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2
A stable isotope model for combined
source apportionment and degradation
quantification of organic pollutants: model
derivation∗
Abstract. Compound-specific stable isotope analysis (CSIA) serves as a tool for
source apportionment (SA) and for the quantification of the extent of degradation
(QED) of organic pollutants. However, simultaneous occurrence of mixing of sources
and degradation is generally believed to hamper both SA and QED. On the basis of
the linear stable isotope mixing model and the Rayleigh equation, we developed the
stable isotope sources and sinks model, which allows for simultaneous SA and QED
of a pollutant that is emitted by two sources and degrades via one transformation
process. It was shown that the model necessitates at least dual-element CSIA for
unequivocal SA in the presence of degradation-induced isotope fractionation, as
illustrated for perchlorate in groundwater. The model also enables QED, provided
degradation follows instantaneous mixing of two sources. If mixing occurs after two
sources have degraded separately, the model can still provide a conservative estimate
of the overall extent of degradation. The model can be extended to a larger number
of sources and sinks as outlined. It may aid in forensics and natural attenuation
assessment of soil, groundwater, surface water, or atmospheric pollution.

∗ 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: 1. Model
Derivation. Environmental Science & Technology, 48(11):6220-6228, 2014.
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Introduction

Compound-specific stable isotope analysis (CSIA) is an emerging and promising
technique in the analysis of organic pollutants. It consists of the measurement
of the relative abundance of the stable isotopes of an element in the pollutant
(e.g., 136 C and 126 C or 21 H and 11 H in benzene, C6 H6 ). This isotopic composition is
prone to change under the influence of transformation processes, i.e., to undergo
isotope fractionation effects. In contrast, nondestructive processes such as dispersion,
sorption, or diffusion generally induce negligible isotope fractionation effects, except
under specific conditions (Aeppli et al., 2009; Bouchard et al., 2008; van Breukelen
and Prommer, 2008; van Breukelen and Rolle, 2012). Therefore, CSIA allows for
the distinction between destructive and nondestructive processes and can be used
to determine the extent of in situ degradation (ED; Elsner et al., 2012; Schmidt
et al., 2004; Thullner et al., 2012). This represents an advantage over concentration
analysis, which usually cannot be used to calculate the ED, as concentration
differences between the source and sample also result from dilution. Assuming
release from a unique and clearly defined emission source, CSIA has been primarily
applied for the quantification of the ED (QED) of organic groundwater contaminants,
such as chlorinated ethenes (Aeppli et al., 2010; Amaral et al., 2011; Hunkeler et al.,
2005; Sherwood Lollar et al., 2001; Wiegert et al., 2012), aromatic hydrocarbons
(Blum et al., 2009; Mancini et al., 2002; Morasch et al., 2011), and the fuel additive
MTBE (Kuder et al., 2004; Zwank et al., 2005). Isotope analysis has also been
used for the QED of inorganic groundwater contaminants such as chromium(VI)
(Wanner et al., 2012a).
In addition to the QED, CSIA serves as a tool for source identification and source
apportionment (SA). Source identification can also be based on concentrations, but
as these are affected by processes such as mixing or dilution, they only allow for clear
source identification at local scale and when measured at high spatial resolution. In
contrast, provided the compound does not undergo degradation-induced isotope
fractionation, isotope data can be used as distinct tracer for pollution sources. In
particular, if the individual isotopic compositions of different sources are known,
CSIA can allow for the assessment of the relative contribution of each source to
a sample (Elsner et al., 2012; Le Bot et al., 2011; Schmidt et al., 2004). Source
identification and apportionment in contaminant hydrology based on CSIA data
have been, for example, applied to attribute the presence of phthalates, isopropyl
palmitate, and synthetic musks in rivers to the discharge of different tributaries
(Kronimus et al., 2006), distinguish sources of diffuse nitrate pollution (Divers et al.,
2014; Deutsch et al., 2006; Seiler, 2005), quantify riverine and coastal emission of
dissolved organic carbon in estuaries (Cifuentes and Eldridge, 1998), and identify
the origin of aromatic and halogenated hydrocarbons in groundwater (Blessing et al.,
2009; Mancini et al., 2008). CSIA has also been employed in SA of volatile and
semi-volatile organic compounds in air, such as polycyclic aromatic hydrocarbons
(Okuda et al., 2002) and ethanol in fuel (Giebel et al., 2011).
If the isotopic composition of a given element is similar for different pollution
sources, it might be required to measure the isotope ratio of other elements in
the compound, i.e., to perform a multidimensional isotope analysis. This can
allow for the identification of unique patterns in the isotopic composition that are
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characteristic of specific sources (Annable et al., 2007; Sturchio et al., 2012; Wang
et al., 2004). Likewise, multidimensional CSIA proves beneficial in identifying
reaction mechanisms, as these are typically associated with a specific proportion
between isotope fractionation effects of different elements (Fischer et al., 2008; Meyer
et al., 2009; Zwank et al., 2005). Moreover, in a system of n simultaneously occurring
irreversible reaction pathways, the overall ED and proportional contribution of each
transformation pathway can be quantified with CSIA of n elements (van Breukelen,
2007a). In comparison, CSIA of n elements allows for SA between n + 1 sources
(Phillips and Gregg, 2001).
Various field sites are characterized by mixing of contaminant plumes from adjacent
source areas (Blessing et al., 2009; Mancini et al., 2002; Sherwood Lollar et al., 2001)
and contaminant transformation by more than one metabolic pathway (D’Affonseca
et al., 2011; van Breukelen, 2007a; van Keer et al., 2012). However, combined SA
and QED has not yet been described for the case of several sources and reaction
pathways. In fact, Moore and Semmens (2008) and Xue et al. (2009) emphasized that
isotope fractionation due to transformation processes impedes source identification
and apportionment with CSIA. For example, CSIA of two elements did not allow
for unambiguous identification of BTEX sources at a field site with two emission
sources because both mixing of the two contaminant plumes and degradationinduced isotope fractionation presumably influenced CSIA values (van Keer et al.,
2012). Similarly, since isotope fractionation effects during denitrification had to be
taken into account, Seiler (2005) could not clearly attribute nitrate contamination of
groundwater wells to the potential sources fertilizer, wastewater, and natural nitrate,
or a mixture of those. For the same reason, Kellman and Hillaire-Marcel (2003)
questioned the use of nitrate isotope data in source identification, whereas Liu et al.
(2013) disregarded isotope fractionation due to denitrification in order to facilitate
CSIA-based source apportionment. In these studies, it was thus assumed that the
occurrence of degradation-induced isotope fractionation considerably hampers the
use of CSIA data for source identification and apportionment.
To bridge the gap between CSIA-based forensics and degradation assessment, this
study aimed at analyzing how and to what extent source apportionment and
quantification of in situ degradation are feasible in the presence of both mixing of
sources and degradation. To this extent, we derived a CSIA-based mathematical
model (stable isotope sources and sinks model; SISS model) that allows for SA
and QED in the case of two mixing contaminant sources that are additionally
exposed to one degradation pathway. Furthermore, we will discuss the impact of
data uncertainty on the accuracy of SISS model estimates, and outline the use of
the SISS model for more than two sources and one reaction mechanism.

2.2
2.2.1

Theoretical background
The Rayleigh equation: calculation of pollutant
degradation

The Rayleigh equation describes the change in isotope ratio as a function of reaction
progress of an irreversible transformation process in a closed system (Mariotti et al.,

Chapter 2. SISS model: derivation

20

1981):
Rt
(α−1)
= fdeg
R0

(2.1)

where R represents the ratio between the abundance of a heavy and a light isotope
of an element in a compound at time t (Rt ) and at time 0 (R0 ), respectively, and
fdeg denotes the non-degraded fraction (NDF) of the compound in the system at
time t. The parameter α is the kinetic isotope fractionation factor, which determines
the strength of isotope fractionation for the considered reaction. It typically has
a value of close to one and is therefore reported in per mil (h) as the kinetic
isotopic enrichment factor ε = (α − 1) (Coplen, 2011). The Rayleigh equation
is the common model to fit laboratory experiments on transformation of organic
pollutants irrespective of the type of degradation kinetics (e.g., Michaelis-Menten
or first-order). In applications to environmental systems (e.g., an aquifer), it is used
to compare the isotope ratio of the compound at the emission source (equivalent to
R0 ) to the one in a sample in the environmental system (equivalent to Rt ). This
usually results in an underestimation of the ED due to the attenuating effect of
hydrodynamic dispersion on isotope ratios in environmental systems (Abe and
Hunkeler, 2006; van Breukelen and Prommer, 2008; see also section 4.4.5).
To facilitate intersample comparison, the isotope ratio of an element E in a compound
in a sample (RS ) is expressed in the δ-notation, which gives the relative difference
from a standard ratio Rref (Schmidt and Jochmann, 2012):
δ(E)S =

RS − Rref
RS
=
−1
Rref
Rref

(2.2)

The δ-value or isotopic signature is commonly reported in per mil (h) as done in
the following.
According to Eqs. 2.1 and 2.2, the NDF of the contaminant in the sample (fdeg ) is
given by

fdeg =

10−3 · δS + 1
10−3 · δ0 + 1

1000/ε
(2.3)

where δS and δ0 represent the isotopic signature of the compound in the sample
and at the emission source, respectively (δS , δ0 , and ε expressed in per mil). If the
NDF is known, the extent of in situ degradation of a sample can be determined as
follows:
ED (%) = (1 − fdeg ) · 100

2.2.2

(2.4)

Stable isotope mixing model: source apportionment

Linear stable isotope mixing models are used to quantify the contribution of different
end members (i.e., sources with distinct isotopic compositions) in a mixture (i.e.,
the environmental sample). If the number of available signatures of isotopic markers
is n, they yield unique solutions for the proportional contribution of a maximum
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of n + 1 end members (Phillips and Gregg, 2001). The mixing model for two end
members and one isotope is described by the following system of equations:
δM = fA δA + fB δB

(2.5)

1 = fA + fB

(2.6)

with δM , δA , and δB being the isotopic signature of the mixture, source A, and
source B, respectively. The fractions fA and fB denote the proportional contribution
of the sources A and B, respectively, to the mixture M in terms of the number of
molecules. The linear stable isotope mixing model is mainly applied in the context
of atmospheric pollutants (Giebel et al., 2011; Okuda et al., 2002). Its use in
contaminant hydrology has been illustrated for an industrial site with overlapping
PCE plumes, where δA and δB in Eq. 2.5 corresponded to the carbon isotopic
signatures of freshly dissolved and already degraded PCE (Blessing et al., 2009).

2.3
2.3.1

Results and Discussion
Derivation of the Stable Isotope Sources and Sinks
Model

The scope of the SISS model are organic pollutants and inorganic compounds such
as nitrate, as degradation of these compounds follows the Rayleigh equation model.
The SISS model describes mixing of two sources with different isotopic compositions
in the presence of degradation via one reaction pathway, whose associated isotope
fractionation effect is constant in the entire system. We considered two scenarios
that differ in the temporal order of mixing and degradation. In the first scenario, the
two mixing sources are located close to each other such that the ED before mixing
is negligible (Fig. 2.1a). After mixing, the contaminant mixture is transported to
the CSIA sampling point. During transport, it is subject to degradation-induced
isotope fractionation. The unknowns are thus the contribution of each source to the
sample, which remains constant during degradation, and the ED that the mixture
has undergone between mixing and sampling. For example, such a situation might
occur in aquifers with an upgradient and a downgradient contaminant plume with
respect to the groundwater flow direction (see chapter 3), or if two neighboring
industrial sites discharge a pollutant into the same reach of a river.
In the second scenario, mixing of the two sources does not occur immediately, but
at a later point after independent degradation of the two contaminant pools (Fig.
2.1b). The ED before mixing is therefore significant and can differ between the two
contaminant pools, whereas it is negligible between mixing and sampling. It is thus
of interest to determine the overall ED of the sample and the relative contribution
of each source to the sample. This scenario is, for instance, applicable if isotope
ratios are measured at a confluence of two rivers, or if two sources are located on
opposing hillslopes and CSIA is performed in-stream at the assumed mixing point
of discharge from the two hillslopes.
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Figure 2.1: Schematic representation of the temporal sequence of mixing and degradation processes
in the two discussed scenarios: degradation follows instantaneous mixing of two contaminant pools
(scenario 1; a); and mixing follows independent degradation of two contaminant pools (scenario 2;
b).

The classification of the temporal sequence of mixing and degradation according
to scenarios 1 and 2 is clearly a simplified representation of real field conditions,
as mixing and degradation processes will alternate, and occur only partially or
gradually in most environmental systems. We suggest that if the considered system
cannot be categorized into either scenario 1 or 2, it might still be possible to
describe it by sequential subsystems that closely adhere to one of these scenarios.
Nonetheless, it is required to validate this conceptualization in systems with known
source contributions and extent of degradation (see chapter 3).

2.3.2

Degradation follows mixing: single-element CSIA

We considered the use of single-element CSIA in combined SA and QED for scenario
1 (see section S2.1 in the supplementary information to this chapter for scenario 2),
since this is sufficient for SA between two sources for a non-degrading compound or
QED for one reaction pathway in the presence of only one emission source. If the
carbon isotopic signatures of the sources and the sample are known, the δ 13 C-value
of the mixture prior to degradation is, according to Eq. 2.5:
δ 13 CM = fA δ 13 CA + (1 − fA )δ 13 CB

(2.7)

After mixing, isotope fractionation during degradation leads to an enrichment in
C-isotopes, which results, according to Eq. 2.3, in a sample signature of

13

ε /1000

C
δ 13 CS = fdeg,S

· (δ 13 CM + 1000) − 1000

(2.8)

where εC is the carbon isotopic enrichment factor, δ 13 CS is the carbon isotopic
signature of the sample S (Fig. 2.1a), and fdeg,S is the NDF since mixing occurred.
Substitution of Eq. 2.7 into 2.8 results in a single equation with the two unknowns fA
and fdeg,S . Therefore, single-element CSIA does not yield an unequivocal solution
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Figure 2.2: Two-dimensional isotope plot of a scenario of degradation that follows mixing of
two emission sources. Mixing leads to an isotopic signature of (δ 13 CM , δ 2 HM ). Subsequently,
degradation-induced isotope fractionation leads to a sample signature of (δ 13 CS , δ 2 HS ). Enrichment
factors are εH = −4 h and εC = −2 h.

in combined SA and QED. The same holds for scenario 2 (see section S2.1 in the
supplementary information). Note that additional consideration of concentration
data does not allow precise SA or QED either, as nondestructive processes such as
dilution affect concentrations to an unknown extent.

2.3.3

Degradation follows mixing: dual-element CSIA

Since single-element CSIA does not allow for combined SA and QED, we extended
the SISS model to dual-element CSIA, e.g., carbon and hydrogen CSIA. The system
of Eqs. 2.5 and 2.6 then becomes
δ 13 CM = fA δ 13 CA + (1 − fA )δ 13 CB

(2.9)

δ 2 HM = fA δ 2 HA + (1 − fA )δ 2 HB

(2.10)

fB = (1 − fA )

(2.11)

Equations 2.9-2.11 define a straight line through the source signatures (δ 13 CA ,
δ 2 HA ) and (δ 13 CB , δ 2 HB ). This line is called the mixing line and describes, in
this example, all possible combinations of δ 13 C- and δ 2 H-values for a mixture
between sources A and B (green line in Fig. 2.2). Note that isotopes of the second
element (Eq. 2.10) are not needed for SA between two sources solely, but they
become relevant when considering degradation-induced isotope fractionation as
shown below.
Following mixing, the signature of the mixture (δ 13 CM , δ 2 HM ) shifts to the sample
value (δ 13 CS , δ 2 HS ) as a result of degradation-induced isotope fractionation. This

Chapter 2. SISS model: derivation

24

shift toward more enriched δ-values can be described by the following equation,
which gives the δ 2 H-values as a function of the δ 13 C-values (see the supplementary
information, Eqs. S2.5−S2.7, for the derivation of Eq. 2.12):
2

δ HS =



δ 13 CS + 1000
δ 13 CM + 1000

Φ

· (δ 2 HM + 1000) − 1000

(2.12)

where Φ = εH /εC represents the ratio between the enrichment factors (in per mil)
for hydrogen and carbon isotopes that are associated with the specific reaction,
δ 13 CS and δ 13 CM are the carbon isotopic signatures (in per mil) of the sample and
at the mixing point, respectively, and δ 2 HS and δ 2 HM are the hydrogen isotopic
signatures of the sample and at the mixing point, respectively. Equation 2.12 thus
determines the trajectory of carbon and hydrogen isotope ratios under the influence
of degradation-induced isotope fractionation (red solid line in Fig. 2.2).
In order to quantify the ED and source contributions, it is necessary to reconstruct
the mixing signature (δ 13 CM , δ 2 HM ) from the sample signature (δ 13 CS , δ 2 HS ). This
can be done by combining Eqs. 2.9, 2.10, and 2.12, as these equations comprise the
three unknowns fA , δ 13 CM , and δ 2 HM . Alternatively, we can obtain the mixing
signature by calculating the point of intersection between the trajectory of the
fractionating mixture, given by Eq. 2.12, and the mixing line (Fig. 2.2). As the
mixing line is a straight line, it is uniquely defined by two points (e.g., the source
signatures). It can thus be described by a linear equation of the form y = mx + b,
where m defines the slope and b the y-intercept of the mixing line. Plugging the
source signatures (δ 13 CA , δ 2 HA ) and (δ 13 CB , δ 2 HB ) into the mixing line equation
(y = mx + b) yields the parameters m and b:
δ 2 HA = mδ 13 CA + b

(2.13)

δ 2 HB = mδ 13 CB + b

(2.14)

δ 2 HA − δ 2 HB
δ 13 CA − δ 13 CB

(2.15)

b = δ 2 HA − mδ 13 CA

(2.16)

The factor m is thus equal to
m=
and b is given by

After obtaining m and b, the mixing signature (δ 13 CM , δ 2 HM ) can be determined
as the point of intersection between Eq. 2.12 and the following equation:
δ 2 HM = mδ 13 CM + b

(2.17)

In the case of differing enrichment factors for the two isotopes, thus for Φ 6= 1, Eq.
2.12 is nonlinear, which might require a numerical solution of the system of Eqs.
2.12 and 2.17. If Eq. 2.12 takes a linear (Φ = 1) or quadratic form (Φ = 2), this
system of two equations can be easily analytically solved for the two unknowns
δ 13 CM and δ 2 HM (see sections S2.3 and S2.4 in the supplementary information to
this chapter).
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Following Eq. 2.9, the relative contribution of source A to the mixture is equal to
fA =

δ 13 CM − δ 13 CB
δ 13 CA − δ 13 CB

(2.18)

According to Eq. 2.8, the NDF of the sample can be determined as follows:
 −3 13
1000/εC
10 · δ CS + 1
fdeg,S =
(2.19)
10−3 · δ 13 CM + 1
As opposed to single-element CSIA, the use of dual-element CSIA in Eqs. 2.13-2.19
yields a unique solution for SA and QED of the sample, provided that degradation
processes and thus isotope fractionation effects before mixing are negligible. Note
that if degradation-induced isotope fractionation before mixing is, in fact, significant,
this approach will yield an underestimation of the real ED. This underestimation
generally decreases with increasing distance from the two source areas (see chapter
3), as the contribution of degradation before mixing to overall degradation decreases
with further distance from the source areas, and, therefore, also the effect of the
error introduced by assuming instantaneous mixing.

2.3.4

Mixing follows degradation: dual-element CSIA

This scenario considers the change in isotope ratios of the two contaminant pools
resulting from degradation prior to mixing. The carbon isotope ratios of the two
independently degrading pools prior to mixing are, according to Eq. 2.8, given by
ε /1000

· (δ 13 CA,0 + 1000) − 1000

(2.20)

ε /1000

· (δ 13 CB,0 + 1000) − 1000

(2.21)

C
δ 13 CA,t = fdeg,A

for source A, and by
C
δ 13 CB,t = fdeg,B

for source B, with δ 13 CA,t and δ 13 CA,0 being the carbon isotopic signatures of the
contaminant pool from source A at the time of mixing (subscript t) and emission
(subscript 0), δ 13 CB,t and δ 13 CB,0 being the respective values for source B, and
fdeg,A and fdeg,B being the NDFs of sources A and B, respectively, at the time of
mixing. Likewise, the hydrogen isotope ratios prior to mixing can be written as
ε /1000

· (δ 2 HA,0 + 1000) − 1000

(2.22)

ε /1000

· (δ 2 HB,0 + 1000) − 1000

(2.23)

H
δ 2 HA,t = fdeg,A

and
H
δ 2 HB,t = fdeg,B

where δ 2 HA,t and δ 2 HA,0 are the hydrogen isotopic signatures of source A at the
time of mixing (subscript t) and emission (subscript 0), respectively, and δ 2 HB,t
and δ 2 HB,0 are the respective values for source B. Equations 2.9 and 2.10 can then
be adapted to scenario 2 as follows:
δ 13 CS = fA δ 13 CA,t + (1 − fA )δ 13 CB,t

(2.24)
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δ 2 HS = fA δ 2 HA,t + (1 − fA )δ 2 HB,t

(2.25)

with (δ 13 CS , δ 2 HS ) being the isotope ratio at the sampling point. Plugging Eqs.
2.20 and 2.21 into Eq. 2.24, and Eqs. 2.22 and 2.23 into Eq. 2.25 yields
ε /1000

C
δ 13 CS = fA · [fdeg,A

(δ 13 CA,0 + 1000) − 1000]
ε /1000

C
+ (1 − fA ) · [fdeg,B

ε /1000

H
δ 2 HS = fA · [fdeg,A

(δ 13 CB,0 + 1000) − 1000] (2.26)

(δ 2 HA,0 + 1000) − 1000]
ε /1000

H
+ (1 − fA ) · [fdeg,B

(δ 2 HB,0 + 1000) − 1000] (2.27)

Given the three unknowns fA , fdeg,A , and fdeg,B in Eqs. 2.26 and 2.27, a unique
solution for the mixing line does not exist. However, as the sample signature is
known and the mixing line between two end members is defined by two points,
the specification of the isotopic signature before mixing either of the contaminant
pool from source A (δ 13 CA,t , δ 2 HA,t ) or source B (δ 13 CB,t , δ 2 HB,t ) yields a unique
solution for the mixing line equation. Without any additional information that
could indicate the ED of one of the sources at the mixing point (e.g., its location in
the aquifer or river with respect to the mixing zone), the choice of (δ 13 CA,t , δ 2 HA,t )
or (δ 13 CB,t , δ 2 HB,t ) is arbitrary. If we specify (δ 13 CB,t , δ 2 HB,t ), or, in other words,
fdeg,B , Eqs. 2.13 and 2.14 become
δ 2 HS = mδ 13 CS + b

(2.28)

δ 2 HB,t = mδ 13 CB,t + b

(2.29)

Following the computation of m and b from Eqs. 2.28 and 2.29, the corresponding
signature (δ 13 CA,t , δ 2 HA,t ) is given by the intersection of the mixing line and the
trajectory of the contaminant pool from source A (Fig. 2.3):
δ 2 HA,t = mδ 13 CA,t + b

δ 2 HA,t =



10−3 · δ 13 CA,t + 1
10−3 · δ 13 CA,0 + 1

Φ

· (δ 2 HA,0 + 1000) − 1000

(2.30)

(2.31)

According to Eq. 2.24, the contribution of source A to the sample is defined by
fA =

δ 13 CS − δ 13 CB,t
δ 13 CA,t − δ 13 CB,t

(2.32)

The total NDF at the sampling point in scenario 2 depends on the NDFs of sources
A and B. As the NDFs of the two sources can take an indefinite number of values, it
is not possible to obtain a unique solution for the total NDF. However, the following
equation allows for the calculation of the total NDF in scenario 2 after specification
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Figure 2.3: Two-dimensional isotope plot of a scenario of mixing that follows independent
degradation of two contaminant pools. The a priori specification of point (δ 13 CB,t , δ 2 HB,t ) yields
the mixing line equation and the corresponding signature of the contaminant pool from source A
(δ 13 CA,t , δ 2 HA,t ). The mixing line between sources A and B (dashed green line) is parallel to the
mixing line for fdeg,A = fdeg,B (dotted green line). Enrichment factors are εH = −4 h and εC
= −2 h.

of the NDFs from sources A and B (see section S2.5 in the supplementary information
to this chapter for the derivation of Eq. 2.33):
fdeg,tot =

1
fA
fdeg,A

+

(1−fA )
fdeg,B

(2.33)

where fdeg,A and fdeg,B are the NDFs of sources A and B, respectively, and fA is
the contribution of source A to the sample. Equation 2.33 allows for the calculation
of the overall NDF for any possible combination of fdeg,A and fdeg,B without further
information about source or sample concentrations. According to Eq. 2.33, the
overall NDF is fdeg,tot = fdeg,A = fdeg,B if fdeg,A = fdeg,B , which corresponds to
a mixing line through the sample signature (δ 13 CS , δ 2 HS ) that is parallel to the
mixing line between sources A and B (dotted and dashed green line, respectively, in
Fig. 2.3). In this case, the degradation trajectories of sources A and B (line segments
in Fig. 2.3 from (δ 13 CA,0 , δ 2 HA,0 ) to (δ 13 CA,t , δ 2 HA,t ), and (δ 13 CB,0 , δ 2 HB,0 ) to
(δ 13 CB,t , δ 2 HB,t ), respectively) have the same length as the degradation trajectory
of the mixture in scenario 1 (red solid line from (δ 13 CM , δ 2 HM ) to (δ 13 CS , δ 2 HS )
in Fig. 2.2, or red dashed line in Fig. 2.3). Consequently, if fdeg,A = fdeg,B , the
NDF in scenario 2 is the same as under the assumption of instantaneous mixing
followed by degradation (i.e., scenario 1). Moreover, fdeg,A = fdeg,B gives a smaller
fdeg,tot than any other combination of fdeg,A and fdeg,B with fdeg,A 6=fdeg,B , as the
latter results in an overcompensation of the lower ED of one of the sources by a
much larger ED of the other source. Hence, scenario 1 always yields a conservative
estimate of the ED in scenario 2 (see section S2.6 in the supplementary information).
The underestimation of the actual ED increases with increasing difference between
fdeg,A and fdeg,B , i.e., the more the slopes of the actual mixing line (solid green line
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Figure 2.4: Minima of the NDFs from sources A and B that result in the sample signature (δ 13 CS ,
δ 2 HS ), and corresponding mixing lines (dashed green line: upper boundary of (δ 13 CB,t , δ 2 HB,t );
dash-dotted green line: upper boundary of (δ 13 CA,t , δ 2 HA,t )). Enrichment factors are εH = −4 h
and εC = −2 h.

in Fig. 2.3) and the conservative mixing line (dotted green line in Fig. 2.3) differ.
Note that the extension of the model equations for scenario 2 by the isotope ratios
of a third element does not obviate the need for specification of either fdeg,A or
fdeg,B (not shown).
As the SISS model for scenario 2 requires the definition of one of the isotopic
signatures prior to mixing (such as (δ 13 CB,t , δ 2 HB,t ) in Eq. 2.29), one might be
interested in the upper boundary of this signature beyond which a sample signature
of (δ 13 CS , δ 2 HS ) is impossible (Fig. 2.4). This upper boundary thus determines
the maximum ED that a contaminant pool may have undergone before it mixes
with the second contaminant pool. The upper boundary for the contaminant pool
from source A can be obtained by setting (δ 13 CB,t , δ 2 HB,t ) in Eq. 2.29 to the
source signature (δ 13 CB,0 , δ 2 HB,0 ). The corresponding signature (δ 13 CA,t , δ 2 HA,t )
that results from solving Eqs. 2.30 and 2.31 then determines the smallest NDF
possible (i.e., the largest ED) for the contaminant pool from source A prior to
mixing (fdeg,A min ). In the example of Fig. 2.4, fdeg,A min is 0.0046, and the smallest
NDF of source B is fdeg,B min = 0.1.
Taking the source and sample concentration into account allows for further constraining the plausible range of fdeg,A and fdeg,B given the upper boundaries fdeg,A min
and fdeg,B min . In the absence of sorption processes, the source concentration CA,0
is defined by the sample concentration, the contribution of source A to the sample
(fA ; known from the SISS model), a dilution factor for source A (Fdil,A ), and the
NDF of source A (fdeg,A ; see section S2.5 for derivation of Eq. 2.34):
CA,0 =

Fdil,A · CS · fA
fdeg,A

(2.34)
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Rearranging yields, given Fdil,A ≥ 1:
fdeg,A min =

CS · fA
CA,0

(2.35)

Equation 2.35, therefore, gives the minimum NDF of source A in scenario 2, which
can be larger than the minimum NDF obtained from isotope data only (i.e., by
setting (δ 13 CB,t , δ 2 HB,t ) in Eq. 2.29 to the source signature (δ 13 CB,0 , δ 2 HB,0 ); see
above). The same calculation can be done for fB and CB,0 to further constrain the
minimum NDF of source B (fdeg,B min ). Similarly, by setting the dilution factor
(Fdil ) to one, the minimum concentration of sources A and B can be derived from
Eq. 2.34 for any combination of fdeg,A and fdeg,B (see Fig. S2.3d). When applied
in the assessment of groundwater pollution, Eqs. 2.34 and 2.35 also hold for sorbing
contaminants, provided the contaminant plume is at steady state (van Breukelen
and Prommer, 2008).

2.3.5

Unequivocal source apportionment with dual-element
CSIA

The trajectory given by Eqs. 2.12 or 2.31 can generally be approximated by a
straight line in the two-dimensional isotope plot (see Fig. S2.4; Fischer et al., 2008;
van Breukelen, 2007a) unless for a large ED or large Φ-values (e.g., εH  100 h;
Mariotti et al., 1981; Wijker et al., 2013). Assuming that the degradation trajectory
is a straight line, we can derive from the Thales’ theorem (Agricola et al., 2008) that
the proportional contribution of source A is almost identical for all combinations of
fdeg,A and fdeg,B that lead to the same sample signature. It follows that two sample
signatures that lie on the same trajectory defined by Eqs. 2.12 or 2.31 are associated
with the same fA (see section S2.7 in the supplementary information for a more
detailed discussion). The location of a sample signature in the two-dimensional
isotope plot thus uniquely defines the relative source contributions. Therefore, it is
irrelevant for SA with the SISS model whether the two sources mix instantaneously
(scenario 1), or whether degradation occurs prior to mixing (scenario 2). This
is illustrated in Fig. 2.5 for perchlorate, which can have a natural (source A) or
synthetic (source B) origin. Figure 2.5a shows examples of degradation-trajectories
in the (δ 18 O, δ 37 Cl)-space based on reported source signatures (Sturchio et al., 2006)
and enrichment factors for biodegradation of perchlorate (Sturchio et al., 2007).
Points on the same trajectory approximately yield the same relative contribution
of natural perchlorate (fA = 0.1 for the dotted, fA = 0.5 for the dash-dotted, and
fA = 0.95 for the dashed line). Hence, SA with the SISS model does not require the
a priori specification of the points (δ 18 OA,t , δ 37 ClA,t ) or (δ 18 OB,t , δ 37 ClB,t ) and use
of Eqs. 2.28-2.32. Instead, it is sufficient to calculate the intersection point between
the trajectory through the sample signature (given by Eq. 2.12) and the mixing line
between sources A and B (as done in scenario 1) to obtain a good approximation
of the actual fA (given by Eq. 2.32). Similarly, three-dimensional isotope data
uniquely determine the source contributions in a scenario of three mixing sources
and one degradation pathway (see section S2.9 in the supplementary information).
Hence, given that degradation trajectories are in good approximation straight lines
in the dual-element isotope plot, the SISS model provides a tool for SA in cases
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Figure 2.5: Partitioning of the (δ 18 O, δ 37 Cl)-space according to the relative contribution of
natural perchlorate (fA ) (a); and uncertainty in fA (95% confidence interval for 2500 Monte Carlo
simulations at 693 sample locations interpolated in depicted (δ 18 O, δ 37 Cl)-space) due to variation
of isotopic signatures of perchlorate sources, and analytical uncertainties in enrichment factors and
CSIA of samples (b). Shaded areas in (a) indicate degradation trajectories with a contribution of
source A of >0.95, 0.5-0.95, 0.1-0.5, and <0.1 according to the labels. The source signatures (black
dots) were obtained as the mean of individual source signatures from Sturchio et al. (2006) (black
crosses). Error bars (red) show 95%-confidence intervals of source signatures. Enrichment factors
were set to the mean of ε-values from Sturchio et al. (2007) (εCl = −13.3 h and εO = −33.4 h,
ΦCl/O = 0.4 ± 0.01).

where degradation-induced isotope fractionation complicates the use of CSIA data
for source identification and apportionment.
Figure 2.5b shows an uncertainty analysis for the calculated fA (95% confidence
interval) for perchlorate based on scenario 1 of the SISS model and numerical solution
of Eqs. 2.12 and 2.17 (function nsolve in python package SymPy). The uncertainty
in fA was obtained from Monte Carlo simulations considering uncertainties in
enrichment factors (Sturchio et al., 2007) and CSIA of samples (Sturchio et al.,
2006), and variation of isotopic signatures of perchlorate sources (Sturchio et al.,
2006). A similar approach has been taken by Andersson (2011) to illustrate the
incorporation of source variability into mixing models. Values of fA above 1 or
below 0, which can result from these variations in the input parameters, were set to
1 or 0, respectively. This correction resulted in a small uncertainty in fA for areas
with a contribution of close to one from either source A or B. Note that the use of
scenario 1 implies that potential inaccuracies introduced by the approximation of
degradation trajectories by straight lines were not considered.
The overall uncertainty increases with increasing ED (Fig. 2.5b), as the uncertainty
in Φ becomes more relevant for more enriched isotope values (Φ as exponent in
Eq. 2.12); and decreases (apart from the areas with fA ≈ 1 or fB ≈ 1), at a given
ED, toward the line of equal source contributions (fA = 0.5) where the variation in
source signatures has less influence on fA compared to areas with a predominant
contribution of either source A or B. With a maximum value of below 0.005, the
variations in the given input parameters did only cause a minor uncertainty in SA
of perchlorate. This can be ascribed to the limited number of εO and εCl values for
perchlorate biodegradation (Sturchio et al., 2007), which led to a small uncertainty
in ΦCl/O ; the high analytical precision in oxygen and chlorine CSIA (standard
deviation of 0.3 h; Sturchio et al., 2006); the low standard deviation of the mean
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isotopic signature of natural and synthetic perchlorate; and the relatively large
difference in the isotopic signatures of natural and synthetic perchlorate sources
compared to the high analytical precision of δ 18 O- and δ 37 Cl-values.
As the degradation trajectories in the two-dimensional isotope plot form, to a good
approximation, straight lines, a numerical solution of the system of Eqs. 2.12 and
2.17 can be avoided not only for Φ = 1 or Φ = 2, but also for other Φ-values. In
this case, Eq. 2.12 or 2.17 can be approximated by a straight line with a slope of Φ,
such that the isotope ratio at mixing (δ 13 CM , δ 2 HM ) is given by the intersection
of two straight lines (the approximated trajectory and the mixing line). However,
various mathematics software packages provide numerical methods for the solution
of nonlinear systems, which obviates the need for linearization of Eq. 2.12.

2.4

Conclusions

The presented SISS model offers a tool for combined source apportionment and
quantification of in situ degradation of organic pollutants (and inorganic compounds
such as nitrate) with dual-element CSIA data in a scenario of two sources and one
reaction pathway. In particular, it allows for accurate SA based on the location of
the sample in the two-dimensional isotope plot, regardless of whether mixing occurs
instantaneously after emission or after significant degradation of the two contaminant
pools. Therefore, SA appears, in general, to be also feasible if the analyzed
contaminant undergoes transformation processes that entail isotope fractionation
effects. This is opposed to previous studies that challenge the use of isotope data
in such a case. However, if mixing occurs following degradation of the individual
contaminant pools, the SISS model can only provide a conservative estimate of the
overall ED, since the same sample signature can result from different combinations
of NDFs of the mixing contaminant pools. Nonetheless, the SISS model is, to our
knowledge, the only approach that allows for an estimate of the ED in such a
scenario.
The SISS model was derived for two emission sources and one degradation pathway.
Future research could consider multiple emission sources and reaction pathways.
In general, every additional reaction pathway or end member should necessitate
CSIA of an additional element. As shown in the supplementary information to this
chapter, this results in three-dimensional isotope analysis in the case of two emission
sources and two simultaneously occurring reaction pathways (section S2.8), as well
as in the case of three emission sources and one reaction pathway only (section
S2.9).
There is a clear need for validation of the SISS model with reactive transport
modeling, as the latter allows for precise SA and QED of the virtual data set
(see chapter 3). Moreover, it is required to apply the SISS model to actual field
data. For example, the model could be tested with dual-element CSIA data of
organic groundwater contaminants (see chapter 3) or nitrate pollution of rivers.
This would evaluate its robustness against uncertainties in measured CSIA data
and applicability for environmental systems, which generally involve a high degree
of heterogeneity.

Supplementary information chapter 2. SISS model: derivation

32

Supplementary information to chapter 2
S2.1 Mixing follows degradation (scenario 2): single-element
CSIA
We consider two mixing end members (sources A and B) in combination with CSIA
data for carbon only. Analogous to Eq. 2.8, the δ 13 C-signatures of the mixing
contaminant pools that stem from source A and B can be expressed as a function
of the source signatures (δ 13 CA,0 and δ 13 CB,0 ) and the NDFs (fdeg,A and fdeg,B ) of
the initial contaminant masses:
ε /1000

· (δ 13 CA,0 + 1000) − 1000

(S2.1)

ε /1000

· (δ 13 CB,0 + 1000) − 1000

(S2.2)

C
δ 13 CA,t = fdeg,A

C
δ 13 CB,t = fdeg,A

where εC is the carbon isotopic enrichment factor, δ 13 CA,t and δ 13 CB,t are the
signatures of the two contaminant pools from source A and source B, respectively, at
the time of mixing, and fdeg,A and fdeg,B are the NDFs of these contaminant pools
at the time of mixing. Accordingly, the isotopic signature of the sample mixture
(δ 13 CS ) is
δ 13 CS = fA δ 13 CA,t + (1 − fA )δ 13 CB,t

(S2.3)

with fA being the proportional contribution of source A to the mixture. Substituting
Eqs. S2.1 and S2.2 into Eq. S2.3 yields
ε /1000

C
δ 13 CS = fA · [fdeg,A

· (δ 13 CA,0 + 1000) − 1000]+
ε /1000

C
(1 − fA ) · [fdeg,B

· (δ 13 CB,0 + 1000) − 1000] (S2.4)

Equation S2.4 has three unknowns, which means that there is an indefinite number
of solutions for fA , fdeg,A , and fdeg,B . Even if the NDF of the part of the sample that
originates from source A (fdeg,A ) is known, the equation still has the two unknowns
fA and fdeg,B . This situation is illustrated in the one-dimensional isotope plot in Fig.
S2.1, which shows two different combinations of degradation and mixing for source
B that result in the same sample signature (first combination with δ 13 CB,t : dotted
blue and green lines; second combination with δ 13 C’B,t : dashed blue and green
lines). Therefore, it is, as seen for instantaneous mixing after emission (scenario
1), not sufficient to solely look at one isotopic marker if one wants to quantify the
overall ED and the contribution of the two sources to the sample mixture.
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Figure S2.1: One-dimensional isotope plot of a scenario where mixing follows degradation. Although
the ED of source A is specified (corresponding to the value δ 13 CA,t before mixing), a unique
solution for the proportional contribution of source B that leads to the sample signature δ 13 CS ,
and thus for the overall ED does not exist (two possibilities are indicated by δ 13 CB,t and δ 13 C’B,t ).

S2.2 Derivation of Equation 2.12: δ 2 H-values as a function
of δ 13 C-values
According to Eq. 2.8, the δ 2 H-value of the sample is given by
ε /1000

H
δ 2 HS = fdeg,S

· (δ 2 HM + 1000) − 1000

(S2.5)

where εH is the hydrogen isotopic enrichment factor, δ 2 HS is the hydrogen isotopic
signature of the sample S, δ 2 HM is the hydrogen isotopic signature at the mixing
point, and fdeg,S is the NDF since mixing occurred.
Rearranging Eq. 2.8 yields the NDF of the sample based on the δ 13 C-values of the
sample (δ 13 CS ) and mixing point (δ 13 CM ):

fdeg,S =

δ 13 CS + 1000
δ 13 CM + 1000

1000/εC
(S2.6)

where εC is the carbon isotopic enrichment factor.
Plugging Eq. S2.6 into S2.5 thus gives the δ 2 H-values as a function of the δ 13 C-values
(Eq. 2.12):
2

δ HS =



δ 13 CS + 1000
δ 13 CM + 1000

Φ

· (δ 2 HM + 1000) − 1000

(S2.7)

with Φ = εH /εC .
Figure S2.2 illustrates the trajectory of carbon and hydrogen isotope ratios given
by Eq. 2.12 (Eq. S2.7) in a two-dimensional isotope plot.
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Figure S2.2: Two-dimensional isotope plot of the degradation trajectory given by Eq. 2.12/S2.7
(solid red line between mixing and sample signature). Enrichment factors are εH = −4 h and
εC = −2 h.

S2.3 Analytical Solution of Equations 2.12 and 2.17 for Φ =
εH /εC = 1
In the case of identical enrichment factors for a specific reaction, i.e., Φ = 1, Eq.
2.12 takes the form

 −3 13
10 · δ CS + 1
δ 2 HS =
· (δ 2 HM + 1000) − 1000
(S2.8)
10−3 · δ 13 CM + 1
Substituting Eq. 2.17 into Eq. S2.8 and rearranging terms yields the mixing signature
(Eq. S2.11):
δ 2 HS (10−3 · δ 13 CM + 1) =
(10−3 · δ 13 CS + 1) · (mδ 13 CM + b + 1000) − (δ 13 CM + 1000)

(S2.9)

δ 13 CM [1 + 10−3 · δ 2 HS − m(10−3 · δ 13 CS + 1)] + δ 2 HS
= (10−3 · δ 13 CS + 1)(b + 1000) − 1000

(δ 13 CM , δ 2 HM ) =



(S2.10)


(10−3 b + 1)(δ 13 CS + 1000) − 1000 − δ 2 HS
13
,
mδ
C
+
b
M
−m(10−3 · δ 13 CS + 1) + 10−3 · δ 2 HS + 1
(S2.11)

The parameters m and b are known from the mixing line equation (Eqs. 2.15 and
2.16).
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S2.4 Analytical Solution of Equations 2.12 and 2.17 for Φ =
εH /εC = 2
For Φ = εH /εC = 2, Eq. 2.12 takes the form
 −3 13
2
10 · δ CS + 1
δ 2 HS =
· (δ 2 HM + 1000) − 1000
10−3 · δ 13 CM + 1

(S2.12)

Substituting Eq. 2.17 into Eq. S2.12 yields:
2
 −3 13
10 · δ CS + 1
2
· (mδ 13 CM + b + 1000) − 1000
δ HS =
10−3 · δ 13 CM + 1

(S2.13)

Rearranging Eq. S2.13 to obtain a quadratic equation of the form ax2 + bx + c = 0
(with x being the unknown carbon isotopic signature of the mixture, δ 13 CM ) gives
δ 2 HS (10−3 ·δ 13 CM +1)2 = mδ 13 CM (10−3 ·δ 13 CS +1)2 +(b+1000)(10−3 ·δ 13 CS +1)2
− 1000(10−3 · δ 13 CM + 1)2

(S2.14)

δ 2 HS (10−6 · δ 13 C2M + 2 · 10−3 · δ 13 CM + 1) = mδ 13 CM (10−3 · δ 13 CS + 1)2
+ (b + 1000)(10−3 · δ 13 CS + 1)2 − 1000(10−6 · δ 13 C2M + 2 · 10−3 · δ 13 CM + 1)
(S2.15)
δ 13 C2M (10−6 · δ 2 HS + 10−3 ) + δ 13 CM [2 · 10−3 · δ 2 HS −
m(10−3 · δ 13 CS + 1)2 + 2] + δ 2 HS − (10−3 · δ 13 CS + 1)2 (b + 1000) + 1000 = 0
(S2.16)
√

2

b −4ac
The general solution of the quadratic equation ax2 +bx+c = 0 is x1,2 = −b± 2a
.
When applied to Eq. S2.16, this results in the following solution for the mixing
signature:
"
#
!
p
p
−q ± q 2 − 4pr
−q ± q 2 − 4pr
13
2
(δ CM1,2 , δ HM1,2 ) =
,m ·
+b
(S2.17)
2p
2p

where p = 10−6 δ 2 HS + 10−3 , q = 2 · 10−3 δ 2 HS − m(10−3 δ 2 CS + 1)2 + 2, and
r = δ 2 HS − (10−3 δ 2 CS + 1)2 · (b + 1000) + 1000. The parameters m and b are defined
by the mixing line equation. The isotopic signature that lies on the mixing line
between the two sources (either (δ 13 CM1 , δ 2 HM1 ) or (δ 13 CM2 , δ 2 HM2 )) is the valid
solution of Eq. S2.17.

S2.5

Derivation of Equations 2.33 and 2.34

The sample concentration relates to the concentration of the contaminant pools
from source A and B (CA and CB , respectively) as
CS = CA vA + CB vB = CA vA + CB (1 − vA )

(S2.18)
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where vA = VA /VS is the ratio between the volume of water coming from source A
(VA ) and total sample volume (VS ), and vB is the ratio between the volume of water
coming from source B and total sample volume. For example, a sample concentration
of CS = 75 mg L−1 might result from concentrations of CA = 100 mg L−1 and
CB = 50 mg L−1 prior to mixing, and volumetric contributions of vA = vB = 0.5.
Note that vA is not equal to fA , which gives the contribution from source A in
terms of number of molecules (or mass), i.e. fA = mA /mS (where mS is the total
contaminant mass in the sample, and mA is the mass in the sample derived from
source A). With CS = mS /VS , it follows for the concentration of the contaminant
pool from source A that
CA =

mA
mA
fA mS
fA
=
=
= CS
VA
vA VS
vA V S
vA

(S2.19)

and, accordingly, for CB that
CB = CS

(1 − fA )
vB

(S2.20)

If no degradation had occurred before mixing, the sample concentration would be
given by (according to Eq. S2.18):
CS,0 =

CA
CB
vA +
vB
fdeg,A
fdeg,B

(S2.21)

The total non-degraded fraction equals the ratio between sample concentration and
theoretical sample concentration without degradation (given by Eq. S2.21):
fdeg,tot =

CS
=
CS,0

CS
CB
fdeg,A vA + fdeg,B vB
CA

(S2.22)

Substitution of Eqs. S2.19 and S2.20 into S2.22 yields an equation for the total
non-degraded fraction that is independent of concentration data (Eq. 2.33):
fdeg,tot =

CS
CS fA
fdeg,A

+

CS (1−fA )
fdeg,B

=

1
fA
fdeg,A

+

(1−fA )
fdeg,B

(S2.23)

In the absence of sorption processes, the concentration of the contaminant pool
from source A at the time of mixing (CA ) relates to the source concentration (CA,0 )
as follows:
CA = CA,0 fdeg,A fdil,A

(S2.24)

where fdeg,A is the non-degraded fraction from source A, and fdil,A is the remaining
fraction from source A after the effect of dilution. Substituting the right-hand side
of Eq. S2.19 into S2.24 and rearranging yields Eq. 2.34:
CA,0 =
with Fdil =

1
fdil,A vA

CA
CS fA
Fdil,A CS fA
=
=
fdeg,A fdil,A
fdeg,A fdil,A vA
fdeg,A

being the dilution factor for source A.

(S2.25)
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S2.6 Conservative estimate of overall degradation with scenario 1
Figure S2.3 shows the application of Eq. 2.33 to the following imaginary system:
scenario 2 (mixing follows degradation) with two sources A and B with δ 13 C-values
of −10 h and +10 h, respectively, and a δ 2 H-value of 0 h for both sources.
The degradation process is fractionating for hydrogen isotopes (εH = −15 h),
but not for carbon isotopes (εC = 0 h). The environmental sample has a unit
concentration of 1 and a hydrogen isotope shift of 10 h. The minimum extent of
overall degradation according to Eq. 2.33 coincides with equal assumed δ 2 HA,t and
δ 2 HB,t (i.e., fdeg,A = fdeg,B ) for each fA , as the calculated overall ED increases with
increasing deviation between δ 2 HA,t and δ 2 HB,t (Fig. S2.3b). As fdeg decreases
exponentially with increasing isotopic shift (fdeg ≈ exp (∆/ε) with isotopic shift
∆ = δ 2 Ht − δ 2 H0 and ε < 0), a larger NDF of one source (i.e., a smaller ED) is
overcompensated by a much smaller NDF (i.e., a much larger ED) of the other source
(Fig. S2.3c). Accordingly, δ 2 HA,t = δ 2 HB,t yields the smallest sum of minimum
source concentrations for each fA at a given sample concentration (Fig. S2.3d),
which implies the lowest overall ED of all possible combinations of δ 2 HA,t and
δ 2 HB,t . As the assumption of δ 2 HA,t = δ 2 HB,t is identical to the application of
scenario 1, the latter gives a conservative estimate of the overall ED.

Figure S2.3: Analysis of Eq. 2.33. For various values of fA (0.90, 0.75, 0.50, 0.10) are shown:
mixing lines for δ 2 HA,t = δ 2 HB,t (black dashed line) and for the theoretically possible minima
and maxima of δ 2 HA,t and δ 2 HB,t (solid lines) (a); total ED as a function of the difference
between δ 2 HA,t and δ 2 HB,t (b); NDFs of sources A and B (fdeg,A and fdeg,B ) as a function of
the difference between δ 2 HA,t and δ 2 HB,t (c); and minimum concentrations of sources A and B
(solid and dashed lines; sum of those indicated as dash-dotted lines) following from Eq. 2.34 as a
function of the difference between δ 2 HA,t and δ 2 HB,t for a given sample concentration of CS (d).
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S2.7 Uniquely defined source contributions in the two-dimensional isotope plot
The slope of the trajectory of δ 2 H- versus δ 13 C-values in the two-dimensional isotope
plot (Eq. 2.12/S2.7) is approximately given by the ratio between the corresponding
enrichment factors, i.e., the value of Φ (van Breukelen, 2007a; Fischer et al., 2008).
This is illustrated in Fig. S2.4, where the solid lines are trajectories given by Eq.
2.12/S2.7 with (δ 13 CM , δ 2 HM ) = (0, 0) and different Φ-values (resulting from
constant εC -, but different εH -values), and the dashed black lines are straight lines
through (0, 0) with a slope of the same Φ-values. It becomes apparent that the
deviation of the straight lines from the actual trajectory described by Eq. 2.12/S2.7
increases for an increasing ED (Jin et al., 2013) and for larger values of Φ in Eq.
2.12/S2.7, i.e., for larger differences between the isotopic enrichment factors of the
two elements. However, the deviation of the approximated from the correct values is
minor even for a substantial ED: in the shown example, the approximated δ 2 H-value
that corresponds to an ED of 99 % (dotted black line in Fig. S2.4) underestimates
the true δ 2 H-value of 96.5 h by only 3.9 h even for Φ = 10. Therefore, especially if
the isotopic enrichment factors of both considered elements are of similar magnitude,
Eq. 2.12/S2.7 gives in good approximation a straight line in the relevant range of
isotope ratios.

Figure S2.4: Trajectories in the (δ 13 C, δ 2 H)-space (Eq. 2.12/S2.7; solid lines) and their approximation by straight lines with a slope of Φ (dashed black lines). The black dots correspond to an
ED of 99 %.

As Eq. 2.12/S2.7 can be in good approximation described by straight lines, we can
use the Thales’ theorem (Agricola et al., 2008), which states that if three parallel
lines intercept a transversal, the ratio of the length of the resulting segments is
equal for every transversal. This is illustrated in Fig. S2.5, where the parallel lines
a, b, and c represent the degradation trajectories for source A, source B, and a
mixture of sources A and B, respectively, and the lines m1 and m2 indicate two
different mixing lines between partially degraded contaminant pools that originate
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Figure S2.5: Application of the Thales’ theorem to three parallel trajectories (a, b, and c) and two
mixing lines (m1 and m2 ) in the two-dimensional isotope plot. The ratio of the segments |SP2 |
and |P1 P2 | on mixing line m1 is equal to the ratio of the segments |SQ2 | and |Q1 Q2 | on mixing
line m2 .

exclusively from one of the sources. It follows from the Thales’ theorem that
|SQ2 |
|SP2 |
=
= fA
|P1 P2 |
|Q1 Q2 |

(S2.26)

This means that the mixing lines m1 and m2 give the same proportional contribution
of source A (fA ) to the sample S, although they correspond to different NDFs of
the two mixing contaminant pools (defined by P1 and P2 , and by Q1 and Q2 ,
respectively). Moreover, Eq. S2.26 holds true for any parallel of m1 (or m2 ). It
follows that every point on the trajectory c yields the same contribution of source A.
Hence, based on the approximation of the trajectories by straight lines, it is possible
to uniquely determine the value of fA for every point in the two-dimensional isotope
plot. This allows for a division of the (δ 13 C, δ 2 H)-space into ranges of fA (Fig. 2.5).

S2.8 Use of the SISS model for two emission sources and
two reaction pathways
Extension of the SISS model with a second transformation pathway is attractive
as degradation of pollutants might occur via two pathways such as aerobic and
anaerobic degradation. We assume that dual-element CSIA data are available (e.g.,
carbon and hydrogen CSIA), and that the enrichment factors of the two potentially
occurring reaction pathways are known for both elements. If we consider a scenario
of mixing followed by degradation (scenario 1), this leads to the following set of
equations:
δ 13 CM = fA δ 13 CA + (1 − fA )δ 13 CB

(S2.27)

δ 2 HM = fA δ 2 HA + (1 − fA )δ 2 HB

(S2.28)
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Figure S2.6: Three examples of possible combinations between ΦH/C -values and isotopic signatures
at the mixing point (black dots) that give the same sample signature (black star). F indicates the
contribution of reaction pathway 1 to overall degradation via two competing reaction pathways
(Eq. S2.31 with εC1 = −4.0 h, εH1 = −10.0 h, εC2 = −2.0 h, and εH2 = −20.0 h).
2

δ HS =



10−3 · δ 13 CS + 1
10−3 · δ 13 CM + 1

ΦH/C

· (δ 2 HM + 1000) − 1000

(S2.29)

where ΦH/C is the ratio between the apparent enrichment factors εH,app and εC,app ,
which describes isotope fractionation as a result of degradation via two competing
reaction pathways (van Breukelen, 2007a). ΦH/C is equal to the ratio of the isotopic
shifts in carbon and hydrogen isotopes between mixing (signature of (δ 13 CM , δ 2 HM ))
and sampling (signature of (δ 13 CS , δ 2 HS )):
 −3 2

10 ·δ HS +1
ln 10
−3 ·δ 2 H +1
M

(S2.30)
ΦH/C =  −3 13
10 ·δ CS +1
ln 10−3 ·δ13 CM +1
The distribution FH/C between the two competing reaction pathways is defined as
(van Breukelen, 2007a):
FH/C =

ΦH/C · εC2 − εH2
(εH1 − εH2 ) − ΦH/C · (εC1 − εC2 )

(S2.31)

where the subscripts C and H indicate the enrichment factors for carbon and hydrogen isotopes, respectively, and the index number denotes the respective pathway.
FH/C is the relative contribution of reaction pathway 1 to overall degradation and
ranges between 0 and 1.
ΦH/C in Eq. S2.30 can take various values that satisfy Eqs. S2.27 − S2.29 and yield
a value of FH/C between 0 and 1. This is shown in Fig. S2.6, where the red lines
represent possible trajectories given by Eq. S2.29 that yield different FH/C -values
and isotopic signatures at the mixing point (δ 13 CM , δ 2 HM ). There is thus no
uniquely defined mixing point (δ 13 CM , δ 2 HM ) as opposed to the case of one reaction
pathway. Consequently, a system of two mixing sources and two competing reaction
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Figure S2.7: Equations S2.31, S2.34, and S2.36 as a function of fA for the sample signature
in Fig. S2.6. The intersection point between the blue (solid), green (dashed), and red (dotted)
curve defines the distribution between two competing reaction pathways (FH/C = FN/C = FN/H )
and the proportion from source A (fA ), which gives a unique solution for the mixing signature
(δ 13 CM , δ 2 HM , δ 15 NM ). The valid range for F (between 0 and 1) is indicated in grey. Enrichment
factors are εC1 = −4.0 h, εH1 = −10.0 h, εN1 = −2.0 h, εC2 = −2.0 h, εH2 = −20.0 h, and
εN2 = −5.0 h.

pathways requires CSIA of more than two elements to allow for combined SA and
QED.
Adding CSIA of a third element, e.g., nitrogen, leads to the following additional
equations:
δ 15 NM = fA δ 15 NA + (1 − fA )δ 15 NB
ln



10−3 ·δ 15 NS +1
10−3 ·δ 15 NM +1



ln



10−3 ·δ 13 CS +1
10−3 ·δ 13 CM +1



ΦN/C =

FN/C =

(S2.33)

ΦN/C · εC2 − εN2
(εN1 − εN2 ) − ΦN/C · (εC1 − εC2 )

(S2.34)

ΦN/C
ΦH/C

(S2.35)

ΦN/H · εH2 − εN2
(εN1 − εN2 ) − ΦN/H · (εH1 − εH2 )

(S2.36)

ΦN/H =

FN/H =

(S2.32)

Eqs. S2.31, S2.34, and S2.36 have to give the same distribution between the two
competing pathways for the sample mixture (i.e., FH/C = FN/C = FN/H ), which is
only satisfied by a single value of fA . This is illustrated in Fig. S2.7, which shows
Eqs. S2.31, S2.34, and S2.36 as a function of fA for the sample signature in Fig. S2.6.
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Whereas FH/C takes valid values (i.e., between 0 an 1; shaded area) for fA > 0.5,
the only point with FH/C = FN/C = FN/H is the intersection between the blue,
green, and red curve at fA = 0.8 and FH/C = FN/C = FN/H = 0.5. The extension of
the model for two reaction pathways by Eqs. S2.34 and S2.36 thus yields a unique
solution for the proportion from source A (fA ) as opposed to dual-element CSIA.
Plugging fA into Eq. S2.27, S2.28, and S2.32 determines the mixing point (δ 13 CM ,
δ 2 HM , δ 15 NM ), which then defines the ED of the sample. Analogous to the case of
one reaction pathway only, this ED also gives a conservative estimate of the overall
ED in a scenario of mixing of two contaminant pools after degradation via two
reaction pathways (scenario 2).

S2.9 Use of the SISS model for three emission sources and
one reaction pathway
If a sample signature results from degradation of a mixture between three sources,
the first step in SA is to determine the signature at the mixing point prior to
degradation. This can be done using the following geometric approach. Mixtures
between three end members lie within a triangle on a plane that is defined by the
three source signatures (Fig. S2.8; Phillips and Koch 2002). If we consider, for
example, carbon, hydrogen, and nitrogen isotopes, the equation of this plane can
be expressed in parametric form as

δ 13 CA

δ 2 HA
with p
~=
δ 15 NA


~
x=p
~ + αv~1 + β v~2
(S2.37)



δ 13 CB − δ 13 CA
δ 13 CC − δ 13 CA
, v~1 =  δ 2 HB − δ 2 HA  and v~2 =  δ 2 HC − δ 2 HA .
δ 15 NB − δ 15 NA
δ 15 NC − δ 15 NA


E:


The vector equation of the degradation trajectory, which is in good approximation
a straight line that passes through the mixing (δ 13 CM , δ 2 HM , δ 15 NM ) and sampling
point (δ 13 CS , δ 2 HS , δ 15 NS ), is given by
g: ~
x=~
r +λ·~
s

 13

 13
δ CS
δ CS − δ 13 CM
with ~
r =  δ 2 HS  and ~
s =  δ 2 HS − δ 2 HM  .
15
δ NS
δ 15 NS − δ 15 NM

(S2.38)

The point of intersection between E and g defines the signature of the mixing point
(Fig. S2.8). However, the point of intersection cannot be readily determined, as the
vector ~
s in Eq. S2.38, which describes the slope of the degradation trajectory in
three-dimensional space, contains the unknown mixing signature (δ 13 CM , δ 2 HM ,
δ 15 NM ). Therefore, we approximate ~
s by the respective enrichment factors, as it
has already been described for dual-element CSIA (see section S2.7):


εC
s~∗ =  εH 
(S2.39)
εN
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Figure S2.8: Isotopic signature of the mixing point (δ 13 CM , δ 2 HM , δ 15 NM ) as the intersection
between the mixing triangle of sources A, B, and C, and the trajectory of the degrading mixture
in the three-dimensional isotope plot. Enrichment factors are εC = −5.0 h, εH = −10.0 h, and
εN = −2.0 h.

The scalar λ at the point of intersection is then given by:
λ=−

v~1 × v~2 · (~
r−p
~)
∗
~
v~1 × v~2 · s

(S2.40)

Inserting λ and s~∗ into Eq. S2.38 yields the signature at the mixing point (δ 13 CM ,
δ 2 HM , δ 15 NM ).
Once the mixing signature (δ 13 CM , δ 2 HM , δ 15 NM ) is determined, the ED can be
calculated by applying Eq. 2.19. Solving the following equations for fA , fB , and fC
yields the respective source contributions:
δ 13 CM = fA δ 13 CA + fB δ 13 CB + fC δ 13 CC

(S2.41)

δ 2 HM = fA δ 2 HA + fB δ 2 HB + fC δ 2 HC

(S2.42)

1 = fA + fB + fC

(S2.43)

Figure S2.9 shows a projection of Fig. S2.8 into the (δ 13 C, δ 2 H)-space, where
the mixing point is no longer uniquely defined as it could lie anywhere on the
intersection line between the mixing triangle and the trajectory of the degrading
mixture (dashed red line in Fig. S2.9). This implies that the SISS model requires
CSIA of at least three elements to allow for SA and QED in the case of three end
members and one reaction pathway (as illustrated in Fig. S2.8).

Supplementary information chapter 2. SISS model: derivation

44

Figure S2.9: Projection of Fig. S2.8 into the (δ 13 C, δ 2 H)-space. The intersection between the
mixing triangle of sources A, B, and C and the trajectory of the degrading mixture gives an
indefinite number of possible mixing signatures (dashed red line).

