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Abstract

The integration or sequential use of different remediation technologies, also referred to as a combined remedy, has become an emerging
strategy for the treatment of contaminated sites. Coupling chemical oxidation using persulfate with enhanced bioremediation (EBR) under
sulfate reducing conditions is a plausible combined remedy. To characterize the role of the mass removal processes (e.g., chemical oxidation vs.
sulfate reduction) and to quantify the impact of persulfate on indigenous microbial processes in a combined persulfate/EBR treatment system, a
pilot-scale field experiment was conducted in a 24-m long sheet pile-walled gate over a period of approximately 400d. After dissolved benzene,
toluene, and o-xylene (BTX) quasi steady-state plumes were developed, two persulfate injection episodes were performed 10d apart to create a
chemical oxidation (ChemOx) zone. High-resolution monitoring was conducted to observe the migration of the ChemOx zone and transition into
an EBR zone. Mass loss estimates and geochemical indicators were used to identify the distinct transition between the ChemOx and enhanced
biological reactive zones. Compound specific isotope analysis (CSIA) was used to distinguish the dominant mass removal process, and to inves-
tigate the occurrence of microbial sulfate reduction. BTX metabolites and reverse-transcriptase quantitative polymerase chain reaction analyses
of expressed biodegradation genes (as mRNA) were also used to characterize the response of indigenous microorganisms (especially sulfate-
reducing bacteria) to the added persulfate. Multiple lines of evidence supported the conclusion that chemical oxidation was the dominant mass
removal process in the vicinity of the injection zone, while enhanced biodegradation dominated BTX degradation in the downgradient portions
of the system. The CSIA and supporting molecular biological data were critical in documenting temporally and spatially distinctive zones in this
system that were dominated by either chemical-oxidation or anaerobic-biodegradation processes. Initially, persulfate had an inhibitory impact
on the activity of the indigenous microbial community, but this was followed by a substantial rebound of microbial activity to above baseline
levels. The results from this investigation demonstrate that the suite of diagnostic tools employed can be used to distinguish between chemical
oxidation using persulfate and the subsequent effects of the produced sulfate.

Introduction

In situ chemical oxidation (ISCO) and enhanced bio-
remediation (EBR) are two technologies that have been
extensively applied at sites contaminated with a variety
of compounds including petroleum hydrocarbons (PHCs)
(Sutton et al. 2010). ISCO involves the delivery of a strong
oxidizing reagent into the subsurface to transform an organic
contaminant into a less harmful intermediate or end-product
such as CO, (Huling and Pivetz 2006). EBR involves the
stimulation of indigenous hydrocarbon-utilizing microor-
ganisms by delivering electron acceptors, electron donors
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(substrates), and/or nutrients to the subsurface (Reinhard
et al. 1997; Bolliger et al. 1999; Cunningham et al. 2001;
U.S. EPA 2013). Low cost, high efficiency, minimal impact
on surface infrastructure, and adaptability to a variety of
subsurface conditions and contaminant types are the poten-
tial advantages of these two technologies.

Despite its advantages, ISCO is inefficient in some situ-
ations due to geological heterogeneities, insufficient mix-
ing, low oxidant persistence, and formation of troublesome
by-products (e.g., MnO,) (Lee and Kim 2002; MacKinnon
and Thomson 2002; Xu and Thomson 2009). For example,
oxidant delivery limitations have been shown to be respon-
sible for a portion of the contaminant mass to persist follow-
ing ISCO treatment, and the continuous slow mass transfer
from this remaining residual mass leads to contaminant
rebound and persistence of dilute plumes downgradient
of source zones (Huling and Pivetz 2006; Thomson et al.
2008; Richardson et al. 2011; Sra et al. 2013a). In addition,
ISCO is generally less cost-effective for the treatment of
contaminants present at low concentrations. EBR is a less
expensive technology for treating lower concentrations of
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contaminants; however, EBR is often only partially success-
ful in degrading complex organic mixtures. Factors such as
the availability of substrates, electron acceptors, and nutri-
ents as well as the site-specific nature of the active microbial
communities often limit the effectiveness of EBR (ITRC
2005). At many sites neither of these two technologies can
be applied individually to achieve remediation objectives in
a cost- and time-effective fashion (Devlin et al. 2004; Sahl
and Munakata-Marr 2006; Sutton et al. 2010; Munakata-
Marr et al. 2011).

Recent investigations have shown that the synergistic
coupling or sequential use of ISCO and EBR could poten-
tially combine the strengths of each individual technology
and minimize their limitations (ITRC 2005). This technol-
ogy integration approach (also referred to as a “‘combined
remedy”) has gained increased attention in recent years
(Yang et al. 2005; Sahl et al. 2007; Tsitonaki et al. 2008;
Sutton et al. 2010; Munakata-Marr et al. 2011). The general
concept behind an integrated ISCO/EBR combined remedy
is to use chemical oxidation to target the bulk of the con-
taminant mass in the zones with high concentrations, fol-
lowed by the use of EBR to “polish” the remaining mass in
the source zone and downgradient plume.

Among the widely used chemical oxidants, persulfate
(5,0,7) has been used extensively for soil and groundwa-
ter treatment due to its capability to nonselectively destroy
a wide range of environmentally relevant contaminants
including PHC compounds (Huang et al. 2005; Liang et al.
2008; Sra et al. 2013a, 2013b). Unlike permanganate, per-
sulfate is able to oxidize aromatic hydrocarbons and other
fuel-related compounds without activation (Sra et al. 2013a,
2013b). Compared to peroxide and ozone, persulfate is more
stable and can persist in the subsurface for weeks to months
due to its low natural oxidant interaction (NOI) (Sra et al.
2010). These characteristics make persulfate an attractive
choice for a chemical oxidant to treat PHC-impacted soils
and groundwater. An additional advantage of using persul-
fate in a persulfate/EBR treatment system is the production
of an excess amount of sulfate which results from persulfate
decomposition (reaction with organic compounds and aqui-
fer materials). This excess sulfate can serve as a terminal
electron acceptor and enhance subsequent microbial sulfate
reduction processes. Therefore, a persulfate/EBR combined
remedy is expected to link the aggressive nature of persul-
fate oxidation to enhanced microbial sulfate reduction.

Microbial sulfate reduction is mediated by a diverse
group of microorganisms known as dissimilatory sulfate
reducing bacteria (SRB) which are abundant in anoxic envi-
ronments, such as PHC-contaminated aquifers. SRB com-
munities capable of complete oxidation of benzene, toluene,
and o-xylene (BTX) have been previously identified (Beller
et al. 1996; Harms et al. 1999; Kleikemper et al. 2002; Miao
et al. 2012). In general, the rate of microbial sulfate reduc-
tion is a function of the SRB specific growth rate, which
in turn is controlled by the availability of sulfate and the
organic substrate used by the microorganisms during energy
production. The microbial sulfate reduction rate is expected
to increase following the application of persulfate, due to
(1) the breakdown of complex PHC compounds into sim-
pler organic substrates that are more bioavailable (i.e., easily
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taken up and metabolized by a SRB cell), and (2) the produc-
tion of additional sulfate which serves as the electron accep-
tor which is required for microbial maintenance and growth.

To design an effective integrated persulfate/EBR treat-
ment system, it is necessary to understand the interactions
between persulfate and the indigenous microbial commu-
nities. The impact of chemical oxidants on biological pro-
cesses has been previously reviewed and summarized by
others (e.g., Sahl and Munakata-Marr 2006). These studies
have predominantly focused on the impact of conventional
oxidants (i.e., hydrogen peroxide, ozone, and permanga-
nate) on aerobic microorganisms indigenous in aquifers
contaminated with polyaromatic hydrocarbons or chlori-
nated solvents. The general observations from these studies
have been an increase in microbial populations and stimula-
tion of biodegradation activity following the application of
an oxidant which led to enhanced removal of contaminant
mass. In some cases, an initial inhibition of the microbial
activity was observed in the presence of higher oxidant con-
centrations; however, a rebound of the microbial population
and activity was reported within a few days to months fol-
lowing oxidant application.

There exist only a few peer-reviewed studies that have
investigated in the laboratory the impact of persulfate on the
abundance and activity of indigenous microorganisms. In a
series of batch experiments, Tsitonaki et al. (2008) exposed
aquifer material contaminated with landfill leachate to vari-
ous doses of heat-activated persulfate (0.02 to 2g/kg) and
monitored both the change in cell density and conversion
of acetate to carbon dioxide by the indigenous aerobic com-
munities, with and without addition of a laboratory strain,
Pseudomonas putida KT2440. In these microcosms, Tsiton-
aki et al. (2008) found that persulfate concentrations up to
10g/L had no adverse impact on the native microbial com-
munity, and that persulfate was less inhibitory to indigenous
microorganisms than other oxidants tested (iron catalyzed
hydrogen peroxide, and permanganate). The same observa-
tion was reported by Cassidy et al. (2009) who compared
the effect of ozone, modified Fenton’s reagent, and iron-
activated persulfate on subsequent aerobic biodegradation of
2,4-dinitrotoluene in batch slurry reactors. Richardson et al.
(2011) investigated the impact of persulfate on the abundance
and activity of the indigenous microbial community and on
phenanthrene-degrading bacteria present in contaminated
soil from a former manufactured gas plant site. Following
the injection of 20g/L persulfate in a column experiment,
Richardson et al. (2011) used 16 rRNA gene assays to char-
acterize the microbial community and also measured the
conversion of '“C-labeled substrates to '“CO, by the micro-
bial community. This study showed that exposure to persul-
fate initially led to inhibition of microbial activity, a decrease
in community diversity, and to reductions in the abundances
of both total and phenanthrene-degrading populations; how-
ever, recovery was observed within 14 to 70 weeks.

In the gray literature, the impact of persulfate on the
composition and diversity of SRB communities has been
documented in several laboratory experiments (Bou-Nasr
et al. 2006; Gallagher and Crimi 2007; Cassidy 2008)
and observed at field sites contaminated with chlorinated
hydrocarbons (Droste et al. 2002; Marley et al. 2006; Sessa
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et al. 2008; Studer et al. 2009). Unfortunately none of these
studies are representative of an engineered persulfate/EBR
combined remedy and, at best, provide information on the
temporal but not the spatial separation of chemical and bio-
logical treatment zones. Moreover, prior studies have not
provided detailed characterization of the processes involved
in a persulfate/EBR combined remedy. Also, no previous
effort has investigated the impact of persulfate on subse-
quent microbial degradation processes in a field system.
Thus, to improve our understanding of the treatment of a
groundwater system impacted with PHCs using persulfate
coupled with sulfate reducing biodegradation, a pilot-scale
experiment was designed and executed. A unique design
approach was used to enclose a portion of a dissolved phase
PHC plume between two persulfate injection pulses. This
enclosed segment of the plume was then monitored as the
chemical oxidation zone transitioned into an enhanced-
bioremediation zone downgradient.

The main objectives of this field effort were to charac-
terize the processes involved in a combined persulfate/EBR
remedy, to identify the temporal and spatial boundaries and
transitional points between the various processes, and to
assess the impact of persulfate on microbial processes (espe-
cially, biodegradation under sulfate reducing conditions). To
achieve these objectives, conventional groundwater parame-
ters were augmented with isotopic and molecular-biological
procedures.

Methods

General

Figure 1 illustrates the conceptual approach adopted
for this pilot-scale trial. Initially, a dissolved (quasi steady-
state) plume of BTX compounds was generated using a
diffusive source to develop an anaerobic aquifer system,
and to provide favorable conditions for the acclimation and

growth of indigenous SRB (Figure la). Next, two sequen-
tial persulfate injection episodes were executed to treat a
portion of the dissolved phase plume (Figure 1b and Ic).
Due to longitudinal dispersion, the two persulfate slugs
were expected to mix with the confined portion of the BTX
plumes as they migrated downgradient (Figure 1d) to form
a chemical oxidation (ChemOx) zone. As the BTX and per-
sulfate mass was depleted due to chemical oxidation, a sul-
fate plume was expected to form and the ChemOx zone was
expected to transition into an EBR zone. It was postulated
that the migration of the sulfate plume would stimulate the
growth and activity of the indigenous SRB within the EBR
zone (Figure le). BTX mass removal in the ChemOx zone
was expected to be dominated by chemical oxidation, and
in the EBR zone by enhanced microbial sulfate reduction.
Note that the diffusive PHC source used here to establish a
dissolved BTX plume does not reflect the complexity of an
actual nonaqueous phase liquid source zone. To monitor the
fate of the ChemOx and EBR zones, and to detect the bio-
geochemical shifts prior to, during, and following persulfate
injection, a host of groundwater parameters were monitored.
These included geochemical indicators (dissolved oxygen
[DO], electrical conductivity [EC], redox potential [Eh],
and pH), dissolved inorganic carbon (DIC) content, and the
concentration of BTX, methane, and selected inorganic spe-
cies (e.g., persulfate, SO;~, Na*, Ca®*, S*). However, evalu-
ating the impact of persulfate oxidation on the subsequent
microbial processes only through concentration patterns of
SO:?-, $*~ and/or changes of DIC content is likely a challenge
at most sites due to the system dynamics and the potential
dilution, dispersion, sorption, and abiotic processes (e.g.,
mineral precipitation). Thus to aid in this characterization
effort, compound specific isotope analysis (CSIA) and bio-
markers (GC/MS analysis of metabolites and quantitative
polymerase chain reaction (qPCR) methods of expressed
biodegradation genes) were utilized.

(a) Steady-state dissolved benzene, toluene, and o-xylene (BTX) plumes
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Figure 1. Conceptual representation of the pilot-scale experiment: (a) the generated quasi steady-state BTX plumes, (b) first per-
sulfate injection downgradient of the dissolved plume source, (c) second persulfate injection, (d) formation of the ChemOx zone
between the two persulfate slugs where mixing and the reaction between persulfate and the dissolved BTX mass occurs, and
(e) depletion of ChemOx zone due to persulfate decomposition and generation of a sulfate plume (EBR zone) where enhanced

microbial sulfate reduction is expected to occur.
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Specific chemical and biological mass removal pro-
cesses (e.g., aerobic/anaerobic biodegradation, or chemical
oxidation) have been shown to exhibit distinctive carbon
and hydrogen (C/H) isotopic fractionation patterns that have
been documented for many organic contaminants (Morasch
et al. 2001; Poulson and Naraoka 2002; Hunkeler et al. 2003;
Mancini et al. 2003; Marchesi et al. 2013). In this study, dual
carbon and hydrogen CSIA (8"°C and &H) was used to char-
acterize the fate of the BTX compounds and to identify the
dominant mass removal process. For this purpose, the isotope
data for BTX compounds were compared to the dual element
isotope slopes reported in the literature for biodegradation
and persulfate oxidation of these compounds. In addition, to
investigate the occurrence and extent of the subsequent micro-
bial sulfate reduction process, temporal patterns of oxygen
and sulfur isotopes (6'*0 and 6*S) in SO~ were also tracked.

For diagnostic purposes, the most informative biomarker
metabolites are those whose molecular structure strongly
resembles that of the parent contaminant; these occur early
in the metabolic pathways (Table Sla, Supporting Infor-
mation). In this study, we analyzed a total of 12 metabo-
lites (Table Sla). Four of these metabolites are uniquely
of microbial origin (benzene cis-dihydrodiol, indicative of
aerobic benzene degradation (Diaz et al. 2013; Cébron et al.
2008; Giilensoy and Alvarez 1999; Nebe et al. 2009; Wil-
son and Madsen 1996); toluene cis-dihydrodiol, indicative
of aerobic toluene degradation (Diaz et al. 2013; Cébron
et al. 2008; Giilensoy and Alvarez 1999; Nebe et al. 2009;
Wilson and Madsen 1996); benzylsuccinate, indicative of
anaerobic toluene degradation (Beller et al. 2008; Fuchs et
al. 2011); and 2-methylbenzylsuccinate, indicative of anaer-
obic xylene degradation (Beller et al. 2008; Fuchs et al.
2011). Other metabolites detected in groundwater samples
include o-cresol (strongly associated with aerobic xylene
biodegradation), 2,3-dimethylphenol (strongly associated
with aerobic xylene biodegradation), phenol (strongly asso-
ciated with both aerobic and anaerobic benzene biodegrada-
tion), and benzoate (strongly associated with both aerobic
toluene biodegradation and anaerobic benzene degradation)
(Whited and Gibson 1991; Diaz et al. 2013; Hendrickx et al.
2000).
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A parallel strategy for documenting biodegradation as
an active process utilizes the biomarker known as “mRNA”
(messenger RNA, Table S1b). Documenting the occurrence
of mRNA of biodegradation genes in groundwater shows
that microorganisms hosting the DNA that encodes biodeg-
radation enzymes are metabolically active and engaged in
the biodegradation process. Assays detecting mRNA of the
todC (aromatic dioxygenase) and TOL (side-chain monoox-
ygenase) genes can be positive during the biodegradation of
BT under aerobic conditions (Cébron et al. 2008; Hendrickx
et al. 2006; Nebe et al. 2009); only data from fodC-based
assays are reported in the present investigation because TOL
assays were negative when tested. To date the genetic basis
for only a single metabolic pathway for anaerobic benzene
biodegradation has been reported: the abcA gene (anaerobic
benzene carboxylase) is characteristic of benzene biodegra-
dation under iron-reducing and other anaerobic conditions
(Abu Laban et al. 2010). The bssA gene (and correspond-
ing mRNA) encodes biodegradation of TX under anaerobic
conditions (Fuchs et al. 2011, Kazy et al. 2010) and a spe-
cific variant of the bssA gene, bssA-SRB, has been shown to
be carried by bacteria that are active in anaerobic toluene
metabolism under sulfate-reducing conditions (Beller et al.
2008). Thus, detecting mRNA of the bssA-SRB gene links
biodegradation of toluene to populations carrying out sul-
fate reduction. In addition, respiratory reduction of sulfate
in anaerobic habitats has been mechanistically linked to the
expression of the alpha and beta subunits of the dissimila-
tory (bi)sulfite reductase genes, dsrA and dsrB, respectively
(Bourne et al. 2011, Geets et al. 2006; Chin et al. 2008;
Neretin et al. 2003; Pelikan et al. 2016).

Site Description

This pilot-scale experiment was conducted in a sheet
pile-walled gate at the University of Waterloo Groundwa-
ter Research Facility at the Canadian Forces Base (CFB)
Borden located near Alliston, ON. As shown in Figure 2
and Figure Sla, the experimental gate used was 2m wide
and 24 m long, and was enclosed on three sides by sheet pil-
ing driven 3m below ground surface (bgs) into the under-
lying aquitard. The fourth side was open to allow ambient
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Figure 2. (a) Plan view, and (b) cross-sectional view of the experimental gate. The cross-injection system (CIS) wells used to delivery

persulfate into the gate upgradient of Row 2 are indicated.
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groundwater to enter. Four source wells installed at the gate
entrance (fully screened, 25.4cm diameter) were used to
introduce the source of BTX into the system. A pump was
installed in the well at the downgradient closed end of the
gate (fully screened, 5.1 cm diameter) to control the ground-
water flow rate.

The monitoring network consisted of six fence lines at
various locations along the length of the gate (identified as
Row 1 to Row 6). Each row consisted of three multilevel
(ML) monitoring wells (identified as left, middle, and right
in the direction of groundwater flow). The wells in each row
were spaced 0.65m apart and each was equipped with four
multilevel sampling points spaced vertically at an interval
of 0.7m with the shallowest multilevel starting at 1.2 mbgs.
For persulfate delivery, three wells (fully screened below
the water table, internal diameter of 5.1 cm) were installed
between Row 1 and Row 2 (Figure 2 and Figure Slc).

The unconfined Borden aquifer is a surficial, well-sorted
fine to medium-grained sandy aquifer with a hydraulic con-
ductivity of 6.0x 107 to 2.0x 10~*m/s. Microscale hetero-
geneities exist in the form of silty sand and coarse sand
lenses (Mackay et al. 1986). General hydrogeological prop-
erties and background geochemistry of the Borden aquifer
have been extensively characterized (e.g., MacFarlane et al.
1983; Nicholson et al. 1983; Mackay et al. 1986). The nat-
ural organic matter (NOM) content or fraction of organic
carbon (f, ) of the aquifer material is 0.0002, and the aquifer
porosity is approximately 0.33. The background concentra-
tion of SO2~, Na*, Ca*, and H,S varies from 10 to 30mg/L, 1
to 2mg/L, 50 to 110mg/L, and <0.002 to 0.1 mg/L, respec-
tively. The groundwater pH is between 7 and 8.

Experimental Phases
Plume Generation (Phase 1)

To facilitate the controlled release of the selected BTX
compounds at the gate entrance, a series of Waterloo Emit-
ters (Model 703, Solinst Canada Ltd., Georgetown, Ontario,
Canada) were placed into the source wells (Figure Sl1b).
Each emitter device consisted of 46 m of low-density poly-
ethylene (LDPE) tubing (6.4 mm in diameter) coiled around
a central PVC frame (130cm in length, 15cm in diameter).
The mass transfer from an emitter is controlled by molecu-
lar diffusion (driven by the concentration gradient between
the source solution circulating inside the emitter tubing and
the by-passing ambient water) and advection (driven by the
flow rate of the by-passing water) (Arildskov and Devlin
2000; Wilson and Mackay 1995a, 1995b). The purpose of
the passive emitters was to maintain a continuous transfer of
BTX compounds from the source solution into the ground-
water passing through the wells.

Within the experiment gate, eight Waterloo Emitters
were placed inside the four source wells (two emitters per
well stacked on top of each other) to create a semi-uniform
steady source of dissolved BTX compounds. To circulate
the source solution through the emitters, the emitters in each
source well were connected using a 3.2 mm diameter stain-
less steel tube to one source tank (total four source tanks).
The source solution was pumped at a rate of approximately
50 mL/min through the emitters on a timed cycle of 6h cir-
culation followed by 6h off. Each source tank contained
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90L of water and 10L of ethanol spiked with the BTX
mixture. The initial average concentration of BTX in the
four source tanks was 380, 320, and 70 mg/L, respectively
(Figure S3). A series of laboratory experiments showed that
that the ability of ethanol to diffuse out of the emitters was
insignificant compared to toluene. The source tanks were
sealed to avoid volatilization, and the stock solution was
stirred periodically with a drill-adapted mixing rod. As the
stock solution was circulated, the BTX concentration in the
source tanks would deplete over time due to the loss of BTX
mass into the source wells. To maintain the BTX concentra-
tion at a quasi-constant level in the source wells, the tanks
were occasionally replenished (approximately every 50d)
by removing 10L of the source tank solution and adding
10L of the ethanol/BTX mixture to each tank.

The groundwater flow rate was controlled by the extrac-
tion well located at the closed end of the experimental gate.
To estimate the groundwater velocity, a tracer test was con-
ducted by injecting a slug of a sodium chloride (NaCl) solution
directly into the four source wells to reach a target chloride
(CI) concentration of 100mg/L. The transport of chloride
was monitored downgradient of the source wells, and the
resulting breakthrough data were used to estimate velocity.

Chemical Oxidation (Phase 2)

Phase 2 of the experiment involved two injections of per-
sulfate into the BTX plume using a modified cross-injection
system (CIS) (Devlin and Barker 1996; Gierczak et al. 2007)
installed between Row 1 and Row 2 (Figure 2a and Fig-
ure Slc). The persulfate solution was injected into the two
outside CIS wells (0.5L/min each) while groundwater was
simultaneously extracted from the central CIS well (1.0L/
min) and transferred to a polyethylene (PE) waste tank.
Each injection episode was used to create a persulfate slug
a short distance downgradient of the CIS wells. The extent
of the ChemOx zone, confined between the two persulfate
pulses, depends on the groundwater flow rate. An interval of
10d between each injection episode was selected so that the
fate of the ChemOx zone (e.g., depletion of persulfate and
BTX, production of sulfate, and geochemical shifts) could
be captured in the first monitoring row downgradient of the
CIS wells (i.e., Row 2).

An intended outcome of Phase 2 was to partially destroy
the BTX mass in the ChemOx zone, so that the remain-
ing substrate would serve as the carbon/energy source for
the subsequent microbial activity. To estimate the amount
of persulfate required to destroy approximately 50% of the
mass confined in the ChemOx zone, the BTX mass in this
zone was estimated from the BTX mass discharge across
Row 1 and using reaction stoichiometry between unacti-
vated persulfate and the individual organic compounds (Sra
et al. 2013b). Sra et al. (2013b) also provide useful data on
first-order oxidation rate coefficients for BTX compounds
degraded by unactivated or activated persulfate.

The injection solution (10g/L unactivated sodium per-
sulfate [Na,S,0O,]) was prepared by mixing sodium persulfate
(Sigma-Aldrich, St. Louis, Missouri) with uncontaminated
groundwater. The solution was stored in a PE tank and was
mechanically stirred using an electric drill mixer to enhance
dissolution. A manifold was used to distribute the injection
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solution into two Teflon tubes connected to the injection
wells. Each of these outlets was equipped with a flow con-
trol gate valve, a vent valve and a pressure gauge to enable
flow control during injection. PE pipes were used to connect
the manifold outlets to the riser pipes of the three CIS wells.

Extended Monitoring (Phase 3)

An assessment of the treatment system was continued
for several months following persulfate injection to monitor
the fate of the ChemOx and EBR zones, to evaluate the long-
term impact of persulfate on the subsequent microbial pro-
cesses, and to identify the dominant mass removal process.

Sampling and Analytical Methods

Groundwater samples were collected at multilevel loca-
tions using a peristaltic pump and a sampling manifold
(Mackay et al. 1986). Prior to collecting samples, each sam-
pling point was purged approximately 80mL to flush the
water inside the tubing and the sampling manifold to ensure
the collected samples were representative of the groundwa-
ter adjacent to the sampling point. Samples for persulfate
analysis were collected in 25 mL glass vials, and samples for
inorganic analyses were collected in 20 mL polypropylene
vials. Samples collected for cation analyses were filtered
with a 0.45 um syringe membrane filter, and acidified with
nitric acid (Sigma-Aldrich, St. Louis, Missouri) to a pH<2.
Samples for VOC analysis and samples for C/H isotopic
analyses were collected in 40 mL glass vials and preserved
with 0.4mL of a 10% sodium azide solution. Samples for
isotope analysis of sulfate were collected in 1L glass bottles
without addition of preservatives. Samples for analysis of
metabolites were collected in two 500mL glass bottles at
each sampling point. The metabolite samples were imme-
diately preserved by adding HCI1 (J.T. Baker, Phillipsbourg,
New Jersey) to one of the bottles with a target pH of <2, and
NaOH (Fisher Scientific, Fair Lawns, New Jersey) to the
other bottle with a target pH of approximately 8. All samples
were stored at 4 °C and held for up to 14 d prior to analyses.
The samples for qPCR analyses were collected by passing
2L of groundwater through a 0.2um Sterivex filter (Mil-
lipore, Billerica, Massachusetts). The filter was then frozen
immediately, and stored at —80 °C until further processing.
While there is no doubt that some perturbation to the system
resulted from sampling, we believe this did not significantly
affect the results (total sampling volume 5.8 L, groundwater
discharge between sampling intervals ~7000L). Details of
the analytical methods used to: (1) quantify the concentra-
tion of organic compounds and inorganic species; (2) ana-
lyze the carbon (**C/'2C), hydrogen (*H/'H): sulfur (**S/*2S),
and oxygen (*0O/'°0) isotope ratios; (3) extract and analyze
DNA and RNA from groundwater biomass; and (4) identify
specific metabolites are provided in the Appendix Sl.

Results and Discussion

The generation of the BTX plumes began on Day 0 by
turning on the extraction pump and allowing the transport
of BTX compounds from the source tanks to flow into the
emitters installed in the source wells. The two persulfate
pulsing episodes were conducted on Day 170 and Day 180.
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Due to the onset of winter conditions, the system was shut-
down on Day 221 by turning off the extraction pump and
flow to the emitters. Extended monitoring was continued
until Day 391. Figure S2 shows a detailed timeline including
the timing of the various groundwater sampling events.

Phase 1—Plume Generation (Day O to Day 169)

On Day 0, the groundwater extraction rate was set to
125mL/min to establish a theoretical groundwater Darcy
velocity of 9cm/d (equal to the ambient groundwater veloc-
ity in the Borden aquifer) based on the extraction rate and
aquifer properties (e.g., porosity and aquifer thickness).
The conservative tracer test which was performed by add-
ing NaCl into the source wells over a 2-week period (Days
5, 14, and 20) created a slug of tracer downgradient. Chlo-
ride concentrations were monitored at 12 points in Row 1,
and the groundwater velocity was calculated based on the
observed travel time of the center of mass of the chloride
breakthrough curve and distance between the source wells
and Row 1. The estimated groundwater velocity from the
observed tracer data ranged from 7 to 12cm/d across the 12
monitoring points (Figure S3). Since the theoretical Darcy
velocity approach was consistent with the estimate from the
tracer test data, it was used during the course of this experi-
ment to estimate the average groundwater velocity in the
gate. The average concentration of BTX in all four source
wells during the plume generation phase was approximately
55, 40, and 10mg/L, respectively. Figure S3 shows the tem-
poral variation of the average BTX (sum of BTX) concen-
tration from Day O to Day 221 in the four source tanks and
four source wells.

The development of the BTX plumes until Day 156
(before persulfate injection) is shown in Figure 3. The
nonuniform distribution of BTX concentrations across the
gate cross-section, which was also observed for the chlo-
ride plume (data not shown here), indicates the existence
of preferential flow pathways which result from the mildly
heterogeneous nature of the aquifer. By Day 97 the front
of the benzene plume had reached only 2 of the 12 multi-
level sampling points in Row 3 (located only 7.5m down-
gradient of the source wells), while based on the average
groundwater velocity the advective front was expected to
be approximately 9m from source wells (past Row 3). The
delay in plume development between Day 35 and Day 97
as a result of sorption and biodegradation was indicated by:
(1) decreased BTX concentrations at Row 1 (between Day
35 and Day 71) while the source well concentrations were
continually increasing (data not provided); (2) decreased
BTX concentrations at Row 2 (between Day 71 and Day
97) while the mass discharge from Row 1 was stable; and
(3) minimal benzene mass, and no toluene and o-xylene
mass detected at Row 3 located 7.5m downgradient of the
source wells (Figure 4). Biodegradation in the vicinity of
Row 1 and Row 2 was confirmed by decreased DO and Eh
levels (Figure 5a and 5c), and supported by the detection of
biomarkers (metabolites and mRNA copies) characteristic of
both aerobic and anaerobic BTX biodegradation (Figure 6).

Since the intended result from the plume generation phase
was to develop a quasi steady-state BTX plume and establish
anaerobic conditions throughout the experimental gate, the
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Day 35 Day 71 Day 97 Day 126 Day 156

Benzene

Figure 3. Development of the benzene, toluene, and o-xylene plumes during the plume generation phase (Phase 1). All three plumes
followed the same general pattern. The slower migration of toluene and xylene plumes compared to benzene plume is attributed to
a higher sorption capacity and biodegradation rate. Between Day 72 and Day 97 the expansion of the plumes appeared to stop as a
result of natural attenuation processes, and hence the groundwater velocity was increased on Day 110 to encourage the plumes to
migrate further downgradient as seen on Day 156.
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Figure 4. Row-averaged (based on weighted cross-sectional area) BTX (ug/L), persulfate (mg/L), sulfate (mg/L), and sulfide (ug/L)
breakthrough curves at (a and b) Row 2, (c and d) Row 3, and (e and f) Row 4. The gray band between Day 170 and Day 180 indi-
cates the chemical oxidation phase (Phase 2).
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Figure 5. Temporal evolution of geochemical indicators (row-averaged based on weighted cross-sectional area): (a) dissolved oxygen,
(b) electrical conductivity, (c) oxidation-reduction potential (Eh), (d) pH, (e) dissolved inorganic carbon (DIC) content in mg/L as
CaCO,, and (f) calcium concentration. The gray band between Day 170 and Day 180 indicates the chemical oxidation phase (Phase 2).

groundwater extraction rate was increased to 425 mL/min
on Day 110 to counterbalance the impact of biodegradation
processes on plume development. As a result, the migration
of the plume was significantly enhanced, and by Day 126
the benzene plume was detected at a significant number of
multilevel sampling points in Row 4 (Figures 3 and 4). On
Day 140, the extraction rate was reduced to approximately
150 mL/min (15cm/d) and held constant until Day 221. By
Day 156 (the last sampling event before persulfate injec-
tion) the benzene plume had reached Row 5 (Figure 3),
DO was depleted (DO <2mg/L) and reducing redox condi-
tions prevailed throughout the entire the experimental gate
(—200mV <Eh<-50mV) (Figure 5c). The increased BTX
concentrations at Row 4 on Day 156 (Figure 4e) is attrib-
uted to the increased mass discharge from the upgradient
rows following the increase in extraction rate; however, a
decrease in BTX concentration was observed at Rows 1, and
2 after Day 110 (data not provided). This decrease is attrib-
uted to the mixed effect of decreased groundwater residence
time in the source wells, and increased microbial activity.
The lack of a uniform extraction rate for the entire experi-
mental period was implemented out of necessity knowing
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full well that it would confound data interpretation but not
harm the overarching objectives of this investigation.
Figure 6 shows the evolution of biomarkers observed
at Rows 1, 2, and 3 that are unique to aerobic biodegra-
dation of aromatics (todC mRNA and cis-dihydrodiols)
(Figure 6a to 6¢), that are unique to anaerobic biodegrada-
tion of aromatics or sulfate reduction (bssA and bssA-SRB
mRNA and benzylsuccinates) (Figure 6d to 6f), and other
metabolites characteristic of aerobic aromatic metabolism
(o-cresol, 2,3 DMP) or that can be produced both aerobi-
cally and anaerobically (phenol, benzoate) (Figure 6g to 61).
Cresols are metabolites representing monooxygenase attack
of toluene; unexpectedly, assays aimed at detecting mRNA
from expressed TOL monooxygenase genes (Hendrickx
et al. 2006) were not successful. Because the maximum
absolute number of mRNA copies in Figure 6d to 6f ranged
from 150 to 1.1x107/L the ordinate values for the mRNA
series are plotted on a log scale. Likewise, the maximum
absolute concentrations for metabolites shown in Figure 6g
to 6i ranged from 5 to 390 ug/L; thus, these values are also
plotted on a log scale. A key feature of patterns revealed
by the biomarker analyses is that major aerobic metabolites
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Figure 6. Temporal patterns in the appearance of biomarkers (mRNA and metabolites) at approximately 2.6 m bgs at Row 1 (left
ML), Row 2 (left ML), and Row 3 (middle ML). Panels (a to ¢) show biomarkers (todC [toluene dioxygenase] mRNA and cDHDs
[cis-dihydrodiols]) unique to aerobic biodegradation of aromatics. Panels (d to f) show biomarkers (bssA-SRB [benzylsuccinate
synthase] mRNA and dsrB [dissimilatory sulfate reductase] mRNA, and benzylsuccinate, and 2-MeBS [2-methyl benzylsuccinate])
unique to anaerobic biodegradation of aromatics or sulfate reduction. Panels (g to i) show other metabolites characteristic of aerobic
aromatic metabolism (o-cresol, 2,3-dimethylphenol [DMP]) or that can be produced both aerobically and anaerobically (phenol,
benzoate). The gray band between Day 170 and Day 180 indicates the chemical oxidation phase (Phase 2).

(benzene- and toluene-cis dihydrodiol [CDH] and o-cresol)
were found at maximum concentrations at Row 1 at early
times (Figure 6a and 6g), before drastically declining; these
compounds were also found in Row 2 and 3 on Day 156,
but at concentrations far lower than at Row 1. These data
support the notion that aerobic biodegradation contributed
significantly to initial BTX removal. Anaerobic metabolites
characteristic of both toluene and xylene biodegradation
(benzylsuccinate, 2-methylbenzyl succinate, respectively)
were also detected in all three rows (Figure 6d to f,
Table S3), showing that the native microbial community
was engaged in anaerobic TX degradation. The co-occur-
rence of both aerobic and anaerobic processes is a result of
sampling groundwater for microbial analyses from adjacent
aerobic and anaerobic microsites. Interestingly, evidence for
relatively high general microbial activity was uncovered by
measuring the concentrations of both phenol and benzoate
(of possible aerobic and anaerobic origin), which peaked on
Day 170 at Row 1 (Figure 6g).

mRNA transcripts characteristic of sulfate-based bio-
degradation of toluene and xylene (bssA-SRB) were found
in Rows 1 and 2 on Days 156 and/or Day 170 in quan-
tities ranging from 3x10% to 7x 10°copies /L; Figure 6d
and 6e). Also, dsrB mRNA transcripts (characteristic of
sulfate reduction) were found on Day 156 in Rows 1 and
2 at levels ranging from 1x 10* to 2x 10?copies/L, respec-
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tively (Figure 6d and 6e; Table S3). These mRNA data pro-
vide evidence that the native microbial populations were
engaged in sulfate-based biodegradation of methylated
aromatics (e.g., toluene and xylene) and in sulfate reduc-
tion, respectively. Concurrent geochemical measurements
independently showed that, by Day 156, sulfate-reducing
conditions were present in the vicinity of Rows 2 and 3, as
indicated by the simultaneous depletion of the background
SO; and the production of S* (Figure 4b and 4d). On no
occasion in this investigation were transcripts for anaerobic
benzene degradation (abcA) detected.

Taken together, the data on plume migration, geochem-
istry, and biomarkers (Figures 3 through 6) document that
natural attenuation of BTX became established during
Phase 1 and that initial aerobic biodegradation was followed
by sulfate-reduction-based metabolism consistent with find-
ings reported by others (e.g., Acton and Barker 1992). These
observations confirm the development of quasi steady-state
BTX plumes, the establishment of anaerobic conditions,
and manifestation of mass removal due to biodegradation
processes along the experimental gate prior to first persul-
fate injection on Day 170. The benzene plume had migrated
beyond Row 5 (~18 m downgradient) while the toluene and
xylene plumes were retarded due to their higher sorption
capacity and biodegradability relative to benzene (Schirmer
et al. 2000).
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Phase 2—Chemical Oxidation (Day 170 to Day 180)

The first persulfate injection episode was conducted
on Day 170. During this 3 h episode, groundwater samples
were collected and EC measurements were taken every
20min. The persulfate concentration in the injection wells
was much higher than that in the central extraction well (13
vs. 1g/L). To create a more uniform persulfate slug across
the gate, the duration of the second episode (executed on
Day 180) was increased to 5h, and the injected target per-
sulfate concentration was increased from 10 to 15 g/L. This
increased duration and concentration resulted in a persulfate
concentration of approximately 4 g/L in the extraction well
compared to a persulfate concentration of 16 g/L in the two
injection wells. Based on these data, neither of these two
injection episodes was able to create a uniform persulfate
slug. The 10-d interval between the two injection episodes
was to ensure that the ChemOx zone was of sufficient length
by the time it reached Row 2. This interval was based on the
estimated groundwater velocity at the time of the persulfate
injections (15 cm/d), the distance between the CIS wells and
Row 2 (1.5m), and assuming negligible retardation for per-
sulfate and sulfate.

As a result of the two injection episodes, a total of
approximately 4.7kg of persulfate was estimated to have
been present initially in the gate. The increased EC and Eh
levels at Row 2 following persulfate injection (Figure 5b
and 5c) as well as the observed breakthrough of persulfate
and Na* (Figure S4) demonstrates the length of the Che-
mOx zone as it passed across Row 2. Only one persulfate
peak (on Day 196) and one Na* peak (on Day 208) was
observed at Row 2 suggesting that the two persulfate slugs
had coalesced before reaching Row 2 as designed; however,
the sampling resolution may have missed two peaks. The
retardation of Na* compared to persulfate is attributed to
the cation exchange capacity of the Borden aquifer material
which results in Na* attenuation (Sra et al. 2013a).

The maximum row-averaged persulfate or Na* concen-
tration observed at Row 2 was approximately 0.5 g/L. The
maximum concentration observed at a single sampling point
was approximately 3 g/L for persulfate and approximately
0.8 g/L for Na*. The much lower persulfate and Na* concen-
tration observed at Row 2 compared to the average concen-
trations observed in the CIS wells (8.3 g/L for persulfate and
1.8 g/L for Na*) indicates that significant mixing occurred
between the injected solution and ambient groundwater, and
perhaps some persulfate decomposed as a result of reactions
with BTX compounds and aquifer materials.

Phase 3—Extended Monitoring (Day 180 to Day 391)

By Day 221, the persulfate concentration at Row 2
(Figure 4b) was below the method detection limit (MDL)
indicating that the ChemOx zone had dissipated and/or
migrated downgradient of this monitoring row. The persul-
fate decomposition in the ChemOx zone led to a significant
increase in the row-averaged sulfate (SO?") concentrations
at Row 2 shortly after persulfate injection (Figure 4b). The
increased SO;~ concentration at Row 2 was first observed on
Day 180 and peaked on Day 208. The produced SO}~ plume
passed Row 2 and reached Row 3 by Day 221. The mass
ratio between SO?” and Na* was estimated based on the
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peak row-averaged concentration of these two compounds
at Row 2. The consistency between the estimated ratio (~4)
and the theoretical stoichiometry (4.2 g SO per 1g of Na*)
confirms the near complete decomposition of persulfate.

Oxidation of BTX by persulfate, if it proceeds to com-
plete mineralization, leads to production of dissolved COz(aq)
and hydrogen ions (H*), which in turn is expected to ele-
vate DIC concentrations and decrease pH. Figure 5e and
5d shows an increased DIC concentration and a decreased
pH at Row 2 which supports the occurrence of chemical
oxidation. The pH at Row 2 returned to ambient levels by
Day 221 due to the high buffering capacity of the calcite-
rich Borden aquifer. The increased Ca’* concentrations at
Row 2 (Figure 5f), illustrates that the pH drop enhanced
calcite dissolution, which led to buffering of the pH. Thus,
it is likely that the observed peak in DIC concentration at
Row 2 on Day 196 (Figure Se) is the mixed effect of COz(aq)
production during BTX and NOM mineralization as well
as the generation of HCO," from the pH-buffering calcite
dissolution reaction. The decreased BTX concentrations
(Figure 4a), depletion of persulfate and production of SO}~
(Figure 4b), significant increase of EC, Eh, and DIC (Fig-
ure 5b, 5c, and Se), as well as the drop of pH (Figure 5d),
are clear geochemical indicators of persulfate oxidation of
BTX at Row 2.

Unlike Row 2, the persulfate concentration at Row 3
was negligible (i.e., <MDL). Elevated Na* was not observed
at Row 3 until Day 208 at a concentration much lower (10
to 20 times) than that observed at Row 2, likely due to dis-
persive mixing and/or loss in cation exchange reactions
(Dance and Reardon 1983). The decreasing BTX concen-
trations between Day 180 and Day 208 are consistent with
the BTX concentrations observed at Row 2 approximately
20d earlier subjected to the transport and attenuation pro-
cesses occurring in the system. The changes in EC, Eh, and
pH were also minimal at Row 3 (Figure 5b to 5d) indicat-
ing that persulfate and thus the ChemOx zone did not reach
Row 3. Instead, Row 3 captured the EBR zone as expected
in the conceptual design. The increased SO}~ concentration
at Row 3 which started on Day 208 and peaked on Day 221
confirmed the potential for the EBR zone. There is good
agreement between the observed delay in the SO~ plume
(Figure 4d) and the geochemical indicators (e.g., EC, pH
and Ca*) at Row 3 (Figure 5b, 5d, and 5f) and the expected
travel time between Row 2 and Row 3.

Impact on Microbial Processes

While BTX concentrations constantly diminished dur-
ing Phase 3 at Row 1, anaerobic physiological processes
prevailed, as shown by diminishing concentrations of ben-
zylsuccinates and undetectable biomarkers unique to aero-
bic metabolism (Figure 6a, 6d, and 6g). Interestingly, there
was a spike in the concentration of phenol (produced via
multiple physiological pathways), on Day 391 at Row 1,
indicating a generally high biodegradation level for aro-
matic compounds.

Between Day 170 to Day 208, while persulfate was pres-
ent at Row 2, the concentration of the majority of metabolites
and the number of copies of bssA gene transcripts associated
with anaerobic biodegradation of BTX compounds decreased
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(Figure 6e, Table S2). There was also a pronounced reduc-
tion in the concentration of sulfide (the primary by-product
of microbial sulfate reduction) during this period (Fig-
ure 4b). These observations indicate an inhibitory effect of
persulfate on metabolic activity of the indigenous microbial
community. However, this inhibition of microbial processes
at Row 2 was short-term: once persulfate was depleted, the
concentration of anaerobic metabolites and the number of
the both bssA-SRB and dsrB expressed functional gene cop-
ies started to rebound after Day 208 (Figure 6e and 6h).
The numbers of mRNA copies of bssA-SRB (an index of
sulfate-reduction-based toluene and xylene metabolism) at
Row 2 rose from below detection (~100 copies/L) to nearly
3500/L by Day 293. After Day 208, the concentration of
2-methylbenzylsuccinate rose in Row 2. Dramatically in
Row 2, copies of dsrB mRNA rose from below detection
(~100 copies/L) on Day 208 to 1.1x 10" on Day 293 (Fig-
ure 6e) indicating an immense stimulation of sulfate-reduc-
tion activity. At the midpoint of field-monitoring efforts, the
concentration of ” metabolically ambiguous” (either aerobic
or anaerobic) metabolites, phenol and benzoate, generally
increased in Row 2 to levels far higher than baseline values;
then after Day 208, concentrations fell drastically (by Day
293) only to rebound somewhat by Day 391 (Figure 6h).
Beyond Day 293 at Row 2, there were spikes in the concen-
tration of the aerobic metabolites (dimethyl phenol [from
xylene], o-cresol [from toluene]), as well as in the abun-
dance of TodC dioxygenase transcripts, perhaps indicating
input of aerobic water entering the gate.

The rebound and stimulation of anaerobic microbial pro-
cesses at Row 2 was concurrent with a rise in the S~ con-
centration (Figure 4b) and DIC levels (Figure 5Se) between
Day 208 to Day 221. The occurrence of sulfate reduction is
also supported by the isotope data on sulfate (i.e., **S and
0'%0). The typical trend for this process is that the remaining
sulfate becomes enriched in the heavy isotopes (**S and *O)
as the sulfate concentration decreases. At Row 2 the sulfate
representing pre-persulfate injection conditions is character-
ized by a concentration of approximately 7mg/L, and 6*S
and 8"0 of 3.8 and 2.6%o, respectively. Following persulfate
injection, at Day 208, the sulfate generated by the persulfate
decomposition reached a concentration of approximately
1300 mg/L and showed values of 1.3 and 6.3%o for &*S and
6"0, respectively (Figure 7). Between Day 208 to Day 221,
the sulfate showed a decrease in concentration (~600 g/L)
but no change in isotope values are observed indicating that
most of the sulfate decrease was due to dilution by mixing
with upgradient groundwater. During Day 221 to Day 293 a
large isotopic enrichment is observed reaching values as 17.9
and 16.1%o for **S and &'80. This isotope shift is accompa-
nied with a decrease of sulfate from 700 to 20mg/L (Fig-
ure 7) and these trends are typical for sulfate reduction. Later
between Day 293 and Day 391, a trend to lower &*S and
6'30 values is observed but still these values are much higher
than the pre-persulfate injection conditions (Figure 7). This
trend is attributed to the mixing of groundwater containing
sulfate affected and nonaffected by sulfate reduction.

These geochemical observations qualitatively confirm
that microbial sulfate reduction occurred in Row 2 during
this period. The eventual enhanced microbial activity (TX
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Figure 7. Sulfate concentration, and *S and O values
between Day 156 and Day 391 at approximately 2.6 m bgs at
(a) Row 2 (middle ML) and (b) Row 3 (middle ML). The gray
band between Day 170 and Day 180 indicates the chemical oxi-
dation phase (Phase 2).

biodegradation and sulfate reduction) at Row 2 after an
approximately 40d inhibition period can likely be attributed
to: (1) existence of subsurface heterogeneities leading to
different levels of microbial exposure to persulfate; (2) dor-
mancy, followed by growth, of indigenous microbes after
persulfate concentrations diminished; (3) re-inoculation
of microbial communities by upgradient groundwater;
(4) increased SO} concentrations; and (5) enhanced bio-
degradability of the remaining contaminant pool following
persulfate treatment causing breakdown of BTX compounds
into simpler organic substrates (Gieg et al. 2014).

Patterns in the occurrence of metabolites and functional
genes at Row 3 (which sampled the EBR zone) were com-
pletely different from those in Row 2 (which sampled the
ChemOx zone). In the early portion of Phase 3 between
Day 170 and Day 208 some traces of the cis-dihydrodiol
aerobic metabolites were found in Row 3, before declining
(Figure 6¢; Table S3). More importantly, while mRNA tran-
scripts and metabolites were suppressed in Row 2 immedi-
ately after persulfate delivery on Day 170 (Figure 6b, 6e,
and 6h), in Row 3 the number of copies of the bssA-SRB and
dsrB genes rose to relatively high levels from Day 190 to
Day 208 (Figure 6f; Table S3), supported by sustained mod-
erate concentrations of 2-methylbenzylsuccinate through to
Day 292. This confirms the stimulation of sulfate-reduction-
based biodegradation downgradient of the ChemOx zone at
Row 3 which reached a lower peak SO}~ concentration of
580 mg/L compared to the peak concentration of 1430 mg/L
at Row 2 (Figure 4b). We acknowledge that spatially depen-
dent mixing and transport processes may have contributed
to the low sulfate concentrations found at Row 3.

Besides featuring benzylsuccinate metabolites, bssA-SRB
and dsrB transcripts, consumption of sulfate, and elevated
sulfide concentrations, the stimulated EBR zone at Row 3
also showed elevated concentrations of the “metabolically
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ambiguous” (either aerobic or anaerobic) metabolites, phe-
nol and benzoate (Figure 6i). As seen for Rows 1 and 2,
there was a spike in the concentration of the aerobic xylene
metabolite, dimethyl phenol (as well as aerobic toluene
metabolite, o-cresol), on Day 391 in Row 3, perhaps due to
input of aerobic water entering the gate. No clear evidence
of sulfate reduction as revealed at Row 2 is observed from
the sulfate isotope data gathered from Row 3. These data
showed isotope values at the high sulfate peak of approxi-
mately 500 mg/L not too different than the sulfate produced
by the persulfate decomposition at Row 2 (Figure 7). Then as
the sulfate concentration decreases, 6**S values tend toward
enriched values but not the 80O values. The larger isoto-
pic enrichment indicative of sulfate reduction is observed
between Day 293 and Day 391 when the sulfate decreases
from about 200 to 20 mg/L, and the isotope values increases
from 2.4 to 7.4%o for 6**S, and from 4.4 to 9.0%o0 for 8'*0.
The primary reason for the different isotope pattern observed
at Row 3 compared to Row 2 is related to groundwater flow.
The isotopic fractionation induced by microbial sulfate
reduction at Row 3 may be masked due to dispersive mixing
with transported sulfate generated by persulfate decomposi-
tion which is characterized by depleted 6**S and 8'30 values.
Overall, we interpret the above multiple lines of data as clear
evidence for sulfate-enhanced TX biodegradation.

Reactive Zone Characterization Using CSIA Data

The geochemical and molecular biological data clearly
show the occurrence of the two successive reactive zones:
chemical oxidation controls mass reduction in the ChemOx
zone, while enhanced microbial sulfate reduction domi-
nates the mass loss in the downgradient EBR zone. In other
dynamic systems, however, this separation of mass removal
processes may not be as easy to demonstrate. Due to ground-
water flow, many of the changes occurring in the ChemOx
zone could be reflected in the EBR zone with a lag-time
(controlled by groundwater velocity) which alters the signa-
ture of the distinct processes occurring in the downgradient
EBR zone. To overcome these potential complications, the
coupling of the 8"C and &’H data using the dual element
isotope approach provides complementary information that
can be used to evaluate the occurrence and ability to differ-
entiate the two reactive zones.

For example, Figure 8 was prepared using the temporal
isotopic data for benzene (Figure S5) in conjunction with
the dual carbon and hydrogen isotope slopes reported in the
literature for persulfate oxidation, and aerobic and anaero-
bic biodegradation of benzene (Solano et al. 2017). In this
figure, AO"*C and A&’H respectively represent the change
in the carbon and hydrogen isotope ratios from time zero
(in the source solution) to time ¢. The Ad"*C and A&’H data
clearly demonstrate a distinct evolution of the isotopic frac-
tionation pattern at Row 2 and Row 3.

At Row 2 (Figure 8a), the observed A3"*C—A&H data
from Day 170 to Day 208 are close to the line representing
the isotopic fractionation of benzene associated with persul-
fate oxidation (Solano et al. 2017). This observation confirms
that persulfate oxidation was the dominant mass removal
process at Row 2 during this period. Starting from Day
221, a deviation from the persulfate oxidation line toward

12 M. Shayan et al.| Groundwater Monitoring & Remediation

(a) A§13C
0.5 1.0 1.5 2.0
30 [ T T T T T T T T T T T T T T T T
; Row 2
25 3 293 ]
20 = Anaerobic ]
T F 2301
o 15F B
< F .
10 F \Aerobm
5F / ]
r 190 208 Persulfate
v w156 []
0 1 1
(b)
r T T T T T T T
o5 | Row 3
20 : Anaerobic
T 196
S 1sf 391 g221 0o E
< r m156 .
10 F ‘X—\eroblc
5 2 190 ]
r = Persulfate
0 L 1 1
0.5 1.0 1.5 2.0
AS"C

Figure 8. Two-dimensional CSIA representation of the C/H iso-
tope fractionation data for benzene at approximately 2.6 m bgs
at (a) Row 2 (left ML) and (b) Row 3 (middle ML). The cor-
responding sampling time (Day) is adjacent to each data point.
The green and orange regions represent the range of A8*C to
AS8’H values reported in the literature for aerobic and anaero-
bic biodegradation of benzene, respectively. The blue line rep-
resents the AS"C to AS’H values corresponding to benzene
oxidation by persulfate. See Solano et al. (2017) for details.

the anaerobic biodegradation area was observed which was
likely due to the depletion of persulfate and enhanced micro-
bial sulfate reduction. From Day 221 to Day 293 the system
was shut-down for winter and significant isotopic shifts were
observed indicating anaerobic biodegradation. The isotopic
data for toluene and xylene followed a similar evolution pat-
tern (Figures S6 and S7).

For Row 3 (Figure 8b) however, the clustering of
ASBC—-ASH data in the area representing anaerobic bio-
degradation suggests that anaerobic biodegradation was the
predominant mass removal process at this location. The
slightly depleted isotope signature observed at Row 3 on
Day 190 corresponds to the arrival of oxidized groundwater
from Row 2 due to the ongoing transport (Figure 5b).

Mass Loss Estimation

In an attempt to evaluate the treatment effectiveness fol-
lowing persulfate addition, the BTX mass loss was estimated
between Day 150 and Day 221 using the BTX concentration
data. First, the mass loading at Rows 1, 2, and 3 was esti-
mated by integrating the product of the row-averaged BTX
concentrations, Darcy flux and the cross-sectional area of the
gate. Second, the cumulative mass loading profiles for each
row were estimated by integrating the mass loading over
time. Third, the cumulative mass loading profiles for Row 2
and Row 3 were shifted in time to account for the transport
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Figure 9. Cumulative mass loss (solid lines) and mass loss rate
(dashed lines) between (a) Row 1 and Row 2, and (b) Row 2
and Row 3 from Day 150 to Day 221.

between rows. Finally, assuming no mass accumulation
occurred between rows, the difference between the cumula-
tive mass loading profiles was used to estimate the mass lost.
For these calculations, a velocity of 15cm/d was used or a
travel time of 20d between rows. This mass loss estimation
approach cannot differentiate the contribution of individual
mass removal processes (e.g., persulfate oxidation, biodeg-
radation) to the total mass loss. Quantifying the uncertain-
ties and interpolation errors associated with this mass loss
estimate is difficult but they are thought to be about £50%
according to Schirmer et al. (2000). The cumulative mass loss
and the mass loss rate (i.e., mass loss per unit time, or slope of
the cumulative mass loss profile) between Row 1 and Row 2,
and between Row 2 and Row 3 are presented in Figure 9.

The total BTX mass loss from Day 150 and Day 221
between Row 1 and Row 2 was approximately 1.2kg
(Figure 9a). The highest mass loss was for toluene (~0.7kg),
followed by benzene (0.4kg) and xylene (0.1kg). The rate
of BTX mass removal appears to be relatively constant (6 x
10°kg/d for benzene, 1x10-2kg/d for toluene, and 2x10-3kg/d
for xylene) between Day 150 and Day 221. Surprisingly the
impact of the persulfate injections between Row 1 and Row 2
is not apparent in these data despite the minor decrease in
BTX concentration observed at Row 2 (Figure 4a). Likely the
method used to estimate this mass loss resulted is some data
smoothing that removed these finer-scale features. Accord-
ing to the molecular biological data, microbial processes
were inhibited at Row 2 due to the presence of persulfate,
and chemical oxidation was identified by CSIA as a mass
removal process in the vicinity of Row 2. Notwithstanding
this observation, the majority of the mass loss between Row
1 and Row 2 can be attributed to the biodegradation processes
established during the plume development phase.

In contrast to the mass loss between Row 1 and Row 2,
the mass loss between Row 2 and Row 3 shows two pro-
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nounced occurrences when the rate of mass loss increased.
The first occurs about Day 190 and is related to the Che-
mOx zone as it moves downgradient from Row 2, while
the second occurs about Day 215 and is associated with the
establishment of the EBR zone between Row 2 and Row 3.
The CSIA and molecular biological data (Figures 6 and 8)
support the dominant mass removal progresses associated
with the presence of these two occurrences. The total BTX
mass loss from Day 150 to Day 221 between Row 2 and
Row 3 was approximately 0.6kg, with benzene having the
highest mass loss followed by toluene and xylene.

The mass loss estimates discussed above are reflec-
tive of the BTX plumes subjected to two persulfate injec-
tion pulses purposely designed to degrade only a portion
of the BTX mass. At an actual site, it is expected that the
mass removal by chemical oxidation would be substantially
larger than observed in this investigation.

Stopped Flow Conditions

Groundwater extraction and the feed to the source wells
were stopped on Day 221 due to unfavorable winter condi-
tions; however, monitoring and sampling were performed
on Day 293 and Day 391. The stopped flow condition was
expected to: (1) decrease BT X concentrations due to the sys-
tem shutdown and ongoing biodegradation, and (2) prevent
further migration of the elevated sulfate plume. Thus, this
flow shutdown would limit the spatial extent of the enhanced
sulfate reduction zone and consequently lead to biodegrada-
tion pathways other than sulfate reduction. When the system
was shutdown, the advective front of the EBR zone was esti-
mated to be between Row 3 and Row 4, and hence no signif-
icant enhanced biogeochemical changes were observed at
Rows 4 to 6 (Figures 4 and 5). The observed sulfate break-
through at Row 4 on Day 293 is attributed to dispersion and
then diffusion. By Day 391, due to the system shut down and
sustained microbial processes, toluene and xylene were pref-
erentially removed from the gate relative to benzene which
remained elevated at approximately 1000ug/L (Figure 4).
Between Day 221 and Day 391, the geochemical indicators
(e.g., ORP, pH, EC, and DO) remained unchanged but SOi’,
S?-, Ca?* and DIC concentrations decreased at both Row 2
and Row 3. Figure 8 clearly shows the shift of the dominant
mass removal process from chemical oxidation (before Day
221) to anaerobic biodegradation (after Day 221) at Row 2,
while anaerobic biodegradation remained the primary mass
removal process at Row 3. While this stopped flow condi-
tion is not representative of conditions at other sites, the
interpretation of the monitoring data (particularly the CSIA
and molecular biological data) provide insights into changes
in the underlying biodegradation pathways.

Transition to Methanogenesis

The stopped flow conditions from Day 221 to Day 391
caused the balance between the electron donor (e.g., BTX)
and acceptor (e.g., sulfate) that governs microbial metabo-
lism to shift resulting in methanogenic metabolism (e.g., use
of carbon dioxide as electron acceptor) since the microbial
respiratory demand was high and sulfate supply was low.
Elevated methane concentrations were found at Row 3 on
Day 293 and Day 391 (~100 ug/L), and at Row 2 on Day 391
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(~50 ug/L; Figure S8), indicating that methanogenesis began
earlier and was more extensive in Row 3 (most distant from
the persulfate source) than in Row 2.

Trends in biomarker analyses indicated that microbial
populations in Rows 2 and 3, indeed, underwent a transi-
tion from sulfate-reducing conditions toward something
else. The definitive way to positively identify a transition to
methanogenesis would have been to monitor mRNA tran-
scripts from the mcrA gene (characteristic of active metha-
nogens) throughout this study, noting a drastic rise at the
end; unfortunately this assay was not completed. Instead, we
offer a simple inverse relationship between geochemically
monitored methane production (see above) and biomarkers
of sulfate reduction activity. Abundances of mRNA copies
of both dsrB and bssA-SRB genes dropped strikingly (below
detection) at Row 3 on Days 221, 293, and 391, when meth-
anogenesis was highest (Figure 6f). Also, on the same 3d
in Row 2 (with less methanogenesis and later onset), counts
of mRNA copies/L of dsrB and bssA-SRB genes were 153,
1.1x107, 5.5%10° and 180, 3500, and <MDL, respectively.

Consistent with both recent and past views about the
anaerobic physiology of BTX biodegradation (e.g., Fuchs
et al. 2011; Fowler et al. 2012; Grbi¢-Gali¢ and Vogel 1987;
Lovley and Lonergan 1990; Evans et al. 1992; Zhang et al.
2013, 2014), both carboxylation and hydroxylation have
been reported under anaerobic (especially, methanogenic
and iron-reducing) conditions. Such reactions are fully
consistent with the production of dimethylphenol, phenol,
o-cresol and benzoate which were found at relatively high
concentrations in the late stage of Phase 3 at Rows 2 and 3
(Figure 6, Table S3). Thus, the geochemical and biomarker
data are consistent regarding the mechanism of transition
from a sulfate-reducing to a methanogenic regime.

Closure

Multiple lines of evidence assembled in this experiment
demonstrated that chemical oxidation was the dominant
mass removal process in the vicinity of the persulfate injec-
tions (i.e., ChemOx zone), while EBR (including enhanced
microbial sulfate reduction and methanogenesis) dominated
BTX degradation in the downgradient portions of the plume
(i.e., EBR zone).

Stable isotope analyses of BTX and sulfate, and moni-
toring of process-specific functional genes and intermedi-
ate metabolites provided essential data used to identify the
dominant mass removal processes. CSIA data clearly indi-
cated the spatial and temporal separation of the ChemOx
and EBR zones. The coupling of 8"*C and 6°H data dem-
onstrated a distinct and specific isotopic trend for chemical
oxidation and anaerobic biodegradation processes, which
respectively dominated the mass removal in the ChemOx
and EBR zones. The sulfur and oxygen isotope data for
sulfate qualitatively confirmed the occurrence of microbial
sulfate reduction in the ChemOx zone following persulfate
injection and the EBR zone. Molecular biology data dem-
onstrated the short- and long-term impact of persulfate on
the population and biodegradation activity of indigenous
microbial communities including SRB. The decreased con-
centration of anaerobic metabolites such as benzylsuccinate,
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2-MeBS and benzoate, and reduced number of the expressed
bssA-SRB genes associated with BTX anaerobic biodegra-
dation indicated that persulfate, even at low concentrations
(<10g/L), caused a temporary inhibition of microbial pro-
cesses in the ChemOx zone. However, the concentration of
metabolites and the number of copies of the bssA-SRB and
dsrB genes (the latter being associated with BTX degrada-
tion under sulfate reduction) increased significantly after
persulfate depletion. The incomplete inhibition of microbial
processes is presumably due to the low dosage and short
duration of the persulfate treatment, existence of subsur-
face heterogeneities and persistence/growth of indigenous
microbes in the dead-end pores, reinoculation of microbial
communities by groundwater flow, and increased sulfate
concentration contributed to the observed enhancement of
the microbial sulfate reduction following persulfate deliv-
ery. Transport of microbial communities, sulfate, nutrients
and bioavailable substrates not only facilitates the natural
rebound of indigenous microbial communities but also
defines the dominant biodegradation pathway.

Based on the findings from this pilot-scale investigation,
a combined persulfate/EBR system appears to be feasible
alternative for treatment of PHC plumes; however, the bal-
ance between the persulfate dose and the ability of the sys-
tem to then enhance biodegradation is the key to successful
implementation. While the findings discussed in this paper
provide an indication of the opportunities of a combined
persulfate/EBR system, insights into the engineering con-
trols to achieve optimal system behavior are not provided.
Ongoing efforts using the data generated from this study
in combination with an appropriate simulation model will
provide these insights and related guidance.
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Figure SS. Carbon and hydrogen isotope data of ben-
zene at approximately 2.6m bgs for (a) Row 2 (left ML2-
L3) and (b) Row 3 (middle ML3-M3).

Figure S6. Carbon and hydrogen isotope data of toluene
at approximately 2.6 m bgs for (a) Row 2 (left ML2-L3) and
(b) Row 3 (middle ML3-M3).

Figure S7. Carbon and hydrogen isotope data of xylene
at approximately 2.6 m bgs for (a) Row 2 (left ML2-L3) and
(b) Row 3 (middle ML3-M3).

Figure S8. Row-averaged methane concentrations at
Row 2 and Row 3 on Day 293 and Day 391. Higher meth-
ane concentrations at Row 3 suggest a greater role of metha-
nogenesis over sulfate reduction at this location compared
to Row 2.

Table S1. (a) Process-specific key intermediate metabo-
lites used in assessment of in situ biodegradation. (b) Moni-
tored functional genes (detected as expressed mRNA) that
are diagnostic of in situ biodegradation.

Table S2. PCR primers.

Table S3. Patterns in the occurrence of copies of mRNA
transcripts of (a) functional genes and (b) key metabolites at
Row 2 and Row 3.
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