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a b s t r a c t

This study aims to investigate the effect of sorption on isotope ratios of chlorinated hydrocarbons
migrating through the subsurface. For this purpose concentration and isotope ratio profiles (carbon and
chlorine) were determined in saturated low permeability sediments below two DNAPL sources (1,2-
Dichloroethane (1,2-DCA) and Dichloromethane (DCM)). The sources had been emplaced artificially as
part of a long-term, emplaced source field experiment 15.5 years (5673 days) ago. Low permeable
sediments are well-suited for investigating sorption-induced isotope fractionation under field condi-
tions. The advancing concentration front, where isotope fractionation due to sorption is expected, can be
localized precisely and sampled at a high spatial resolution. Along a concentration profile below the 1,2-
DCA and DCM DNAPL sources, opposite isotope trends were observed with an enrichment of heavy
carbon isotopes (Dd13C ¼ 1.9‰ for 1,2-DCA and 2.4‰ for DCM) and a depletion of heavy chlorine isotopes
(Dd37Cl ¼ 1.3‰ for 1,2-DCA). For field data interpretation laboratory experiments were conducted to
determine sorption and diffusion-induced isotope fractionation factors for 1,2-DCA and DCM and
included in a numerical model. When considering only diffusive isotope fractionation, numerical
simulation failed to reproduce the opposite isotope trends. In contrast when sorption-induced isotope
fractionation was also included, the model reproduced the data well. Hence, the observed isotope trends
reflect a superposition between competing isotope effects due to sorption and diffusion. For chlorine the
diffusive isotope effect is larger than for carbon due to the mass difference of two between the stable
isotopes overruling the sorption effect, while for carbon the sorption effect dominates. The observed
shifts of isotope ratios due to sorption are in the range of the 2‰ threshold value, which is often used for
identifying reactive processes. Numerical modelling showed that under specific conditions (strong
sorption behavior, early transient diffusion) even higher shifts of isotope ratios can occur. Hence, when
shifts of isotope ratios in the range of 2‰ are observed under field conditions where sorption prevails,
their attribution to reactive processes should be made with caution. This is especially crucial if a reactive
process is slow and associated with a small isotope fractionation factor.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Chlorinated hydrocarbons are common subsurface contami-
nants at many polluted sites throughout the world (Aelion et al.,
dwater Research, College of
uelph, 50 Stone Road East,

. Wanner).
2010; Pankow and Cherry, 1996). As a result of improper disposal
and accidental spills, chlorinated hydrocarbons are often released
at the surface as dense non-aqueous phase liquid (DNAPL) and
migrate downwards into aquifer systems due to their high mobility
(high density, low viscosity) (Pankow and Cherry, 1996; Schwille,
1988). Chlorinated hydrocarbons tend to accumulate on top of
low permeability layers (e.g. aquitards) and are slowly dissolved
creating a persistent contaminant plume (Hwang et al., 2008;
Kueper et al., 1993). With increasing time, the accumulated
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chlorinated hydrocarbons are transported by diffusion into the
underlying low permeability layer (Chapman and Parker, 2005;
Parker, 1996; Parker et al., 2008). During the migration in aquifers
and low permeable units, chlorinated hydrocarbons are retarded
due to sorption, which affects the migration rate and spreading of
the contaminants (Allen-King et al., 1996; Parker et al., 1994; Rivett
and Allen-King, 2003).

Stable isotope methods have beenwidely applied to gain insight
into the origin and fate of organic compounds in the subsurface
(Elsner et al., 2005; Harrington et al., 1999; Huang et al., 1999;
Hunkeler et al., 2011, 2005, 1999; Jeannottat and Hunkeler, 2012;
Jeannottat and Hunkeler, 2013; Lollar et al., 1999; Meckenstock
et al., 2004; Wanner and Hunkeler, 2015; Wanner et al., 2016).
Researchers have shown that aqueous phase diffusion can cause
isotopic fractionation in aquifer e aquitard systems (Wanner and
Hunkeler, 2015). However, there is currently no consensus on
whether sorption results in significant isotope fractionation under
field conditions, partly due to the lack of field data at sufficiently
high spatial resolution. In analytical chemistry, it is known that
liquid chromatographic separation of organic compounds is asso-
ciated with an isotope effect. Light isotopes are preferentially sor-
bed on the stationary phase leading to an enrichment of heavy
isotopes in the mobile phase (Caimi and Brenna, 1993, 1997; Filer,
1999; Klein et al., 1964; Poulson et al., 1997). In contrast, less is
known about isotope effects of chlorinated hydrocarbons during
sorption in natural systems. Some laboratory studies suggested that
sorption might not alter isotope ratios (Schüth et al., 2003; Slater
et al., 2000), while others provided evidence for significant
sorption-induced isotope fractionation (H€ohener and Yu, 2012;
Imfeld et al., 2014; Kopinke et al., 2005). To extrapolate from the
laboratory to the field scale, modeling studies have been used so far
(H€ohener and Atteia, 2010; Liu et al., 2016; Van Breukelen and
Prommer, 2008). The simulations revealed a significant isotope
effect due sorption, especially at the fringe of contaminant plumes,
which potentially complicates the assessment of reactive processes
using stable isotope methods (Van Breukelen and Prommer, 2008).
However, it is challenging to gather field evidence for sorption-
induced isotope fractionation, as it is difficult to localize and to
sample the plume fringe, where isotope fractionation is predicted,
at sufficient high spatial resolution. Furthermore, at the plume
fringe, isotope fractionation might also occur due to mixing
enhanced degradation and diffusion across the steep concentration
gradient, which complicates an unequivocal interpretation of
isotope patterns. In contrast to aquifers, low permeable units offer
several advantages for investigating sorption-induced isotope
fractionation: a) the diffusion front can be targeted very precisely
and sampled at a very high spatial resolution, b) the retardation due
to sorption is expected to be stronger due to the higher organic
carbon content typical of fine-grained clay-rich sediments (i.e.
clayey aquitards) compared to granular aquifers, and c) the trans-
port mechanisms are well constrained, while in case of dispersion
in sandy aquifers, the diffusion contribution often remains unclear,
which introduces greater uncertainty in the data evaluation.

The aim of this study is to investigate whether sorption has a
significant influence on isotope ratios of chlorinated hydrocarbons
under field conditions. The study was done as a part of a long-term
controlled field experiment in well-characterized saturated low
permeability sediments (Johnson et al., 1989; Parker,1996) showing
a strong sorption behavior (Allen-King et al., 1995, 1996, 1997). The
controlled-release experiment was initiated by emplacing between
1.5 and 2 L of different chlorinated solvents (Tetrachchloroethene
(PCE), Trichloroethene (TCE), Dichloromethane (DCM), 1,2-
Dichloroethane (1,2-DCA) and TCE/DCM mixture) as DNAPL in
boreholes drilled into the low permeable unit to depths of between
10 and 12 m below ground surface (bgs), were no visible fractures
were present (Parker, 1996). For the present study, cores were
retrieved 15.5 years (5673 days) after DNAPL emplacement beneath
the 1,2-DCA and the DCM DNAPL sources to determine concen-
tration and isotope ratio profiles (C and Cl) for evaluating sorption-
induced isotope fractionation at the field scale. For field data
interpretation, isotope fractionation factors for sorption and diffu-
sionwere determined in the laboratory and included in a numerical
model to simulate observed isotope ratio profiles. Finally, it was
investigated to what extent sorption-induced isotope fractionation
impairs the identification of reactive processes by using stable
isotope methods.
2. Materials and methods

2.1. Multistep sorption experiment

In the laboratory, isotope fractionation due to sorption was
quantified by using a multistep approach, which leads to a higher
shift of isotope ratios and thus, to a higher precision of the deter-
mined isotope fractionation factor compared to a single step batch
experiment. Two replicates of multistep sorption experiments were
performed for 1,2-DCA and DCM with initial concentrations of
7226mg/L and 5983mg/L for 1,2-DCA and of 572 mg/L and 745mg/
L for DCM, respectively. The experiment included five sorption
steps until the concentration in the solution was too low to deter-
mine the concentration and isotope ratios. In a 42 mL vial, 30 mL of
solution with 1,2-DCA or DCM were mixed with 15 g of dry un-
contaminated clay from the field site (see site description in section
2.3.). To ensure the representativeness of the clay samples, they
were taken from the same coring location as the clay cores at the
site but at a greater depth, where no contaminants were detected.
Before adding the clay samples to the 42 mL vials, they were dried
for a week at 40 �C and subsequently pulverized by hand with a
mortar. The vials containing the clay samples and solution were
shaken on a rotary shaker for 24 h. This equilibration time was
chosen based on previous studies, which also applied a multistep
approach to quantify sorption-induced isotope fractionation
(Imfeld et al., 2014, Kopinke et al., 2005) or characterized sorption
using clay material from the same site (Johnson et al., 1989) or from
other sites with similar material (Grathwohl, 1990). After each
sorption step, an aliquot (4 mL) of the solution was removed from
the vials for concentration and isotope ratio analyses and 10 mL of
the solutionwas removed from the vial with a pipette and added to
the subsequent 42 mL vial containing a new 15 g dried clay sample
and 20 mL of deionized water for the next sorption step. The
transfer was conducted by completely submersing the pipette into
the 20 mL of water in the subsequent vial to avoid volatilization
during the transfer. Due to the small headspace volume (4.5 mL),
the mass loss due to volatilizationwas lower for 1,2-DCA (0.5%) and
for DCM (1.1%) than the uncertainty of the measurement (4% for
1,2-DCA and 5% for DCM, see section 1.4. in Supporting
Information). Hence, mass loss due to volatilization and its asso-
ciated isotope effect can be neglected for determining the sorption-
induced isotope fractionation factor. The isotope fractionation fac-
tor due to sorption was determined using the equation for multi-
step experiments derived by Kopinke et al. (2005), Voskamp (2004)
and Imfeld et al. (2014):

asorption ¼
HKd
LKd

z1þ Ddi=½1000mð1� XdissovledÞ� (1)

where HKd and LKd are the carbon-pore water partitioning co-
efficients for the heavy and light isotope, respectively, asorption re-
fers to the fractionation factor due to sorption, Ddi ¼ di,final - di,initial
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refers to the total shift of isotope ratios during the multistep
experiment, m corresponds to the number of identical sorption
steps and (1eXdissolved) is the average amount adsorbed after each
sorption step.

The uncertainty of the sorption-induced fractionation factor
(±1s, eq. (1)) was determined with the Gaussian error propagation
law by including the uncertainty of the isotope ratio and the Xdis-

solved measurements.

2.2. Diffusion cell experiment

In addition to sorption, the isotope effect due to aqueous phase
diffusion was also quantified, which is required for the interpre-
tation of the field profile isotope data given the simultaneous
occurrence of diffusion and sorption in saturated low permeability
sediments. The magnitude of isotope fractionation due to aqueous
phase diffusionwas quantified by using amodified Stokes' diffusion
cell as described by Wanner and Hunkeler (2015). For the present
study, the diffusion cell experiment was performed for DCM, while
for 1,2-DCA the previously reported value was used (Wanner and
Hunkeler, 2015). The modified Stokes’ diffusion cell corresponds
to a Rayleigh type experiment, whereby isotopically heavy and light
species are transported by diffusion out of a source reservoir
through a small pore sized frit at different diffusive transport rates.
The magnitude of isotope fractionation due to different rates of
aqueous phase diffusion was quantified by determining the diffu-
sion coefficient ratios between isotopically distinct species using
the Rayleigh equation:

½lnðRt=R0Þ� � 1000 ¼
�
D0;H

D0;L
� 1

�
�1000ln f (2)

where Rt is the isotope ratio at time t in the source reservoir, R0
refers to the initial isotope ratio in the source reservoir, D0,H/D0,L is
the ratio between diffusion coefficient of the heavy and the light
isotope, respectively in free solution and f corresponds to the
remaining fraction in the source reservoir.

2.3. Site description and emplaced source field experimental
procedure

A detailed description of the long-term emplaced source field
experiment is provided in section 1.1. of the Supporting
Information. In brief, the emplaced source field experiment was
carried out at a permitted hazardous waste disposal site, 15 km
southeast from Sarnia, 300 km west of the city of Toronto in
Ontario, Canada in the Lambton Clay Plain. At the site, an experi-
mental area was established outside of the active disposal area,
with the goal of conducting long-term emplaced source field ex-
periments in the water-saturated low permeability sediments of
the Lambton Clay Plain. The well-characterized, regionally exten-
sive water-saturated clay unit of the Lambton Clay Plain underlying
this area (Allen-King et al., 1996; Desaulniers et al., 1985; Johnson
et al., 1989; McKay and Fredericia, 1995; Myrand et al., 1992;
Parker, 1996) can be divided into a weathered upper clay unit
with a thickness of about 2.5e3.5 m, transitioning to unoxidized
clay with oxidation staining along fractures to a depth of 6e7 m
below ground surface (bgs), underlain by a non-weathered,
unfractured lower unit with a thickness of about 30 m in which
the field experiment was carried out (Fig. 1). The high organic
matter content of the aquitard unit (0.534% ± 0.241%; n ¼ 36)
strongly retards the migration of organic contaminants due to
sorption, with no evidence for degradation over the time-scales of a
previous study (Parker, 1996). To perform the long-term controlled
release field experiments, different DNAPL sources (PCE, TCE, DCM,
1,2-DCA and TCE/DCM mixture) with volumes between 1.5 and
2.0 L were emplaced approximately 5 m apart in November 1998 in
the non-weathered clay at depths of 10e12 m bgs (Fig. 1) in holes
created with large diameter Shelby tubes (11.4 cm) for minimal
disturbance.
2.4. Core retrieval, subsampling and VOC extractions

A detailed description of core retrieval, core subsampling and
VOC extraction from core subsamples is provided in sections 1.2.
and 1.3. of the Supporting Information. Briefly, continuous cores
were collected from the unweathered clay below the 1,2-DCA and
DCM DNAPL sources in June 2014, 15.5 years (5673 days) after
source emplacement. The cores were retrieved using a direct push
rig using the Envirocore dual tube continuous coring system
described by Einarson et al. (1998). After bringing the cores to the
surface, the percent recovery was recorded and core tubes were
split in half longitudinally and subsampled in the field as a function
of depth with narrow spaced sampling points (~5 cm) to gain highly
resolved depth-discrete chlorinated hydrocarbon concentration
and compound-specific isotope ratio profiles. Subsequently, chlo-
rinated hydrocarbons were extracted into the methanol following
the description by Parker (1996) and White et al. (2008) and the
total concentrations in the claywere determined based on equation
(1) in the Supporting Information.
2.5. Concentration and compound-specific isotope analysis (CSIA)

Detailed descriptions of analytical methods are available in
section 1.4. of the Supporting Information. In brief, chlorinated hy-
drocarbon concentrations in laboratory samples (multistep sorption
and diffusion experiment) and in the methanol extracts of the field
samples were analyzed by a gas chromatograph coupled to a mass
spectrometer (GC-MS). Compound-specific carbon isotope ratios of
1,2-DCA and DCMwere analyzed relative to a CO2 standard by a gas
chromatograph coupled to an isotopemass spectrometer (GC-IRMS)
and expressed in the delta notation VPDB d ¼ (R/Rstde1)*1000 (‰),
where R and Rstd are the isotope ratios of the sample and the stan-
dard, respectively. The analytical uncertainty for samples from the
laboratory multistep sorption and diffusion experiment (standard
deviation of the mean: SDM ¼ 1s/(n)1/2 s: standard deviation n:
sample number) was determined based on a triplicate measure-
ment. In contrast, field samples were analyzed only twice due to the
limited sample volume. Thus, the standard deviation of the mean
(±SDM) for the field samples was estimated based on the standard
deviation (1s) of standards included in the samples sequence
(s¼0.32‰, n¼12). Compound-specific chlorine isotope ratioswere
analyzed using a gas chromatograph coupled to a quadrupole mass
spectrometer (GC-qMS). Compound-specific chlorine isotope ratios
were exclusively determined for 1,2-DCA, since no standards refer-
enced to the SMOC scale (standard mean oceanwater) are available
for DCM. The 1,2-DCA chlorine isotopic raw ratios were determined
from the two most abundant fragment ion peaks (m/z 64 and 62)
(Palau et al., 2014; Wanner and Hunkeler, 2015) using an equation
that relates fragment ratios to isotope ratios for symmetric mole-
cules developed by (Elsner and Hunkeler, 2008):

�37Cl
35Cl

�
1;2�DCA

¼ I64
I62

(3)

where I is the corresponding fragment ion abundance of 1,2-DCA at
different m/z values.

The raw chlorine isotope ratios from 1,2-DCA fragments (eq. (3))
were calibrated against two external standards having different



Fig. 1. A cross section of the experimental setup for multiple-year solute diffusion from a constant source concentration (with DNAPL present to ensure aqueous solubility in the
adjacent pore water) in the Lambton Clay Plain at the permitted hazardous waste disposal site located close to Sarnia in Ontario, Canada.
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chlorine isotope ratios (CHYN1 ¼ 6.30‰ and CHYN2 ¼ �0.84‰) to
obtain delta values on the SMOC scale. The standards were char-
acterized by the Holt method (Holt et al., 1997) at the Helmholtz
Centre in Munich. The analytical uncertainty (±SDM) of each 1,2-
DCA measurement was based on a tenfold measurement of each
sample from two different vials (five replicates from each vial).
3. Numerical modelling

The migration of chlorinated hydrocarbons in the clayey unit
was simulated in 3 dimensions by rotating a 2D numerical
modeling domain around a vertical axis (Fig. 1, Supporting
Information). The aim of the simulation was to assess a) how
isotope fractionation due to sorption and diffusion are reflected in
isotope ratio profiles in water-saturated low permeability sedi-
ments, and b) whether observed shifts of carbon and chlorine
isotope ratios are reproducible with laboratory determined isotope
fractionation factors for diffusion and sorption. A detailed
description of the 2D axisymmetrical model is available in section
2. of the Supporting Information and the model parameters can
be found in Table 1.

Briefly, it has been assumed that the transport is diffusion
dominated and that advective transport can be neglected, which is
consistent with previous studies of organic contaminant transport
at the site (Johnson et al., 1989; Myrand et al., 1992; Parker, 1996).
Sorption was represented by the non-linear Freundlich isotherm as
justified by ourmultistep sorption experiment (see section 4.1.) and
by previous studies at the site for similar chlorinated hydrocarbon
compounds (Allen-King et al., 1996, 1997; Johnson et al., 1989;
Myrand et al., 1992). To compare simulated with measured con-
centration profiles, the simulated profiles were converted to total
concentrations by using the following relationship (Parker et al.,
2004):

Ctot ¼ Ce
R$F
rwet

(4)

where, Ctot (mg/kg) corresponds to the total (sorbed and dissolved)
concentration in the clay, Ce (mg/L) is the porewater concentration,
rwet (g/cm3) refers to the sediment wet bulk density, f (�) refers to
the clay porosity, R (-) corresponds to the non-linear retardation
factor (eq. (5), Supporting Information) as justified by themultistep
sorption experiment (see section 4.1.) and rdry (g/cm3) refers to the
dry bulk density. Parameter values, which were used to convert
pore water to total concentrations were taken from a previous
study at the site (Parker, 1996) (Table 1).

To simulate isotope ratio profiles of 1,2-DCA and DCM, iso-
topocules were considered as fractionation occurs between species
of chlorinated hydrocarbon that differ in their isotopic composition
and not between isolated isotopes. The term isotopocules encom-
passes isotopologues (molecules differing in isotopic composition)
as well as isotopomers (molecules having the same number of
isotopes but at different positions). Each 1,2-DCA and DCM carbon
and 1,2-DCA chlorine isotopocules differing by one heavy isotope
was defined as individual species in the model database (Tables 1
and 2 in Supporting Information). To account for isotopocule frac-
tionation due to aqueous phase diffusion and sorption during the
migration in the water-saturated clay, different Freundlich con-
stants (KFr) and diffusion coefficients were assigned to each carbon
and chlorine isotopocule differing in one heavy isotope (see section
2.1. in Supporting Information). The different Freundlich constants
and diffusion coefficients were determined based on experimen-
tally derived isotope fractionation factors for sorption and diffu-
sion, which are proportional to the ratio of diffusion coefficients
and Freundlich constants for isotopocules differing by one heavy
isotope (Wanner and Hunkeler, 2015) (Table 3). To compare
modelled isotopocule ratios with measured isotope ratio profiles,
carbon and chlorine isotopocules differing by one heavy isotope
were simulated in separate runs. Afterwards they were converted
to isotope ratios by making use of the proportional behavior during
the migration in low permeability sediments between isotopes and
isotopocule pairs differing in one heavy isotope (Wanner and
Hunkeler, 2015):

d37Cl1;2�DCAðzÞ ¼
0
@

I100ðzÞþ2I102ðzÞ
2I98ðzÞþI100ðzÞ

RSMOC
� 1

1
A$1000 (5)

d13C1;2�DCA zð Þ ¼ ðI100 zð Þþ2I101 zð Þ
2I99 zð ÞþI100 zð Þ

RVPDB
� 1Þ$1000 (6)



Table 1
Model Parameters for simulating the migration of chlorinated hydrocarbons in the Lambton Clay Plain at the permitted hazardous waste disposal site located close to Sarnia in
Ontario, Canada.

Parameter Unit Value Reference

Porosity: e 0.34 (Parker, 1996)
Soil dry bulk density: rbdry g/cm3 1.71 (Parker, 1996)
Soil wet bulk density: rbwet g/cm3 2.02 (Parker, 1996)
Tortuosityb e 0.91 Present study
Diffusion coefficient in free solution 1,2-DCA: D0,1,2-DCA m2/s 9.90E-10 (USEPA, 1989)
Diffusion coefficient in free solution DCM: D0,DCM m2/s 1.17E-09 (USEPA, 1989)
Freundlich sorption constant KFr,1,2-DCA

a mg1�1/n kg�1 L1/n 5.36 Present study
Freundlich sorption constant KFR,DCM

a mg1�1/n kg�1 L1/n 2.97 Present study
Freundlich exponent 1/N 1,2-DCAa e 0.74 Present study
Freundlich exponent 1/N DCMa e 0.71 Present study
Initial 1,2-DCA boundary concentration (DNAPL saturated) mg/L 8690 (Wiedemeier, 1999)
Initial DCM boundary concentration (DNAPL saturated) mg/L 15,400 (Wiedemeier, 1999)
Start of boundary concentration decrease 1,2-DCAb years 9.5 Present study
Start of boundary concentration decrease DCMb years 10 Present study
Boundary concentration to which 1,2-DCA decreasedb mg/L 86.5 Present study
Boundary concentration to which DCM decreasedb mg/L 7700 Present study

a Experimentally determined.
b Calibrated.
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d13ClDCMðzÞ ¼
0
@

I88ðzÞ
I87ðzÞ
RVPDB

� 1

1
A$1000 (7)

where d13C and d37Cl are the carbon and chlorine delta values as a
function of depth, Ix refers to the isotopocule abundance as a
function of depth and RVPDB and RSMOC correspond to the interna-
tional reference standard for carbon (13C/12C ¼ 0.011237) and
chlorine (37Cl/35Cl ¼ 0.32) isotope ratios, respectively (Aelion et al.,
2010).

The 2D numerical model domain (5 m length and 1 m width)
was larger than the zone in which chlorinated hydrocarbons where
detected to avoid boundary effects (Fig. 1, Supporting Information).
The initial concentration at the location, where the DNAPL was
present corresponded to the literature reported solubility limits for
1,2-DCA (8690 mg/L (Wiedemeier, 1999)) and DCM (15,400 mg/L
(Wiedemeier, 1999)), respectively, while at the other end and on
the vertical side of the modeling domain the concentration was set
to zero. The abundance of carbon and chlorine isotopocules used in
the boundary conditions was specified based on the measured
isotope ratios adjacent to the source zone using a binominal dis-
tribution combining the occurrence of both C and Cl isotopes as
proposed by Jin et al. (2013) (Tables 1 and 2, Supporting
Information). Model calibration was conducted against measured
concentration profiles, while the isotope ratio profiles were pre-
dicted based on the laboratory derived isotope fractionation factors
for diffusion and sorption without further calibration. Manual
calibration of concentration profiles was conducted by varying the
De/D0 ratio (eq. (4), Supporting Information), by setting the point in
timewhen the boundary concentrations started to decrease (due to
DNAPL exhaustion) and by the extent of the boundary concentra-
tion decrease following a smoothed step function at the location,
where the DNAPL was present (Table 1). To quantify the quality of
the fit between measured and modeled data, the Nash Sutcliff ef-
ficiency (NSE) was used. NSE values range between -∞ and 1, while
1 indicates a perfect fit between measured and modelled data.

4. Results

4.1. Multistep sorption experiment

During the performance of the multistep sorption experiment
the aqueous phase concentration dropped by about six orders of
magnitude due to sorption to the clay during each step (Fig. 2A and
B). For both compounds 1,2-DCA and DCM, non-linear sorption
occurred following the Freundlich isotherm (Freundlich, 1909)
(Fig. 2A and B):

logqe ¼ log KFr þ
1
N
logCe (8)

where qe (mg/kg-dry) and Ce (mg/L) are the equilibrium sorbed and
solution concentrations, respectively, KFr (mg1�1/n kg�1 L1/n) refers
to the Freundlich sorption coefficient and 1/N (-) is an empirical
exponent indicating the degree of non-linearity.

Freundlich isotherm parameters of KFR ¼ 5.36 ± 0.35 mg1�1/n

kg�1 L1/n and 1/N ¼ 0.74 ± 0.05 for 1,2-DCA and of
KFR ¼ 2.97 ± 0.33 mg1�1/n kg�1 L1/n and 1/N ¼ 0.71 ± 0.08 for DCM
were obtained (eq. (8); Table 2).

To compare the amount of sorption for 1,2-DCA and DCM, the
unified Freundlich sorption variable was determined (Chen et al.,
1999) as Freundlich constants with different degrees of non-
linearity (1/N values) cannot be compared:

Ku ¼ KFr

CðN�1Þ=N
e

(9)

where Ku (L/kg) is the unified sorption variable for Freundlich
isotherms.

The calculated Ku values (eq. (9)) for concentrations between
0 and 5000 mg/L indicate that 1,2-DCA sorbs stronger than DCM on
the clay at the permitted hazardous waste disposal site (Fig. 2C),
which is consistent with the higher value of the carbon-pore water
partitioning coefficient (KOC) for 1,2-DCA compared to DCM (Mabey
et al., 1982).

During the multistep sorption experiment 1,2-DCA and DCM
became increasingly enriched in heavy carbon (13C) and chlorine
isotopes (37Cl) after each sorption step (Fig. 3AeC) showing that
1,2-DCA and DCM isotopocules with light isotopes are preferen-
tially sorbed compared to isotopocules with heavy isotopes. To
quantify the isotope fractionation factor for sorption following the
Freundlich isotherm, the term HKd/LKd in equation (1) was replaced
by the ratio of the unified Freundlich sorption variable HKu/LKu for
the heavy and the light isotope, respectively:



Fig. 2. Concentration in solution Ce (mg/L) vs. the sorbed concentration on the clay qe (mg/kg-dry) for 1,2-DCA (A) and for DCM (B). Freundlich isotherm parameter (KFr and 1/N) for
1,2-DCA and DCM were determined using linear regression. Comparison of the sorption behaviour of 1,2-DCA and DCM using the unified Freundlich variable Ku (eq. (9)) as a
function of the concentration in solution (Ce) (C).

Table 2
Determined parameters for the Freundlich isotherm for the low permeability sedi-
ments of the Lambton Clay Plain at the permitted hazardous waste disposal site
located close to Sarnia in Ontario, Canada. Uncertainty of Freundlich constant (KFr)
and exponent (1/N) was determined based on the 95% confidence interval of the
regression line (eq. (8)).

Compound KFr (mg1�1/N kg�1 L1/n) 1/N (-)

1,2-DCA 5.36 ± 0.35 0.74 ± 0.05
DCM 2.97 ± 0.33 0.71 ± 0.08
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asorption ¼
HKu
LKu

¼
HKFr

CðN�1Þ=N
e
LKFr

CðN�1Þ=N
e

¼
HKFr
LKFr

z1þDdi=½1000mð1�XdissovledÞ�

(10)

where HKFr and LKFr (mg1�1/N kg�1 L1/N) are the Freundlich con-
stants for the heavy and light isotope, respectively. Equation (10)
shows that the isotope fractionation factor for sorption according
to the Freundlich isotherm reduces to the ratio of the Freundlich
constants HKFr/LKFr of the heavy and light isotope, respectively.

For 1,2-DCA a larger enrichment of heavy chlorine compared to
carbon isotopes was observed resulting in isotope fractionation
factors of aCl,sorption ¼ 0.99945 ± 0.00013 (eq. (10))
(εCl,sorption ¼ �0.55‰; whereby ε ¼ (a�1)$1000) and
aC,sorption ¼ 0.99960 ± 0.00006 (εC,sorption ¼ �0.40‰), respectively
Table 3
Determined fractionation factors for sorption and diffusion for carbon isotopocules of 1,2-
Uncertainty of the fractionation factors due to sorption was calculated with the Gaussian
mean) of the isotope ratio and the remaining fraction measurements after each sorption s
95% confidence interval of the regression line (eq. (2)).

Compound Isotopocule type Fractionation factor sorption (aSorption ¼ KF

1,2-DCA Carbon aSorption ¼ KFr,100/KFr,99 ¼ KFr,101/KFr,100 ¼ 0
Chlorine aSorption ¼ KFr,100/KFr,98 ¼ KFr,102/KFr,100 ¼ 0

DCM Carbon aSorption ¼ KFr,88/KFr,87 ¼ 0.99946 ± 0.00017

a Determined by Wanner and Hunkeler (2015).
b Determined by the present study.
(Table 3). For DCM the enrichment of heavy carbon isotope was
larger compared to 1,2-DCA with aC,sorption ¼ 0.99946 ± 0.00017
(εC,sorption ¼ �0.54‰) (Table 3).
4.2. Diffusion cell experiment

During the diffusion cell experiment the initial and final con-
centration after each time series was used to determine the effec-
tive diffusion coefficient (De) according to Wanner and Hunkeler
(2015). The ratio between initial and final DCM aqueous concen-
tration ranged between 0.19 and 0.86 for the different time series of
the diffusion cell experiments (Table 4). The average effective
diffusion coefficient for DCM of the different time series was 1.06E-
10 ± 1.78E-12 (m2/s) (Table 4), which is lower than the diffusion
coefficients in free solution (1.17E-09m2/s (USEPA,1989)) as the frit
reduces the diffusive transport rate due to porosity and tortuosity
effects (eq. (4), Supporting Information). An enrichment of heavy
DCM carbon isotopes in the source reservoir was observed (Fig. 4).

This indicates that the DCM carbon isotopocules with light
isotopes diffuses faster out of the source reservoir than isotopocules
with heavy carbon isotopes. The magnitude of DCM carbon isotope
fractionation due to diffusion was quantified from the slope of the
regression line using the Rayleigh equation (eq. (2)), resulting in an
isotope fractionation factor of aC,diffusion ¼ 0.99972 ± 0.00009
(εC,diffusion ¼ �0.28‰) (Table 3).
DCA and DCM and for chlorine isotopocule of 1,2-DCA differing by one heavy isotope.
error propagation law by taking into account the uncertainty (standard error of the
tep (eq. (10)). Uncertainty for diffusion coefficient ratios was calculated based on the

r,i/KFr,j) Fractionation factor diffusion (aDiffusion ¼ Di/Dj)

.99960 ± 0.00006b aDiffusion ¼ D100/D99 ¼ D101/D100 ¼ 0.99977 ± 0.00004a

.99945 ± 0.00013b aDiffusion ¼ D100/D98 ¼ D102/D100 ¼ 0.99939 ± 0.00003a
b aDiffusion ¼ D88/D87 ¼ 0.99972 ± 0.00009b



Fig. 3. Determination of the isotope fractionation factor due to sorption for chlorine (A) and carbon (B) isotopes of 1,2-DCA and for carbon isotopes of DCM (C). Error bars indicate
analytical measurement uncertainty (standard error of the mean: SDM ¼ 1s/(n)1/2 s: standard deviation n: sample number). For 1,2-DCA carbon isotopes (B) the analytical
uncertainty was smaller than the size of the symbols in the plot. The uncertainty of the sorption-induced isotope fractionation factor was determined using the Gaussian error
propagation law in equation (8) by including the uncertainty (±SDM) of the isotope ratio and the remaining fraction measurements after each sorption step.

Table 4
Effective diffusion coefficients and De/D0 ratios of DCM for the diffusion cell experiment. Uncertainty of average diffusion coefficient was calculated by using the standard error
of the mean (±SDM).

Initial (mg/L) Final (mg/L) Fraction Time (d) Effective diffusion coefficient (m2/s) Average effective diffusion coefficient (m2/s) De/D0 De/D0 average

15.5 8.8 0.566 10.1 1.10E-10 0.09
58.8 50.7 0.862 3.3 8.86E-11 0.08
324 98.4 0.303 22.3 1.04E-10 0.09
416 80.4 0.193 25.9 1.23E-10 1.06E-10 ± 1.78E-12 0.11 0.09

Fig. 4. Rayleigh plot for DCM carbon isotope fractionation in the source reservoir of
the diffusion cell experiment. Error bars indicate analytical uncertainty (standard error
of the mean: SDM ¼ 1s/(n)1/2 s: standard deviation n: sample number) of mea-
surements. Uncertainty of diffusion-induced isotope fractionation factor was calcu-
lated based on the 95% confidence interval of the regression line.
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4.3. Concentration and compound-specific isotope profiles beneath
the emplaced DNAPL sources

The determined 1,2-DCA and DCM concentration profiles in the
clay unit below the emplaced DNAPL sources showed typical
transient-diffusion profiles (Figs. 5A and 6A). The highest 1,2-DCA
concentration (800 mg/kg) occurred at 18 cm vertical distance
from the emplaced DNAPL source, while the concentration
decreased below detection limit (<0.05mg/kg) at 100 cm below the
bottom of the emplaced source (Fig. 5A). The 1,2-DCA carbon and
chlorine isotope ratio profiles showed trends in opposite directions,
whereby 37Cl in 1,2-DCA became depleted (Dd37Cl ¼ 1.3‰; Fig. 5B)
and 13C enriched (Dd13C¼ 1.9‰; Fig. 5C) with increasing depth. The
DCM concentration was highest adjacent to the DNAPL source and
declined below the detection limit (<0.05 mg/kg) at 160 cm dis-
tance below the bottom of the emplaced source (Fig. 6A). DCM
became enriched in 13C with depth to the same extent
(Dd13C ¼ 2.4‰) as 1,2-DCA (Dd13C ¼ 1.9‰) (Figs. 5C and 6B).
5. Discussion

5.1. Multistep sorption and diffusion cell experiment

The non-linear sorption behavior in the multistep sorption
experiment is consistent with previous studies at the site, which
also observed a Freundlich sorption trend with a similar degree of
non-linearity (Allen-King et al., 1996, 1997). Furthermore, the
multistep sorption experiment showed for the first time that
isotope fractionation due to sorption occurs not only for carbon but
also for chlorine isotopes for organic compounds.

The observed preferential sorption of isotopocules with light
isotopes compared to isotopocules with heavy isotopes and the
detected magnitude of isotope fractionation
(aSorption ¼ 0.99960e0.99945; εSorption ¼ �0.40‰ to �0.55‰) for
1,2-DCA and DCM is coherent with previous experimental studies
(aSorption ¼ 0.99987e0.99896; εSorption ¼ �0.13‰ to �1.04‰) con-
ducted for carbon and hydrogen isotopes of benzene, toluene,



Fig. 5. 1,2-DCA total concentration profile (A), 1,2-DCA chlorine (B) and carbon (C) isotope ratio profiles below the DNAPL source in the retrieved clay core 5673 days after
emplacement of the 1,2-DCA DNAPL source. The continuous lines represent the modelled concentration and isotope ratio profiles, while the filled squares (A), the open squares (B)
and the open circles (C) represent the measured concentration and the isotope ratios in the depth-discrete samples. C0 corresponds to the soil concentration at 1,2-DCA DNAPL pore
water saturation (A). Dashed lines in figures B and C indicated sensitivity analysis of the uncertainty (±1s) of the sorption-induced isotope fractionation factors. For the 1,2-DCA
chlorine and carbon isotopes two scenarios were simulated: Diffusion only (asorption ¼ 1) and a combined scenario that includes diffusion and sorption-induced isotope fractionation
for 1,2-DCA chlorine (asorption ¼ 0.99945) and carbon (asorption ¼ 0.99960) isotopes (B and C). The Nash-Sutcliff efficiency (NSE) was used to quantify the quality of the fit between
measured and modelled data.

Fig. 6. DCM total concentration profile (A) and carbon isotope ratio profile (B) below the DNAPL source in the retrieved clay core 5673 days after emplacement of the DCM DNAPL
source. The continuous lines indicate the modelled concentration and isotope ratios profiles, while the filled squares (A) and the open circles (B) represent the measured con-
centrations and the isotope ratios in the depth-discrete samples. C0 corresponds to the soil concentration at DCM DNAPL pore water saturation (A). Dashed lines in figure B indicate
sensitivity analysis of the uncertainty (±1s) of sorption-induced isotope fractionation factor. For the DCM carbon isotopes two scenarios were simulated: Diffusion only
(asorption ¼ 1) and a combined scenario, which includes diffusion and sorption-induced isotope fractionation (asorption ¼ 0.99946) (B). The Nash-Sutcliff efficiency (NSE) was used to
quantify the quality of the fit between measured and combined simulation scenario.
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trichloroethene (H€ohener and Yu, 2012; Imfeld et al., 2014; Kopinke
et al., 2005). Furthermore, as after the first sorption step the shifts
of isotope ratios remained within the analytical uncertainty of
about 0.5‰, our multistep sorption experiment shows that a single
step sorption experiment is not sufficient to detect sorption-
induced isotope fractionation. This is in agreement with the
studies conducted by Slater et al. (2000) and Schüth et al. (2003),
which observed no significant sorption-induced isotope effect by
performing a single step sorption experiment.

Isotope effects due to phase transition of hydrophobic com-
pounds mainly occur due to changes of vibrational frequencies of
the solute molecules caused by changing nonbonding interactions
(Aelion et al., 2010; Jancso and Van Hook, 1974; Jeannottat and
Hunkeler, 2012, 2013; Turowski et al., 2003). Accordingly, the
detected preferential sorption of isotopocules with light compared
to isotopocules with heavy isotopes can be likely explained by
changes of vibrational frequencies due to changing nonbonding
interactions during the transition between the aqueous solution
and the sorbent material. In the sorbent material vibrational fre-
quencies of the chlorinated hydrocarbon molecules are reduced
compared to the aqueous solution due to the stronger interactions
of the molecules with sorbent material (Turowski et al., 2003).
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Consequently, the zero point energy levels of the light and heavy
isotopocules are lower and closer together in the sorbent material
than in the aqueous solution. As a result, the difference of zero
point energies between sorbed and dissolved compounds in the
aqueous solution is lower for heavy than for light isotopocules and
thus, it takes slightly less energy for the heavy isotopocule to go
into the aqueous phase than for the light isotopocules leading to a
depletion of heavy isotopocules in the sorbent material. This
isotope effect is similar as observed for air ewater partitioning and
DNAPL e vapor equilibration, during which also the reduction of
vibrational frequencies in the water phase or in the DNAPL lead to a
preferential transition of heavy carbon isotopocules to the gas
phase compared to light isotopocules (Jeannottat and Hunkeler,
2012, 2013).

For the diffusion cell experiment, the observed faster diffusive
transport rate for isotopocules with light compared to the heavy
DCM carbon isotopes is in agreement with previous studies
(Eggenkamp and Coleman, 2009; Richter et al., 2006; Wanner and
Hunkeler, 2015). Furthermore, the determined magnitude of DCM
carbon isotope fractionation due to diffusion is consistent with an
earlier study (Wanner and Hunkeler, 2015), which investigated
carbon and chlorine isotope fractionation of TCE and 1,2-DCA due
to aqueous phase diffusion and obtained isotope fractionation
factors in the same range (aDiffusion ¼ 0.99939e0.99978;
εDiffusion ¼ �0.61‰ to �0.22‰) as the present study
(aDiffusion ¼ 0.99972; εDiffusion ¼ �0.28‰). Moreover, the mass
dependency of the diffusive transport rate (D) of the carbon iso-
topes of DCM showed a weaker power mass dependency
(D ¼ m�0.025) than previously postulated by the kinetic theory
(D ¼ m�0.5). This is in agreement with previous experiments
(Eggenkamp and Coleman, 2009; Pikal, 1972; Richter et al., 2006;
Rodushkin et al., 2004; Schloemer and Krooss, 2004; Tyroller et al.,
2014; Wanner and Hunkeler, 2015; Zhang and Krooss, 2001) and
molecular dynamic simulation studies (Bourg et al., 2010; Bourg
and Sposito, 2007, 2008). Hence, the results of the diffusion cell
experiment emphasized the failure of the kinetic theory for esti-
mating the magnitude of isotope fractionation due to aqueous
phase diffusion.

5.2. Concentration and compound-specific isotope diffusion profiles
beneath the emplaced DNAPL sources

The greater vertical migration distance of DCM (160 cm)
compared to 1,2-DCA (100 cm) is coherent with the results of the
multistep sorption experiment, which revealed a stronger sorption
behaviour of 1,2-DCA compared to DCM (Fig. 2C). Furthermore, the
presence of the highest 1,2-DCA concentration below and not
adjacent to the contamination source in the clay unit indicates that
upward diffusion (i.e. back-diffusion) occurred due to the depletion
of the contamination source, as it has been observed at other
contaminated sites (Chapman and Parker, 2005). In contrast, the
highest DCM concentration was detected adjacent to the emplaced
source, suggesting the DCMDNAPLmass in the source zone had not
decreased sufficiently to initiate back-diffusion. For DCM, the mass
flux away from the source is expected to be smaller than for 1,2-
DCA, because the concentration gradient is flatter due to weaker
sorption. The enrichment of heavy carbon isotopes in 1,2-DCA and
DCM with depth (Figs. 5C and 6B) is opposite to the isotope trend
expected for the diffusive transport process (Wanner and Hunkeler,
2015). Isotope fractionation due to degradation can be excluded, as
neither the present study nor a previous study (Parker, 1996) found
evidence for reactive processes at the site. Furthermore, for reactive
processes the decrease in concentration with depth would be
associated with a greater isotope effect due to the large carbon
isotope enrichment factors for 1,2-DCA (�3.5 to �32.0‰ (Palau
et al., 2014)) and DCM (-41.2 to �66.3‰ (Nikolausz et al., 2006))
degradation, respectively. Thus, the observed isotope trend is likely
caused by sorption. This conclusion is supported by the results of
the multistep sorption experiment, which showed that the sorbed
compounds are depleted in heavy isotopes, enhancing the mobility
of isotopocules with heavy isotopes in the clay unit and leading to
an enrichment of heavy isotopes with depth. However, in contrast
to carbon isotopes, the 1,2-DCA chlorine isotopes show an opposite
isotope trend towards lighter signatures with depth. The opposite
isotope trend for Cl compared to C isotopes reinforces the hy-
pothesis that degradation is absent as no inverse degradation-
induced isotope effect for chlorine isotopes is known. As the mass
difference is two between stable chlorine compared to one for
carbon isotopes, the diffusive isotope effect is stronger for the
chlorine compared to carbon isotopes. Therefore, the trend towards
lighter signatures with depth for 1,2-DCA chlorine isotopes could
be explained by the interaction between sorption and diffusion,
whereby the diffusion isotope effect overrules the sorption effect.
To evaluate the relative contribution of sorption and diffusion in
more detail, numerical modeling was used as discussed in the
following section.

5.3. Simulation of field site-derived concentration and compound-
specific isotope profiles

The 2D axisymmetrical numerical model was applied a) to
assess if measured 1,2-DCA and DCM concentration profiles can be
reproduced with the experimentally determined parameters for
the non-linear Freundlich isotherm (Table 2, Fig. 2A and B); and b)
to investigate if and how isotope fractionation due to diffusion and
sorption processes are superimposed in water-saturated low
permeability sediments.

Simulated 1,2-DCA and DCM concentration profiles agreed well
with measured concentration profiles (Figs. 5A and 6A). The best fit
for the 1,2-DCA (NSE ¼ 0.93) and for the DCM (NSE ¼ 0.98) con-
centration profiles was obtained with a De/D0 ratio of 0.31 (eq. (4),
Supporting Information) and with a start of the concentration
decrease at the source zone at 9.5 (1,2-DCA) and 10 years (DCM)
after source emplacement to pore water concentrations of 86.5 mg/
L for 1,2-DCA and of 7700 mg/L for DCM, respectively (Table 1). The
consistency between measured and modelled 1,2-DCA and DCM
concentration data confirms that non-linear sorption occurs, which
is in agreement with the multistep sorption experiment and with
previous studies at the site (Allen-King et al., 1996, 1997).

To assess the relative contribution of isotope fractionation due
sorption and diffusion on isotope ratio profiles in the clay unit, two
scenarios were simulated and compared with measured isotope
ratio profiles: Isotope fractionation by a) diffusion only
(aSorption ¼ 1), and b) by a combination of diffusion and sorption.
The diffusion only scenario was not in agreement with measured
isotope ratio profiles. For the 1,2-DCA chlorine isotopes, the simu-
lated shift with depth was larger than the measured (Fig. 5B), while
for the 1,2-DCA and DCM carbon isotopes the simulated profiles
showed an opposite trend compared to measured isotope profiles
(Figs. 5C and 6B), suggesting that isotope fractionation occurs not
only due to the diffusion. In contrast, for the simulation scenario
including both sorption and diffusion-induced isotope fraction-
ation, the simulated 1,2-DCA and DCM isotope profiles agreed well
with the measured profiles (NSE ¼ 0.74e0.95) (Fig. 5BeC and
Fig. 6B). This further substantiates that sorption-induced isotope
fractionation causes an enrichment of heavy 1,2-DCA and DCM
carbon isotopes, and that for 1,2-DCA chlorine isotopes the stronger
diffusion isotope effect overrides the sorption effect causing a trend
towards lighter isotopes with depth. Furthermore, the direction of
the shift of 1,2-DCA and DCM carbon isotope ratios (enrichment of
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heavy isotopes) with depth does not change when varying the
sorption-induced isotope fractionation factor within the uncer-
tainty, which is related with isotope ratio and the remaining frac-
tion measurements (±1s; Figs. 5C and 6B). This underlines the
conclusion that sorption causes the enrichment of heavy 1,2-DCA
and DCM carbon isotopes with depth.

The amount of isotope fractionation due to sorption might not
only depend on the magnitude of sorption isotope fractionation
factor but also on the extent of sorption. To investigate how the
extent of sorption influences isotope fractionation, the migration of
1,2-DCA in saturated low permeability sediments was simulated for
different Freundlich constants (KFr) ranging between 2 and 10
(Fig. 7A and B). The simulations were conducted for a constant 1,2-
DCA source concentration at 1,2-DCA DNAPL pore water saturation
(C0 ¼ 8690 mg/L) and for the same time period as the field ex-
periments (5673 days). By plotting simulated 1,2-DCA carbon and
chlorine isotope profiles for different KFr values against 1,2-DCA
concentrations normalized to the source concentration (C/C0) on
a logarithmic scale, it becomes apparent that a stronger sorption
behavior leads to a steeper concentration gradient, which amplifies
the isotope trend going in opposite directions (Fig. 7A and B). For
the 1,2-DCA chlorine isotopes, for which diffusion is the predomi-
nant fractionation process, a steeper concentration gradient is
associated with a larger depletion of heavy chlorine isotopes with
depth (Fig. 7A). In contrast, for the 1,2-DCA carbon isotopes, for
which sorption dominates isotope fractionation, an augmentation
of the extent of sorption leads to a larger enrichment of heavy
isotopes with depth (Fig. 7B).

Sorption-induced isotope fractionation can potentially disturb
the identification of reactive processes by using stable isotope
methods. Shifts of isotope ratios can reach 2‰ (Fig. 5BeC and 6B),
which is considered as a lower limit to provide solid evidence for
reactive processes (Hunkeler et al., 2005). The disturbancemight be
especially relevant for carbon isotopes as sorption shifts carbon
isotope ratios towards the same direction as reactive processes
(enrichment of heavy isotopes with depth). To investigate the
extent of disturbance, a degradation scenario was simulated with a
relatively slow degradation rate (half-life ¼ 506 days) associated
with isotope fractionation factors ranging between 0.999 and
0.995. Furthermore, the degradation scenario was simulated
without and with taking into account sorption-induced isotope
fractionation. The degradation scenario was compared with 1,2-
DCA and DCM carbon isotope ratio profiles as the observed
Fig. 7. Simulated 1,2-DCA chlorine (A) and carbon (B) isotope fractionation as function of th
different Freundlich constants (KFr) ranging between 2 and 10. The simulation was perform
(8690 mg/L) and for the same time period as for the field experiments (5673 days).
magnitude of isotope fractionation due to sorption for 1,2-DCA and
DCM carbon isotopes is expected to be representative for other
hydrophobic organic compounds. In the degradation scenario with
the smallest isotope fractionation factor (0.999), a similar shift of
carbon isotope ratios with depth was observed as in the scenario
without degradation (Fig. 8A and B). This indicates that for carbon
isotope ratio profiles showing shifts of about Dd13C ¼ 2.0‰ with
depth, their attribution to degradation processes cannot be made
unequivocally, especially in high organic content (high sorption
capacity) sediments. Furthermore, the simulated profiles in the
degradation scenario revealed that if sorption-induced isotope
fractionation is ignored (considered negligible), the simulated
enrichment of heavy isotopes with depth is less strong (Fig. 8A and
B). Hence, when fitting a reactive transport model to measured
carbon isotope ratio profiles by ignoring sorption-induced isotope
fractionation, the total enrichment of heavy isotope with depth will
be assigned to reactive processes. This leads to an overestimation of
reaction rates. Therefore, isotope effects due to sorption should be
considered for the identification and quantification of reactive
processes by using stable isotope methods especially for slow re-
actions with small isotope fractionation factors.
6. Conclusions

This study provides for the first time clear evidence that isotope
fractionation due to sorption has a measurable effect on carbon and
chlorine isotope patterns of chlorinated hydrocarbons under field
conditions in saturated low permeability sediments. By including
laboratory determined enrichment factors for sorption and diffu-
sion in a numerical model, laboratory and field observations in
saturated low permeable units were consistently related. The re-
sults of the numerical model demonstrated that sorption and
diffusion are superimposed and compensate each other to some
degree as these processes fractionate isotopes in opposite di-
rections. Hence, depending onwhether sorption or diffusion shows
the larger isotope fractionation factor, isotope ratios are shifted in
opposite directions in aquitards. Moreover, an increased sorption
extent leads to an amplification of the isotope trends. Furthermore,
this study shows that sorption-induced isotope fractionation can
cause shifts of isotope ratios of around 2‰ in saturated low
permeable units, which is considered as a threshold value for
identifying reactive processes affecting organic compounds
(Hunkeler et al., 2008). Numerical modelling showed that specific
e concentration normalized to the source concentration (C0) on a logarithmic scale for
ed for a constant source concentration (C0) at 1,2-DCA DNAPL pore water saturation



Fig. 8. Simulated 1,2-DCA (A) and DCM (B) carbon isotope ratio profiles by including reactive processes (black lines) with fraction factors ranging between 0.999 and 0.995 and a
half-life (l) of 506 days. The continuous black lines represent the reactive scenario in which sorption-induced isotope fractionation was included, while the black-dashed lines
represent the reactive scenario in which sorption-induced isotope fractionation was neglected. The continuous blue (A) and green lines (B) correspond to the non-reactive scenario,
which considers isotope fractionation due to sorption and diffusion only.
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conditions (high sorption capacity, early transient diffusion state)
can cause even larger shifts of isotope ratios due to sorption.
Therefore, shifts of isotope ratios of around 2‰ in low permeable
units are not unequivocally attributable to reactive processes. This
is especially important for the identification of slow reactive pro-
cesses associated with small degradation induced isotope frac-
tionation factors Moreover, although this study was carried out in
low-permeability sediments, it is expected that sorption-induced
isotope fractionation has a similar magnitude in more permeable
units, as sorption also occurs on organic matter. Hence, the data set
of this study also provides a starting point to evaluate the relevance
of sorption-induced isotope fractionation is such permeable units
with the help of modelling approaches.
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