolution rates and isotopic signatures at the sources were kept as in the original
simulations. Monitoring fences at x = 200 m and x = 500 m are indicated by blue dashed lines.

S3.2 Comparison of model estimates of non-degraded fractions at x = 200 m and x = 500 m
The SISS-model estimate of the extent of degradation (EDSISS ) in the validation
against the RTM data set was more accurate at larger distances from the source
areas. This is illustrated in Fig. S3.2 for the two monitoring fences at x = 200 m
and x = 500 m: the deviation of the non-degraded fraction assumed in scenario 1 of
the SISS model (fdeg (SISS) in Fig. S3.2) from the actual values of the two sources
(fdeg,A (RTM) and fdeg,B (RTM) in Fig. S3.2) was smaller at x = 500 m than at
x = 200 m. This can be explained by a decreasing contribution of degradation
(of source A mainly) before mixing to overall degradation with further distance
from the source areas. This is, in turn, more consistent with the assumption of no
degradation before mixing (scenario 1), and thus resulted in a more precise estimate
of the actual extent of degradation (EDRTM ).
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Figure S3.2: Conservative SISS-model estimate of the non-degraded fraction from source A and
B (fdeg (SISS)); mixing line in the SISS-model calculations (dash-dotted green line); simulated
non-degraded fractions (orange dots) from source A (fdeg,A (RTM)) and source B (fdeg,B (RTM));
and mixing line corresponding to the simulated fdeg,A (RTM) and fdeg,B (RTM) (dashed green
line) at x = 200 m and y = 100 m (a), and at x = 500 m and y = 100 m (b).

S3.3

Parameters of field site application

Hydrochemical, concentration and CSIA data were taken from van Keer et al. (2012).
Table S3.1 shows the main hydrochemical parameters of the investigated aquifer,
and Table S3.2 lists benzene concentrations and isotope ratios at the well filters
according to van Keer et al. (2012).
Table S3.1: Hydrochemical parameters in the aquifer (van Keer et al., 2012).
O2

mostly < 1 mg L−1

redox conditions

−186 to −72 mV

NO−
3
SO2−
4

< LODa (0.23 mg L−1 )

Fe

outside the contaminant plume: ≤ 440 mg L−1 ,
center of the contaminant plume: < 6 mg L−1 or < LOD (1 mg L−1 )
≤ 417 mg L−1

CH4

≤ 28 mg L−1

a

limit of detection
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Table S3.2: Benzene concentrations, δ 13 C- and δ 2 H-values, and classification of benzene
source at well filters according to van Keer et al. (2012).
filter depth

benzene

(m below

concentration

ground surface)

(µg L−1 )

δ 13 C (h)

δ 2 H (h)

classification

W1

0.8−4.3

600

NA

−91 ± 12

source B

W2F1

1.5−2.5

11600

−23.6 ± 0.7

−91 ± 2

source B

W3

0.5−2.5

560

−25.3 ± 0.5

−94 ± 18

source B

well filter

W4F1

2.0−4.0

60

−25.2 ± 0.3

NA

source B

W7

2.8−3.8

5100

−26.1 ± 1.1

−109 ± 9

source A

W8

1.0−4.0

3000

−27.1 ± 0.4

−111 ± 5

source A

W9F1

4.0−5.0

440

−23.6 ± 0.2

−68 ± 61

plume A

W11

1.0−3.0

290

−24.2 ± 0.2

−68 ± 4

plume A

W12

4.0−5.0

860

−23.5 ± 0.5

−94 ± 17

plume A

W13F1

5.0−6.0

1600

−25.7 ± 0.6

−85 ± 1

plume A

W14

4.0−6.0

390

−23.2 ± 0.1

−81 ± 6

plume A

W15F1

3.5−4.5

170

−22.2 ± 0.1

−88 ± 19

plume A
plume A

W16

4.0−6.0

80

−22.6 ± 0.6

NA

W17

4.5−5.5

600

−24.1 ± 0.7

−105 ± 4

plume A

W18F1

4.0−6.0

460

−23.2 ± 0.2

−78 ± 14

plume A

W2F2

9.5−11.5

6000

−23.8 ± 0.2

−92 ± 0.4

plume B

W4F2

9.5−11.5

200

−24.9 ± 0.6

−83 ± 14

plume B

W5

10.0−12.0

2100

−24.4 ± 0.6

−89 ± 2

plume B

W6F1

6.5−7.5

2100

−22.2 ± 0.4

−87 ± 1

plume B

W6F2

8.6−9.6

5500

−23.4 ± 0.3

−89 ± 1

plume B

W6F3

10.5−11.5

5600

−23.8 ± 0.2

−90 ± 1

plume B

W9F2

7.0−8.0

170

−24.2 ± 0.1

−98 ± 14

mixing zone

W9F3

9.0−10.0

1100

−23.9 ± 0.6

−101 ± 3

plume B

W9F4

11.0−12.0

2100

−23.7 ± 0.5

−87 ± 4

plume B

W10

9.0−10.0

1570

−22.7 ± 1.0

−91 ± 2

plume B

W13F2

9.0−10.0

417

−24.2 ± 0.6

−105 ± 5

mixing zone

W15F2

9.5−10.5

3400

−22.4 ± 0.5

−89 ± 2

mixing zone

W18F2

7.0−8.0

800

−22.2 ± 0.1

−78 ± 2

mixing zone

W18F3

9.0−10.0

1900

−22.9 ± 0.7

−86 ± 3

mixing zone

W18F4

11.0−12.0

1800

−22.8 ± 0.7

−82 ± 3

mixing zone
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S3.4 Model complications for two competing pathways with
widely differing Φ-values
Figure S3.3 shows an example of two sources and two competing reaction pathways
that results in a large area of overlap (dark grey area) between possible degradation
trajectories from source A and B. The larger overlap compared to the discussed
example of benzene contamination (Fig. 3.7) results from the greater difference
between the Φ-values of the two reaction pathways (increase of Φ1 from 35.0 to 50.0,
and decrease of Φ2 from 19.2 to 10.0). Points within the area of overlap can be
exclusively attributed to one of the sources, or indicate a mixture of both sources.
This complicates the use of the SISS model in comparison to cases where the Φvalues of the competing reaction pathways are similar. However, if the contribution
of each reaction pathway to overall degradation is known, the extension of the SISS
model by isotope data of a third element can allow for precise SA and QED (see
section S2.8 in the supplementary information of chapter 2).

Figure S3.3: Two-dimensional isotope plot with a large area of overlap between possible trajectories
from sources A and B (dark grey area), which results from widely differing Φ-values (Φ1 = 10 and
Φ2 = 50).

S3.5 Model applicability for different angles between mixing
line and degradation trajectories
An important factor for the applicability of the SISS model in a scenario of two
sources and one reaction pathway is the angle between mixing line and degradation
trajectories in the two-dimensional isotope plot. A 90◦ -angle between mixing line
and degradation trajectories (Fig. S3.4a) represents the ideal case, where the isotopic
signature of non-degraded mixtures (green line) does not overlap with the isotopic
signature of degraded ones. In contrast, the SISS model cannot be applied if the
mixing line and the degradation trajectories have the same slope (i.e., an angle of 0◦ ;
Fig. S3.4b), as the isotopic signatures of non-degraded and degraded contaminant
pools are then indistinguishable.
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Figure S3.4: Two extreme configurations of the angle between the mixing line (green line) and
degradation trajectories (dash-dotted blue line and dashed light blue line): 90◦ -angle as ideal case
(a), and 0◦ -angle as worst case (b) for the application of the SISS model.

