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20 A multi-layered aquifer in an industrial area in the north of the Iberian Peninsula is severely
21  contaminated with the chlorinated ethenes (CESs) tetrachloroethylene, trichloroethylene, cis-1,2-
22 dichloroethylene, and vinyl chloride. Both shallow and deep aquifers are polluted, with two
23 differentiated north and south CEs plumes. Hydrogeochemical and isotopic data (6*3C of CEs)
24 evidenced natural attenuation of CEs. To select the optimal remediation strategy to clean-up the
25 contamination plumes, laboratory treatability studies were performed, which confirmed the
26 intrinsic biodegradation potential of the north and south shallow aquifers to fully dechlorinate

27 CEs to ethene after injection of lactate, but also the combination of lactate and sulfidized mzVI
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as an alternative treatment for the north deep aquifer. In the lactate-amended microcosms, full
dechlorination of CEs was accompanied by an increase in 16S rRNA gene copies of
Dehalococcoides and Dehalogenimonas, and the tceA, vcrA and bvcA reductive
dehalogenases. Three in situ pilot tests were implemented, which consisted in injections of
lactate in the north and south shallow aquifers, and injections of lactate and sulfidized mzVI in
the north deep aquifer. The hydrogeochemical, isotopic and molecular analyses used to monitor
the pilot tests evidenced that results obtained mimicked the laboratory observations, albeit at
different dechlorination rates. It is likely that the efficiency of the injections was affected by the
amendment distribution. In addition, monitoring of the pilot tests in the shallow aquifers showed
the release of CEs due to back diffusion from secondary sources, which limited the use of
isotopic data for assessing treatment efficiency. In the pilot test that combined the injection of
lactate and sulfidized mzVI, both biotic and abiotic pathways contributed to the production of
ethene. This study demonstrates the usefulness of integrating different chemical, isotopic and
biomolecular approaches for a more robust selection and implementation of optimal remediation

strategies in CEs polluted sites.

Keywords: chlorinated aliphatic hydrocarbons, groundwater contamination, biostimulation, in

situ chemical reduction, Dehalococcoides, Dehalogenimonas

1. Introduction

Southern Europe is experiencing a persistent drought, with severe and critical conditions in
most of the Mediterranean region (European Commission, 2022). In this area, groundwater is of
critical importance because it is the primary source of water supply for many communities and
ecosystems (European Commission, 2007), and efforts are made to remediate contaminated
groundwater to protect this valuable resource. Halogenated organic compounds are commonly
found in different environmental compartments (soils, groundwater, surface water) because of
current spills or legacy contamination derived from their use in industry and agriculture
(Loganathan and Lam, 2011). The widespread contamination of soils and groundwaters by

anthropogenic halogenated compounds has been previously described (Moran, 2006; Moran et
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al., 2007; Panagos et al., 2013; Zogorski et al., 2006). One of the most ubiquitous families of
anthropogenic halogenated compounds detected in groundwaters are chlorinated ethenes
(CEs, Table 1) (Bouwer, 1994; McCarty and Semprini, 1994; Vogel, 1994), from which
perchloroethylene (PCE) and trichloroethylene (TCE) are the ones more frequently detected at
significant concentrations and/or in the form of dense non-aqueous phase liquid (DNAPL)
(Bradley, 2000). Due to the incomplete dechlorination of PCE and TCE by natural biotic or
abiotic attenuation processes in the subsail, the lesser CEs cis-1,2-dichloroethylene (cis-DCE)
and vinyl chloride (VC) can accumulate in soil and groundwater, albeit usually at lower
concentrations (Bradley, 2000; Leeson et al., 2004; Mattes et al., 2010). All these substances
are considered toxic and are listed as priority substances by several international agencies and
institutions (ATSDR, 2022; European Commission, 2008; US EPA, 2014) and, therefore,
maximum concentration levels in soils and groundwater have been set by environmental

agencies worldwide.

PCE is biologically recalcitrant under oxic conditions, but can undergo biotic and abiotic
transformation reactions under anoxic conditions (Bradley, 2000; Mattes et al., 2010). Biotically,
the degradation pathway occurs via reductive dechlorination through hydrogenolysis, which is
performed by a variety of organohalide respiring bacteria (OHRB), and consists on the
sequential cleavage of the C—Cl bonds in the PCE molecule and the simultaneous addition of a
hydrogen atom, resulting in the production of lesser chlorinated compounds (Adrian and Loffler,
2016). However, the ability to fully dechlorinate CEs to the non-toxic alkane gas ethene (ETH) is
known to be limited to only two OHRB genera: Dehalococcoides sp. (Dhc) (Loffler et al., 2013b;
Zinder, 2016) and, more recently, Dehalogenimonas etheniformans (Chen et al., 2022; Cui et
al., 2023; Yang et al., 2017b). In in situ bioremediation treatments for CEs-contaminated sites,
which use the metabolism of OHRB to remediate contamination, the genes that encode the
reductive dehalogenase enzymes driving organohalide respiration can be used as biomarkers
to assess the occurrence and performance of these transformation reactions. For instance, the
presence and/or quantification of the reductive dehalogenases PceA, TceA, and BvcA and/or
VcrA can be used to assess the potential and/or confirm the occurrence of the partial reactions
of PCE to TCE, TCE to VC, and VC to ETH, respectively (Cupples, 2008; Hug et al., 2013; Hug

and Edwards, 2013; Krajmalnik-Brown et al., 2004; Muller et al., 2004; Yan et al., 2021). Other
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bacterial genera have been described to partially dechlorinate some CEs (Atashgahi et al.,
2016; Holliger et al., 2004; Loffler et al., 2013a, 2004; Smidt and de Vos, 2004), but these
incomplete reactions can lead to the accumulation of toxic intermediates in the subsoil, a
phenomenon that has been historically referred to as “cis-DCE or VC stall” (Bradley, 2000;
Stroo and Ward, 2010), depending on the intermediate generated. These stalls can also be
observed when the hydrogeochemical conditions of the aquifer are not appropriate (e.g.,
insufficiency of electron donor/carbon source that leads to mild anaerobic conditions). In these
instances, amendments such as organic fermentable substrates can be injected into the

subsurface to enhance reductive dechlorination (Adrian and Loffler, 2016; Leeson et al., 2004).

If OHRB or the corresponding functional genes required to complete the degradation of CEs are
not present, the abiotic alternative (also referred to as in situ chemical reduction, ISCR) can also
be efficient under the same hydrogeochemical conditions (i.e., anoxia, sulphate-reduction and
methanogenesis). In the abiotic process, which requires the presence of reduced minerals, PCE
is sequentially transformed to ETH and ethane through the hydrogenolysis and/or [-
dichloroelimination pathways, which circumvents VC formation by transforming cis-DCE to
acetylene (Arnold and Roberts, 2000; Audi-Mir6 et al., 2013; Elsner et al., 2008). However, the
abiotic degradation mechanisms of CEs are complex and can result in different end-products
depending on the reaction conditions (Elsner et al., 2008; Herrero et al., 2019; VanStone et al.,
2004; Vogel et al., 1987). If this process is not occurring naturally, it can also be enhanced with
the addition of inorganic amendments (usually iron-based) such as micro- or nanoscale zero-
valent iron (mzVI, nZVI), sulfidized mZVI or nZVI, or soluble Fe(ll), among others (Brown, 2010;
Fu et al., 2014; Galdames et al., 2020; Guo et al., 2023). In field applications, the combined
addition of ZVI with an organic substrate is recommended (Herrero et al., 2019; Wang et al.,
2016), but field studies of this technology are scarce (Kocur et al., 2016; Sheu et al., 2016; Wu

et al., 2020; Yang et al., 2018).

In order to adequately assess the occurrence and extent of biotic and abiotic CEs degradation
reactions, it is encouraged to provide several lines of evidence of such transformations
(Bombach et al, 2010; Nijenhuis and Kuntze, 2016). Besides the analysis of the
physicochemical conditions of groundwater, contaminant concentrations, and the already

mentioned biomarkers, compound-specific stable isotope analysis (CSIA) is also a useful tool to
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provide direct evidence of degradation of many contaminants, including CEs (Kuntze et al.,
2019; Nijenhuis and Richnow, 2016). CSIA measures the ratio of stable isotopes (e.g. 12C/*2C)
of a contaminant relative to an international standard, resulting in the isotopic composition (6) of
such molecule (Aelion et al., 2009). This technique relies on the fact that molecules containing
lighter isotopes are transformed at a higher rate than molecules containing heavier isotopes
and, thus, significant shifts in the isotopic composition are an irrefutable evidence of
degradation reactions (Elsner, 2010). Furthermore, it is also possible to estimate the
contaminant transformation extent in the field (%D), as long as the isotope fractionation (g) for a
specific compound and degradation pathway is available (Aelion et al., 2009). Thus, CSIA is a
useful tool for practitioners to assess the occurrence and effectiveness of biological and

chemical in situ remediation treatments.

Even though the aforementioned standalone techniques have been applied in the remediation
sector for several decades, their combination in an integrative approach is still not mainstream
because some of them are still not “market-ready”, are relatively expensive, and require of
transdisciplinary expertise. For instance, the combined use of diverse monitoring methods has
been demonstrated successful for the characterization of contaminated sites and/or the
assessment of the potential of remediation strategies in the laboratory (Abe et al., 2009; Badin
et al., 2016; Blazquez-Palli et al., 2019a, 2019c; Buchner et al., 2015; Imfeld et al., 2008; Lee et
al., 2016; Matteucci et al., 2015; McKelvie et al., 2007; Nijenhuis et al., 2007; Tarnawski et al.,
2016; Trueba-Santiso et al., 2022; Yu et al., 2018). However, few integrative studies are
available using these lines of evidence in the field for the monitoring of in situ bioremediation
implementations (Blazquez-Palli et al., 2019b; Herrero et al., 2019; Madison et al., 2023;

Ottosen et al., 2021; Yang et al., 2018).

For this reason, this study aims to implement and validate this multi-method approach in a
complex real scenario to delineate the optimal bioremediation strategy to be applied full-scale.
Specifically, the objectives of this study were: 1) to assess whether natural attenuation was
occurring at a multi-focus and multi-layered aquifer CEs-contaminated site, 2) to evaluate the
intrinsic biodegradation potential and the feasibility of different in situ remediation strategies,
including bioremediation alone, and in combination with ISCR (hereinafter, B-ISCR), and 3) to

implement three different in situ pilot tests with the selected bioremediation strategy based on
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the preceding points. Throughout this study, the integrative monitoring methodology used
included: i) hydrogeochemical characterization; ii) treatability microcosm experiments; iii)

molecular techniques (qPCR and metabarcoding); and iv) CSIA (8'3C of CEs).

2. Material and methods

2.1.Study site

The studied site is a historical multi-industrial area located in the north of the Iberian
Peninsula, where the shallow aquifer is severely contaminated with the CEs PCE, TCE, cis-
DCE and VC. Due to its location and characteristics, the area is of strategic importance: it is
really close to the coast, belongs to a protected area, and the deep aquifer, also impacted
with CEs, is exploited for water supply. Throughout the studied area, two different
hydrological units can be found: the upper one, constituted by anthropic fill, and silts and
clays, corresponds to the shallow aquifer; whereas the lower one, constituted by a layer of
alluvial base gravels and Jurassic materials, corresponds to the deep aquifer. This
permeable lithologic unit of gravels constitutes the main CEs migration pathway, vertically
and horizontally, the latter being greatly affected by the pumping regime of the nearby deep
aquifer exploitation wells (Supplementary Information, Sl, Fig. S1). Two differentiated north
and south CEs plumes have been identified. To date, in both the north and south areas,
peak contamination is located at the shallow aquifer, where all CEs are detected, whereas
the plume outside the source zone is mainly composed of cis-DCE. DNAPL was detected at
the shallow aquifer of the south plume (MW-14 piezometer). The deep aquifer is also
contaminated in the north area, albeit CEs concentrations are significantly lower compared
to the shallow aquifer, whereas concentrations of CEs in the south are <500 pg/L and often
below the limit of quantification (LOQ). North (N.E.W.) and south (S.E.W.) exploitation wells
are located within the deep aquifer plumes. A schematic representation of the plumes, the
location of each of the exploitation wells, and the groundwater natural flow direction, are
depicted in Fig. S2. A network of about 100 sampling points was available for the study site
investigation and characterization (previous work, data not shown), from which 21 were
used for the present study (Fig. 1) and their constructive details are shown in Table S1. See

Sl section 1.1 for more information on the study site.

2.2.Collection of groundwater samples
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Groundwater samples were collected at different time points from different piezometers for
i) assessing the intrinsic natural bioremediation potential by hydrogeochemical,
microbiological and isotopic evidences; ii) executing treatability laboratory microcosms, and
iii) monitoring the in situ bioremediation and B-ISCR pilot tests (Fig. 1). Groundwater
sampling was performed with a peristaltic pump following the methodology described in
Blazquez-Palli et al. (2019a, 2019b), except that the in situ physicochemical parameters of
groundwater (pH, temperature (T), electric conductivity (EC), dissolved oxygen (DO) and
oxidation-reduction potential (ORP)) were measured with a Multiparametric Meter HI 98494
(Hanna Instruments). Absolute ORP measurements were then converted to Eh (relative to
the reference standard hydrogen electrode, SHE). Groundwater samples were preserved
with H2SO4 (pH<2) to prevent further transformation processes, except those destined for
the establishment of microcosms and for molecular analyses, which were kept refrigerated

until use.

2.3.Laboratory experiments

2.3.1.Microcosms to assess the bioremediation potential

The intrinsic bioremediation potential and the feasibility of bioremediation were
assessed for both north and south source zones, and both shallow and deep aquifers.
Six groundwater samples were collected in June 2022 from the following piezometers:
MW-1 (north shallow aquifer), MW-2 (north deep aquifer), MW-16, MW-15 and MW-14
(south shallow aquifer) and MW-13 (south deep aquifer) (Fig. 1). From each of these
samples, three different treatments were prepared, at least in duplicate: (1) control
containing only groundwater, (2) groundwater with sodium lactate (3 mM), and (3)
groundwater with a lecithin-based substrate (~3 mM). Microcosm experiments
containing 70 mL of groundwater were established anaerobically in 100 mL glass serum
bottles, and incubated at 25 °C as described elsewhere (Blazquez-Palli et al., 2019a).
Liquid samples were obtained over time for the monitoring of physicochemical
parameters (pH, T, EC, DO and Eh) and anions, whereas headspace samples were
taken for the analysis of concentrations of CEs and ETH. Liquid samples from selected
microcosm experiments were also collected for DNA extraction and further molecular

analyses.
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2.3.2.Microcosms to assess the B-ISCR potential

B-ISCR was assessed as an alternative treatment strategy for the north deep aquifer.
Microcosm experiments were prepared with groundwater collected from piezometer
MW-2 in January 2023 (Fig. 1). Four different treatments were established in duplicate:
a control containing only groundwater, and three scenarios with groundwater, sodium
lactate (3 mM), and sulfidized mZVI at concentrations of 0.04, 0.3 and 1.0 g mzZVI/L, to
consider a low dose, and the dose ranges that are typically recommended for field
applications (Fu et al., 2014; Salom et al., 2023). All microcosms were prepared inside
an anaerobic chamber, in borosilicate glass ISO bottles of 2,000 mL nominal volume,
and contained 2,000 mL of sampled groundwater. They were incubated in the dark at
~17°C under static conditions. Periodic sampling was performed for the measurement
of physicochemical parameters (pH, T, EC, DO and Eh) and the analysis of
concentrations of cations (Fe, Mn), CEs, and alkane and alkene gases from liquid

samples.

2.3.3.Experiments to determine the isotope fractionation associated to reductive

dechlorination

Given that the primary CE detected in groundwater at the site is cis-DCE, that PCE and
TCE are present in relatively low concentrations outside the source zones, and that
PCE reductive dechlorination often does not show significant carbon isotopic
fractionation (eC) (Ojeda et al., 2020; Renpenning and Nijenhuis, 2016), the anaerobic
biotic reductive dechlorination of cis-DCE was the selected transformation reaction for
the determination of the site-specific €C. Eight parallel cultures amended with sodium
lactate were prepared simultaneously, as described in section 2.3.1, with groundwater
sampled on January 2023 from piezometer MW-1 (north shallow aquifer) (Fig. 1). Each
microcosm was spiked with cis-DCE (160 puM, >97% purity, Sigma Aldrich, Merck), after
removing all pre-existing volatile compounds by vaporization, and sacrificed with HNOs
(pH<2) at different time points of cis-DCE degradation (0, 11, 17, 22, 48, 65, 65, 88%).
A HNO:s-killed control containing groundwater and cis-DCE was prepared in duplicate
and sampled periodically. Concentration and CSIA analyses for cis-DCE and VC were

performed over time.
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2.4.Implementation and monitoring of the in situ remediation pilot tests

Three in situ remediation pilot tests were implemented in selected locations of the site
based on the results obtained in the laboratory experiments. Two bioremediation pilot tests
were implemented around piezometers MW-1 (north shallow aquifer) and MW-16 (south
shallow aquifer) (Fig. 1). In both cases, an aqueous solution of sodium lactate was used as
amendment in two separate injection events at each pilot test. The third pilot test consisted
in a B-ISCR treatment at the north deep aquifer and was implemented around piezometer
MW-2 (Fig. 1). An aqueous solution of sodium lactate was injected at the first injection event
in piezometer MW-2, and then it was combined with sulfidized mzVI for the last two
injection events in piezometer MW-10. Considering MW-2 screened length, MW-10
piezometer was installed close to MW-2 with a shorter screen length to ensure some
degree of monitoring capability between the two sampling points (Table S1). During the
piezometer installation works, a complete hydraulic connection was evidenced between the

two piezometers.

The three pilot tests lasted between 120 and 200 days, and the monitoring was performed
every 20-30 days from a total of 21 sampling points (see Fig. 1). Further details can be
found in Sl section 1.2. Groundwater physicochemical field parameters (pH, T, EC, DO and
Eh) were periodically measured in situ and groundwater samples were collected for the
analysis of the concentrations of major ions, CEs, and alkane and alkene gases, and CSIA
of CEs. Except for the concentration of CEs and alkane and alkene gases, with a higher
frequency, all these analyses were performed only in groundwater samples collected at the
beginning and at the end of each pilot test. In selected groundwater samples, DNA

extraction and further molecular analyses were performed.
2.5.Analytical methods

Concentrations of CEs (PCE, TCE, cis-DCE and VC) were analysed from 500 pL
headspace samples by gas chromatography (GC model 6890N, Agilent Technologies)
coupled to a flame ionization detector (GC-FID) as described elsewhere (Martin-Gonzalez
et al.,, 2015), except that peak areas were quantified with the Chromeleon software 6.8

(Thermofisher). Samples from the B-ISCR microcosms and the monitoring of the in situ pilot
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tests were analysed at an external laboratory by gas chromatography-mass spectrometry

(GC-MS), according to the NEN-EN-ISO 10301 and NEN-EN-ISO 20595 standards.

Methane and ETH concentrations were analysed from 500 pL headspace samples using
the same GC-FID described above, but equipped with a HP Plot Q column (30 m x 0.53
mm, 40 pm film thickness, Agilent Technologies). The oven, injector and detector
temperatures were set at 150 °C, 250 °C and 260 °C, respectively. Run time lasted 7 min
and the peak areas were quantified with the Chromeleon software 6.8 (Thermofisher).
Samples from the B-ISCR microcosms and the monitoring of the in situ pilot tests were

analysed at an external laboratory by GC-FID, following an internal method.

Concentration of anions (NOz", NO2, SO42, PO42, ClI) was analysed on a Dionex ICS-2000
ion chromatography system equipped with an lonPac AS18 anion-exchange column as
described elsewhere (Trueba-Santiso et al., 2022). Groundwater samples from the
monitoring of the in situ pilot tests were analysed at an external laboratory by liquid phase
ion chromatography according to the 1SO 10304-1 standard (SOa4?2, CI, Br), and by UV-vis

spectrometry following the NEN-ISO 15923-1 standard (NOs", NO2, PO4?).

Concentration of dissolved Mn and Fe was analysed at an external laboratory by inductively
coupled plasma mass spectrometry (ICP-MS), following the NEN-EN-ISO 17294-2

standard.

For carbon isotope analysis of CEs, groundwater samples or liquid aliquots from the
experiments were diluted as needed in ultrapure water into 20 mL vials filled to 10 mL final
volume to adjust the concentration of the pollutants for subsequent isotope signature
determination. Carbon isotope analyses were performed by headspace solid phase
microextraction (HS-SPME) coupled to gas chromatography isotope ratio mass
spectrometry (GC-IRMS), as detailed in the Sl section 1.3. Samples were analysed in
duplicate and obtained values were corrected by daily values of calibrated in-house CEs
standards of known C isotope ratio, following the principle of identical treatment (Werner

and Brand, 2001). All analyses had a one standard deviation (10) lower than 0.4%e.
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The isotopic compositions of carbon from CEs in liquid samples are reported in delta
notation (6%3C, in %), relative to the international standard VPDB (Vienna Pee Dee

Belemnite) (Coplen, 1996), as follows

i3 = (Femste 1) R

Rstd

where Rsample and Rsta are the isotope ratios (i.e., 1¥C/12C) of the sample and the standard,

respectively (Elsner, 2010).
2.6.1sotope data evaluation

The carbon isotopic mass balance (6'%Csum) for CEs from groundwater samples from
selected piezometers and from the laboratory experiments was calculated as reported

elsewhere (Aeppli et al., 2010; Hunkeler et al., 1999), as follows
813 Csym = Xpcs - 63 Cocg + Xrcs 63 Creg + Xeis—peg " 62 Cois—pes + Xve - 62 Cye (2

where X is the molar fraction of each CE with respect to the total molar mass (sum of CEs
for which &'3C values were available) for each sample analysed. Provided that CEs are
sequentially transformed via reductive dechlorination and this is the only active
transformation pathway, *3Csum should remain constant as long as the contaminant source
is the same, and VC (or the last CE considered in the isotope mass balance) is not further

degraded (Aeppli et al., 2010; Hunkeler et al., 1999; Palau et al., 2014).

To determine the site-specific €C for the biotic reductive dechlorination of cis-DCE (eCgis.
pce), @ modified version of the Rayleigh equation in the logarithmic form was used (Eg. 3),
which defines the relationship between changes in the carbon isotopic composition of cis-
DCE (R/Ro) with the extent of its biodegradation in laboratory experiments (f=Ct/Co)

(Coplen, 2011; Elsner, 2010).

w(®)-nEE) O

Ry/Ro can be expressed as (0%Ci+1)/(6'3Co+1) according to 6C definition (Eq. 1). The
€Ccis-oce, obtained from the slope of the linear regression (Eq. 3), can be used to quantify

the extent of cis-DCE biodegradation (%D) in the field (Elsner, 2010). In this study, %D was
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estimated for assessing the efficiency of the in situ pilot test, which is derived from the
Rayleigh equation (Eg. 3), as follows

1000

813cf+1000) s
813¢,+1000

D%=[1—( }-100 @)

where €C is the isotopic fractionation, and &'3Co and 6*C: correspond to carbon isotopic
composition prior to the start of the pilot tests and at the last sampling event for each pilot

test, respectively.

Shifts in carbon isotope data (Ad™C) were only considered to be significant for

environmental samples when >2%. (Hunkeler et al., 2008).

Errors given for €Cgis.oce, and for 33Csum and %D, correspond to the 95% confidence
interval (CI) of the linear regression in the Rayleigh plot, and to the uncertainty calculated by

error propagation, respectively.
2.7.DNA extraction, gPCR and 16S rRNA gene high-throughput sequencing

The microbiota present in liquid samples from the bioremediation microcosms was
separated by filtration through a nitrocellulose membrane (0.22 ym), while cell harvesting
from groundwater samples collected during the monitoring of the in situ pilot tests was
carried out by filtration through Sterivex™ filters (0.22 pym). In all cases, total DNA was
obtained using the commercial DNAeasy PowerSoil kit (Qiagen), and the quality and
quantity of the obtained DNA was determined using Nanodrop. For the DNA obtained from
the microcosms, quantitative PCR (qPCR) assays were performed to quantify the
abundance of Dehalogenimonas (Dhg) 16S rRNA and Dhc 16S rRNA gene copies, the VC
reductive dehalogenase functional genes vcrA and bvcA, and the TCE reductive
dehalogenase functional gene tceA. The specific primer sets and the qPCR amplification
programs used are described elsewhere (Behrens et al., 2008; Krzmarzick et al., 2012;
Simsir et al., 2017; Yan et al., 2009). Biomarker quantification via gPCR was carried out on
a StepOne Plus system (Applied Biosystems) in 20 uL total reaction volumes. Calibration
curves were prepared using 10-fold standard recombinant plasmid dilutions, containing the
insert with the corresponding marker/primer, as the reference standard. All gPCR assays

had an amplification efficiency that ranged from 87.8 to 126.2% and a slope ranging from -
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3.9 to -2.8. For the DNA obtained from groundwater samples, Dhc 16S rRNA was the only
targeted biomarker to be quantified through qPCR as described above. In addition, high-
throughput sequencing of 16S rRNA gene libraries was performed on four groundwater
samples to analyse the structure of the bacterial community and determine how it is

affected by the treatments applied in the two bioremediation pilot tests.

Results and discussion

3.1.Lines of evidence for natural CEs attenuation

Groundwater samples collected at the two sampling campaigns performed for assessing the
natural bioremediation potential (June and December 2022, Table S2 and S3, respectively)
presented similar physicochemical conditions: circumneutral pH, EC typical of continental
groundwater (Custodio and Llamas, 1983), and Eh values between +55 and +204 mV,
except MW-2 in June 2022 (north deep aquifer), which evidenced a pH of 10.1 and Eh of -
83.2 mV (Table S2). Content of native potential electron acceptors varied among samples,
but both shallow and deep aquifer natural conditions reflected nitrate- to sulphate-reducing
conditions (Table S2 and S3), which would be appropriate for PCE, TCE and cis-DCE
reductive dechlorination (Aulenta et al., 2007; Blazquez-Palli et al., 2019b; Bradley, 2003;
Elsner and Hofstetter, 2011; van der Zaan et al., 2010; Wiedemeier et al., 1998). Chloride
concentrations were directly proportional to the total CEs concentration (Table S2 and S3),

suggesting chloride release after CEs natural attenuation.

In terms of the distribution of dissolved CEs and ETH, PCE and cis-DCE predominated in
the north-derived groundwater samples; TCE and cis-DCE were the main CEs in the south-
derived samples, and VC and ETH were detected in almost all piezometers (Fig. 2, Table
S2 and S3). The molar fraction distribution and the presence of VC and ETH across the site

agrees with the above-mentioned hydrochemical evidences of natural attenuation.

The isotopic results, including 6'*C of each CE and the isotopic mass balance (6*3Csuwm, Eq.
2), are shown in Table S4 and Fig. 3A and B. At the north deep aquifer (MW-2), the
individual isotopic results for each CE suggest significant biodegradation of PCE and TCE
but not of cis-DCE, which would accumulate in the deep aquifer. This agrees with the

013Csum value (-20.7%o), being similar to that of the original source at the north plume (-
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21.7%o, Sl section 1.4). In contrast, 6'3Csuwm at the north shallow aquifer (MW-1, MW-3 and
MW-4) deviated significantly from the original source isotopic composition, especially in
MW-1 (-15.2%0) and MW-3 (-16.2%0). These results, together with the individual '3C values
for each CE, point to further cis-DCE degradation in these piezometers, which is consistent
with the CEs molar fractions (Fig. 2). They also suggest the occurrence of some degree of
VC degradation to ETH, but the fact that the 6'3Cvc value was very close to the 6'3Csum
value indicates that VC biodegradation was not significant, and VC likely accumulated in the
shallow aquifer (Table S4). At the south shallow aquifer, the 6'3Csum for MW-16 (-22.6%o) is
consistent with the isotopic composition of the original source at the south plume (-24.4%.,
Sl section 1.4), pointing to a significant biodegradation of PCE and TCE, but not cis-DCE or
VC. In the case of MW-17, the degradation would go beyond cis-DCE, although VC
degradation was not very significant. Finally, the 6'%Csum value of MW-18 (7.0%0) is
significantly different from that of MW-16 and MW-17, and from the original source. This is a
sample in which practically only cis-DCE remained (96% molar fraction), with a 6'3Cgis-nce
value indicative of a very advanced state of biodegradation of PCE, TCE and cis-DCE (Fig.

3A and B).

3.2.Assessment of the feasibility of in situ remediation treatments in laboratory experiments

3.2.1.Study of the intrinsic bioremediation potential of the site

Both amendments used for assessing the intrinsic bioremediation potential and the
feasibility of bioremediation (lactate and lecithin) induced changes in the DO content
compared to the unamended controls, resulting in lower DO levels (DOactate < DOlecithin,
Fig. S3A). Compared to the control, lactate did not promote a significant pH change,
whereas lecithin lowered it to pH~5-6 (Fig. S4A). It is remarkable, on the contrary, that
both amendments led to a pH decrease for the more alkaline groundwater of the north
deep aquifer (MW-2, Fig. S4B). Lactate promoted an increase in EC and a decrease in
Eh, while lecithin increased Eh (Fig. S3). These patterns were observed across all

microcosms.

Time-course of CEs concentrations evidenced that lactate promoted the full
dechlorination of CEs to ETH in groundwater from MW-1, MW-16 and MW-15

piezometers (shallow aquifer), with VC starting to be transformed to ETH within the first
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80 days (Fig. 4). In MW-1 and MW-16 microcosms, this CEs sequential dechlorination
to ETH resulted in an increase in gene copies of OHRB capable of full dechlorination of
CEs to ETH (Dhc and Dhg), and in the analysed reductive dehalogenase genes (tceA,
vcrA, bvcA) (Fig. 5A and B). This fact indicates that CEs biodegradation was coupled to

Dhc and Dhg growth.

The unamended microcosms, which account for natural attenuation processes, fully
converted PCE to cis-DCE within 30 days, and VC started to increase by day 80, but
ETH was not detected within the first 110 days (Fig. S5). The CEs transformation rates
were lower than in the lactate-amended microcosms, but similar to the lecithin-amended
microcosms, which stalled at cis-DCE probably due to the low pH (<6) (Fig. S4A, S5)
(Adrian and Loffler, 2016; Yang et al., 2017a) or to the accumulation of secondary
products (e.g., volatile fatty acids by-products of the fermentation of the lecithin-based

amendment) (Aulenta et al., 2007).

The addition of lactate did not lead to the reductive dechlorination of CEs in MW-2, MW-
14 and MW-13 (Fig. S6). In MW-2 microcosms (north deep aquifer), gPCR results did
not show growth in any of the biomarker gene copies (Fig. 5C), probably due to the
alkaline pH (Adrian and Loffler, 2016) (Fig. S4B). For MW-14, gPCR evidenced a
moderately-high abundance of biomarkers but no growth (Fig. 5D), which would agree
with the inhibition of OHRB due to the high CEs concentrations (detection of DNAPL in
this piezometer, Table S2) (National Research Council, 1999; Philips et al., 2013). CEs
concentrations in groundwater from the south deep aquifer (MW-13) were close to the
LOQ of the analytical method (Table S2), so the results from the corresponding
microcosms are not presented due to the analytical uncertainty and the little
representativeness of the site contamination. However, a moderately-high abundance
of the selected biomarkers was detected at the end of the MW-13 experiment (Fig. 5E),
which would suggest potential for CEs biotic reductive dechlorination for the south deep

aquifer.

Therefore, the treatability microcosms demonstrated that biotic reductive dechlorination
was enhanced in both north and south shallow aquifers (as long as there are no

inhibition issues), and that OHRB were moderately-high abundant in the south deep
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aquifer as well. However, no evidence of biodegradation potential was obtained for the
north deep aquifer (MW-2), which led to assess the feasibility of an alternative

remediation strategy based on B-ISCR for this aquifer.

3.2.2.Study of the B-ISCR potential

The B-ISCR experiments performed with groundwater from piezometer MW-2 to
investigate an alternative treatment strategy for the north deep aquifer resulted in an
increase of DO inversely proportional to the sulfidized mzZVI doses: DOo > DOo.0s4 >
DOo.3 > DO1.o, Where the subindexes refer to the mzVI dose used (in g mzVI/L), and
DOo refers to the control microcosm (Fig. S7A). On the contrary, EC was impacted in a
directly proportional manner by the amendment doses: ECo << ECo.04 < ECo.3 < EC10
(Fig. S7B). With regards to pH, the higher the dose of sulfidized mzZVI, the more
circumneutral the pH was (Fig. S7C). The Eh showed an increasing trend over time and

did not differ significantly among the prepared microcosms (Fig. S7D).

Time-course of CEs and ETH content showed that the B-ISCR treatment (lactate plus
sulfidized mzVI amendment) promoted a higher transformation of the contaminants
compared to the unamended control (Fig. S8), but also compared to the lactate-
amended microcosm (Fig. S6B). Accordingly, CI- concentration slightly increased with
the progress of the experiment (Fig. S9A), especially in the experiments with higher
mZVI doses. Observed trends for dissolved total Fe (Fig. S9B) were consistent with
initial ZVI corrosion (the higher the ZVI dose, the higher the Fe release), likely followed
by precipitation of minerals, agreeing with the visual observations. Indeed, precipitation
of ferrous hydroxides and further oxidation to magnetite, siderite or calcium carbonate
are thought to significantly decrease ZVI reactivity (Prommer et al., 2008). Lastly,
dissolved Mn did not change significantly (Fig. S9B). Even though the B-ISCR
experiments were monitored for a short period, the obtained results demonstrate the

potential of the combined biotic and abiotic reductive dechlorination treatment.

3.3. Site-specific C for cis-DCE biodegradation

Killed controls showed no degradation of cis-DCE, since both concentration (Fig. S10) and

013Cis-oce (Fig. 6A) remained constant throughout the experiment (15472 + 34 pg/L, -27.4 +
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0.3%o, N=3). In contrast, cis-DCE consumption and VC formation was observed in the active
microcosms (Fig. S10), coupled with an increase in 3Cgis.oce from —27.08 + 0.03 to +39.6
1 0.4%o after 88% cis-DCE transformation (Fig. 6A). The produced VC showed an initially
13C-depleted 6'3C with respect to the initial 6*Cgis.oce, in accordance with a normal isotopic
effect, and shifted toward more 13C-enriched values during the course of reaction (Fig. 6A).
The isotopic mass balance (6'2Csum, Eq. 2) is consistent with the initial 6'3Cgis-oce (-27.08 +
0.03%0) and with that of the control experiment (horizontal dashed line in Fig. 6A), remaining
constant throughout the experiment except for the final point (6'3Csum = -13.0 = 0.4%o),
indicating that VC was also being degraded from that moment on. The site-specific cis-DCE
carbon isotope fractionation was determined by the Rayleigh approach as €Ceis.oce = -31.8
+ 2.9%0 (Fig. 6B), a value that falls within the previously reported range for cis-DCE
reductive dechlorination (from -31 to -15%., Renpenning and Nijenhuis (2016), Ojeda et al.,
(2020)), and is sufficiently large to be used as a robust indicator for quantifying the

efficiency of bioremediation (%D) in the field.

3.4.Performance evaluation of the in situ remediation pilot tests

3.4.1.Hydrochemistry changes induced by the amendment injection

In the bioremediation pilot test at the south shallow aquifer, the two lactate injections in
piezometers MW-17 and MW-16 promoted the achievement of sulphate-reduction to
methanogenic conditions which are optimal for reductive dechlorination (Wiedemeier et
al.,, 1998) (Table S3, Fig. S11). The pH remained circumneutral, whereas significant

increases in EC were observed after the second injection in both injection piezometers.

In the bioremediation pilot test at the north shallow aquifer, complete anoxic conditions
were not achieved after the two lactate injections in MW-1, as evidenced by the
detection of sulphate (>20 mg/L) and DO (>0.5 mg/L) at the end of the treatment (Table
S3, Fig. S12). The pH and EC followed the same trend as the other bioremediation pilot
test, with significant increases in EC in the injection piezometer after each injection

event.

For the B-ISCR pilot test at the north deep aquifer (injection, first in piezometer MW-2,

and thereafter in piezometer MW-10), the increase of methane concentration in both
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piezometers, and dissolved Fe and Mn in MW-10 (Table S3) suggests that a shift
towards more reducing conditions occurred. Accordingly, oxygen was depleted (DO
<0.5 mg/L) most of the days (Fig. S13). EC also increased after the second and the
third injections, whereas the pH remained mainly circumneutral. The effect of the
second and third injection in MW-10 is evident in the EC of both MW-2 and MW-10

piezometers, reflecting their hydraulic connectivity.

For the three in situ pilot tests, in all injection piezometers except MW-17, the
concentration of chloride increased after the treatment (Table S3), indicating reductive
dechlorination of CEs. The changes in the in situ physicochemical parameters on the
rest of the monitoring points for each pilot test (data not shown, see piezometers in Fig.
1 and Table S1), suggest that the radius of influence of the injections (i.e., amendment
dispersion) was bigger in the south shallow and north deep aquifers, than in the north
shallow aquifer, probably due to the lithology of the area and a greater presence of
clays. This could also explain the observed difficulty in promoting and maintaining
reducing conditions during the bioremediation pilot test at the north shallow aquifer (Fig.

S12).
3.4.2.Enhanced degradation of CEs at the monitoring piezometers

Prior to the lactate injections, cis-DCE was the main CEs dissolved in groundwater in
both areas where the two bioremediation pilot tests were implemented (north and south
shallow aquifers). After the lactate injections in the south pilot test, conversion of cis-
DCE to VC and ETH was observed at the injection piezometers MW-16 and MW-17;
albeit the biodegradation process seemed more efficient in MW-16 (Fig. 7A1 and A2).
However, throughout the pilot test, increases in PCE and TCE concentrations were
detected in the three monitoring piezometers (including also MW-18) (Fig. 7A1, A2, and
A3), probably due to back diffusion of contaminants from secondary sources.

Consequently, the concentration of cis-DCE, VC and ETH also increased.

In the north bioremediation pilot test (MW-1, MW-3 and MW-4), conversion of cis-DCE
to CV and ETH was also observed (Fig. 7B1, B2, and B3), although ETH was produced

at a lower concentration than in the south bioremediation pilot test. Therefore, an
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evident sequential transformation of cis-DCE to VC to ETH was not observed, in
contrast to the results obtained in the treatability microcosms (Fig. 4A, Fig. 6). Thus,
field records could suggest the occurrence of low-efficiency reductive dechlorination
reactions. Increases in PCE and TCE concentrations, probably related to releases by
back diffusion, were also detected in this pilot test, which probably contributed to the

notable variation of cis-DCE concentrations over time.

Time-course of CEs and ETH concentrations at the two injection piezometers MW-2
and MW-10 during the B-ISCR pilot test at the north deep aquifer is shown in Fig. 7C.
The first lactate injection in MW-2 induced some degree of biotic reductive
dechlorination at this piezometer, resulting in complete PCE and TCE transformation to
cis-DCE within 75 days (Fig. 7C1). It is likely that the injected lactate also reached MW-
10, given their hydraulic connectivity and the cis-DCE detected prior to the second
injection (Fig. 7C2). Such behaviour points to the presence of OHRB in the north deep
aquifer, and contradicts the results obtained in the lactate-amended microcosms for this
piezometer (Fig. S6B). It is possible that the groundwater sample used for those
experiments were not representative of the deep aquifer conditions, since it was
collected at a time where boreholes had been recently executed in the area.
Approximately 125 days after the first injection of a combined lactate and sulfidized
mZzZVI| solution in MW-10, a similar trend in CEs evolution, with transient cis-DCE
accumulation and ETH production, was observed in both MW-10 and MW-2 (Fig. 7C).
Again, the effect of the injection in one piezometer is detected in the other one, likely
because all the amendment injections reached both piezometers given the hydraulic
connectivity between them. Besides transient cis-DCE accumulation, VC was also
detected, but at concentrations <1000 pg/L. This fact suggests that both biotic
(hydrogenolysis, VC as intermediate) and abiotic (mainly as B-elimination, VC is usually
bypassed) reductive CEs dechlorination processes were enhanced with the combined
B-ISCR strategy at the north deep aquifer. The possible co-occurrence of both
processes could not be confirmed, since typical non-chlorinated intermediates for the
ZVl-induced reductive  B-elimination process, such as dichloroacetylene,

chloroacetylene and acetylene, were not analysed in this study. Nevertheless, these
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intermediates are rarely reported for the ZVI-treated field studies because of their

challenging quantification related to their quick volatilization (Nunez Garcia et al., 2020).

3.4.3.Changes in the native microbial community induced by the bioremediation pilot

tests

The Dhc 16S rRNA gene copy numbers increased almost two orders of magnitude in
the injection piezometers (MW-1 at the north shallow aquifer, and MW-16 and MW-17 at
the south shallow aquifer) in the two bioremediation pilot tests (Fig. 8). On the contrary,
the monitoring point MW-4, located 7-8 m from the injection piezometer MW-1,
evidenced a decrease in Dhc 16S rRNA gene copies of one order of magnitude. These
results demonstrate the efficiency of the injections of lactate as electron donor and

carbon source to promote Dhc growth.

Massive sequencing of the 16S rRNA region in groundwater collected from the injection
piezometers MW-1 (north shallow aquifer) and MW-16 (south shallow aquifer) prior (TO)
and after (TF) the pilot tests evidenced a dramatic shift in the structure of the bacterial
communities caused by lactate injection (Table S5 and S6). Using the OTU label, the
Jaccard similarity coefficient, which considers only the presence or absence of a
population and not its relative abundance, was computed for high- (>1%), low-
abundance (<1%), and all OTUs, to estimate the similarity of the microbial communities
at piezometers MW-1 and MW-16 at TO and TF. The Jaccard index was calculated
between TO and TF of each piezometer to assess whether microbial communities
remained similar after lactate injections, but also between the two piezometers at each
sampling time to evaluate whether community shifts followed a similar trend across the
site. The Jaccard index calculations suggest that lactate injections considerably
changed the community composition at each piezometer (TO vs. TF), and increased the
similarity of the microbial populations between the two studied piezometers (MW-1 vs.
MW-16, Table S7). The injections also resulted in a clear decrease in microbial diversity
from TO to TF, as reflected by the Shannon Diversity index, which decreased from 4.9
to 4.1 in MW-1, and from 6.5 to 3.7 in MW-16. Prior to lactate injection at the north
shallow aquifer (MW-1), members of the Comamonadaceae family predominated (Table

S5), which are characterized by great metabolic versatility, with representatives capable
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of aerobically degrading organic contaminants (Willems, 2014; Yi et al., 2022). After the
treatment, these populations were completely displaced by fermenting bacteria, typical
of anaerobic environments with relatively abundant organic carbon sources (Blazquez-
Palli et al., 2019b). Some of them, such as Bacteroides (OTU1) and Syntrophomonas
(OTU11), are typical of methanogenic environments (Mclnerney et al., 1981,
Tukanghan et al., 2021). It is also worth noticing the increase in Desulfitobacterium, with
an abundance >13% after the treatment (Table S8), since some strains of this genus
are capable of reductive dechlorination (Futagami and Furukawa, 2016). At the south
shallow aquifer (MW-16), the most abundant populations before the lactate injections
were also linked to aerobic respiration; indeed, some belong to uncultivated genera,
and some are chemolithotrophs, such as Gallionella (OTU12) (Table S6), typical of
environments that are poor in organic matter (Hanert, 2006). As occurred in the north
bioremediation pilot test, a predominance of fermenters, especially Bacteroides (OTUL1),

was detected in the injection piezometer after the treatment (Table S6).

An exhaustive search was carried out for genera associated with reductive
dechlorination (Adrian and Loffler, 2016) in all four analysed samples and, at least, Dhc,
Dhg, Geobacter, Dehalobacter, Desulfitobacterium and Sulfurospirillum were detected
(Table S8). Only Dhc and Desulfitobacterium evidenced an increase in relative
abundance after the injections in both piezometers. In MW-1, Desulfitobacterium
showed the greatest increase (13.9%), while Dhc changed from representing 0.007% of
the community at TO to 0.03% at TF. In MW-16, Dhc increased from 0% to 0.3%.
Comparatively, Dhc relative abundance is low, which is expected from their low natural
abundance, even at CEs polluted sites (Adrian and Loffler, 2016). Regarding the other
OHRB, Dhg, Geobacter and Dehalobacter only increased their relative abundance in
MW-16, while Sulfurospirillum only increased in MW-1, further proving the little similarity
in community composition (Table S8). These results would also support the
observations that reductive dechlorination conditions were harder to maintain at the
north shallow aquifer (MW-1). Lastly, although the correlation between 16S rRNA
concentration and growth rate can be, in some cases, not straightforward (Blazewicz et

al., 2013), the increase in the relative abundance of Dhc agrees well with the increase
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in absolute numbers of Dhc 16S rRNA gene copies (Fig. 8). Similarly, Dhg 16S rRNA

gene copies were not used as a biomarker during the bioremediation pilot tests, but the
observed increase in their relative abundance at MW-16 (Table S8) would also agree
with the growth observed in the lactate-amended laboratory microcosms after complete

reductive dechlorination (Fig. 5).
3.4.4.Efficiency of the pilot tests based on an isotopic evaluation

In general, when comparing isotopic results corresponding to TO (prior to the start of the
pilot test, Table S4) and TF (at the last sampling event, Table S9) in all pilot tests, a
trend towards the enrichment in 13C in &13C values of all CEs was observed (Fig. 3A
and C). In the bioremediation pilot test implemented at the south shallow aquifer,
compared to TO, the molar fraction of PCE and, especially, TCE increased at TF in the
three monitoring piezometers (Fig. 3B and D). 6'3C data confirmed the occurrence of
arrivals of non-degraded PCE and TCE, with 6*2C for both compounds similar to the
original source at the south plume (Fig. 3C). Accordingly, 6'3C results showed that the
lactate-enhanced bioremediation was only evident in MW-16, probably due to the
masking effect of contributions of non-degraded CEs in the other two monitoring
piezometers (MW-17 and MW-18). A 3C enrichment was observed in MW-16 for cis-
DCE and VC, with final 6'3C values more positive than that of TCE, confirming cis-DCE
and VC degradation (Table S9). These results, together with the results of 613Csum (Fig.
3D), confirmed that reductive dechlorination clearly passed beyond VC in this
piezometer, contrary to what was observed prior to the lactate injections (Fig. 3B). The
degradation of VC was further corroborated in all three piezometers by the detection of
ETH (Fig. 7A). Although the shift in 6*Ceis.oce between TO and TF in MW-16 was Ad'3C
>2%o, the efficiency of the bioremediation pilot test for cis-DCE (%D, Eq. 4) could not be
reliably estimated since PCE and TCE had not been completely consumed at TF. This
is because 8'3Cs.nce is affected not only by cis-DCE degradation, but also by its

formation from TCE.

In the bioremediation pilot test performed in the north shallow aquifer (piezometers MW-

1, MW-3, and MW-4), CEs molar fractions were similar before and after the treatment,

22 /39



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

except with slight decreases in PCE and TCE fractions and increases in cis-DCE and
VC fractions (Fig. 3B and D). 6'3C values evidenced an enrichment in the heavy isotope
for some CEs at TF (Fig. 3C), indicating an advanced degradation in the reductive
dechlorination chain, with VC degradation especially occurring in the injection
piezometer MW-1. Nevertheless, 3'3Csum remained practically identical to that of TO
(Fig. 3). This could be explained by the arrival of non-degraded PCE and TCE, which
was also hinted in the time-course of CEs concentrations (Fig. 7B). As occurred for the
bioremediation pilot test at the south shallow aquifer, its efficiency could not be
quantified for cis-DCE, since complete consumption of PCE and TCE did not occur. It
was possible, however, to roughly estimate %D for PCE using the wide range of €C
values associated with the reductive dechlorination of PCE reported in the literature (-
0.5 to -25.3%., Adrian and Loffler (2016)). The calculation resulted in a wide %D range
for lactate-enhanced PCE biodegradation, between 14 and 99% (Table S10). A more

precise estimation would require the determination of site-specific eCrce for this aquifer.

Regarding the B-ISCR pilot test implemented at the north deep aquifer, the isotopic
results showed that the treatment effect was evident in both injection piezometers (MW-
2 and MW-10). At the end of the monitoring period (62 days after the third injection),
besides the complete consumption of PCE and TCE, and the detection of VC and ETH
(Fig. 7C1 and C2), a significant decrease and increase in the molar fractions of cis-DCE
and VC, respectively, was observed compared to TO. The isotopic compositions of cis-
DCE and VC also showed a high 13C enrichment in both injection piezometers (Fig. 3C).
These results confirmed degradation of both cis-DCE and VC. The significant change in
03Csum in both piezometers (from -20.7%o0 to +30.0%. in MW-2, and from -20.6%. to
+6.2%0 in MW-10, Fig. 3B and D), confirmed that the reductive dechlorination went
beyond VC. It should be noted that the value of d2Csum for MW-10 at TF, marked in
salmon in Fig. 3D, presents greater uncertainty because the contribution of 6*3Cvc in
013Csum, Which could be significant given the molar fraction of VC, was not considered
(Table S9). Nevertheless, this deviation of the isotopic mass balance could also be
indicative of the co-occurrence of both lactate-enhanced biotic and sulfidized mzZVI-

mediated abiotic CEs reductive dechlorination, as discussed in the previous section.
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The complete consumption of PCE and TCE allows estimating the efficiency of the B-
ISCR pilot test in terms of cis-DCE transformation extent. Assuming unique contribution
from lactate-enhanced cis-DCE biodegradation, %D at the end of the B-ISCR pilot test
was estimated to be 78 + 7% and 72 + 7% in MW-2 and MW-10 piezometers,
respectively (Table S10), using the site-specific eC for cis-DCE determined in this study
(eCeis-nce = —31.8 £ 2.9%0). This efficiency estimation could also be performed assuming
uniqgue contribution from sulfidized mzVI-mediated abiotic cis-DCE reductive
dechlorination, by using isotopic fractionations previously reported for cis-DCE reductive
dechlorination with ZVI, which ranged from -6.9%o to -21.7%. (Audi-Mir6 et al., 2013;
Elsner et al., 2008; VanStone et al., 2004). The calculation resulted in higher extents of
cis-DCE transformation, ranging between 89% and 99.9% for MW-2 and between
84.3% and 99.7% for MW-10. A multi-element CSIA approach would allow estimating
contributions of both reductive dechlorination processes for a more precise
quantification of the treatment efficiency, given that different C-Cl isotopic trends are, in
some cases, expected for both processes for cis-DCE (Ojeda et al., 2020). In any case,
carbon CSIA evidenced the successful performance of the B-ISCR pilot test, with an

efficiency higher than 70% for cis-DCE.
4. Conclusions

The present study used a multi-method assessment approach to design and select the optimal
full-scale bioremediation treatment at a multi-focus site in the north of the Iberian Peninsula
where both shallow and deep aquifers are contaminated by CEs. To adequately design the
research approach by means of laboratory and in situ pilot tests, it was necessary to understand
the conceptual site model for such a complex contaminated aquifer, which was improved in
previous works through a vast hydrogeological site investigation. The integrative methodology
used in this study included a hydrogeochemical and isotopic (62C) groundwater
characterization, and treatability laboratory microcosms that evaluated the intrinsic degradation
potential of the site, the presence of key biomarkers, as well as the feasibility of the proposed
bioremediation treatments. The hydrogeochemical and isotopic site characterization evidenced
natural attenuation of CEs at both north and south plumes. Microcosm experiments provided

evidence that, for both north and south shallow aquifers, full transformation of CEs to ETH can
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be achieved with the addition of lactate. In these experiments, the sequential dechlorination of
PCE to ETH was coupled to the growth of Dhc and Dhg and the increase in the gene copies of
the reductive dehalogenases tceA, vcrA and bvcA. For the north deep aquifer, the lines of
evidence gathered in the microcosm experiments evidenced that a combined biotic and abiotic
reductive dechlorination (B-ISCR) can be a successful alternative for this aquifer through the

addition of lactate and sulfidized mZVI.

Based on the results of the laboratory experiments, three in situ pilot tests were designed and
implemented at this site, achieving in most cases full dechlorination to ETH, as evidenced by
hydrochemical and molecular analyses, and the calculation of carbon isotope-mass balances.
Full CEs dechlorination was accompanied by a change in the microbial populations from
aerobic to fermenting bacteria. It is likely that the efficiency of the treatments was impacted by
the hydrodynamics of the aquifers, which probably affected the amendment distribution; the
contribution of non-degraded CEs due to back diffusion from secondary sources (confirmed by
isotope data), and the presence of high CEs concentrations (confirmed in the laboratory
microcosms prepared with groundwater derived from a piezometer with DNAPL). In the B-ISCR
pilot test that combined the injection of lactate and sulfidized mZzVI, both biotic and abiotic
pathways contributed to the production of ETH. These results demonstrate that the use of

sulfidized mZVI can enhance anaerobic biostimulation treatments with lactate.

Therefore, the integrated methodology followed in this study was a useful tool to improve the
conceptual site model and determine that lactate-enhanced bioremediation is a valid strategy
for the full-scale remediation of both impacted aquifers at this multi-focus complex site, and that
it could be improved with sulfidized mZVI in the potential instances where biodegradation alone
was not efficient or absent, preventing CEs further migration towards the nearby exploitation
wells. These results emphasize the benefits of this integrative approach to support decision-
making in the implementation and development of CEs bioremediation strategies at complex

multi-focus and multi-polluted sites.
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Table 1. Nomenclature table, listing all used abbreviations and symbols and their definitions.

Abbreviated notation

Description

lZC

13C

16S rRNA
B-ISCR
BvcA
CEs

Cl
cis-DCE
CSIA
%D
Dhc
Dhg
DNA
DNAPL
DO

EC

Eh

ETH
FID

GC
GC-IRMS
GC-MS
HS-SPME
ICP-MS
ISCR
LOQ
mZzVI
N.E.W.
nzVvi
OHRB
ORP
OoTuU
PCE
PceA
PCR
gPCR
S.E.W.
SHE

Sl

T

TO

TCE
TceA
TF

VC
VcrA

Carbon-12 isotope

Carbon-13 isotope

16S ribosomal ribonucleic acid

Combined bioremediation and in situ chemical reduction
Vinyl chloride reductive dehalogenase
Chlorinated ethenes

Confidence interval

cis-1,2-dichloroethylene

Compound-specific stable isotope analysis
Biodegradation efficiency or extent of degradation
Dehalococcoides

Dehalogenimonas

Deoxyribonucleic acid

Dense non-aqueous phase liquid

Dissolved oxygen

Electrical conductivity

Corrected redox potential (corrected ORP)
Ethylene or ethene

Flame ionization detector

Gas chromatography

Gas chromatography-isotope ratio mass spectrometry
Gas chromatography-mass spectrometry
Headspace solid-phase microextraction
Inductively coupled plasma mass spectrometry
In situ chemical reduction

Limit of quantification

Microscale zero-valent iron

North exploitation well

Nanoscale zero-valent iron
Organohalide-respiring bacteria
Oxidation-reduction potential (measured in situ)
Operational taxonomic unit
Tetrachloroethylene or perchloroethylene
Tetrachloroethylene reductive dehalogenase
Polymerase chain reaction

Quantitative polymerase chain reaction

South exploitation well

Standard hydrogen electrode

Supporting information

Temperature

Time zero (prior to the start of the pilot tests)
Trichloroethylene

Trichloroethylene reductive dehalogenase
Time final (after or at the conclusion of the pilot tests)
Vinyl chloride

Vinyl chloride reductive dehalogenase
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Abbreviated notation

Description

VPDB
ZVI

o

ot3C
O0%3Cn
O0Csum
ASC

€

eC

€Cn

Vienna Pee Dee Belemnite

Zero-valent iron

Isotope composition (delta notation)

Delta carbon-13 (carbon isotopic composition)

Carbon isotopic composition for a specific compound (n)
Carbon isotopic mass balance

Shifts in carbon isotope composition

Isotope fractionation

Carbon isotope fractionation

€C for a specific compound (n)
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Fig. 1. Location of all the studied piezometers at the site: (A) north plume, (B) south plume. All
sampling points used for groundwater collection for the laboratory microcosms and the
monitoring of the in situ pilot tests are indicated. See figure legend for colour coding. See Table

S1 for the constructive details of piezometers used in the in situ pilot tests.
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Fig. 2. Molar fraction (in %) of CEs and ETH in groundwater samples collected at the site in
June and December of 2022, prior to the start of the in situ remediation pilot tests. See figure

legend for colour coding.
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Fig. 3. Isotopic results in the studied piezometers prior (TO, December 2022) and after (TF) the
in situ remediation pilot tests. 6'2C of CEs (A, C), and molar fraction of CEs and isotopic mass
balance (6'3Csum) (B, D) are shown. See figure legend for colour coding. Error bars show the
standard deviation of the replicate 6'3C analyses (A, C) and the error associated with the
calculation of 6*3Csym (B, D). In most cases, error bar is smaller than the symbol. Solid black
lines show &Csym representative of the source zones (Sl section 1.4) and dashed black lines

show a deviation (Ad*3C) of +2%o with respect to reference 63Csym values.
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Fig. 5. Abundance of Dhg 16S rRNA and Dhc 16S rRNA gene copies, and the reductive
dehalogenase genes tceA, vcrA and bvcA, from the lactate-amended microcosms that
contained groundwater from piezometers A) MW-1 (north shallow aquifer), B) MW-16 (south
shallow aquifer), C) MW-2 (north deep aquifer), D) MW-14 (south shallow aquifer), and E) MW-
13 (south deep aquifer), in initial (TO) and final (TF, 150 days) samples. LOQ of assays are also
indicated. See figure legend for colour coding. Data presented are the average of replicate

measurements and include error bars showing the one standard deviation (10) for replicates.
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Fig. 6. Carbon isotope composition (A) and double logarithmic Rayleigh plot (B) for the
anaerobic degradation of cis-DCE by the autochthonous CEs-degrading bacteria from
piezometer MW-1. See figure legend for colour coding. Error bars stand for the standard
deviation of duplicate measurements for 63Ceis.oce and 6*3*Cyc, and for the uncertainty

calculated by error propagation for 3Csym and for the logarithmic plot.
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Fig. 7. Time-course of CEs and ETH at the monitoring wells during the three ERD pilot tests: (A)
south shallow aquifer bioremediation; (B) north shallow aquifer bioremediation, and (C) north
deep aquifer B-ISCR. See figure legend for colour coding. Injection wells are shown in bold.
Two lactate injections (green vertical lines) were performed in the bioremediation pilot tests,
whereas a first lactate injection (in MW-2) was followed by two combined lactate and sulfidized
mZVI injections (in MW-10) in the B-ISCR pilot test. Data presented correspond to single

measurements per each sampling campaign.
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S1 for the constructive details of piezometers used in the in situ pilot tests.
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June and December of 2022, prior to the start of the in situ remediation pilot tests. See figure

legend for colour coding.
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and after (TF) the in situ remediation pilot tests. {6'3C) of CEs (A, C), and molar fraction of CEs

and isotopic mass balance (6*3Csuwm) (B, D); are shown-inthe-studied piezometersprior{T0)-the

(5C)-of CEs{C);-and-molarfraction-of GEs-and-isotopic-mass-balance{523Csum)(D)-nthe
studied-piezometers-after (TF)-the pilot tests. See figure legend for colour coding. FerpanelsA
and-CeError bars show the standard deviation of the replicate 613C analyses_(A, C)- In-mest

the error associated with the calculation of 5'3Csum (B, D).; estimated-by-error-propagation;-and
assuming-ah-error-in-concentration-measurement-of 10%--In most cases, the-error bar is smaller
than the symbol. The-value-of §2Csum-for MW-10-(marked-in-salmon)-presents-greater
uncertainty-because-the-contribution-of 62Cycin-0=Csynr-which-could-be-significant given-the
molarfraction-of VC-has-notbeenconsidered (Table-S7).For-allpanels-sSolid black lines
show 6'3Csym representative of the nrerth-(62Csum-—=—21+%0)-and-the-south-{(6*°*Csup—=—24-4%0)
source zones (Sl section 1.24) and- Bdashed black lines in-panels-B-and-D-show a deviation

(A6'3C) of +2%o with respect to reference 6*3Csum values:-the-threshold-forwhich-the-deviation




--e-ETH
—e—TCE

60000 -
50000 -
40000 -
30000
20000
10000

CEs (ug/l)

VC
—e— PCE

—®— cis-DCE

A) MW-1

60000 -
50000 -
40000 -
30000 -
20000 -
10000 -

CEs (ug/l)

B) MW-16

60000 -
50000 -

30000
20000 1
10000

CEs (ug/l)

40000 {

: § !
.

T T 1

C) MW-15

i//\‘
T T T T .l T T 1

0 20 40 60 80 100 120 140 160 180

Fig. 4. Time-course of CEs and ETH concentration in lactate-amended microcosms prepared
with groundwater from piezometers A) MW-1 (north shallow aquifer), B) MW-16 (south shallow
aquifer), and C) MW-15 (south shallow aquifer). See figure legend for colour coding.
Concentrations of CEs and ETH are presented as nominal concentrations. Data presented are
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show one standard deviation (10) for replicates. In some cases, error bars are smaller than the
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Fig. 5. Abundance of Dhg 16S rRNA and Dhc 16S rRNA gene copies, and the reductive
dehalogenase genes tceA, vcrA and bvcA, from the lactate-amended microcosms that
contained groundwater from piezometers A) MW-1 (north shallow aquifer), B) MW-16 (south
shallow aquifer), C) MW-2 (north deep aquifer), D) MW-14 (south shallow aquifer), and E) MW-
13 (south deep aquifer), in initial (TO) and final (TF, 150 days) samples. LOQ of assays are also
indicated. See figure legend for colour coding. Data presented are the average of replicate

measurements and include error bars showing the one standard deviation (10) for replicates.
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Fig. 6. Carbon isotope composition (A) and double logarithmic Rayleigh plot (B) for the
anaerobic degradation of cis-DCE by the autochthonous CEs-degrading bacteria from
piezometer MW-1. See figure legend for colour coding. Error bars stand for the standard
deviation of duplicate measurements for 63Ceis.oce and 6*3Cyc, and for the uncertainty

calculated by error propagation for 3Csym and for the logarithmic plot.
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Fig. 7. Time-course of CEs and ETH at the monitoring wells during the three ERD pilot tests: (A)
south shallow aquifer bioremediation; (B) north shallow aquifer bioremediation, and (C) north
deep aquifer B-ISCR. See figure legend for colour coding. Injection wells are shown in bold.
Two lactate injections (green vertical lines) were performed in the bioremediation pilot tests,
whereas a first lactate injection (in MW-2) was followed by two combined lactate and sulfidized
mZVI injections (in MW-10) in the B-ISCR pilot test. Data presented correspond to single

measurements per each sampling campaign.
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(MW-16 and MW-17) bioremediation pilot tests. Data presented is the average of replicate

measurements and includes error bars showing the one standard deviation (1a) for replicates.



Supplementary Material

Click here to access/download
Supplementary Material
renamed_56486.pdf


https://www2.cloud.editorialmanager.com/stoten/download.aspx?id=9089899&guid=e6aa0b9b-62bc-4e8f-93fe-a34b0e55646a&scheme=1

Declaration of Interest Statement

Declaration of interests

XiThe authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[OThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



