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This modeling study aims to investigate how reactive processes in aquitards impact plume persistence in adjacent
aquifers. For that purpose themigration of a trichloroethene (TCE) plume in an aquifer originating from dense non-
aqueous phase liquid (DNAPL) source dissolution and back-diffusion from an underlying reactive aquitardwas sim-
ulated in a 2D-numerical model. Two aquitard degradation scenarios weremodeled considering one-step degrada-
tion from TCE to cis-dichloroethene (cDCE): a uniform (constant degradation with aquitard depth) and a non-
uniform scenario (decreasing degradation with aquitard depth) and were compared with a no-degradation sce-
nario. In theno-degradation scenario, a long-termTCE tailing above theMaximumContaminant Level (MCL) caused
by back-diffusion after source removal was observed. In contrast, in the aquitard degradation scenarios, TCE back-
diffusion periods were shorter, whereby the extent of back-diffusion reduction depended on the aquitard degrada-
tion depth and the rate. For high degradation rates (half-life: 30–80 days), an aquitard degradation depth greater
than 65 cm prevented TCE plume persistence after source removal but generated a long-term tailing above the
MCL for the produced cDCE. For slow degradation rates (half-life: b200 days), TCE was only partially degraded
after source removal, independent of the aquitard degradation depth, leading to a long-term dual contamination
of the aquifer by cDCE and TCE. A sudden enrichment of 13C in TCE and cDCE was observed after source removal
in the uniform and non-uniform degradation scenarios that was distinct from δ13C patterns observed when aquifer
degradation occurs (continuous enrichment of 13C along the plume axis) and for when there is absence of degrada-
tion (no change of isotope ratios). This demonstrates that δ13C measurements in the aquifer can be used as a diag-
nostic tool to demonstrate aquitard degradation, which simplifies the identification of reactive processes in
aquitards, as aquifers are usually easier to monitor than aquitards.
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1. Introduction
Subsurface contamination by chlorinated hydrocarbons is a wide-
spread environmental problem (Pankow and Cherry, 1996). Chlori-
nated hydrocarbons are often released as dense non-aqueous phase
liquids (DNAPLs) and rapidly migrate into the subsurface due to their
high density, low viscosity and low interfacial tension (Pankow and
Cherry, 1996; Schwille, 1988). When large quantities are released,
DNAPLs migrate through the unsaturated zone and penetrate deep
into aquifer systems. During migration in the saturated zone, DNAPLs
form pools on top of low permeability layers, which dissolve slowly
(Mackay and Cherry, 1989; Pankow and Cherry, 1996; Parker et al.,
1994). The dissolvedDNAPL compounds are then transported by advec-
tion in the aquifer creating a contaminant plume downgradient of the
source and diffuse into the underlying low permeability units. Initially,
it has been assumed that only the slow dissolution process of accumu-
lated DNAPL pools on top of low permeability layers contributes to the
longevity of DNAPL contamination sources (Anderson et al., 1992;
Berglund, 1997; Hunt et al., 1988; Johnson and Pankow, 1992;
Pankow and Cherry, 1996). However, in the early to mid-2000s, field
and modeling studies showed that chlorinated hydrocarbon plumes
can persist long after complete dissolution of accumulated DNAPL
pools due to back-diffusion from aquitards (Chapman and Parker,
2005; Liu and Ball, 2002; Parker et al., 2008; Seyedabbasi et al., 2012).
Using numerical modeling, it was demonstrated that back-diffusion
can generate aquifer concentrations far above Maximum drinking
water Concentration Limits (MCL, based on US EPA) for decades or
even centuries (Chapman and Parker, 2005; Hwang et al., 2008;
Seyedabbasi et al., 2012; Yang et al., 2017). These studies neglected re-
active processes in the aquitard. However, themore reducing conditions
in aquitards may frequently trigger degradation of chlorinated hydro-
carbons, which are otherwise stable in oxic aquifers. Recent studies
(Damgaard et al., 2013; Takeuchi et al., 2011; Wanner et al., 2016) con-
firmed that chlorinated hydrocarbons can indeed be degraded in
aquitards. Hence, an investigation of the effect of degradation in
aquitards on plumepersistence iswarranted. On the onehand, degrada-
tion could reduce plume longevity. On the other hand, if only partial
degradation occurs, toxic transformation products might be released
into the aquifer. The limited knowledge about degradation in aquitards
is partly due to the difficulty in sampling water from this zone and the
lack of suitable tools to demonstrate degradation. Compound-specific
isotope analysis (CSIA) is a potential tool to demonstrate degradation
in aquitards. However, it remains unclear how reactive processes in
aquitards are reflected in isotope ratio patterns in aquifer– aquitard sys-
tems and whether stable isotope methods provide unequivocal insight
into the relation between degradation activities in aquitards and
plume persistence due to back-diffusion.

To address these research gaps, we investigate how reactive pro-
cesses in aquitards influence plume persistence in adjacent aquifers
using a 2D-numerical model. We evaluate to what extent aquitard deg-
radation shortens the back-diffusion period of the parent compound for
different degradation rates and aquitard degradation depths. We also
consider the common scenario of only partial degradation and explore
under what conditions elevated concentrations of daughter products
can be expected in the overlying aquifer. Finally, as degradation in
aquitards ismore difficult to substantiate, we also investigate if aquitard
degradation can be inferred from CSIA in aquifer samples.

2. Numerical simulation methods

2.1. Concept and set up of 2D-numerical simulations

The 2D-numerical model simulates the migration of a TCE plume in
an aquifer. The plume originates from DNAPL source dissolution and
back-diffusion from the underlying aquitard after source removal. This
configuration was chosen as it represents a common scenario at many
contaminated sites (Ball et al., 1997; Chapman and Parker, 2005;
DiFilippo and Brusseau, 2008; Liu and Ball, 2002; Parker et al., 2008).
The 2D-simulation approach relies on the assumption that transverse
horizontal dispersion in the simulated aquifer does not affect the con-
centration evolution in the center of the contaminant plume. The di-
mensions of the modeling domain and the physical properties of the
aquifer – aquitard system were adopted from Chapman and Parker
(2005) (Table 1). The 2D-numerical modeling domain was 15 m high
and 300 m long, whereby the aquifer was 5 m and the aquitard 10 m
thick (Fig. 1). In the modeling domain, a highly resolved rectangular
mesh was generated with 94,200 rectangular elements. The mesh was
especially refined at the aquifer – aquitard interface, where the rectan-
gular elements were 20 times smaller than in the rest of the modeling
domain. Simulations with a four times finer mesh (376,800 elements)
did not change contaminant profile shapes (Fig. S1, Supporting Informa-
tion (SI)) indicating that the mesh is sufficiently fine to minimize nu-
merical dispersion. A linear groundwater flow velocity of 0.5 m/d was
specified in the aquifer, while in the underlying aquitard the velocity
was set to zero (Table 1). A trichloroethene (TCE) DNAPL line source
of 0.1 m height was emplaced at the up-gradient end of the modeling
domain at the bottom of the aquifer. The source was emplaced for
42 years and after its removal clean water flushed through the aquifer
for 100 years causing back-diffusion from the aquitard towards the
aquifer (Fig. 1). For simulating degradation in the aquitard, a one-step
degradation process from TCE to cis-dichloroethene (cDCE)was consid-
ered, which has the advantage that the effect of a degrading parent
(TCE) and an accumulating daughter compound (cDCE) can be evalu-
ated. Furthermore, the accumulation of cDCE, represents a common sce-
nario at many sites, as sequential reductive dechlorination of
chlorinated ethenes often stalls at cDCE (Aelion et al., 2010). To assess
the impact of different aquitard degradation conditions on plume per-
sistence and to investigate if they can be tracked by carbon isotope ra-
tios, two different aquitard degradation scenarios were simulated and
compared with a no-degradation scenario: A non-uniform and a uni-
form degradation scenario (Fig. 1). In the non-uniform degradation sce-
nario, the degradation rate constant decreasedwith increasing aquitard
depth as observed byWanner et al. (2016) at the Borden site in Ontario,
Canada. This can be related to diffusing nutrients from the aquifer into
the aquitard favoring stronger degradation close the aquifer – aquitard
interface compared to greater depths (Wanner et al., 2016). The uni-
form degradation scenario was simulated for a constant vertical degra-
dation rate, whereby the used degradation rate constant (half-life:
30 days) corresponded to thedetected constant at the aquifer– aquitard
interface at the Borden site (Wanner et al., 2016). Concentration and
carbon isotope ratio profiles were evaluated 25 and 280 m
downgradient from the source zone. The temporal concentration and
carbon isotope ratio evolutions were assessed in hypothetical wells
with a 1.5 m screened interval at the base of the aquifer to cover the
main part of the contaminant plume also located at 25 and 280 m
downgradient from the source.

To examine whether degradation in the aquifer and aquitard, re-
spectively can be differentiated based on CSIA of chlorinated hydrocar-
bons in groundwater, an aquifer-only degradation scenario was
simulated and compared with the aquitard degradation scenarios (uni-
form and non-uniform). For the aquifer-only degradation scenario, a
degradation rate constant of 4.72E-9 1/s (half-life = 170 days) was im-
posed, which is in the range of frequently detected degradation rate
constants in aquifers (Wiedemeier et al., 1999). To compare carbon iso-
tope ratios for the aquifer-only and the aquitard degradation scenarios,
the spatial carbon isotope ratio evolution along the plume axis was
assessed before source removal and for 100 years thereafter.

2.2. Governing equations

The 2D-reactive transport of TCE in the aquifer – aquitard system
was simulated by using the advection-dispersion-reaction equation



Table 1
Model parameters for simulating the TCE plume in the aquifer – aquitard system.

Parameter Unit Value Reference

Tortuosity factor – 0.40 (Chapman and Parker, 2005)
KOC TCE L/Kg 126 (Chapman and Parker, 2005)
KOC cDCE L/Kg 86 (Chapman and Parker, 2005)
Diffusion coefficient in free solution: D0,TCE m2/s 1.01E-09 (Chapman and Parker, 2005)
Diffusion coefficient in free solution: D0,cDCE m2/s 1.13E-09 (Chapman and Parker, 2005)

Aquifer

Height m 5 (Chapman and Parker, 2005)
Length m 300 (Chapman and Parker, 2005)
Hydraulic conductivity: K m/s 2.0E-04 (Chapman and Parker, 2005)
Porosity: ϕ – 0.35 (Chapman and Parker, 2005)
Linear groundwater flow velocity:v m/d 0.5 (Chapman and Parker, 2005)
Organic carbon content: fOC % 0.038 (Chapman and Parker, 2005)
Bulk density: ρ g/cm3 1.70 (Chapman and Parker, 2005)
Transverse dispersivity: αT m 1.0 (Chapman and Parker, 2005)
Vertical dispersitvity: αL m 0.002 (Chapman and Parker, 2005)
Degradation rate constant k 1/s 4.7E-8 (Wiedemeier et al., 1999)
Isotopic enrichment factor degradation ‰ −18.2 (Wanner et al., 2016)
Isotopic enrichment factor sorption ‰ −0.40 (Wanner et al., 2017)
Isotopic enrichment factor diffusion ‰ −0.33 (Wanner and Hunkeler, 2015)

Aquitard

Height m 10 (Chapman and Parker, 2005)
Length m 300 (Chapman and Parker, 2005)
Hydraulic conductivity: K m/s 5.0E-10 (Chapman and Parker, 2005)
Porosity: ϕ – 0.43 (Chapman and Parker, 2005)
Organic carbon content: fOC % 0.054 (Chapman and Parker, 2005)
Bulk density: ρ g/cm3 1.95 (Chapman and Parker, 2005)
Uniform degradation rate constant k 1/s 2.7E-7 (Wanner et al., 2016)
Non-uniform degradation rate constant k 1/s kinit·erfc(az)a (Wanner et al., 2016)
Isotopic enrichment factor degradation ‰ −18.2 (Wanner et al., 2016)
Isotopic enrichment factor sorption ‰ −0.40 (Wanner et al., 2017)
Isotopic enrichment factor diffusion ‰ −0.33 (Wanner and Hunkeler, 2015)

TCE line source

Height m 0.1 (Chapman and Parker, 2005)
Concentration mg/L 1100 (Chapman and Parker, 2005)
Persistence time y 42 (Chapman and Parker, 2005)
δ13C ‰ −29.3 (Aelion et al., 2010)

a z corresponds to the vertical depth, kinit is the aquifer –aquitard degradation rate constant and a determines the degradation depth. kinit was varied in a range between 2.70E-7 and
2.01E-8 1/s (half-life: 30–400 days), while a was varied between 0.2 and 30.
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for porous saturated media:

Rn
∂ ϕCnð Þ

∂t
¼ DL

∂Cn

∂x2
þ DT

∂Cn

∂z2
−v

∂Cn

∂x
þ r ð1Þ

where x (m) is the horizontal distance, z (m) the vertical depth, Cn

(mmol/L) the concentration of species n, v (cm/y) the linear flow veloc-
ity in x direction, DL (m2/s) the longitudinal dispersion coefficient, DT

(m2/s) the transversal dispersion coefficient and Rn (−) the retardation
factor, ϕ (−) the porosity, and r (mmol/L⋅s) is the degradation rate. The
advection-dispersion-reaction equation was solved numerically with
the finite element computer code Comsol Multiphysics® using an im-
plicit time-dependent solver algorithm and the BDF (backward differ-
entiation formulas) time stepping method.

The transverse and longitudinal dispersion coefficients (Eq. (1)) are
determined by using the following relationships:

DT ¼ De þ αTv ð2Þ

DL ¼ De þ αLv ð3Þ

where DT and DL (m2/s) are the transverse and longitudinal dispersion
coefficient, respectively, De (m2/s) is the effective diffusion coefficient,
αT and αL (m) refer to the transverse and longitudinal dispersivity, re-
spectively and v (m/s) is the linear flow velocity in x direction. In the
aquitard, the advective velocity was set to zero and hence, the disper-
sion coefficient reduces to the effective diffusion coefficient.
The effective diffusion coefficient (Eqs. (2) and (3)) includes the re-
duction of the diffusive transport rate in porousmedia due porosity and
tortuosity effects and is defined as follows:

De ¼ D0ϕτ ð4Þ

whereD0 (m2/s) is thediffusion coefficient in free solution and τ (−) re-
fers to the tortuosity factor.

The retardation factor (Eq. (1)) is defined assuming linear equilib-
rium sorption as:

R ¼ 1þ ρb

ϕ

� �
� Kd ð5Þ

where ρb (g/cm3) is the dry soil bulk density and Kd (L/kg) is the sorp-
tion equilibrium partition coefficient. The Kd values were estimated
using the relationship Kd = KOC·fOC, where KOC is the porous medium
organic carbon-water partition coefficient and fOC is the solid phase or-
ganic carbon content.

The degradation of TCE to cDCE (r in Eq. (1)) was simulated in the
2D-numerical model using a first order degradation rate law:

rTCE ¼ −rcDCE ¼ −k � CTCE ð6Þ

where r (mmol/L⋅s) is the degradation rate, k (1/s) is the degradation
rate constant and CTCE (mmol/L) is the TCE concentration.
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In the aquifer and in the uniform aquitard degradation scenario, a
constant k value was used. In the non-uniform degradation scenario, k
(Eq. (6)) followed an inverse error function with aquitard depth ac-
counting for the decrease of the degradation rate with aquitard depth
as observed by Wanner et al. (2016) at the Borden site:

k ¼ kint � erfc a � zð Þ ð7Þ

where kint (1/s) is the aquifer – aquitard interface degradation rate con-
stant, a (1/meters) is the parameter that defines how strongly the deg-
radation rate constant decreases with depth and z is the vertical depth
(meters).

The non-uniform degradation scenario was simulated for different
aquifer – aquitard interface degradation rate constants (kint, Eq. (7))
and for varying degradation depths. The degradation depthwas defined
as the depth at which the degradation rate constant has dropped to
8.03E-09 1/s (half-life: 1000 days) according to the inverse error func-
tion (Fig. S2. SI). The degradation rate constant at the aquifer – aquitard
interface (kint, Eq. (7)) was varied in a range between 2.70E-7 and
2.01E-8 1/s (half-lives: 30–400days), whereas the aquitard degradation
depth was changed between 0.051 and 2.97 m by varying the a-values
between 0.2 and 30 in Eq. (7).

2.3. Isotope fractionation processes

In the 2D-numerical reactive transport model, carbon isotope frac-
tionation caused by TCE transformation to cDCE and by physical pro-
cesses (aqueous phase diffusion and sorption) were considered. For
that purpose, species containing one heavy (13C) and only light (12C)
carbon isotopes, respectively, were defined for TCE and cDCE (13TCE,
12TCE, 13cDCE, 12cDCE) in the model database. Molecules containing
more than one heavy carbon isotope (13C) were neglected, as the natu-
ral abundance of 13C is low (1.1%) (Aelion et al., 2010). A δ13C value of
−29.3‰ was used for the TCE DNAPL source, which corresponds to an
average value (n = 10) of different TCE manufacturers (Aelion et al.,
2010). For simulating isotope fractionation associated with TCE degra-
dation to cDCE, different degradation rate constants were assigned to
isotopically distinct species according to van Breukelen et al. (2005)
using an average (n = 36) isotope enrichment factor of εDegradation =
−18.2‰ (Table 1) (Wanner et al., 2016):

12TCEk ¼ −
12cDCEk ¼ −k � f 12TCE ð8Þ

13TCEk ¼ −
13cDCEk ¼ −k � εDegradation

1000
þ 1

� �
� f 13TCE ð9Þ

where εDegradation is the degradation-induced isotope enrichment factor
(Table 1) and f12TCE, f13TCE, f12cDCE, f13cDCE are the carbon isotopic
species fractions of the total TCE and cDCE concentrations.

Isotopically light species sorb preferentially compared to heavy spe-
cies (Kopinke et al., 2005;Wanner et al., 2017). To account for sorption-
induced isotope fractionation, different Kd values (Eq. (5)) were
assigned to each isotopic species based on the experimentally deter-
mined sorption-induced isotope enrichment factor of εSorption = −
0.40‰ (Table 1) by Wanner et al. (2017). Assuming that the Kd values
for the more abundant species of TCE and cDCE (12TCE and 12cDCE)
are equal to the Kd values of the total TCE and cDCE concentrations
(Kd,TCE,total ≈ Kd,12TCE and Kd,cDCE,total ≈ Kd,12cDCE) the Kd value for each
individual isotopically distinct species is given by:

Kd;12TCE ¼ Kd;TCE;total ð10Þ

Kd;13TCE ¼ εsorption
1000

þ 1
� �

� Kd;TCE;total ð11Þ

Kd;12cDCE ¼ Kd;cDCE;total ð12Þ
Kd;13cDCE ¼ εsorption
1000

þ 1
� �

� Kd;cDCE;total ð13Þ
where εsorption is the sorption-induced isotope enrichment factor, and
Kd (L/kg) is the sorption equilibrium partition coefficient (Table 1).

The aqueous phase diffusive transport rate is slightly faster for light
compared to isotopically heavy species (Wanner and Hunkeler, 2015).
To include isotope fractionation due to aqueous phase diffusion, differ-
ent diffusion coefficients D0 (Eq. (3)) were defined for each of the sim-
ulated isotopically distinct species by using the experimentally
determined diffusion-induced isotope enrichment factor of εDiffusion =
− 0.33‰ (Table 1) published by Wanner and Hunkeler (2015)
(Table 1). It was assumed that the diffusion coefficients for the more
abundant TCE and cDCE species (12TCE and 12cDCE) are equal to the dif-
fusion coefficients of the total TCE and cDCE concentrations (D0,TCE,total

≈ D0,12TCE and D0,cDCE,total ≈ D0,12cDCE) and hence, the diffusion coeffi-
cient for each individual isotopic species becomes:

D0;12TCE ¼ D0;TCE;total ð14Þ

D0;13TCE ¼ εDiffusion
1000

þ 1
� �

� D0;TCE;total ð15Þ

D0;12cDCE ¼ D0;cDCE;total ð16Þ

D0;13cDCE ¼ εDiffusion
1000

þ 1
� �

� D0;cDCE;total ð17Þ

where εDiffusion is the diffusion-induced isotope enrichment factor and D
(m2/s) is the diffusion coefficient (Table 1).

3. Results and discussion

3.1. Vertical aquifer – aquitard concentration profiles

For all three scenarios (no-degradation, uniform and non-uniform
degradation), the aquifer - aquitard concentration profiles are evaluated
280 m downgradient of the TCE DNAPL source. In addition, concentra-
tion profiles at 25 m distance from the source are presented in section
2 of the SI. In the no-degradation scenario, just before TCEDNAPL source
removal at 42 years, the highest TCE concentration of 108mg/L was ob-
served at the aquifer – aquitard interface (Fig. 2A). In the aquitard, TCE
showed distinct concentration profiles, whereby the concentration
dropped below 0.1mg/L at 4.5m depth. Five years after source removal,
the TCE concentration at the aquifer – aquitard interface had decreased
to 6 mg/L, while in the aquitard typical back-diffusion profiles were ob-
served showing the highest TCE concentration of 58mg/L 0.65m below
the aquifer – aquitard interface (Fig. 2A). With increasing time
(10–100 years after source removal), the TCE aquifer – aquitard inter-
face concentrations further decreased and in the aquitard the peak con-
centrations of the back-diffusion profiles declined and migrated to
greater depth.

For uniform degradation, the TCE concentration (53 mg/L) was half
as high in the aquifer close to the aquifer - aquitard interface compared
to the no-degradation scenario (108 mg/L) before source removal
(Fig. 2B). Furthermore, the TCE concentrations in the aquitard were
much lower and dropped below 0.1 mg/L at a shallower depth
(0.23 m) than for the no-degradation scenario (4.5 m). Five years after
source removal, TCE was no longer present neither in the aquifer nor
in the aquitard (Fig. 2B). The same was observed closer to the source
at 25 m distance (Fig. S3B, SI). Thus, the uniform degradation activities
(half-life: 30 days) in the aquitard led to complete removal of TCE
from the aquifer – aquitard systems five years after source removal. In
contrast to the degraded TCE, the cDCE produced in the aquitard was
observed in the aquifer and in the aquitard before and after source re-
moval (Fig. 2C). In the aquitard, cDCE showed back-diffusion like



Fig. 2. Simulated TCE and cDCE concentration profiles 280 m down-gradient of the TCE DNAPL source for the no-degradation scenario (A), the uniform degradation scenario with a
degradation rate constant of 2.70E-7 1/s (half-life: 30 days) (B and C) and the non-uniform degradation scenario with an aquifer – aquitard interface degradation rate constant of
2.70E-7 1/s (half-life: 30 days) and a degradation depth of 0.077 m (D and E). Concentration profiles are shown at the end of the 42 years constant source period and at 5, 10, 20, 50
and 100 years after source removal.
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profiles with gradually decreasing concentrations with depth and to-
wards the aquifer – aquitard interface. During the presence of the TCE
DNAPL source, the peak concentration (70 mg/L) of the cDCE profile in
the aquitard was observed next to the aquitard – aquifer interface.
After source removal, the cDCE peak concentrations in the aquitard de-
clined and moved downwards into the aquitard (Figs. 2C).

For the non-uniform degradation scenario, the concentration pro-
files are shown for a high aquifer – aquifer interface degradation rate
constant of 2.7E-7 1/s (half-life: 30 days) and for an aquitard degrada-
tion depth of 0.077 m (Fig. 2D and E). These parameters correspond to
the Borden site aquitard conditions observed by Wanner et al. (2016).
Before source removal, the TCE aquifer concentration at the aquifer –
aquitard interface (66 mg/L) was higher than in the uniform degrada-
tion scenario (53 mg/L), but lower than in the no-degradation scenario
(108 mg/L, Fig. 2D). In the aquitard, the TCE concentration dropped
below 0.1 mg/L at 4.15 m, which is deeper compared to the uniform
degradation scenario (0.23 m) but shallower than in the no-
degradation scenario (4.5 m). In contrast to the uniform degradation
scenario, TCE was still present in the aquifer and in the aquitard up to
100 years after source removal (Fig. 2D and E),whichwas also observed
closer to the source at 25mdistance (Fig. S3D–E, SI). In the aquitard, TCE
showed distinct back-diffusion profiles with about three times lower
concentrations than in the no-degradation scenario. The produced
cDCE in the aquitard also showed back-diffusion like concentration pat-
terns as in the uniform degradation scenario but at approximately 1.5
times lower concentrations (Fig. 2E).

3.2. Temporal concentration evolution in the aquifer

To evaluate the effect of the different aquitard degradation scenarios
on plume persistence, breakthrough curves in a hypothetical 1.5 m
screened well placed at the bottom of the aquifer 280 m downgradient
of the source were assessed (Fig. 3A–B). Additionally, breakthrough
curves in the well closer to the source (25 m) are presented in section
2 of the SI. For the no-degradation scenario, the TCE concentration in
the simulated well remained on a constant level of 83 mg/L during the
presence of the source. After source removal, the TCE concentration de-
creased rapidly by more than one order of magnitude (Fig. 3A). How-
ever, TCE showed a long-term tailing with TCE concentrations
between 4.70 and 0.14 mg/L (Fig. 3A). Similarly, a long-term tailing
was also observed closer to the source (25 m) but at slightly lower con-
centrations (1.40–0.14 mg/L, Fig. S4A, SI). Consequently, in the no-
degradation scenario, the TCE concentrations in the aquifer remained
several magnitudes above the MCL (0.005 mg/L, based on US EPA) for
more than 100 years after source removal due to back-diffusion. These
findings are consistent with previous modeling studies for non-
reactive aquifer-aquitard systems, which also predicted TCE aquifer
concentrations above the MCL for 100 years after source removal or de-
pletion (Chapman and Parker, 2005; Seyedabbasi et al., 2012; Yang
et al., 2017).

In the uniform degradation scenario, the TCE concentration in the
simulated well remained on a lower level compared to the no-
degradation scenario during the presence of the source (46 mg/L;
Fig. 3A). The lower TCE concentrations are due to a stronger diffusive
mass flux into the aquitard driven by the steeper aquifer - aquitard con-
centration gradient caused by aquitard degradation. After source re-
moval, the TCE concentration in the well declined immediately below
the MCL (Fig. 3A). The same was observed at 25 m distance from the
source (Fig. S4A, SI). Hence, uniform degradation (half-life: 30 days)
in the aquitard prevents a long-term tailing for TCE. This contrasts the
no-degradation scenario, in which a long-term tailing for more than
100 years was observed (Fig. 3A). However, in the uniform degradation
scenario, cDCE was produced in the aquitard and diffused towards the
aquifer (Fig. 3B). During the presence of the source, the diffusive



Fig. 3. Temporal TCE (A) and cDCE (B) concentration evolution in a hypothetical 1.5 m
screened well, located 280 m downgradient of the TCE DNAPL source on top of the
aquitard for the no-degradation, the uniform degradation scenario with a degradation
rate constant of 2.70E-7 1/s (half-life: 30 days) and the non-uniform degradation
scenario with an aquifer – aquitard interface degradation rate constant of 2.70E-7 1/s
(half-life: 30 days) and degradation depths varying between 0.051 and 0.307 m.
Maximum Contaminant Levels (MCL) for TCE (5 μg/L) and cDCE (70 μg/L) are indicated
with the horizontal dashed lines based on the US EPA.
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transport of cDCE was largest resulting in a cDCE aquifer concentration
of 27mg/L (Fig. 3B). After the sourcewas removed, the cDCE concentra-
tions dropped but cDCE persisted above the MCL (0.07 mg/L, based on
US EPA) (Fig. 3B). This shows that although the uniform degradation ac-
tivities in the aquitard impeded a long-term tailing for TCE, in case of an
incomplete degradation, aquifer contamination persists for several de-
cades due to back-diffusion of the degradation product.

For non-uniform degradation, the temporal concentration evolution
in thewell are presented for a high aquifer – aquitard interface degrada-
tion rate constant of 2.7E-7 1/s (half-life: 30 days) and for six different
degradation depths (0.051 m, 0.077 m, 0.103 m, 0.154 m, 0.307 m)
(Fig. 3A–B). During the presence of the source, the TCE concentrations
prevailed on intermediate levels (61–48 mg/L) for the different degra-
dation depths compared to the no-degradation (83 mg/L) and uniform
degradation scenario (46mg/L) (Fig. 3A) and cDCE occurred aswell. The
same was observed at 25 m distance from the source (Fig. S4A, SI). The
aquifer – aquitard concentration gradient and the associated diffusive
mass flux into the aquitard is stronger than in the no-degradation but
weaker than in the uniform degradation scenario during the presence
of the TCE DNAPL source leading to the intermediate concentration
level. The effect of non-uniform versus uniform degradation during
the presence of a TCE source was also investigated by Chambon et al.
(2010) but for fractured clay. They simulated decreasing and constant
degradation in the low permeable matrix with increasing distance
from fractures and predicted higher TCE concentration in the adjacent
high permeable fracture for non-uniform compared to uniform degra-
dation. Although on a smaller scale, this is consistentwith the simulated
uniform and non-uniform degradation scenario of the present study.
After source removal, the groundwater TCE concentration varied for
the different aquitard degradation depths. For a degradation depth of
0.051 m, TCE remained above the MCL for more than 100 years after
source removal. For greater aquitard degradation depths, TCE persisted
at lower concentrations and for shorter times. The largest aquitard deg-
radation depth (0.307m) led to a TCE concentration decrease below the
MCL two years after source removal (Fig. 3A). In addition to TCE, cDCE
was also detected in the simulated well. Hence, significant diffusive
transport of the produced cDCE in aquitard towards the aquifer not
only occurs for the uniform but also for the non-uniform degradation
scenario. During the presence of the source, higher cDCE concentrations
were observed for greater compared to shallower aquitard degradation
depths. After source removal, the cDCE concentrations decreased by
several orders ofmagnitude but persisted above theMCL for all aquitard
degradation depths for more than 100 years (Fig. 3B). The concentra-
tions at which cDCE persisted after source removal was similar for the
different aquitard degradation depths (Fig. 3B). This shows that the con-
centration of the cDCE long-term tailing after source removal is less sen-
sitive to the aquitard degradation depth compared to TCE.

A comparison of the uniform and non-uniform degradation scenario
highlights that the aquitard degradation depth has a strong influence on
the TCE plumepersistence. In addition, it is expected that the TCE plume
persistence is sensitive to the degradation rate. To investigate the influ-
ence of the aquitard degradation depth and rate on TCE plume persis-
tence, the required degradation depth to prevent TCE aquifer
contamination by back-diffusion was determined for various aquifer-
aquitard interface degradation rate constants (kinit, Eq. (7)). A TCE con-
centration drop below 0.001mg/Lwithin 0.2 years after source removal
was used as the criteria for complete TCE elimination. For the highest
degradation rate constant (half-life: 30 days), an aquitard degradation
depth of 0.36 m is required (Fig. 4). With a decreasing degradation
rate constant, the required degradation depth increases first slowly to
0.65 m depth for a degradation rate constant of 1.00E-07 1/s (half-life:
80 days). When further decreasing the degradation rate constant, the
required degradation depth increases strongly and for a degradation
rate constant lower than 5.00E-08 1/s (half-life: 160 days), TCE degra-
dation is no longer sufficient to prevent significant back-diffusion of
TCE (Fig. 4).
3.3. Vertical aquifer – aquitard carbon isotope ratio profiles

Similar to the concentration profiles, aquifer - aquitard TCE and cDCE
carbon isotope ratio profiles are evaluated 280 m downgradient of the
TCE DNAPL source for the three scenarios (no-degradation, uniform
and non-uniform degradation). Supplementary, carbon isotope ratio
profiles located closer to the source (25 m distance) are discussed in
section 2 of the SI. The profiles were assessed to investigate how the dif-
ferent degradation conditions are reflected in carbon isotope ratio pro-
files and to investigate if the different degradation scenarios lead to
unique isotope ratio patterns compared to a diffusion/back-diffusion
scenario without degradation. In the no-degradation scenario, TCE car-
bon isotope ratios were temporally constant close to the aquifer –
aquitard interface corresponding to the source signature (δ13C =
−29.3‰). With increasing vertical distance below the aquifer–
aquitard interface, the TCE became slightly depleted in 13C in the
aquitard (Fig. 5A). The small shifts can be explained by the faster diffu-
sive transport rate for the isotopically light compared to the heavy spe-
cies into the aquitard.

For the uniform degradation scenario, TCE was strongly enriched in
13C in the top layer of the aquitard during the presence of the source due
to the high degradation rate (half-life: 30 days) (Fig. 5B). The cDCE
reached the initial carbon isotope signature of TCE at 0.20 m depth in
the aquitard as TCE was completely converted to cDCE (Fig. 5C). With



Fig. 4. Required aquitard degradation depth for completely eliminating TCE from the
aquifer after source removal for varying aquifer – aquitard interface degradation rate
constants (kinit, Eq. (7)).
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increasing depth an inverse carbon isotope trend of cDCE was observed
with a slight depletion of 13C due to the diffusive transport process. After
source removal, the inverse shift of the cDCE carbon isotope ratios
with depth in the aquitard was less pronounced (Fig. 5C). This can
be explained by the flatting of the concentration gradient after the
source was removed, which lessens the diffusion-induced isotope ef-
fect (Wanner and Hunkeler, 2015). Furthermore, the cDCE carbon
isotope profiles in the aquitard look similar as the TCE profiles in
the no-degradation scenario after source removal. The cDCE acts as
a contamination source for the adjacent aquifer similarly as TCE in
the no-degradation scenario (Fig. 5C). In the aquifer, after source re-
moval, cDCE became more enriched in 13C reaching the isotope sig-
nature of the TCE. This trend can be explained by complete
transformation of TCE to cDCE in the aquitard followed by diffusion
towards the aquifer.

In the non-uniform degradation scenario, a pronounced enrichment
of 13Cwas observed in the upper 0.20m of the aquitard during the pres-
ence of the source that is, however, less strong than in the uniform deg-
radation scenario (Fig. 5D–E). With increasing depth an inverse trend
with slight depletion of 13C was detected caused by the diffusive trans-
port. After source removal, TCE and cDCE carbon isotope ratios became
more enriched in 13C in the upper 0.20 m of the aquitard due to the on-
going degradation of the remaining TCE (Fig. 5D–E). The magnitude of
the shiftwas largest in the aquitard adjacent to the aquifer– aquitard in-
terface and decreased with depth due to vertically non-uniformly dis-
tributed degradation activities (Fig. 5D–E). At greater depth, TCE and
cDCE were depleted in 13C caused by the diffusive transport process as
already observed during the presence of the source. Furthermore, the
diffusion-induced isotope shift decreased with increasing time as the
concentration gradient in the aquitard became flatter as observed in
the uniform degradation scenario (Fig. 5D–E). In the aquifer, TCE and
cDCE was more enriched in 13C after source removal. This can be ex-
plained by the further degradation of TCE to cDCE during back-
diffusion through the bioactive zone of the aquitard, leading to an en-
richment of 13C in the aquifer TCE and cDCE after source removal
(Fig. 5D–E).

3.4. Temporal carbon isotope ratio evolution in aquifer

Analogously to the concentration breakthrough curves, the temporal
carbon isotope ratio evolution of TCE and cDCE in the aquiferwere eval-
uated 280 m downgradient of the source in a hypothetical 1.5 m
screened well placed on top of the aquifer-aquitard interface. In addi-
tion, the temporal evolution of the carbon isotope signatures of TCE
and cDCE closer to the source (25 m distance) is presented in section
2 of the SI. For the no-degradation scenario, the TCE carbon isotope ra-
tios remained constant (Fig. 6A) indicating that physical isotope effects
such as sorption and diffusion are not significantly modifying the TCE
carbon isotope signature in the aquifer.

For the uniform degradation scenario, the TCE carbon isotope sig-
nature remained constant during the presence of the TCE DNAPL
source but TCE was noticeably more enriched in 13C (δ13C =
−24.3‰) than in the no-degradation scenario (Δδ13C = −29.3‰)
(Fig. 6A). Due to the more rapid degradation of light compared to
heavy TCE in the aquitard, concentration gradients are steeper and
thus, the diffusive mass flux into the aquitard is larger for light com-
pared to heavy TCE, leading to the enrichment of 13C in TCE in the
aquifer. The cDCE carbon isotope signature was also constant (δ13C
= −35.4‰) during the presence of the source (Fig. 6B). In contrast,
after source removal, cDCE became immediately enriched in 13C by
5‰, reaching the isotopic signature of the TCE source due to com-
plete degradation of TCE to cDCE in the aquitard followed by back-
diffusion towards the aquifer.

In the non-uniform degradation scenario similar δ13C values were
observed for TCE during the presence of the source for all simulated
aquitards degradation depths. However, the δ13C values were slightly
more depleted than in the uniform degradation scenario (TCE: δ13C =
−24.8‰). Due to the lower degree of TCE transformation in the non-
uniform compared to the uniform degradation scenario concentration
gradients are flatter and thus, the faster diffusive mass flux into the
aquitard for the light compared to the heavy TCE is less pronounced
leading to a weaker enrichment of 13C in TCE in the aquifer. In contrast
to TCE, the carbon isotope signatures of cDCE are more sensitive to the
aquitard degradation depth during the presence of the source. For the
shallowest degradation depth (0.051 m), cDCE showed a δ13C value of
−42.1‰, while cDCE becomes more enriched in 13C for greater degra-
dation depths, showing a δ13C value of−37.2‰ for the largest degrada-
tion depth (0.307m). A larger quantity of TCE is transformed to cDCE for
deeper compared to shallower aquitard degradation depths leading to
the observed stronger enrichment of 13C in cDCE for deeper than for
shallower degradation depths. After source removal, TCE and cDCE be-
came suddenly enriched in 13C. The same instant enrichment of 13C in
TCE and cDCE was also observed close to the source (25 m
downgradient shown in Fig. S6A–B, SI). The immediate enrichment in
13C after source removal was stronger for the deeper than for the
shallower degradation depths. For a degradation depth of 0.051 m, an
isotopic enrichment of 9.1‰ and 2.6‰ occurred for TCE and cDCE, re-
spectively, while for a degradation depth of 0.307m, the isotopic enrich-
ment was 34.7‰ for TCE and 5.8‰ for cDCE, respectively. The sudden
enrichment of TCE and cDCE in 13C after source removal can be ex-
plained by the further degradation and enrichment in 13C of the remain-
ing TCE in the aquitard during its back-diffusive transport through the
bioactive zone in the upper 0.051–0.307 m of the aquitard towards
the aquifer (Fig. 6A). Furthermore, after source removal, carbon isotope
signatures of TCE and cDCE in the aquifer remained constant despite
transient temporal TCE and cDCE concentration evolutions (Fig. 6A–B)
likely due to first order kinetic degradation approach, for which the
magnitude of isotope fractionation shows no concentration
dependency.

3.5. Spatial carbon isotope signature evolution for degradation in the aqui-
fer and for uniform and non-uniform degradation in the aquitard

To explore if carbon isotope ratio aquifer measurements can also be
used to distinguish between reactive processes occurring in the aquifer



Fig. 5. Simulated TCE and cDCE carbon isotope ratio profiles 280 m down-gradient of the TCE DNAPL source for the no-degradation scenario (A), the uniform degradation scenario with
degradation rate constant of 2.7E-7 1/s (half-life: 30 days) (B and C) and the non-uniformdegradation scenariowith an aquifer – aquitard interface degradation rate constant of 2.7E-7 1/s
(half-life: 30 days) and a degradation depth of 0.077m (DandE). Carbon isotope ratio profiles are shownat the end of the 42 years constant source period and at 5, 10, 20, 50 and 100 years
after source removal.
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or in the aquitard, the evolution of carbon isotope ratios along the
plume axis was assessed in the aquifer-only and in the aquitard degra-
dation scenarios (uniform and non-uniform). The non-uniform degra-
dation scenario is shown for an aquifer – aquitard interface
degradation rate constant of 2.70E-7 1/s (half-life: 30 days) and an
aquitard degradation depth of 0.077 m. The spatial evolution of carbon
isotope ratios along the plume axis was investigated just before and
during 100 years after source removal. In the aquifer-only degradation
scenario, a continuous enrichment of 13C in TCE and cDCEwas observed
with increasing distance from the source (Fig. 7A and B). The enrich-
ment of heavy cDCE and TCE carbon isotopes along the plume axis
was similar before and during 100 years after the source was removed
(Fig. 7A and B). This can be explained by the identical carbon isotope
signature of TCE, which acts as contamination source before (TCE
DNAPL) and after (back-diffusion of TCE from aquitard, mainly from
source zone) source removal. In contrast, a smaller continuous enrich-
ment of 13C in TCE and cDCE along the plume axis was observed for
the aquitard degradation scenarios (uniform and non-uniform) during
the presence of the source. As only the small TCE portion that had dif-
fused into the aquitard undergoes degradation and contributes to the
enrichment of 13C in the aquifer by back-diffusion, the enrichment of
13C along the plume axis is smaller for the aquitard compared to the
aquifer-only degradation scenario. Five years after source removal TCE
and cDCE became enriched in 13C in the aquitard degradation scenarios
and remained equal for 100 years, due to the back-diffusive transport of
TCE and cDCE through the bioactive aquitard zone (Fig. 7A–B). This is
different from the similar enrichment of 13C in TCE and cDCE before
and after source removal in the aquifer-only degradation scenario.
Therefore, the assessment of the spatial carbon isotope ratio evolution
along the plume axis downgradient of the source before and after
source removal is useful to identify whether organic contaminants are
affected by degradation in the aquifer or in the aquitard. Furthermore,
close to the source a distinction between aquifer and aquitard degrada-
tion is also possible based on the δ13C values after source removal only.
While for aquifer degradation the carbon isotope enrichment trend
commences from the carbon isotope source signature, TCE and cDCE
are already strongly enriched in 13C close to the source zone in the
aquitard degradation scenario as degradation occurs during the back-
diffusion through the bioactive aquitard zone (Fig. 7A–B).

4. Conclusions

The results of the presentmodeling study demonstrate that the spa-
tial variability of degradation activities in aquitards and the degradation
rates have an impact on back-diffusion caused plume persistence in ad-
jacent aquifers. For high aquitard degradation rates, an increase of the
aquitard degradation depth by a few decimeters shortens the back-
diffusion period of the parent compound by several decades. In contrast
for low aquitard degradation rates, only partial degradation occurs and
plume persistence of the parent compound cannot be avoided regard-
less of the aquitard degradation depth. Furthermore, one-step degrada-
tion from TCE to cDCE, can lead to elevated daughter compound
concentrations in the adjacent aquifer due to its production in the
aquitard followed by diffusive release to the adjacent aquifer. How-
ever, plume persistence of the daughter compounds are less sensi-
tive to the aquitard degradation depth compared to the parent
compounds. The rapid enrichment of 13C in the aquifer after source
removal is characteristic for aquitard degradation and clearly



Fig. 6. Temporal carbon isotope ratio evolution of TCE (A) and cDCE (B) in a hypothetical
1.5 m screened well, located 280 m downgradient of the TCE DNAPL source on top of the
aquitard for the no-degradation, the uniformdegradation scenariowith a degradation rate
constant of 2.7E-7 1/s (half-life: 30 days) and the non-uniform degradation scenario with
an aquifer – aquitard interface degradation rate constant of 2.7E-7 1/s (half-life: 30 days)
and degradation depths varying between 0.051 and 0.307 m.

Fig. 7. Spatial carbon isotope ratio evolution along the plume axis for TCE (A) and cDCE
(B) for the degradation scenario in the aquifer and for the uniform and the non-uniform
aquitard degradation scenarios just before and 5–100 years after source removal. For the
aquifer degradation scenario a degradation rate constant of 4.7E-8 1/s (half-life:
170 days) was imposed. For the uniform aquitard degradation scenario a degradation
rate constant of 2.7E-7 1/s (half-life: 30 days) was used in the model, while for the non-
uniform aquitard degradation scenario an aquifer – aquitard interface degradation rate
constant of 2.7E-7 1/s (half-life: 30 days) and a degradation depth of 0.077 m was
imposed in the simulations.
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distinct from carbon isotope ratio patterns for aquifer degradation
only (continuous enrichment of 13C along the plume axis) or the
no-degradation scenario (no change of isotope ratios). The charac-
teristic carbon isotope ratio pattern for aquitard degradation demon-
strates that CSIA in aquifer samples can be used as a diagnostic tool to
demonstrate degradation in the aquitard. This greatly simplifies the
identification of reactive processes in aquitards as aquifers are easier
to access than aquitards through time by sampling monitoring wells.
In addition, when degradation occurs in the aquitard the characteris-
tic temporal carbon isotope ratio evolution in the aquifer is beneficial
to reveal whether the remediation of a DNAPL source located in the
aquifer was effective as the contaminants become enriched in 13C
when the DNAPL was completely removed. Hence, the gained insight
from the present modeling study will generally facilitate improved
site management decisions related to remedial actions for contami-
nated aquifer – aquitard systems.
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