
lable at ScienceDirect

Chemosphere 254 (2020) 126842
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Bioenhanced back diffusion and population dynamics of
Dehalococcoides mccartyi strains in heterogeneous porous media

Jason P. Hnatko a, Lurong Yang a, Kurt D. Pennell b, Linda M. Abriola a,
Natalie L. C�apiro a, c, *

a Department of Civil and Environmental Engineering, Tufts University, Medford, MA, USA
b School of Engineering, Brown University, Providence, RI, USA
c Department of Civil Engineering, Environmental Engineering Program, Auburn University, Auburn, AL, USA
h i g h l i g h t s
* Corresponding author. 208 Harbert Center, Aub
36849, USA.

E-mail address: natalie.capiro@auburn.edu (N.L. C

https://doi.org/10.1016/j.chemosphere.2020.126842
0045-6535/© 2020 Elsevier Ltd. All rights reserved.
g r a p h i c a l a b s t r a c t
� Organohalide respiring bacteria
enhanced mass transfer from low-
permeability regions.

� Numerical models quantified bio-
enhancement of back diffusion up to
53%.

� Bioenhancement was most pro-
nounced near materials of contrast-
ing permeability.

� Dehalococcoides cells were able to
penetrate low-permeability media,
including clays.

� Dehalococcoides strain distribution
was influenced by available electron
acceptor.
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Diffusion, sorption-desorption, and biodegradation influence chlorinated solvent storage in, and release
(mass flux) from, low-permeability media. Although bioenhanced dissolution of non-aqueous phase
liquids has been well-documented, less attention has been directed towards biologically-mediated
enhanced diffusion from low-permeability media. This process was investigated using a heteroge-
neous aquifer cell, packed with 20e30 mesh Ottawa sand and lenses of varying permeability
(1.0 � 10�12-1.2 � 10�11 m2) and organic carbon (OC) content (<0.1%e2%), underlain by trichloroethene
(TCE)-saturated clay. Initial contaminant loading was attained by flushing with 0.5 mM TCE. Total
chlorinated ethenes removal by hydraulic flushing was then compared for abiotic and bioaugmented
systems (KB-1® SIREM; Guelph, ON). A numerical model incorporating coupled diffusion and (de)
sorption facilitated quantification of bio-enhanced TCE release from low-permeability lenses, which
ranged from 6% to 53%. Although Dehalococcoides mccartyi (Dhc) 16S rRNA genes were uniformly
distributed throughout the porous media, strain-specific distribution, as indicated by the reductive
dehalogenase (RDase) genes vcrA, bvcA, and tceA,was influenced by physical and chemical heterogeneity.
Cells harboring the bvcA gene comprised 44% of the total RDase genes in the lower clay layer and media
surrounding high OC lenses, but only 2% of RDase genes at other locations. Conversely, cells harboring the
vcrA gene comprised 50% of RDase genes in low-permeability media compared with 85% at other lo-
cations. These results demonstrate the influence of microbial processes on back diffusion, which was
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most evident in regions with pronounced contrasts in permeability and OC content. Bioenhanced mass
transfer and changes in the relative abundance of Dhc strains are likely to impact bioremediation per-
formance in heterogeneous systems.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Engineered bioremediation, including bioaugmentation and
biostimulation, has been implemented as an effective remedial
strategy to transform tetrachloroethene (PCE) and trichloroethene
(TCE) to benign ethene, and has resulted in reduced site cleanup
times compared to natural attenuation (e.g. Baldwin et al., 2017;
Hood et al., 2008; Major et al., 2002). In close proximity to non-
aqueous phase liquid (NAPL) contaminants, it is well documented
that the process of microbial reductive dechlorination (MRD) can
enhance organic phase dissolution rates over abiotic dissolution
alone, leading to decreased longevity of the source zone (Amos
et al., 2009; C�apiro et al., 2015; Sleep et al., 2006; Yang and
McCarty, 2000). Two mechanisms involved in this enhancement
are: (1) the transformation of contaminants to higher solubility
daughter products, and (2) an increase in the concentration
gradient between the NAPL and the surrounding aqueous phase
(dissolution driving force).

While engineered bioremediation has been successfully imple-
mented at many sites, numerous sites have also exhibited incom-
plete dechlorination to dichloroethene isomers (DCE) and/or vinyl
chloride (VC) (Kielhorn et al., 2000; Lendvay et al., 2003; Major
et al., 2002), or have demonstrated rebound of contaminant con-
centrations after biostimulation (McCarty, 2010; Tillotson and
Borden, 2017). Contaminant rebound is often exacerbated by the
presence of subsurface heterogeneity, where contaminant mass
sequestered in low-permeability porous media can be slowly
released over time through diffusion and desorption (McGuire
et al., 2006; Sale et al., 2013; Simpkin and Norris, 2010; van
Genuchten and Alves, 1982). Subsurface heterogeneity also com-
plicates bioremediation because amendments delivered through
groundwater injection are unable to effectively penetrate low-
permeability media (L€offler et al., 2013; Sale et al., 2013; Simpkin
and Norris, 2010). Despite these challenges, bioremediation has
been shown to be effective in aquifers with physical heterogeneity,
including clay tills (Damgaard et al., 2013a; Scheutz et al., 2010).
Further, biological activity in higher permeability zones, where
amendments are more easily distributed, can facilitate the back
diffusion of compounds from low-permeability zones to higher
flow regions by increasing the driving force for mass transfer
(Chambon et al., 2010; Lima and Sleep, 2007; Scheutz et al., 2010).

Thewidespread application of MRD for treatment at chlorinated
solvent sites has been largely due to the extensive study of Deha-
lococcoides mccartyi (Dhc) strains (Adrian et al., 2016; Grostern and
Edwards, 2006; He et al., 2005, 2003; L€offler et al., 2013; Maym�o-
Gatell et al., 1999; Sung et al., 2006). This work has shown that
numerous strains can contribute to the transformation of the PCE
and TCE to benign ethene. Specific transformation steps are carried
out byDhc strains harboring reductive dehalogenase (RDase) genes,
including tceA, (TCE to VC), vcrA (cis-DCE to ethene), and bvcA (all
DCE isomers to ethene) (L€offler et al., 2013; Yoshikawa et al., 2017).
RDase genes are routinely monitored to assess the dechlorination
capability of specific microbial communities (Damgaard et al.,
2013a; Lee et al., 2008; Ritalahti et al., 2006; Van Der Zaan et al.,
2010).

While previous studies have examined responses of specific Dhc
strains to perturbations in geochemistry (Amos et al., 2008; Yang
et al., 2017; Marcet et al., 2018a), few have explored the influence
of coupled physical and chemical heterogeneity on Dhc strain
growth and activity despite the role of specific Dhc strains and the
influence of subsurface conditions on the successful application of
bioremediation. Instead, experimental studies have generally been
limited to batch and one-dimensional homogeneous column ex-
periments examining the relationship between electron donor and
acceptor concentration and the abundance of RDase genes (Behrens
et al., 2008; Doǧan-Subaşi et al., 2014; Liang et al., 2015;Mirza et al.,
2016). Such experimental systems, however, do not reproduce the
heterogeneity present in real aquifers. Conversely, field-scale
studies examining microbial population variations between sites
or across large areas (Lee et al., 2008; Van Der Zaan et al., 2010;
Yoshikawa et al., 2017) did not resolve microbial spatial distribu-
tions at the scale that will control enhanced contaminant mass
transfer and its contribution to remedial effectiveness. Only one
study examining the impacts of NAPL saturation heterogeneity on
Dhc strain distribution has been performed in a heterogeneous
multi-dimensional system (C�apiro et al., 2015), but the influence of
physical heterogeneity was not addressed.

Mathematical models can be used to extrapolate laboratory
results to the field-scale and to delineate the impact of individual
biogeochemical processes. In prior studies, models have been used
to quantify the effect of back diffusion in both field- and bench-
scale systems (2-D) incorporating heterogeneous permeability
domains (Chapman and Parker, 2005; Chapman et al., 2012; Parker
et al., 2008; Rodriguez, 2006). However, these investigations have
not accounted for coupled processes, including diffusion, sorption,
and biotransformation. Changes in physical-chemical properties
(e.g., diffusivity, solubility, sorptive capacity, volatility) as parent
compounds are biotransformed to daughter products will also in-
fluence the remediation of the sequestered mass in low-
permeability soils. To date, no studies have utilized numerical
models to quantify the impact of enhanced biotransformation on
back diffusion in heterogeneous media.

Due to the potential impacts of bioremediation on contaminant
mass transfer from low-permeability zones, there is a critical need
for systematic, high-resolution laboratory investigations of biomass
and Dhc strain distributions in realistic, multi-dimensional, chem-
ically and physically heterogeneous systems. The overall objective
of this study was to improve our understanding of the contribution
of bioremediation to mass transfer between the bulk media and
regions of low-permeability and higher organic carbon (OC). A
laboratory-scale multi-dimensional aquifer cell, packed with five
porous media of varying permeability and OC content, was
employed to study chlorinated ethene (TCE) diffusion from low-
permeability regions under abiotic and biotic conditions. A modi-
fied version of a three-dimensional multi-species modular trans-
port model (MT3DMS), incorporating information on physical and
sorption heterogeneity, was used to generate predictions of back
diffusion under abiotic conditions for comparison with experi-
mental data following bioaugmentation. The spatial and temporal
variation abundance of Dhc 16S rRNA and RDase genes was moni-
tored throughout the experiment and in soil samples collected at
the conclusion of the experiment. These data were used to
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determine the extent of biologically-enhanced back diffusion as a
function of physical heterogeneity, contaminant distribution, and
the distribution of total and specific Dhc strain abundance.
2. Materials and methods

2.1. Aquifer cell setup and preparation

The aquifer cell (63.5 cm length � 38 cm height � 1.4 cm
thickness) was constructed from two 1.4 cm thick glass panels held
in an aluminum frame, with sampling ports aligned in four vertical
columns following the procedures of C�apiro et al. (2015) and
Suchomel et al. (2007) (Fig. 1). Clay collected from the Commerce
Street Superfund Site (Williston, VT) was dried, ground with a
mortar and pestle, re-saturated with a 100 mg/L TCE solution, and
emplaced in the bottom 3 cm of the aquifer cell to create a lower
confining layer. Above the clay layer, the aquifer cell was packed
with ASTM International Standard 20e30 mesh sand (US Silica
Company; Ottawa, IL) under water-saturated conditions. Four 5 cm
(height) x 14 cm (length) lenses were emplaced so that sampling
ports were located downgradient from each lens. Lens materials
consisted of Webster soil (Iowa State University Agricultural
Experiment Station; Ames, IA), Appling soil (University of Georgia
Agricultural Experiment Station; Eastville, GA), F-95 sand (Fisher
Scientific; Hampton, NH), and a loamy sand collected from the
Commerce Street site (Fig. 1). All porous media was sterilized via
autoclave, liquid cycle at 121 �C for 30 min, prior to packing.
Additional porous media information can be found in Table 2 and
the Supplementary Material (SM).

After packing, flow was established in the aquifer cell using a
constant head influent system described by C�apiro et al. (2015).
Influent solutions were prepared in a 5 L Mariotte bottle, and a flow
rate of 0.10 (during biotic treatment) to 2.60 (during bromide tracer
test)mL/minwasmaintained by adjusting the height of the influent
and effluent reservoirs (Table 1). These flow rates correspond to
seepage (pore-water) velocities of 7.47e82.5 cm/day and residence
times of 0.77e8.5 days.
Fig. 1. Aquifer cell layout and sample locations. Solid green circles represent aqueous sampli
during the final 7 rounds only, and hatched squares represent additional soil sample locati
2.2. Non-reactive tracer and abiotic back diffusion experiments

A conservative tracer test was performed using a 10 mM sodium
bromide (Fisher Scientific; Hampton, NH) and 0.075 mM sodium
fluorescein (Sigma Aldrich; St. Louis, MO) solution as described in
the SM. The abiotic back diffusion experiment was completed in
two phases that are detailed in Table 1. Briefly, after the tracer test,
an influent solution of 0.5mMTCE and 10mM sodium bromidewas
maintained for 15.9 pore volumes (PVs) to simulate historic mass
loading (plume development). This duration was based on model
predictions estimating a minimum of 15 PVs to allow bromide and
TCE to fully penetrate low permeability materials. Following the
loading stage, the influent was changed to a 10 mM sodium chlo-
ride solution (without TCE) to flush TCE and bromide from the
aquifer cell. During this abiotic flushing period, 1.6 mL samples
were collected periodically from 12 sampling ports using a Fusion
200 syringe pump (Chemyx; Stafford, TX) to draw samples at a rate
of 0.1 mL/min (10% of the background flow rate). Effluent samples
(1.6 mL) were also collected from a 20 mL sampling bulb in the
effluent line. Sample aliquots (1.0 mL) were used to measure
chlorinated ethenes (TCE, cis-DCE, and VC) and ethene concentra-
tions using a gas chromatograph equipped with a flame-ionization
detector (GC-FID) and the remaining sample volume (0.6 mL) was
analyzed for bromide concentrations by ion chromatography. De-
tails of the analytical methods are provided in the SM. The 12
sampling port locations were selected based upon their locations
relative to the clay and soil lenses and to provide a sampling port
downgradient of each lens.
2.3. Biotic degradation experiment

Following the abiotic back diffusion experiment, the cell was
again pre-loaded with TCE over a 22.6 PV injection period. To
achieve conditions appropriate for MRD, TCE loading was con-
ducted in three phases (Table 1). After an initial preloading using a
0.5 mM TCE influent solution (TCE Plume Development I), anoxic
conditions were established by introducing a bacterial growth
ng ports sampled throughout experiment, a solid gray circles represents a port samplid
ons.
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medium, augmented with 10 mM sodium lactate and 0.5 mM TCE,
as the influent (TCE Plume Development II). The medium was
prepared according to L€offler et al. (2005), incorporating the
modifications reported in C�apiro et al. (2015). Prior to bio-
augmentation (TCE Plume Development III), the flow rate was
reduced to approximately 0.39 mL/min (34 cm/day seepage ve-
locity; 1.8-day residence time) to provide sufficient residence time
for biodegradation reactions to occur. The aquifer cell was then
bioaugmented with the KB-1® inoculum (SiREM; Guelph,
Ontario), a methanogenic dechlorinating consortium containing
Acetobacerium sp., Geobacter sp. (Geo), and multiple Dhc strains
harboring the vcrA, bvcA, and tceA RDase genes. This consortium
was selected based upon its widespread application in the field,
previous use in field-scale bioremediation applications, and
demonstrated capability to dechlorinate PCE to ethene (Duhamel
et al., 2004, 2002; Sleep et al., 2006). Initial gene abundances of
2.4 � 107, 9.8 � 107, 2.9 � 106, and 6.0 � 105 gene copies/mL of the
Dhc 16S rRNA, vcrA, bvcA, and tceA genes, respectively, were
measured in the inoculating culture. The inoculum was diluted in
sterile growth medium to provide approximately 104 Dhc cells/mL
of pore water, the cell density suggested by previous studies to
yield ethene at acceptable rates (Adrian et al., 2016; Clark et al.,
2018). Twenty mL of dilute inoculum was then injected at a rate
of 0.1 mL/min into each of the 18 sampling ports using a syringe
pump in an effort to create a uniform distribution.

Following bioaugmentation, influent consisting of medium,
lactate, and TCE was maintained for 2.6 PVs to establish the mi-
crobial community. The influent TCE concentration was then
reduced to 0.04 mM for 5.8 PVs (Biotic Treatment I) and to
0.01 mM for 1.5 PVs (Biotic Treatment II) as shown in Table 1.
Samples (1.0e2.6 mL) were collected from selected sampling ports
and from the effluent throughout the experiment. These samples
were analyzed for chlorinated ethenes and ethene by GC-FID as
described above, with additional 0.5 mL aliquots analyzed for
volatile fatty acids (VFAs) by high pressure liquid chromatography
(HPLC). The remaining sample volume was centrifuged and frozen
for microbial quantification via quantitative polymerase chain
reaction (qPCR) as described in the SM (C�apiro et al., 2015;
Ritalahti et al., 2006). An additional port (2D, Fig. 1), located near
the clay layer, was sampled once ethene was the only compound
detected in the effluent (6.6 PVs after bioaugmentation) to
monitor diffusion from the clay. Following the final round of
aqueous port sampling, the aquifer cell was destructively sampled
to measure sorbed-phase chlorinated ethenes and attached
biomass at specific locations (at the sampling port locations, in the
clay confining layer, and within and around each lens, see SM for
details).

2.4. Numerical simulation

A modified version of MT3DMS (Yang et al., 2018) was used to
simulate bromide tracer and abiotic TCE back diffusion experi-
ments, and to quantify bioenhanced chlorinated ethenes and
ethene diffusion. This model was coupled with MODFLOW
(McDonald and Harbaugh, 1988) to simulate transient flow con-
ditions. In MT3DMS, aqueous transport of non-reactive compo-
nents is represented by a traditional advection-dispersion-
reaction equation (SM-1.5 equation (1)). In this work, TCE sorp-
tion to solids was represented as a linear, equilibrium process (SM-
1.5 equation (2)).

Initial model parameter values (Table 2) were obtained from
published experiments conducted with the same porous media.
Data from the bromide tracer experiment were used to charac-
terize the flow field and fit hydraulic parameters (hydraulic con-
ductivity and dispersivity coefficients) in the numerical model.



Table 2
Initial and calibrated model parameters for aquifer cell transport simulations.

Porous Media
Published Values Model Calibrated Values Measureda

Organic Carbon
Content (% mass)

Hydraulic Conductivity
(m/day)

Linear Sorption
Coefficient, Kd(L/kg)

Hydraulic
Conductivity (m/day)

Linear Sorption
Coefficient, Kd(L/kg)

Porosity, 4 (�)

ASTM 20/30 N/A 330b N/A 200 0 0.45
Webster Soil 1.96%c 0.86d 2.47e 0.6 4.16 0.51
Appling Soil 0.66%c 10.2f 0.83e 5 0.95 0.33
Commerce St. Soil 0.09%g 1.7e6.9g 0.13g 5 0.13 0.3
F-95 Sand 0.01%c 1.9h 0.006i 1 0.0013 0.28
Commerce St. Clay 0.30%g N/Aj 0.35g 0.05 0.40 0.78

a Measured in this experiment by mass added and aquifer cell volume.
b Taylor et al.(2001).
c Marcet et al.(2018b).
d Marcet(2014).
e Calculated by Kd ¼ Orgranic Carbon Content*KOC using the organic carbon content from Marcet et al. (2018b) and KOC ¼ 126 L=kgfor TCE from Pankow et al. (1996).
f Pennell et al.(1995).
g Gaeth (2017).
h Chen et al.(2007).
i Joo et al.(2008).
j N/A ¼ not available
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Details of breakthrough curve fitting are provided in Section SM-
2.1. A comparison of simulated and measured TCE (sorptive) and
bromide (conservative) concentrations at sampling ports and in the
effluent during the abiotic flushing experiment facilitated calibra-
tion of the linear sorption coefficients (Kd). Porosity was calculated
from experimental measurements of soil mass and emplaced vol-
ume. Free-solution diffusivity values for bromide and TCE were
2.01 � 10�5 cm2/s and 7.99 � 10�6 cm2/s, respectively (Li and
Gregory, 1974; Verschueren, 2001). A tortuosity of 0.67 (Ball et al.,
1997; Johnson et al., 1989) was used to obtain the effective diffu-
sivity used in the model following the method by Yang et al. (2018).

The total molar sum of chlorinated ethenes and ethene con-
centrations (total ethenes) observed during the biotic experiment
were compared with model predictions of concentrations expected
in the absence of MRD to assess the influence of biotransformation
on diffusion and desorption (bioenhancement of back diffusion).
Detailed descriptions of model simulation procedure, domain dis-
cretization, and boundary conditions are provided in Section SM-
1.5.

3. Results and discussion

3.1. Desorption and diffusion under abiotic conditions

Measurements from the abiotic flushing experiment were used
in conjunction with model simulations to investigate the influence
of sorption and diffusion on the removal of sorbing (i.e., TCE) and
non-sorbing (i.e., bromide) solutes (Fig. 2). One PV after reducing
the solute influent concentrations, the concentrations dropped
rapidly, with the effluent TCE and bromide concentrations reduced
to 16.9% and 8.5% of the loading concentrations, respectively. After
9 PVs of flushing, TCE concentrations were one order-of-magnitude
lower than the input concentration, while bromide concentrations
were two orders-of-magnitude lower than the input concentration.
Based on model simulations, the TCE mass retention percentages
from each porous material at the final flushing time were 2.7%,
51.5%, 26.4%, 2.6%, 4.1%, and 20.1% in the background sand, Webster
lens, Appling lens, Commerce Street lens, F-95 sand lens, and clay
layer, respectively. This higher retention of TCE in comparison to
that of bromide (which had 1.9% mass retention in the clay layer
and 0.3% in other locations) is attributed primarily to the influence
of sorption.

Measurements and model predictions of bromide and TCE
concentrations during the abiotic flushing period are presented in
Fig. 2 for the effluent, a port above the clay layer [1E], a port
downgradient of the Commerce Street lens [2C], and a port
downgradient of the F95 sand lens [4D]. These locations were
selected based upon their proximity to low-permeability materials
that can retain contaminant mass and thus, support back diffusion
and desorption. The agreement between model predictions and
experimental measurements indicates that the model is capable of
capturing measured bromide and TCE back diffusion under abiotic
conditions, with goodness of fits of 0.91 and 0.95 in the effluent,
0.88 and 0.91 at port 1E, 0.99 and 0.86 at port 2C, and 0.98 and
0.84 at port 4D for bromide and TCE, respectively. Although the
geometry of the low-permeability compartments was digitized
based on images of the aquifer cell, fine-scale variations in lens
shape and compaction of the material may partially account for the
discrepancies between model simulations and experimental
measurements.

3.2. Biodegradation results

The biotic experiment utilized a TCE loading approach similar to
that employed during the abiotic experiment. Following bio-
augmentation, cis-DCE was detected in the effluent after 0.2 PVs
(5% of the total ethenes), VC was detected after 2 PVs (1% of total
ethenes), and ethene after 3.4 PVs (4% of total ethenes). When the
influent TCE concentration was lowered to 0.04 mM, 2.6 PVs after
bioaugmentation, the effluent molar composition was 90% cis-DCE
and 10% VC (Figure SM-5[a]). Approximately 6.1 PVs after bio-
augmentation, 3.4 PVs after lowering the influent TCE concentra-
tion to 0.04 mM, ethene was the only analyte detected in the
effluent. However, cis-DCE continued to be detected at concentra-
tions of 0.07e0.08 mM in sampling ports located near the influent
chamber (1A and 1E, Fig. 1) and at 0.02e0.03 mM in the ports
located in columns 2 and 3 (Fig. 1), indicating rapid biotransfor-
mation of TCE to cis-DCE and slower transformation to VC and
ethene.

When the influent TCE concentration was further reduced to
0.01 mM (9 PVs after bioaugmentation), ethene persisted in the
effluent at 0.04e0.06 mM, indicating additional mass inputs from
diffusion and desorption from the low-permeability lenses and
clay. Ethene concentrations were sustained at 0.01e0.02 mM in all
ports except those impacted by the clay (1E and 3E) and the higher
OC lenses (3A, 4A, and 4B) where higher ethene concentrations
were measured (Figure SM-5). The highest concentrations,
0.04e0.06 mM, were measured in the bottom ports (1E and 3E),



Fig. 2. Comparison of experiment observations and calibrated model simulations of bromide and TCE concentrations (normalized by input concentration) plotted in linear and log
scale (inset) during abiotic flushing experiment in (a) effluent (b) port 1E (c) port 2C and (d) port 4D. Influent TCE and bromide concentrations were switched to 0.01 and 0.0 mM at
time zero (PV ¼ 0), respectively Experiment data: circledbromide, triangledTCE; Simulation: dashed linedbromide, solid linedTCE.
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where TCE continued to be released from the underlying clay layer
(Figure SM-5 [b] and [d]). Downgradient of the high OC Webster
and Appling lenses (ports 3A, 4A, and 4B), ethene was detected at
concentrations up to 0.03 mM.

At the conclusion of the experiment, TCE was detected in soil
samples collected from the clay layer, Webster lens, and Appling
lens with average concentrations of 1.94 mg/g (±0.57 mg/g),
0.022 mg/g (±0.016 mg/g), and 0.37 mg/g (±0.19 mg/g), respectively.
Due to the high detection limit for cis-DCE (0.0026 mM) as
described in the SI, this compound was only detected in the clay
layer at an average concentration of 49 mg/g (±23 mg/g). Throughout
the experiment, lactate, acetate, and/or propionate were detected
in all samples indicating excess electron donor. Total VFA concen-
trations in sampling ports and effluent averaged 3.69 mM
(±1.71 mM) and 2.37 mM (±0.21 mM), respectively.
3.3. Desorption and diffusion under abiotic and biotic conditions

To explore the influence of MRD on chlorinated ethene mass
transfer, a synthetic abiotic flushing experiment (with the same
influent conditions but without MRD) was created by numerical
simulation and model predictions were compared with measure-
ments of total ethenes during the biotic experiment. Under biotic
conditions, TCE transformed to the lesser-chlorinated trans-
formation products, which have higher diffusivities, higher
solubilities, and lower sorption coefficients than TCE. This trans-
formation increases themobility of the compounds, thus increasing
the driving force for back diffusion, resulting in microbially-
enhanced mass transfer. As the comparative simulation used the
same flow rate and input concentration of TCE as the MRD exper-
iment, comparison of aqueous mass (measured biotic vs. modeled
abiotic) at sampling locations indicates the influence of MRD on
contaminant mass transfer. An expression to quantify the extent of
bioenhanced back diffusion and desorption was developed as:

dMRD ¼CMexp � CMsim

CMsim
� 100% (1)

Here, dMRD is a measure of the effective enhancement of TCE
diffusion and desorption by MRD, CMexp is the total ethene molar
mass calculated using experimental data for a specific location (e.g.,
effluent or sampling port), and CMsim is the TCE molar mass calcu-
lated using the model simulation at the same location. CMexp or
CMsim is calculated by a stepwise summation of the discrete data of

total concentration,
Pit¼final

it¼0

ðtotal concentrationÞit � ðtime intervalÞit �

ðflow rateÞit . Predicted and measured concentrations of total eth-
enes in the effluent and selected ports are compared in Fig. 3 with
subplots for the two portswith the highest dMRD values, both located
at the bottom of the aquifer cell (near the clay layer).



Fig. 3. Bioenhancement of back diffusion and desorption in the heterogeneous aquifer cell; (a) dMRD (%) in effluent and selected ports where percentage values were calculated for
the period from the lowering of the influent TCE concentration (PV 2.9) to the end of the experiment, and over the period of the entire biotic experiment (shown in parentheses), (b)
and (c) show the total molar concentration of chlorinated ethenes and ethene during biotic experiment compared with model simulations without MRD for port 1E and 3E,
respectively.

J.P. Hnatko et al. / Chemosphere 254 (2020) 126842 7
The dMRD values (Fig. 3) reveal that total ethenes mass elution
was enhanced by MRD, with dMRD>0 calculated at all sampling lo-
cations (12% for the effluent and 6%e53% at the sampling ports).
Sampling ports directly impacted by mass transfer from low-
permeability layers displayed more pronounced differences from
abiotic simulations than ports located downgradient of more
permeable materials. For example, ports 1E and 3E, in close prox-
imity to the clay layer (lowest permeability and higher sorption
capacity than background sand), displayed the highest MRD en-
hancements of 53% and 40%, respectively. Similar enhancements
were observed in other locations near low-permeability zones
(Figure SM-6). The ports immediately downgradient from the
Webster (port 2A), Commerce Street (port 2B and 2C), and F-95 soil
lenses (port 4C and 4D) were associated with bioenhanced mass
transfer ranging from 22% to 35%. Lower enhancement (12%) was
measured in the effluent, attributed to dilution from the more
permeable, less sorptive zones. However, the lowest dMRD was
measured at port 4B, immediately downgradient from the Appling
soil lens, which has a higher organic carbon content than the
Commerce Street and F95 lenses. This observation may be attrib-
uted to volatilization losses; TCE biodegradation products (cis-DCE,
VC, and ethene) have higher volatility than TCE and the location of
this port is nearest to air-water contact surface of the aquifer cell.
Thus, the volatilization losses from the water table in the vicinity of
port 4B may have resulted in a reduction in measured chlorinated
ethene mass, and an underestimation of total dMRD. As the effluent
represents the integrated effect of all locations in the aquifer cell,
the dMRD calculated for the effluentmay also be underestimated due
to volatilization.

3.4. Growth of Dehalococcoides population

Total Dhc abundance, as measured by the 16S rRNA gene,
increased from a 12-port average of 2.8 � 105 ±4.4 � 105 cells/mL
following bioaugmentation (0.5e0.9 PVs) to 3.8 � 107

±1.5� 107 cells/mL at the conclusion of the experiment (Figure SM-
7, Table SM-1). At an intermediate sampling time, 5.2 PVs after
bioaugmentation, Dhc abundance varied 3 orders-of-magnitude
across the domain, with the highest abundance in downgradient
ports (columns 3 and 4, average abundance 7.1 � 107

±4.6 � 107 cells/mL), where higher concentrations of cis-DCE and
VCwere present, and the lowest in the upgradient ports (columns 1
and 2, average abundance 9.6 � 106 ±6.1 � 106 cells/mL). This
observation may be explained by the fact that Geo cells are more
efficient than Dhc cells at transforming TCE to cis-DCE and can
outcompete Dhc when TCE is present (i.e., at upgradient ports)
(Amos et al., 2009; Duhamel and Edwards, 2007). Dhc abundance
was higher where cis-DCE and VC were the available electron ac-
ceptors (i.e., downgradient ports, Figure SM-7). The uniform Dhc
population at the conclusion of the experiment, when all mea-
surements were within one order-of-magnitude, may reflect elec-
tron acceptor limitations and an associated lack of competition by
Geo in the last phase of the experiment (lowest TCE influent).
During the period of higher TCE influent concentration (2.6 PVs),
Geobacter lovely strain SZ (GeoSZ) abundance, as measured by qPCR
of the 16S rRNA gene, increased from an initial value of
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8.0 � 101 cells/mL to an average of 2.2 � 106 ±2.3 � 106 cells/mL,
but growth ceased after influent TCE was lowered (Table SM-1).

In solid phase samples collected at the conclusion of the
experiment, total Dhc abundance was uniform in the background
samples (collected from sand corresponding to the sampling port
locations), averaging 6.6 � 107 ±1.4 � 108 cells/mass of porous
media containing 1 mL of water. Within the lenses, Dhc abundance
was approximately two to four times higher throughout the
Appling and Webster lenses, but four to six times lower in the
Commerce Street and F-95 sand lenses. In samples collected from
the clay layer, Dhc abundance was more than one order-of-
magnitude lower than in the background (Table SM-1). Growth of
Dhc cells in and around low permeability materials was responsible
for the measured bioenhancement of back diffusion. Although
aqueous samples were not collected from the clay layer and lenses
to quantify chlorinated ethene transformation within these mate-
rials, the increase in Dhc abundance and detection of cis-DCE in the
clay suggests active MRD. MRD in the clay layer, and/or at the
interface between the clay and background materials, was sup-
ported by either the diffusion of supplied VFAs into the clay or
components of the clay that could be used as an electron donor,
leading to the highest dMRD (53% and 40%) measured in Ports 1E and
3E, directly above the clay (Fig. 3(a)).

At sampling port locations, cell abundances measured in co-
located aqueous and sand samples were used to estimate the
number of cells attached to the solid phase by subtracting the
planktonic cells from the total cells (combined planktonic and solid
phase associated cells) in the wet porous media at the same loca-
tion. All measurements of gene copies in porous media were
normalized by moisture content and porosity, and reported as the
mass of porous media that would contain 1 mL of pore water when
saturated, as in Amos et al. (2009). In all but 3 locations, 77%e100%
of the cells were found to be associated with the aqueous phase.
This condition is typical of cells lacking necessary growth sub-
strates, and is consistent with the depleted electron acceptor
(chlorinated ethenes) conditions after lowering the TCE influent to
0.01 mM (C�apiro et al., 2014). Although the ratio of attached and
unattached cells could not be calculated during active MRD, pre-
vious studies suggest active dechlorination was carried out by
attached cells (Amos et al., 2009; C�apiro et al., 2014; Chen et al.,
2013; Schaefer et al., 2010). Although microbial transport is
possible, its impact was minimized by inoculating the aquifer cell
through all ports. C�apiro et al. (2014) reported that Dhc strains grow
as attached cells in systems where substrates are available. Simi-
larly, in this study, the growth of populations of cells harboring
specific RDase occurred in locations where substrates were avail-
able, likely as attached cells. Downgradient from the Webster and
Appling lenses (port 4B), which continued to release electron
acceptor through diffusion and desorption, 53% of the Dhc 16S rRNA
gene copies measured were associated with the solid phase. Near
the influent (ports 1B and 1E), where TCE had been introduced
throughout the experiment, most of the cells (90% and 74%,
respectively) were attached to the solid phase, as sufficient electron
acceptor was available.

3.5. Distribution of RDase genes

Immediately after bioaugmentation, the tceA gene was most
abundant in the first column of ports, near the 0.5 mM TCE influent,
comprising 43%e99% of the total RDase genes (Figure SM-8). After
2.6 PVs (Fig. 4), the tceA gene continued to be predominate (65%e
85% of total RDase genes) in ports 3A and 4C, where a measurable
concentration of VC had not been detected. At later times (5.2 PVs
and 9.8 PVs after bioaugmentation, Fig. 4 and SM-7), cells harboring
the tceA gene only comprised a substantial proportion of the total
RDase genes (more than 30%) near the influent (port 1B), down-
gradient of the Commerce Street lens (port 2C), and above the clay
layer (ports 1E and 2D). These are locations where TCE was intro-
duced or stored in low-permeability, high-sorption regions. At the
conclusion of the experiment, tceA was the only RDase gene
detected in the clay sample collected 5 cm below Port 1E, where
highest TCE [2.7 mg/g] and cis-DCE [95 mg/g] concentrations were
measured. The tceA gene was also detected in the center of the
Webster, Commerce Street, and F-95 lenses, accounting for 15%,
19%, and 45% of the total RDase genes, respectively. Cells harboring
the tceA gene were associated with the solid phase (31%e100%
attached) in all port locations but four, indicating that cells
harboring the tceA genemay be able to remain attached evenwhen
lacking a growth substrate. In ports 1B, 2C, 4C, and 4D, only 0%e7%
of the tceA genes measured were associated with the solid phase.
AlthoughDhc cells were present, these locations were not impacted
by the clay or high OC lenses; chlorinated ethenes were flushed
rapidly from these regions, as reflected in the lowest ethene con-
centrations measured at the conclusion of the experiment. As cells
in these locations faced the greatest electron acceptor limitation,
fewer remained attached to the solid phase at the conclusion of the
experiment.

In sampling ports located in columns 3 and 4 (further down-
gradient), where cis-DCE and VC were detected due to upgradient
transformation of TCE, cells harboring the vcrA gene were more
abundant than other Dhc cells in samples collected 0.6 and 2.6 PVs
after bioaugmentation, comprising 62%e99% and 70%e85% of the
RDase genes detected, respectively. By the end of the experiment,
81%e92% of the RDase genes detected in the aqueous phase were
vcrA in all but 2 ports (1E, and 2D, both above the TCE-containing
clay and in the upgradient half of the aquifer cell). Similarly,
nearly all of the Dhc cells in the background porousmedia harbored
the vcrA gene (75%e100%) in solid phase samples collected at the
conclusion of the experiment, except where TCE continued to
diffuse from the Commerce Street lens (port 2B) and clay layer (port
2E), as shown on Fig. 5. As with the Dhc 16S rRNA gene abundance,
nearly all (93%e100%) of the vcrA genes measured at port sample
locations were associated with the aqueous phase samples with a
few exceptions. In ports 1B, 1E, and 4B, 45%e87% of the vcrA genes
detected were associated with the solid phase, likely due to the
accessibility of electron acceptor near the influent and down-
gradient of the high-OC Webster soil lens.

Cells harboring the bvcA genemade up a small proportion of the
population (0%e9%) at early time (0.6 PVs), except where the total
RDase gene abundance was lowest (Port 2B, 28%, and Port 3C, 18%).
Subsequently (PVs 2.6 and 5.2), the bvcA gene comprised a larger
proportion of the total RDase genes (27%e53%) in the aqueous
phase at locations where TCE and cis-DCE were present (down-
gradient from lenses at Ports 2A, 2B, 2C, 3A, 3C, 4C, and 4D) and
near the influent (ports 1B and 1E). At the conclusion of the
experiment, when only ethene was detected, the bvcA gene abun-
dance was relatively uniform (avg. 1.1 � 107 ±5.6 � 106 copies/mL)
comprising 6%e22% of the total aqueous phase RDase genes. In
biomass collected from the solid phase, bvcA made up a greater
proportion of the RDase genes detected in the clay layer (47%e83%),
along the top and downgradient edges of the Commerce Street
(94e96%) and F-95 sand lenses (44%e73%), and on the down-
gradient edge of the Appling soil lens (32%), locations that served as
an ongoing source of chlorinated ethenes. Similar to the vcrA gene,
cells harboring the bvcA gene were primarily associated with the
aqueous phase (93%e100%). The 16S rRNA and RDase gene copies
contained in each sample are included as Table SM-1. Overall, the
abundance of RDase genes exceeded the abundance of Dhc 16S
rRNA genes by an average of 3.64-fold ±5.61, which is consistent
with previous studies (C�apiro et al., 2015; Damgaard et al., 2013b;



Fig. 4. Aqueous RDase gene abundance and composition (a) 2.6 PVs (8 days) following bioaugmentation and (b) final aqueous samples, 9.8 PVs (37 days) following
bioaugmentation.
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Van Der Zaan et al., 2010).
The spatial variation in the proportion of cells harboring each

RDase gene is a result of the physical properties of the lens mate-
rials and their effect on the mass transfer of electron acceptors (i.e.,
chlorinated ethenes). The Webster and F-95 lenses had the lowest
hydraulic conductivity, which impeded the flushing of TCE from
these lenses and resulted in longer exposure of cells to TCE and cis-
DCE, thus favoring cells harboring the tceA and bvcA genes (Liang
et al., 2015; Walker et al., 2005). Although Appling soil has a hy-
draulic conductivity equal to the Commerce Street material
(Table 2), its position further downgradient from the influent
chamber facilitated rapid TCE flushing during biotic treatment as
TCE daughter products were measured in nearby ports, thereby
increasing the TCE concentration gradient between the lens and the
surrounding background material. This rapid flushing of TCE
favored Dhc cells harboring the vcrA gene (87%). The overall
abundance of RDase genes was approximately one order-of-
magnitude lower in the clay, 1.6 � 106 ±9.1 � 105 gene copies/
mass of porous media containing 1 mL of water, when compared
with the background porous media and lenses (4.6 � 107

±1.29 � 108 gene copies/mass of porous media containing 1 mL of
water). This result is consistent with the low hydraulic conductivity
of the clay that limits penetration of the inoculum into the clay and
impedes electron donor delivery.
4. Conclusions

The heterogeneous aquifer cell, packed with porous media
representing a range of permeabilities and OC content, enabled
examination of the influence of heterogeneity on contaminant
mass transfer at a higher resolution than would be possible at the
field-scale. Here, MRD enhanced back diffusion by 12% over abiotic
conditions alone, with local enhancements up to 53% measured
where TCE was stored in low-permeability and high-OC lenses,
resulting in increased overall mass flux of chlorinated ethenes from
the aquifer cell. Future work on modeling of bioremediation per-
formance should incorporate bioenhanced desorption and diffu-
sion to improve the accuracy of predicted cleanup times, especially
in formations with high permeability contrasts. In particular, bio-
ehancement may substantially impact cleanup times in aquifers
with thick low-permeability zones or interbedded high- and low-
permeability materials. Under such conditions, more detailed
modeling will likely reduce predicted cleanup times and may allow
bioremediation to be proposed as a remedy in locations where it



Fig. 5. RDase gene abundance and composition in soil samples at end of experiment, 9.8 PVs (37 days) following bioaugmentation.
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was previously thought to be inefficient or infeasible.
Subsurface heterogeneity represented in the aquifer cell resul-

ted in variations in the availability of electron acceptor, shifting the
Dhc strains present from cells harboring the tceA gene in locations
where TCE was available to cells harboring the vcrA gene where VC
was available. Cells harboring the bvcA gene were most abundant
near low-permeability, high OC materials where cis-DCE was
available due to the preferential utilization of this electron acceptor.
The observed shift in the predominant Dhc strain with changes in
electron acceptor abundance demonstrates the importance of
maintaining a robust dechlorinating community harboring multi-
ple RDase genes and monitoring multiple strains to obtain more
complete information for the assessment of bioremediation prog-
ress. If the necessary strains are present, the dechlorinating mi-
crobial population (e.g., Geo and Dhc strains) adapts to changes in
electron acceptor availability caused by the transport of chlorinated
ethenes into and out of low-permeability and highly sorptive soils.
Such shifts in the microbial population allow efficient trans-
formation of chlorinated ethenes to ethene over the course of a
bioremediation application.

The detailed experimental and mathematical modeling assess-
ment of bioaugmentation and biostimulation in the heterogeneous
aquifer cell revealed that:

� Differences in hydraulic conductivity and OC content controlled
desorption and back diffusion of sequestered chlorinated sol-
vents from OC and low-permeability zones.

� Organohalide respiring bacteria enhance the mass transfer of
TCE out of the low-permeability regions over abiotic diffusion
processes alone.

� The greatest bioenhancement of back diffusion occurred in re-
gions of contrasting hydraulic conductivity and organic carbon
content.

� Model simulations accounting for heterogeneity in physical and
chemical properties quantified local bioenhancement of back
diffusion up to 53%

� Dhc cells were capable of penetrating low-permeability porous
media including clays, contributing to enhanced back diffusion.
� The distribution of specific Dhc strains was influenced by the
availability of electron acceptors within and near soils of
differing physical properties.
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