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ARTICLE INFO ABSTRACT

Editor: José Virgilio Cruz The potential toxic and carcinogenic effects of chlorinated solvents in groundwater on human health and aquatic eco-
systems require very effective remediation strategies of contaminated groundwater to achieve the low legal cleanup

Keywords: targets required. The transition zones between aquifers and bottom aquitards occur mainly in prograding alluvial

PCE DNAPL pools

fan geological contexts. Hence, they are very frequent from a hydrogeological point of view. The transition zone con-
Combined remediation method sists of numerous thin layers of fine to coarse-grained clastic fragments (e.g., medium sands and gravels), which alter-
Abiotic reduction with mzVI nate with fine-grained materials (clays and silts). When the transition zones are affected by DNAPL spills, free-phase
Biostimulation with lactate pools accumulate on the less conductive layers. Owing to the low overall conductivity of this zone, the pools are
Microbial flora in the transition zone of aquifers very recalcitrant. Little field research has been done on transition zone remediation techniques. Injection of iron mi-
croparticles has the disadvantage of the limited accessibility of this reagent to reach the entire source of contamination.
Biostimulation of indigenous microorganisms in the medium has the disadvantage that few of the microorganisms are
capable of complete biodegradation to total mineralization of the parent contaminant and metabolites. A field pilot test
was conducted at a site where a transition zone existed in which DNAPL pools of PCE had accumulated. In particular,
the interface with the bottom aquitard was where PCE concentrations were the highest. In this pilot test, a combined
strategy using ZVI in microparticles and biostimulation with lactate in the form of lactic acid was conducted. Through-
out the test it was found that the interdependence of the coupled biotic and abiotic processes generated synergies
between these processes. This resulted in a greater degradation of the PCE and its transformation products. With the
combination of the two techniques, the mobilization of the contaminant source of PCE was extremely effective.
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1. Introduction

Chloroethenes are a group of volatile organic compounds (VOCs) formed
by perchloroethene (PCE), trichloroethene (TCE), cis-B85dichloroethene
(cDCE), trans-dichloroethene (tDCE) and 1,1-dichloroethene (1,1-DCE)
and vinyl chloride (VC). The presence of organic contaminants such as
chloroethenes is common in industrial areas (Ellis and Rivett, 2007; Yu
et al., 2015; Puigserver et al., 2013, 2016). Pankow and Cherry (1996)
described the most significant physical and chemical properties of these
products. Except for VC, their density is higher than that of water, so they
are grouped within the dense non-aqueous phase liquids (DNAPLs). In addi-
tion to their density, they are characterized by other properties, notably
their different sorption degrees by the particulate organic fraction of subsoil
and their low rate of natural biodegradation, which represents a major
constraint for the remediation of contaminated sites (Bradley, 2003). This
is why they are traditionally considered to be highly recalcitrant organic
compounds. In addition, they are carcinogenic, so their presence in subsur-
face materials and groundwater puts human health and ecosystems at risk
(Hartwell, 2000; Chen et al., 2016), making their study a global challenge.

Transition zones from aquifers to bottom aquitards are mainly found
in geological contexts of prograding alluvial fan deposits. These con-
texts are very frequent; hence the transition zones are also very common
hydrogeological settings, characterized by high geological heterogeneity
(Parker et al., 2003; Puigserver et al., 2013, 2020). In these zones, there
are numerous textural changes where interbedded levels alternate between
fine and coarse grain sizes, which result in high contrasts in hydraulic con-
ductivity (with low and high values of this parameter, respectively). These
contrasts lead to a complex architecture of the contaminant source and a
slow groundwater flow rate (Luciano et al., 2012; Newell et al., 2014;
Puigserver et al., 2016). Information on how free-phase DNAPL migrates
and distributes in the subsurface environmental matrices can be found in
the Supporting Information (SI document, Section 1.1). The complexity of
the source and slow flow rate in the transition zones lead to low mass
flow and account for the longevity of the contamination sources and the dif-
ficulty in mobilizing them (Parker et al., 2003; Christ et al., 2010; Brusseau
et al., 2013; Rivett et al., 2014; Puigserver et al., 2013, 2016). This type of
context is also characterized by numerous biogeochemical processes, a
large amount of particulate and dissolved organic matter at the low hydrau-
lic conductivity layers, and a large microbial diversity, which makes these
transition zones major ecotones within the aquifer (Goldscheider et al.,
2006; Puigserver et al., 2013, 2016, 2020; Griebler and Avramov, 2015).
In contrast to the difficulty in mobilizing the sources, the fact that the tran-
sition zones are ecotones favors the formation of microorganism biofilms
around the pools, which are capable of progressively biodegrading the
pollutants that form the pools (Puigserver et al., 2016). This biologically
enhanced process increases the rate of source dissolution, as observed by
Yang and McCarty (2000, 2002), Puigserver et al. (2016) and Benioug
et al. (2019), and can potentially be used for source mobilization.

The biotic degradation of chloroethenes occurs under different environ-
mental conditions, although reducing conditions are predominant. The
anaerobic reductive dechlorination (anaerobic respiration) is the prevalent
process and the most well-studied degradation process of chloroethenes
(Bradley and Chapelle, 2010; Nijenhuis and Kuntze, 2016). Traditionally
this has been described as a process in which PCE is sequentially reduced
to increasingly lighter metabolites, and to the harmless ethene or ethane
(Hug et al., 2013; Cépiro et al., 2015; Jugder et al., 2016). However, this pro-
cess is often not completed, causing the accumulation of ¢DCE and VC in the
aquifers, thus increasing the risk to human health and ecosystems, since
these are more toxic than the parent compounds from which they originate
(Dolinové et al., 2017). This sequential biotic degradation has been described
in different redox zones. Thus, reductive dechlorination from PCE to TCE oc-
curs under denitrification conditions (Bradley and Chapelle, 2010;
Weatherill et al., 2019), and the transformation of TCE into ¢cDCE needs
Mn- and Fe-reducing conditions (Wei and Finneran, 2011; Némecek et al.,
2020). The change from cDCE to VC occurs under sulfate-reducing condi-
tions (Amaral et al., 2011; Antoniou et al., 2019), and for degradation of
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VC to ethene or ethane, methanogenic conditions are needed (Aulenta
etal., 2007a, 2007b; Herrero et al., 2019). In the case of prevailing conditions
of a more oxic character, cDCE and VC can be oxidized (Field and Sierra-
Alvarez, 2001; Findlay et al., 2016). Dolinova et al. (2017) provided an over-
view of the main genera of microorganisms reported by different authors to
be able to degrade chloroethenes under anoxic and oxic redox conditions.

Among others, the following genera reported by Dolinova et al. (2017)
can perform anaerobic respiration: Dehalococcoides (Rossi et al., 2012;
Zinder, 2016; Saiyari et al., 2018), Sulfurospirillum (Buttet et al., 2013;
Goris and Diekert, 2016; Gadkari et al., 2018) and Geobacter (Loffler
et al., 2013; Capiro et al., 2015; Némecek et al., 2017).

Oxidative biodegradation of chloroethenes is carried out by microor-
ganisms that use these compounds as a source of carbon and energy
(Némecek et al., 2020). This type of process has been detected in the pres-
ence of TCE, cDCE, and VC, the degradation of the latter compound being
the most frequent (McCarty, 2016; Atashgahi et al., 2017; Baskaran and
Rajamanickam, 2019). Among the genera of oxidative microorganisms
listed by Dolinova et al. (2017) as capable of degrading chloroethenes are
the following: Brevundimonas (Wilson et al., 2016), Nocardioides (Mattes
et al., 2015; Gafni et al., 2020) and Pseudomonas (Schmidt et al., 2010;
Bradley, 2012; Atashgahi et al., 2017). Moreover, oxidative degradation
of chloroethenes has also been described as a co-metabolic degradation
process by many methanotrophic bacteria that degrade toluene and phenol,
including the genera Burkholderia (Peng and Shih, 2013; Gaza et al., 2019;
Gafni et al., 2020), Nocardioides (Schmidt et al., 2014; Thornton et al.,
2016), Pseudomonas (Cecen et al., 2010; Luo et al., 2014; Yang et al.,
2019), Ralstonia (Paszczynski et al., 2011; Li et al., 2014; Tabernacka
et al., 2019), and Variovorax (Futamata et al., 2005; Li et al., 2014).

The coexistence in the environment of different redox processes can
limit the bioavailability of electrons for microorganisms in the medium,
which can inhibit the natural attenuation of these pollutants (Paul et al.,
2016; Antoniou et al., 2019). An alternative solution to this electron deficit
may be the supply of substrates (source of carbon) and electron donors
(energy) through biostimulation, which increases the capacity of microor-
ganisms to perform the degradation of chloroethenes (Wen et al., 2015;
Zhang et al., 2016; Gupta and Widdowson, 2017).

Abiotic chemical reduction of chloroethenes has been described in natu-
ral contexts, especially in the presence of iron minerals such as pyrite (Wei
et al., 2012); magnetite (Culpepper et al., 2018) and green rusts (Jeong and
Hayes, 2007; Jeong et al., 2011; Fan et al., 2016; Puigserver et al., 2020,
2022). In addition, metallic iron in the form of micro- or nanoparticles,
also called zero valent iron (mZVI and nZVIJ, respectively), has been tradition-
ally used as a chemical reagent with significant capacity of abiotically reduc-
ing chloroethenes (Herrero et al., 2019; Phenrat et al., 2019). ZVI is a highly
corrosive reagent that can generate as byproducts precipitates of neoforming
minerals such as green rust (Hwang and Shin, 2013), siderite (Xie and
Cwiertny, 2012), magnetite and iron oxyhydroxide (Manquidn-Cerda et al.,
2017), as well as iron sulfide minerals (Rajajayavel and Ghoshal, 2015)
that also contribute to the abiotic degradation of chloroethenes. Among the
main abiotic degradation pathways of chloroethenes the reductive elimina-
tion stands out (Schiwy et al., 2016; Berns et al., 2019), which results in
the formation of dichloroacetylene (DCA) and chloroacetylene (CA) (He
et al., 2015; Berns et al., 2019), which by hydrogenation can lead to the
formation of ethene and/or ethane (Berns et al., 2019; Islam et al., 2020).
More information on iron minerals and ZVI regarding abiotic degradation
of chloroethenes and their degradation pathways can be found in the SI doc-
ument (Sections 1.8, 1.9, and 1.10).

Research conducted by authors such as Tobiszewski and Namiesnik
(2012) suggests that abiotic dechlorination is often slower than microbial
degradation. Despite this, the interdependence of coupled abiotic and biotic
processes may generate synergies between these processes, which may
favor a higher rate of degradation of chlorinated solvents, including
chloroethenes (Bradley and Chapelle, 2010; Puigserver et al., 2011;
Patterson et al., 2016; Herrero et al., 2019; Puigserver et al., 2020; Berns
et al., 2019). However, the relevance of this degradation rate depends on
the abundance and nature of microorganisms in the contaminated site,
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and the type of minerals involved, e.g., iron minerals in the II state (Butler
et al., 2013). The confirmation of the mentioned synergies has led several
authors to study at a laboratory scale the combined use of chemical reduc-
ing methods of chlorinated solvents, such as that promoted by the use of
ZVI and the biostimulation of microbial flora through the addition of lactate
as an electron donor (Lookman et al., 2004; Liang et al., 2007; Lorah et al.,
2008; Dong et al., 2009; Puigserver et al., 2011; Patterson et al., 2016;
Herrero et al., 2019). At the field level, there are some experiences in the
combined use of in situ chemical reduction (ISCR) techniques and biostim-
ulation (Lojkasek-Lima et al., 2012; Bruton et al., 2015; Wu et al., 2020), al-
though none of them have been applied in transition zones from aquifers to
aquitards in the Mediterranean climate, where large temperature and rain-
fall (and subsequent aquifer recharge) variations along the year affect bio-
geochemical processes occurring in the subsurface, which justifies the
need to analyze these methodologies in the remediation of chlorinated sol-
vents in such hydrogeological and climatic contexts.

The main objective of the present work is to analyze at the field scale the
combined use of mZVI and lactate biostimulation in the form of lactic acid
(LA), to favor the mobilization of the recalcitrant DNAPL sources located in
the contact interfaces between the conductive and low conductive layers
that constitute the transition zones between aquifers and bottom aquitards.
Three working hypotheses have been proposed: i) it is possible to mobilize
the recalcitrant sources of DNAPL accumulated on the numerous fine-
grained and low hydraulic conductivity layers that comprise the transition
zone to bottom aquitards; ii) this mobilization and subsequent degradation
of dissolved PCE and transformation products is highly effective when ISCR
remediation techniques are combined with the use of mZVI and lactate bio-
stimulation; and iii) the occurrence of aerobic microorganisms ensures the
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products resulting from the biodegradation via incomplete reductive de-
chlorination of PCE can be degraded to CO,. These hypotheses arise from
the results of a microcosm experiment that the authors of the current
study conducted at the laboratory scale (Herrero et al., 2019). Their results
revealed the potential for replication through a pilot test at a field scale. The
current study shows the main findings of this field pilot test, which demon-
strate the validity of the hypotheses.

For this purpose, a site located in Vilafant, about 140 km northeast of
Barcelona (Fig. 1) in an industrial area surrounded by an agricultural zone
was chosen. As reported by Puigserver et al. (2016), free and residual-
phase PCE pools (whose PCE mole fraction was 99.82 %) were previously
detected at different depths in the unsaturated zone, in the upper part of
the aquifer (UPA) and in the transition zone between the aquifer and the
bottom aquitard (TZBA). According to the mentioned authors, the interface
with the bottom aquitard (BA) was where PCE concentrations were the
highest because of the pools accumulated. Although these pools were
extremely recalcitrant due to the low hydraulic conductivity of the medium
in the TZBA, incomplete biotic reductive dechlorination of PCE to TCE and
c¢DCE was naturally occurring before the pilot test started in 2017. More
information on the site can be found in the SI document (Section 2).

2. Materials and methods
2.1. Design and implementation of the pilot test remediation device
The execution of the pilot test occurred in 2017-2019 and consisted of

two stages. In the first stage, six 8-m deep mZVI injection boreholes were
drilled by rotation and with continuous core recovery following the

Field pilot test location @ |

ATLANTIC OCEAN
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Barcelona

Spain

MEDITERRANEAN
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Fig. 1. Location map of the study area.
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guidelines provided by Puigserver et al. (2016). The injection of an aqueous
emulsion of mZVI and guar gum (both food grade quality) was carried out
in the six boreholes by using groundwater from the drilled boreholes
(Fig. 2A shows the location of the mZVI injection boreholes). The mZVI
injection method in each borehole was hydrostatic pressure, always from
bottom to top between 8 and 4.5 m depths. The total mass of mZVI injected
was 30 kg (5 at each injection borehole). With the injection of the mZVI in
the sixth borehole (Fig. 2A), the last one, the pilot test started. This is
considered day zero of the pilot test (time 0 days).

In a second stage, a recirculation flow cell was activated on the 149th
day after the start of the pilot test (time 149 days, Fig. 3A) to inject the
LA solution used in the biostimulation.

The recirculation cell was conceived to biostimulate the TZBA, (Fig. 2B).
Given the low hydraulic conductivity of this TZBA, the cell was designed to
operate in half cycles of filling and emptying of a water recycling tank
(Fig. 2B) to obtain a slow groundwater velocity within the zone of influence
of the cell. A Spanish patent application has been filed by the authors of this
work to the Spanish Patent and Trademark Office (SPTO).

LA was injected at 6 m depth into the reinjection well (P2), screened in
the UPA, and the TZBA (Fig. 2B) throughout the pilot test on a semi-cyclical
basis for nearly a year, between days 149 to 504 (355 days). The control of
concentrations at P2 was not to monitor the combined strategy since it was
located upgradient of the mZVI injection points. However, as only biotic
degradation occurred at P2, the study of the variation of chloroethene
concentrations was used to determine the biodegradation reactions of
these compounds, which occurred only by biostimulation of the microbial
flora. The pilot test monitoring network (Fig. 2A) consisted of a multilevel
well (F1UB), and the two wells forming the cell (P1, P2). Data on the main
characteristics of the monitoring points of the pilot test can be found in
Table SI-1 of the SI document.

2.2. Groundwater monitoring during the pilot test

The pilot test started at the time corresponding to day O (first sampling
day) when mZVI was injected. This reagent acted alone during the first
149 days. When this period ended (day 149), the recirculation cell was acti-
vated, and the combined treatment of mZVI and biostimulation with LA
came into operation for a total of the aforementioned 355 days (i.e., until
day 504). A list of groundwater sampling days from the start of the pilot
test in the monitoring network can be found in Table SI-2 of the SI document.

Physicochemical parameters monitored in groundwater of the cell were
dissolved oxygen (DO, mg/L), oxidation-reduction potential (ORP, mV),
pH, temperature (T, °C), and electrical conductivity (EC, pS/cm). As regards
concentrations of dissolved compounds, these were chloroethenes (PCE,
TCE, cDCE, tDCE, 1,1-DCE, and VC), chloroacetylenes (DCA and CA), and
gases (ethene, ethane, acetylene, and methane). In addition, §'3C values
of chloroethenes and chloroacetylenes were also determined (although in
the latter case isotopic fractionation could only be determined when the
concentrations were sufficiently high). Redox-sensitive species (nitrate,
nitrite, Mn2", Fe2*, sulfate, and sulfide), lactate, acetate, and formate
were also determined. And finally, the groundwater microbial communities
(phyla and genera) were identified, as well as their role in the biogeochem-
ical processes occurring during the pilot test. The procedures and protocols
followed for groundwater sampling in the monitoring network, preserva-
tion, and transport of samples, analytical techniques and laboratories are
described in the SI document (Section 3.1). The processing of PCE isotopic
fractionation to determine the efficiency of PCE degradation, and the
processing data to identify the microorganisms occurring in the zone of
influence of the cell, are also found in this document.

3. Results and discussion
3.1. Physicochemical parameters

The physicochemical conditions control the evolution of the main phyla
and genera of microorganisms in the medium. Fig. 3A shows how the
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LA injection regime and the successive episodes of heavy rainfalls in
October-November 2018 (autumn, days 400, 427, and 448) conditioned
in the pilot test the most important changes in two of the physicochemical
parameters that control the biogeochemical processes in the medium (ORP
and DO, Fig. 3B, C).

Fig. 3 highlights how the injection of LA in P2 favored a highly reducing
ORP as a consequence of the biostimulation of the microbial flora, which
was accompanied by a significant decrease in DO (similar to what was
observed in laboratory biostimulation microcosm experiments with LA
conducted by Herrero et al. (2019) using sediments and groundwater
from this site).

In the TZBA (ports F1-5UB, F1-6UB, and F1-7UB of piezometer F1UB),
the injection of mZVI before cell start (on day 149, Fig. 3A) favored a
decline in the ORP values in the medium (Fig. 3B), similar to what was ob-
served by Sun et al. (2016) and Yang et al. (2018). These redox conditions
were modified by the oxygenation of the medium during the first stages
after cell start-up (Fig. 3A, C). Once the environmental conditions stabi-
lized, combined action of mZVI and biostimulation with LA (Fig. 3A)
again resulted in progressively lower ORP values (Fig. 3B). This trend was
subsequently modified by episodes of significant rainfalls (and consequent
recharge of the aquifer, Fig. 3A) that occurred during the pilot test. Thus,
the accumulated rainfall between the groundwater samplings of days
from 149 to 222, from 268 to 294, from 310 to 373, and from 457 to 504
(Fig. 3A) favored the input of DO, which led to oxygenation of the medium,
resulting in higher ORP values (Fig. 3A, B). In contrast, the accumulated
rainfall from day 373 to 457 did not modify the general trend of decreasing
ORP values in the TZBA due to the increase in biostimulation with LA
(Fig. 3A) of the microbial flora during that period between sampling
surveys. The considerable oxygenation of the environment after day 457
due to a large amount of accumulated rainfall was noteworthy (Fig. 3A, C).

Groundwater temperature (T) ranged between 12.2 and 24.4 °C and
electrical conductivity (EC) between 198 and 1926 pS/cm, with maximum
EClevels recorded during the summer months. The values recorded in these
parameters and their low variability throughout the pilot test allowed the
favorable development of microorganism-mediated biogeochemical reac-
tions (Kaiser and Bollag, 1990). The pH in the reinjection well (P2) tended
to be acidic from late summer to late autumn (5.53 and 4.29, Fig. 3D) due to
the fermentation of the injected LA (He et al., 2003), which required the in-
jection of a buffer solution consisting of 80 % sodium bicarbonate and 20 %
sodium carbonate, according to Robinson and Barry (2009). As a result of
the injection of this buffer solution, downgradient of the reinjection well
(P2), within the zone of influence of the cell, the pH values ranged from
7.7 t0 6.8.

More data on the variability of these physicochemical parameters and
redox-sensitive species (such as nitrate and nitrite; Mn?*, Fe®*, sulfate,
and sulfide) during the pilot test in the extraction (P1) and reinjection
(P2) wells and at ports F1-5UB, F1-6UB, and F1-7UB can be found in
Table SI-4 of the SI document.

3.2. Phyla of identified microorganisms throughout the pilot test in P1, P2, and
F1-7UB

Fig. 4 shows the evolution throughout the pilot test of the percentage of
identified phyla relative to those detected. In the reinjection well (P2),
phyla increased (Fig. 4A) when LA injection was initiated (Fig. 3A), al-
though the acidification of the medium, especially from day 356 to 400,
caused a slight decrease in their development. Proteobacteria was the
phylum with the highest proportion within the community, and that
which most increased during the pilot test (especially just after the change
of the LA injection regime that started from day 294), with an increase in all
classes, except 8-Proteobacteria, which remained constant. Once the cell
started functioning, the microbial community at F1-7UB adapted to
the new environmental conditions, closely matching the microbial com-
munity identified in P1. More information on the main phyla identified
throughout the operating period of the cell can be found in the SI document
(Section 4.5).
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Fig. 3. (A) LA injection regime (moles/day) and cumulative rainfall (mm) between two successive survey samplings; (B), (C), and (D) evolution of ORP, DO, and pH,
respectively, throughout the pilot test.
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Fig. 4. Evolution of the percentage of identified phyla relative to the total number of phyla detected in groundwater during the pilot test (only phyla with a percentage higher
than 2 % are shown); (A) P2 (injection well); (B) P1 (extraction well, screened in the TZBA); (C) Port F1-7UB (open at the interface between the TZBA and BA); results
correspond to the following samplings: day 149 (start-up of the recycling cell), day 202 (early spring), days 294, 321, 356 (summer), and day 400 (early autumn); see
Fig. 3A for variation over time of cumulative rainfall between successive sampling surveys and the LA injection regime (moles/day).
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3.3. Redox-sensitive species controlling biogeochemical processes and associated
microbial communities

3.3.1. Nitrate and nitrite

In general, nitrate concentrations in the zone of influence of the cell
remained high because of the elevated diffuse nitrate hydrochemical back-
ground (ACA, 2019). The maximum nitrate concentrations recorded during
the pilot test were 125.02 mg/L, while the minimum concentrations were
7.06 and 13.11 mg/L, at P2 and the interface between the TZBA and the
BA (port F1-7UB), respectively. These minimum values derive from the
fact that the LA injection well is involved in the first case, whereas the sec-
ond case is because this interface is where the most reducing conditions
were recorded under natural conditions (Puigserver et al., 2016). Increases
in nitrate concentrations occurred as a consequence of the spreading of ma-
nure used as fertilizer in the fields, coinciding with the increase in recharge
produced after the aforementioned rainfall episodes (Mohaupt et al., 2007),
such as after 222 and 400 days (Fig. 3A). However, nitrate degradation was
notable after these episodes, especially during the summer season. In the
reinjection well (P2), LA injection resulted in highly reducing conditions,
so that the decrease in nitrate concentration was very significant and sus-
tained over time, even during periods when a substantial mass of this ion
was incorporated into the medium (especially in spring, but also during
the early autumn).

The decrease in nitrate was accompanied by increases in nitrite concen-
trations, as a consequence of the denitrification processes that occurred
(Tesoriero et al., 2000), especially in P2 in the summer period, when
redox conditions were highly reducing (Fig. 3B), with a decrease in nitrate
concentrations from 43.76 (day 294, early summer) to 14.38 mg/L (day
373, late summer), which also allowed the existence of anaerobic ammo-
nium oxidation processes, such as the ANAMMOX process (Cecchetti
et al., 2022). Nitrite concentrations varied because of the occurrence of
both oxidative and reductive processes leading to this ion (Burns et al.,
1995). More information on the evolution of nitrate and nitrite concentra-
tions throughout the pilot test can be found in Fig. SI-1 of the SI document.

3.3.2. Genera of microorganisms associated with nitrogen species

Among the genera identified as ammonium oxidizers, the presence of
Nitrospira, belonging to the phylum Nitrospirae (Table SI-5 and SI-6 in
the SI document), stands out with a higher identification percentage
(Table SI-5), which indicates that under natural conditions, the process of
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ammonium oxidation takes place completely, which agrees with the high
nitrate concentrations in the medium (Daims et al., 2015; Starke et al.,
2017; Daims and Wagner, 2018). The presence of this genus in P2 decreases
during the summer season due to the extremely reducing conditions in the
area within the zone of influence close to the reinjection well (P2), Figs. 3B
and 5.

As a result of biostimulation with LA, different ammonium oxidizing
genera were detected in the TZBA after 212 days, which remained fairly
constant throughout the pilot test. The presence in the summer season of
the nitrifier genus Gemmata, which is facultative (Fig. 6A, B, C) and associ-
ated with ANAMMOX processes (Sonthiphand et al., 2014; Sekhohola-
Dlamini and Tekere, 2019), stands out, following the reducing conditions
of the medium in summer (Fig. 5) and with the availability of nitrite
(Fig. SI-1C, D of the SI document) (Daalkhaijav and Nemati, 2014).

Of the genera identified that are nitrate reducers, the already mentioned
Nitrospira is highlighted, which according to Koch et al. (2015) can also re-
duce nitrate to nitrite (in agreement with the higher nitrite concentrations
in the summer season, Fig. SI-1B, C of the SI document); and the genera
Gemmatimonas (Fig. 6) (Leigh et al., 2015; Lu et al., 2020), Pirellula
(Liebich et al., 2009; Shirokova and Ferris, 2013; Xu et al., 2018) and
Phycisphaera (Madigan et al., 2015). The percentages of identification of
these detected genera were lower in P2 than in the TZBA (Fig. 4A), which
accords with the less reducing conditions in the TZBA compared to those
in P2.

InP1 (i.e. in the TZBA) during the summer season (Fig. 5), in addition to
Gemmatimona and Nitrospira having been detected, increases in
Flavobacterium and Pirellula were also detected, which is indicative that de-
nitrification took place (Fedler et al., 2003; Nestler et al., 2007; Zhou et al.,
2015), although no significant decrease in nitrate concentrations was de-
tected due to the continuous input of this ion from the upgradient agricul-
tural fields.

3.3.3. Manganous manganese and ferrous iron

A progressive increase in Mn?™ attributable to reduction reactions of
oxidized manganese minerals (McMahon et al., 2011; Oldham et al.,
2017), such as the ubiquitous pyrolusite, MnO,, occurred during the pilot
test. This was especially the case in the reinjection well (P2) and at the inter-
face between the TZBA and the BA (at port F1-7UB). In the reinjection well
P2, Mn?" concentrations increased from 0.006 mg/L on day O (natural con-
ditions) to 1.236 mg/L on day 356, shortly before the end of summer. In

extraction well (P1)T

multilevel well (F1UB)

Fig. 5. Summer redox zones in the recirculation cell.
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Fig. 6. Genera identified during the summer (days 294, 321, 356, and 400, Fig. 3A): nitrifiers, denitrifiers, Fe-oxidators, Fe-reducers, sulfate-reducers, and fermentators. The
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deep (Table SI-1), hence groundwater is pumped from a depth very close to that of the F17-UB port. The numerical value assigned to each identified genus is the percentage of
that genus in the detected genera of the bacterial community.
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port F1-7UB, where Mn?* was already detected under natural conditions,
as reported by Puigserver et al. (2016), Mn>* concentrations increased
from 0.011 mg/L on day 0 to 0.298 mg/L on day 504 (end of the pilot
test, already in winter). In contrast, in the other monitoring points, the oxy-
genation of the medium during rainy periods led to a lower rate of manga-
nese reduction, which resulted in a lower mobilization of this metal from
the solid to the liquid phase (Goren et al., 2012). More information on the
evolution of Mn®* concentrations throughout the pilot test can be found
in Fig. SI-2 of the SI document.

The presence of Fe?>* in groundwater has essentially two origins. Part of
the mobilized Fe** originated because of the oxidation process of the
injected mZVI, whose oxidation resulted in an increase of electrons in the
medium (Cullen et al., 2011; Stefaniuk et al., 2016). The Fe?* from this
oxidation process progressively decreased since the mZVI was injected. In
contrast, there was an increase in this ion from sampling day 294 (early
summer) until day 504 (end of the pilot test, when the maximum concentra-
tion was recorded). During this increase in Fe?™, the concentration
recorded in the reinjection well P2 on sampling day 294 was 0.51 mg/L,
while for the rest of the sampling points (P1, F1-5UB, F1-6UB, and F1-
7UB), the minimum value was 0.01 mg/L. On day 504, the concentration
at P2 was 7.22 mg/L, and the maximum value among the rest of the points
was 0.39 mg/L. However, the increase in Fe?* described above was not a
continuous process, since from sampling day 356 to day 400, a Fe?* de-
crease occurred during a more reducing period (Fig. SI-2), which resulted
in sulfate-reduction processes (Fig. SI-3) mediated by microorganisms
(McMahon and Chapelle, 2008; Blothe and Roden, 2009; Coby et al.,
2011). These processes favored the precipitation of Fe?* in the form of
pyrite. In addition, the fact that at that time the mZVI was already in an
aged state of corrosion-oxidation (so the mass of Fe?™ that was incorpo-
rated into the groundwater flow as a result of the oxidation of the remaining
mZVI decreased, Appelo and Postma, 1996; Reinsch et al., 2010; Miao
etal., 2012) also contributed to the decline of Fe2* in groundwater during
this period. See more details in Fig. SI-2 of the SI document.

These findings confirm that, at the end of the spring, the zone of influ-
ence of the cell was within the Mn reduction redox zone, evolving towards
the Fe reduction redox zone, following Christensen et al. (2000).

The maximum rate of Fe?* incorporation into groundwater occurred in
the reinjection well (P2) in October 2018, on sampling day 400 (Fig. SI-2C
of the SI document). This was followed by a drastic decrease of this ion as a
result of sulfide precipitation as pyrite, given the ORP and pH conditions
recorded in the environment (Fig. 3B, D). Subsequently, the Fe?™ concen-
tration recovered in P2 at the beginning of December after day 449.

3.3.4. Genera of microorganisms associated with the oxidation of iron

The presence of Fe-oxidizing genera was lower than that of reducers.
Among the former (Fig. 6A), the high percentage (1.31 %) represented by
the genus Pseudomonas (Emerson et al., 2010; Kim and Park, 2014) within
the bacterial community identified is noteworthy on sampling day 294 in
the reinjection well (P2, Fig. 6A). The sampling on day 294 was conducted
after a period in which the injection flow rate of LA moles between two suc-
cessive samplings was high, with 22 mol accumulated between successive
samplings at the end of spring, between days 268 and 282, and the begin-
ning of summer, between days 282 and 294 (Fig. 3A).

Also remarkable was the high percentage (1.64 %) of identified bacteria
of the genus Azospira (Mattes et al., 2013) during the summer season (on
day 356). The presence of this genus is indicative of anaerobic oxidation
of the Fe?* generated, because of the predominance of Fe-reducing condi-
tions (Ahmed et al., 2019). Some nitrate-dependent bacteria belonging to
this genus, such as A. suillum, capable of reducing nitrate, are associated
with the precipitation of green rust (Lack et al., 2002). This mineral favors
the abiotic degradation of some chlorinated solvents such as carbon tetra-
chloride (Puigserver et al., 2016, 2020).

In the TZBA (in the extraction well, P1) during the summer period
(Fig. 3A), the presence of Thermomonas (on day 321, with 0.14 %) and
the increase of Pseudomonas (from day 321 to day 356, with 0.07 % on
day 321 and 0.21 % on day 356) stand out (Straub et al., 2004; Dubinina
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and Sorokina, 2014). These bacterial genera are responsible for the oxida-
tion of Fe?" produced as a result of the reducing conditions in the cell,
which shows the synergy between the oxidation and reduction processes
in the TZBA, contributing to the improvement of groundwater quality in
the area of influence of the cell.

It is also noteworthy that in the F1-7UB port and P1, the percentage of
Fe-oxidizing genera in the identified bacterial community was significantly
lower and more constant (Fig. 6B, C) than in P2, which should be attributed
to the fact that the interface zone with the bottom aquitard is being domi-
nated by reducing conditions throughout time, so that: i) the bacterial
communities are more stable and change little at the F1-7UB port and P1,
and ii) the Fe?* oxidation in the TZBA is only recorded at lower depths
in the shallower F1UB ports, where more oxidizing conditions were present
(Fig. 3A, ports F1-5UB or F1-6UB, with ORP and DO average values ranging
from 34.0 to 239.0 mV, and from 4.3 to 7.4 mg/L, respectively.).

3.3.5. Genera of microorganisms associated with the reduction of iron

The highly reducing conditions in the reinjection well (P2) favored the
presence of Fe-reducing genera that are strictly anaerobic (Levar et al.,
2017) and chemoorganotrophic, which utilize Fe** as the main electron
acceptor (Lovley, 2006). This is the case for Geothrix (Lonergan et al.,
1996; Nevin and Lovley, 2002; Pan et al., 2017; Mehta-Kolte and Bond,
2012), with high identification percentages during the summer (sampling
days 294, 321,356, and 400, Fig. 6A, average value of 2.31 %). The pres-
ence of Pseudomonas, Ferribacterium (Cummings et al., 1999), Rhodoferax
(Baek et al., 2016), and Geobacter also occurred to a lesser extent.

In the TZBA, in P1, the microbial structure in some respects was similar
to that recorded in P2. Thus, the maximum presence of Geothrix was also
recorded during the summer season on day 356 (Fig. 6C, with a value of
2.31 %). However, unlike what occurred in P2, the genus Aciditerrimonas
(Pant and Pant, 2010; Fullerton et al., 2014; Gafni et al., 2020) was
observed coinciding with the Fe-reducing and sulfate-reducing conditions
prevailing during the summer period in the TZBA (Fig. 5) (Itoh et al.,
2011; Wei et al., 2016; Zhang et al., 2019).

In the TZBA-BA interface (port F1-7UB, Fig. 6B), from day 321, the sum
of the percentages of identified Rhodoferax, Pseudomonas, and Aciditerrimonas
progressively decreased until day 400 (from 0.95 % to 0.74 %, on days 321
and 400, respectively), which is consistent with the gradual decrease of DO
in the medium that reached a minimum during the summer months
(Fig. 3B, 0.93 mg/L). The decrease in these genera, in parallel with the
decrease in DO, is due to the displacement of such microbial communities
by others of a more reductive character, such as those of sulfate-reducing
genera.

In this interface, the increase in the percentage of identified Fe-reducing
genera was recorded in Geothrix earlier than in P1 (coinciding with the first
maximum registered in P2, Fig. 6A), while the rest of the percentages of
identified genera remained constant, although with a tendency to increase
throughout the pilot test. Thus, more stable conditions close to iron reduc-
tion were present in this deeper zone of the TZBA (Fig. 5).

3.3.6. Sulfate and sulfide

Similarly to nitrate, the sulfate hydrochemical background was also
high, although it presented a lower concentration in the TZBA than in the
UPA because a portion of the sulfate was related to diffuse agricultural
contamination (Puigserver et al., 2016). Throughout the pilot test, a
progressive decrease in sulfate was detected, at first associated with the
injection of mZVI (Fig. SI-3 of the SI document), which promoted sulfate-
reduction (Hu et al., 2011; Kumar et al., 2015; Dong et al., 2019) and was
accompanied by the formation of sulfide ion ($%7).

In addition, during cell operation between days 231 and 373, sulfate
decreased because of sulfate-reduction reactions, which were of greater
importance on sampling day 356 (in the summer, Fig. SI-3 of the SI
document). This also led to an increase in sulfide ion concentrations
(Chapelle et al., 1995). During extreme autumn rainfalls (days 400 to
449, Fig. 3A) high LA injection was maintained (between 0.65 and
0.80 mol/day, Fig. 3A). These rainfalls initially resulted in an increase in
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sulfate concentration in groundwater, but a progressive decrease in this ion
was observed due to the sulfate-reducing conditions in the medium, gener-
ated by the injected LA and the presence of well-developed sulfate-reducing
microorganisms. Accompanying the sulfate decline, sulfide ions increased
in the groundwater (Fig. SI-3C, D of the SI document).

3.3.7. Genera of microorganisms associated with sulfate reduction

The genera Sulfurospirillum, Bdellovibrio, Treponema, and Desulfovibrio
(Castro et al., 2000; Fig. 6) were among the sulfate-reducing genera
detected. In P2, the maximum percentage of sulfate-reducing identified
genera (Fig. 6A), especially Sulfurospirillum (Guerrero-Barajas and Garcia-
Pefia, 2010; Goris and Diekert, 2016; Xu et al., 2017), coincided with highly
reducing conditions in the summer season (Fig. 5). The presence of
Bdellovibrio (Rahm et al., 2006; Moons et al., 2009; Biderre-Petit et al.,
2011) tended to remain constant in P2. The remaining genera identified
in P2, Treponema and Desulfovibrio, can use H, as a substrate, although pre-
ferring lactate (Heidelberg et al., 2004), which is consistent with the fact
that lactate in the form of LA was injected into well P2. In the microcosm
experiment conducted by Herrero et al. (2019), see Sections 1 and 3.1, bio-
stimulation with LA was used. In this experiment, it was shown that the
genus Desulfovibrio could grow under elevated PCE along with reductive
dechlorinating microorganisms. This involves a syntrophic relationship
where sulfate-reducing bacteria (in this case Desulfovibrio) can produce H,
(under low or no sulfate presence), which is used by the dechlorinating
microorganisms to reduce chloroethenes (Drzyzga and Gottschal, 2002).

In extraction well P1 in the TZBA, the genus Thermofilum (Mehta and
Satyanarayana, 2013) was observed, presenting a significant development
during the summer season, especially in the sampling of day 321 (Fig. 6C),
which coincided with an increase in sulfide ion concentrations due to
sulfate-reduction reactions.

At the interface with the BA (port F17-UB, Fig. 6B), towards the end of
the summer period, the presence of Treponema increased (Menon and
Voordouw, 2018; Zeng et al., 2019) which indicates that in this zone
sulfate-reduction conditions lasted longer than in the upper part of the
TZBA, contributing to a greater decrease in sulfate concentrations. Another
genus, Peredibacter (Cheng et al., 2017; Kim et al., 2020), increased its pres-
ence with the increase in moles of LA injected between two successive sam-
pling surveys, although its degree of development was not very significant.

3.3.8. Isotopic compositions of methane

The isotopic composition of methane (CH,), Fig. SI-4 of the SI docu-
ment, reveals that, at P2 and TZBA, isotopic fractionation of this gas
occurred in groundwater at the recirculation cell. This fractionation was
different from that of the organic compounds at the site, as most methane
originated from the successive fermentation of lactate to acetate (Downey
etal.,, 2011; He and Su, 2015; Schaefer et al., 2018). Moreover, the highest
methane isotopic fractionation occurred in the summer season at P2 and at
the interface between the TZBA and the BA (Fig. SI-4 of the SI document),
which confirms that the injection of LA promoted the fermentation
processes and the reducing conditions in the environment.

3.3.9. Genera of microorganisms associated with fermentation processes

Fig. 6A, C shows the main fermenting microorganisms detected at P2
and P1, and port F1-7UB at the interface with the BA. Among these, the
genus Truepera (Hao et al., 2016; Xin et al., 2019) showed the greatest per-
centage of identification. It was detected at O days, although it increased
significantly in summer (at P2, F1-7UB, and P1, Fig. 6A, B, C), and it
ensured that lactate was fermented, favoring the bioavailability of electrons
to carry out reduction reactions (Petrangeli et al., 2016). To a lesser extent,
an increase in the presence of Prevotella was also detected in summer
because of the increased LA injection rate (Fig. 3A).

3.4. Chloroethene concentrations and isotopic compositions

According to the analysis of the previous state of the medium at the
interface between the TZBA and the BA, where discontinuous pools of
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DNAPL-PCE in free-phase and residual-phase occur (pools in a mature
stage of evolution, see end of Section 1), 99.82 % of the original DNAPL
is composed of PCE (Puigserver et al., 2016).

3.4.1. Evolution of PCE molar concentrations and their isotopic composition

The maximum PCE concentrations were recorded at port F1-7UB
(Fig. 7A), i.e., in the interface zone between the TZBA and the BA), hence
coinciding with the mature residual-phase PCE pools previously detected.
Fig. 7A also shows how the PCE molar concentrations in the zone of influence
of the recirculation cell decreased dramatically throughout the pilot test.

This significant decrease of PCE in F1-7UB (Fig. 7A) was detected from
day 222 (73 days since cell operation) and coincided with an increase in de-
nitrification rates (see Section 3.3.1 in the main text and Fig. SI-1A of the SI
document), consistent with the fact that reductive dehalogenation of PCE to
TCE initiates under denitrifying redox conditions (Bradley and Chapelle,
2010). Minimum PCE concentrations were recorded during the summer
(Fig. 3A), coinciding with Fe- and sulfate-reducing redox conditions (see
Sections 3.3.3, 3.3.6, and Fig. 5). An increase in PCE occurred, especially
at P1 and FI-7UB (Fig. 7A), during the extreme rainfall episodes of autumn
(period corresponding to 427, 449, and 464 days, Fig. 3A). These episodes
caused a rise in the water table immediately upgradient of the pilot test
location where the contaminated aquifer formation was unconfined. This
resulted in the dissolution of PCE in pools located in the unsaturated
zone. However, before these episodes of extreme precipitation, highly
reducing conditions were already reached in the zone of influence of the re-
circulation cell, which led to rapid degradation of the mobilized PCE, and
hence a dissolution process was maintained over the whole period of cell
operation, as shown in Fig. 7A for the latest sampling survey conducted at
the end of the test, in January (sampling day 504). This proves that it is pos-
sible to mobilize the recalcitrant sources of DNAPL accumulated in the tran-
sition zones (first working hypothesis). Although this significant decline in
PCE concentration was observed in all ports of the TZBA, it was the greatest
in the F1-7UB port. This is due to the evolution of the PCE pool located at
the interface with the BA. As mentioned before, this was a mature pool
(according to Puigserver et al., 2016) around which a bacterial biofilm
was situated (Stroo et al., 2014), responsible for the existence of a PCE con-
centration gradient between the DNAPL pool and the groundwater, similar
to what was described by ITRC (2008). The PCE was isotopically lighter in
the F1-7UB port (8'3C of —28.7 + 0.5 %o) than in the other F1UB ports
because this port was located inside the DNAPL pool (Song et al., 2002;
Puigserver et al., 2014). In fact, during the operation of the recirculation
cell (and again in line with the demonstration of the first working hypoth-
esis) a significant part of the pool was flushed and degraded, which allowed
the mobilization, as a result of the enhanced dissolution, of a significant
part of the PCE DNAPL, partially or completely saturating the porosity.

In the reinjection well (P2), a slightly different evolution of PCE concen-
trations than in F1-7UB was observed, as dissolved PCE from the upgradient
of P2 could reach the deepest part of this well. However, the high reducing
conditions of the medium (Figs. 3B, C, and 5) favored rapid biodegradation
of this PCE, which was accompanied by higher isotopic fractionation
(Fig. 7B), in line with that reported by Slater et al. (2001), Jorgensen
(2007), Herrero et al. (2019), and Schaefer et al. (2018).

3.4.2. Degradation products of the original PCE

The evolution of TCE molar concentrations (Fig. 8A) shows how the in-
jection of mZVI favored the increase in concentrations of lighter TCE
(e.g., in FI-5UB on day 99, with a §'3C value of TCE of —28.8 = 0.5 %o,
not shown in Fig. 8) than the PCE from which it originated (—28.7 =+
0.5 %o, the lightest value among those recorded in F1UB ports), as reported
by Smith and Wang (2010), Puigserver et al. (2011), Schmidt and
Jochmann (2012), and Badin et al. (2018). The TCE rapidly degraded,
which favored the final isotopic composition of TCE to be heavier (8*3C
of —23.1 = 0.2 %o, not shown in Fig. 8) than that of the original PCE
(the previously mentioned 8'3C value of —28.7 + 0.5 %o).

The degradation pathway of PCE in the presence of mZVI frequently
results in dichloroacetylene (Van Hullebusch et al., 2020), although there
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Fig. 7. Evolution throughout the pilot test of (A) molar concentrations of PCE, and (B) 8'3C (%o) values of PCE.

is also a minor pathway that can generate TCE. Rapid degradation of the
TCE formed can generate, mostly biotically, cDCE (Pant and Pant, 2010;
Hwang et al., 2015), or abiotically, chloroacetylenes (He et al., 2015;
Berns et al., 2019). In both cases, the degradation produces isotopic fractio-
nation, which can lead to an overall fractionation of TCE greater than that
of the PCE from which it derives (Lojkasek-Lima et al., 2012; Gafni et al.,
2018). This is especially noteworthy in the case of the pool that was treated
during the pilot test, where a masking effect of the light PCE, incorporated
by the enhanced dissolution of that pool (Song et al., 2002; Puigserver etal.,
2014), occurred upon mixing with the heavy PCE that accumulated in the
reservoir as a result of the degradation of this compound to isotopically
lighter products (Van Breukelen et al., 2005; Amaral et al., 2011; Wiegert
et al., 2013). This caused the PCE recorded in the pool to show lower isoto-
pic fractionation than would be expected, making it difficult to determine
its degradation rate.

Abiotic degradation products belonging to the chloroacetylenes group
are very unstable compounds (Butler and Hayes, 2001; He et al., 2015;
Dong et al., 2019). Despite this, before the operation of the recirculation
cell, the isotopic composition of dichloroacetylene was already determined
in F1-7UB (8"'3C of —26.5 * 0.8 %o), with lighter values than that of the orig-
inal PCE (8'3C of —28.7 + 0.5 %o). After cell activation, the presence of
chloroacetylenes was detected, although their isotopic fractionation could
not be determined, except for chloroacetylene after 356 days at port F1-
7UB (8'3C of —3.1 = 0.8 %), indicating that much of the chloroacetylenes
formed were rapidly degraded.

The progressive increase in TCE concentrations, especially during the
summer period because of a higher rate of biotic degradation of PCE
(Fig. 7B), occurred from the beginning of the pilot test, as reductive dechlo-
rination of PCE to TCE is initiated under denitrification conditions
(Weatherill et al., 2019) that already were occurring naturally at the site.
Fig. 7A also shows how the PCE degrading effect of mZVI injection was per-
sistent over time, as high TCE concentrations were recorded up to day 222
(in the spring), and became significant again during the summer, extending
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until November 2018 (on day 427, Fig. 8A). The highest TCE degradation in
the TZBA was recorded at port F1-7UB. In this port, the initially generated
TCE had a lighter character (8'3C of —31.5 * 0.2 %o, on day 99) than
that of the original PCE (—28.7 + 0.5 %o). However, rapidly that TCE
became heavier, recording an isotopic composition with a §'3C value of
—16.9 = 0.7 %o on day 212. Considering the errors in determining these
two values of 8'3Crcg, (on days 99 and 212) the calculation of A8'*Crcg
resulted in a range of values from 14.1 %o to 14.6 %o. This range was
much higher than in the case of A8'3Cpr; for the same port between days
0 and 212 (a range from 2.7 %o to 3.5 %o). From day 222 to 373, a progres-
sive increase in TCE was recorded in ports of multilevel well F1UB, accom-
panied by increases in cDCE (Fig. 8B), since under Mn-reducing conditions,
and especially Fe-reducing conditions, Fig. SI-2B, D of the SI document
(such as those that occurred in summer, see Section 3.3.3 and Fig. 5), TCE
degrades quickly to ¢cDCE by biotic reductive dechlorination (Wei and
Finneran, 2011; Némecek et al., 2020). This, which would normally result
in the accumulation of ¢DCE in the medium, did not occur, as no high
concentrations of either cDCE or TCE were observed in ports of the multi-
level well F1UB (see the last three samplings, on days 449, 464, and 504
in Fig. 8). In contrast, elevated concentrations were observed in the reinjec-
tion well (P2), where only biotic degradation took place. The low concen-
trations of TCE and cDCE in the F1UB ports suggest a high degradation
rate of chloroethenes (of PCE, via dichloroacetylene; and of TCE, via
chloroacetylene and subsequently to acetylene), as reported by Van
Hullebusch et al. (2020). However, metabolic degradation of these com-
pounds by the microbial content in the area should not be ruled out (see
Section 3.5.2).

Fig. 8A also shows that after the extreme rainfall recorded during
October and November 2018 (Fig. 3A, autumn), on day 449, TCE concen-
trations in P1 and ports 5 and 6 of F1UB decreased. Three factors accounted
for this decrease: i) the dilution effect; ii) the consequent oxygenation of the
medium, which hinders reductive dechlorination, especially that of PCE to
TCE; and iii) the oxidative dechlorination resulting from the activity of
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Fig. 8. Evolution throughout the pilot test of (A) molar concentrations of TCE, and (B) molar concentrations of cDCE.

microorganisms that oxidize the less oxidized chloroethenes (TCE, cDCE,
and VC; see Section 3.5.2).

In F1-7UB, the deepest port of F1UB, Fig. 8 shows that the reducing con-
ditions and the well-developed dechlorinating microbial flora generated
during the summer allowed the PCE that was subsequently incorporated
into the groundwater flow by pool flushing (when the rise in the water
table occurred because of rainfalls) to degrade rapidly to TCE and to
cDCE (Fig. 8A, B). Evidence of this significant PCE degradation in the
TZBA was also found in the extraction well (P1), where increases in TCE
concentration were also recorded following the substantial piezometric
level rise.

Fig. 8A further shows how the maximum TCE concentrations in the rein-
jection well (P2) were recorded in May and June (between days 259 and
294, i.e., between late spring and early summer), when the dominant
redox conditions in this well were methanogenic (Fig. SI-4B of the SI docu-
ment), hence compatible with Mn to Fe reduction processes (Fig. SI-2B, C of
the SI document) and with the degradation of PCE to TCE (Figs. 7A and 8A).
From day 294 to 373 (June to September, summer season), when dominant
redox conditions changed from sulfate-reducing (Fig. SI-3B) to methano-
genic (Fig. SI-4B of the SI document) in the reinjection well (P2), TCE
concentrations decreased because of the degradation of this compound
(Wei and Finneran, 2011; Butler et al., 2013). This process coincided with
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significant concentrations in ¢cDCE (Fig. 8B) and a rise in TCE isotopic fractio-
nation (data not shown in figures). During the extreme rainfall events of
October and November 2018, between days 400 and 449 (autumn) and
after (Fig. 3A), TCE concentrations in P2 recovered again, as redox condi-
tions reverted to Mn-reducing, while the microbial flora remained well
developed.

Fig. 8B shows that in the extraction well (P1) in the TZBA, the increase
in cDCE was progressive and especially prominent during the summer pe-
riod (from day 294 to 373), when conditions evolved from Fe-reducing to
sulfate-reducing. This increase in cDCE was not accompanied by a parallel
increase in VC, but rather by an increase in acetate, suggesting that when
cDCE degrades, it does not give rise to VC, but rather that the presence of
mZVI in the environment favors the abiotic degradation of cDCE, and VC
to less toxic products as chloroacetylenes (He et al., 2015; Berns et al.,
2019). This makes the combined use of the two remediation techniques
used at the same time particularly interesting, demonstrating that the
coupled strategy at the field scale can be applied efficiently, thus confirming
the validity of the second working hypothesis. This is the main novelty of
the current work. Certainly, the literature does not report examples of com-
bined techniques, such as those analyzed herein, in transition zones to bot-
tom aquitards in which PCE DNAPL pools accumulated. This novelty may
represent a significant positive impact for society and the environment,
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since this combined strategy may be efficiently implemented in transition
zones where the accumulated pools are currently extremely recalcitrant
and are still causing groundwater pollution in aquifers laterally connected
to and located downgradient of such zones.

As in the case of TCE, extreme rainfalls in October and November 2018
(Fig. 3A) caused cDCE concentrations to decrease drastically, although a
slight increase in this compound was subsequently observed because of
increased degradation of PCE and TCE.

In the reinjection well (P2), the most reductive conditions (Fig. 3B,
C) favored elevated cDCE concentrations (Fig. 8). Since this well is upgradient
of the mZVI injection boreholes, PCE here was mostly degraded by biotic re-
ductive dechlorination (Kranzioch et al., 2013; Patil et al., 2014; Nijenhuis
and Kuntze, 2016). The existence of a well-developed microbial flora capable
of degrading PCE explains why ¢DCE concentrations also increased signifi-
cantly after the flushing of pools of PCE due to the raised water table caused
by major rainfall events.

Regarding VC, it should be noted that in general its presence was
detected in the multilevel wells, but in concentrations below the quantifica-
tion limit, 0.0021 pmol/L. In contrast, elevated VC concentrations were
detected in the reinjection well (P2), where during the last three sampling
surveys, on days 449, 467, and 504 (end of the pilot test), molar concentra-
tions of VC (not shown in figures) declined markedly, from the maximum
concentration of 6.81 pmol/L on day 449 to 0.12 pmol/L on day 504.The
concentrations of ¢cDCE at P2 also decreased between these two days,
from 0.39 pmol/L to 0.012 pumol/L (Fig. 8B). It should be emphasized
that the reinjection well (P2) was not used to monitor the combined strat-
egy, since it was located upgradient of the mZVI injection points (therefore
only biotic degradation occurred). The most harmful compounds (cDCE
and VC) were eliminated downgradient as they moved through the zone
where mZVI was injected.

The low concentrations of cDCE and VC in ports of the multilevel wells and
the formation of chloroacetylenes (dichloroacetylene and chloroacetylene,
which convert to acetylene) prove that the presence of mZVI in the zone of
influence of the recirculation cell favors the degradation of chloroethenes,
minimizing the production and accumulation of VC as the most harmful deg-
radation product, which once again validates the second working hypothesis.

3.5. Microorganisms associated with the degradation of chloroethenes

3.5.1. Genera responsible for reductive processes

Herrero (2015) and Puigserver et al. (2016), in sediment samples from
boreholes B-F1UB and B-F2UB where the multilevel wells F1UB and F2UB
were installed (which were used to monitor the current pilot test), identi-
fied two genera of microorganisms potentially involved in the reductive de-
chlorination of chloroethenes. These were Dehalococcoides (Rossi et al.,
2012; Nijenhuis and Kuntze, 2016; Saiyari et al., 2018), and Geobacter
(Loffler et al., 2013; Cépiro et al., 2015; Némecek et al., 2017). These two
dehalogenating reductive genera were also identified in groundwater
samplings of the pilot test (Fig. 9A). In the reinjection well (P2), Geobacter
was identified during the summer season (Fig. 9A) only on days 294 and
321 (Fig. 3A), although with relatively low identification percentages.
Sulfurospirillum (Buttet et al., 2013; Goris and Diekert, 2016) was detected
in this well after the start of the LA injection, with the highest identification
percentage (in the sampling on day 169), and in general, its identification
percentage remained high throughout the different samplings. The genus
Treponema (Lee and Lee, 2016) was also identified in P2, where other
microorganisms belonging to the phylum Chloroflexi were detected, but
whose genera could not be identified.

The genus Dehalococcoides, a member of the phylum Chloroflexi, is a
strict halorespirator of organochloride compounds (Nijenhuis and Kuntze,
2016). This genus was detected in port FI-7UB of the multilevel well F1UB,
in the interface TZBA-BA, with a maximum percentage of identification of se-
quences of 1.5 % of the total number of microorganisms detected (obtained
during the summer, Fig. 9A). Furthermore, as in the case of P2, other
microorganisms belonging to the Chloroflexi phylum were detected in this
port, although their genera could not be identified. These microorganisms
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constituted between 4 % and 8 % of the community in all the groundwater
samples collected in the mentioned port.

Thus, the maximum percentages of identification of dehalogenating gen-
era by halorespiration occurred (or were only detected) in the zone of the
TZBA-BA interface. This zone includes the FI-7UB port, but also the deepest
part of the extraction well P1 (although in this case the genera could not
be identified, they were only detected, Fig. 9A). These maximum identifica-
tion percentages occurred during the summer, with Dehalococcoides and
Treponema in FI-7UB. However, reductive dechlorination also occurred in
P2 during the summer, with Geobacter, Sulfurospirillum, and Treponema. All
of these highlight that biotic reductive dechlorination occurs in the reinjec-
tion well P2 and at the TZBA-BA interface (in the latter case in agreement
with what was observed by Puigserver et al. (2016).

3.5.2. Genera responsible for oxidative processes

Throughout the pilot test, genera potentially performing oxidative de-
chlorination were detected in the TZBA (P1) and port F1-7UB in the inter-
face with the BA (Fig. 9A). By contrast, in P2, where anoxic conditions were
maintained throughout the pilot test because of the injection of LA, the
presence of oxidizing genera was small and attributable to the reinjection
of groundwater from P1. It is very likely that in P2, these oxidizing micro-
organisms were not active due to the mentioned anoxic conditions, which
explains why the VC produced by biostimulation accumulates or degrades
via biotic reductive dechlorination (Kim et al., 2010; Loffler et al., 2013).

In the interface with the BA (F1-7UB), recorded in summer, and with
high identification percentages (Fig. 9A), were the genera Nocardiodes
(Schmidt et al., 2014; Thornton et al., 2016), Aciditerrimonas (Pant and
Pant, 2010; Fullerton et al., 2014; Gafni et al., 2020), Phenylobacterium,
and Nitrosospira. Lower identification percentages were also recorded
in port F1-7UB in summer for Brevundimonas (Wilson et al., 2016),
Burkholderia (Peng and Shih, 2013; Gaza et al., 2019; Gafni et al., 2020),
Sediminibacterium (Wilson et al., 2016), and Variovorax (Wilson et al., 2016).

Regarding the extraction well (P1), the following genera were recorded in
summer, also with high identification percentages (Fig. 9A): Aciditerrimonas,
Nitrosospira, and Nocardioides (Gafni et al., 2020). With lower identification
percentages, also recorded were Brevundimonas (Wilson et al., 2016),
Burkholderia (Peng and Shih, 2013; Gaza et al., 2019; Gafni et al., 2020),
and Phenylobacterium (Wilson et al., 2016).

Thus, except for the area closest to P2, within the zone of influence of
the recirculation cell, the existence of positive ORP values and DO in sum-
mer (Fig. 3 B, C), and especially after the high rainfall events during autumn
and early winter (Fig. 3A), made possible the presence of aerobic oxidizing
microorganisms capable of biodegrading the transformation products of
the biotic reductive dechlorination of PCE, TCE, and ¢DCE (and VC) to
CO,, (Tiehm and Schmidt, 2011), even in the zone of the TZBA-BA interface.
This would indicate that a significant part of the TCE and cDCE produced by
incomplete biological degradation of PCE was transformed to CO,. This
would be comparable to a certain coupling between biotic reductive and
oxidative degradation processes (i.e., between microorganisms that reduce
and oxidize chloroethenes, respectively), which would play a similar role to
that stated by the second working hypothesis and suggesting the validity of
the third working hypothesis.

3.6. Percentage degradation of the original PCE

The fficiency in the degradation of the original PCE in the zone of influ-
ence of the recirculation cell after mZVI injection was finished (day 0,
Fig. 3A) throughout the pilot test, is found in Table 1. This efficiency is
shown as a percentage of PCE degradation (B%, see Section 3.2 in the SI
document) for the reinjection well P2, ports F1-5UB, F1-6UB, and F1-7UB
of the multilevel well F1UB and extraction well P1. The table also shows
for the same monitoring points the enrichment factor (¢%o) values. The deg-
radation B% values ranged from 16 % to 43 % in ports F1-5UB, F1-6UB, and
F1-7UB of the multilevel well F1UB, and extraction well P1 on day 99
(when the combined strategy had not yet been implemented, as only
mZVI was operating and the recirculation cell had not started up yet).
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Fig. 9. (A) Bacterial genera identified during summer sampling days; X-axis: sampling day; Y-axis: percentage that each genus represented within the identified bacterial
community; (B) evolution of molar concentrations of PCE, TCE, and cDCE on the day before the start of the pilot test (day 0) and during the same summer sampling days;
(C) 8'3C (%o) values of PCE on the day before the start of the pilot test (day 0) and during the same summer sampling days.

The B value of 9.7 % (Table 1) in reinjection well P2 has not been consid-
ered for two reasons: i) only biostimulation of the bacterial flora occurred
there, as mentioned previously, and ii) the concentrations of the incomplete
transformation products of PCE in P2 at the end of the test (day 504) were
higher than those at day 99 (day 504, Fig. 8). In addition, it should be noted
that the €%o0 and B% data are partially masked values since, during the test,
PCE was continuously mobilized by enhanced dissolution from the pool,
whose PCE is isotopically light, which underestimates the real value of
the percentage of degradation B%. Keeping in mind the masking of degra-
dation percentage data (B%), Table 1 also shows that at the end of
400 days between 83.4 % and 96.3 % of PCE of the original PCE in the
TZBA had already been degraded, which proves that it is possible to mobi-
lize the recalcitrant sources of DNAPL accumulated in the transition zones
(once more proving the first working hypothesis). In Table 1, the period
after day 400 (i.e., from day 401 to day 504, end of the test) was not
included due to the input of considerable PCE from pool flushing when
the water table rose due to the significant rainfall that occurred (Fig. 3A).
Moreover, it must be considered that these values only correspond to
the mobilization of the PCE that was in the form of a free or residual-
phase. They do not account for the percentage of PCE stored in the
porewater of fine sediments in the TZBA (or, in the UPA, in the coarse

15

sediments with a fine matrix), nor sorbed in the particulate organic matter
of all these materials.

4. Conclusions

1) Following the activation of the recirculation cell, a rapid enhanced
degradation-dissolution PCE DNAPL process initiated that led to the mo-
bilization of the DNAPL pool. This process was maintained throughout
the cell operation period.

The LA biostimulation of the halorespiring activity of genera of chlorinated
solvents reducing microorganisms of the medium (Dehalococcoides,
Geobacter, Sulfurospirillum, and Treponema) promoted the incomplete biotic
reductive dechlorination of PCE, leading to the formation of TCE, cDCE,
and VC, which are more harmful products than the parent PCE.

The occurrence of genera of chlorinated solvents oxidizing microorgan-
isms under the oxic conditions generated by the oxygen supply during
the recharge periods of part of the rainfall (Nocardiodes, Aciditerrimonas,
Phenylobacterium, and Nitrosospira) enabled the oxidation of TCE, cDCE,
and VC, avoiding the accumulation of these harmful transformation
products. This would be comparable to a certain coupling between
biotic reductive and oxidative degradation processes.

2)

3)
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Table 1

Percentage of original PCE (that which existed on day 0) degraded throughout the
pilot test; enrichment factor (€) values denote the continuous input of new PCE
incorporated into the groundwater from the PCE pool.

Time since start of P2 F1-5UB F1-6UB F1-7UB P1
pilot test (days) Enrichment factors (%o)
-4 —4 45 -2 —4
PCE degraded during the pilot test (B%)

0 0.0 0.0 0.0 0.0 0.0
99 9.7 43.1 16.00 41.3 25.5
149 5.0 41.6 47.28 60.2 43.7
169 30.1 54.8 43.08 45.9 32.6
177 51.7 69.9 58.12 67.6 51.7
202 74.8 76.7 72.38 92.9 55.9
212 72.3 70.7 83.22 89.9 59.6
222 70.4 69.4 79.16 87.9 72.4
231 79.9 70.0 77.76 89.4 71.0
240 78.9 65.9 78.71 83.7 71.7
253 77.0 64.1 75.31 81.9 68.7
259 81.3 74.1 73.55 90.2 66.2
294 86.1 76.1 82.85 91.9 71.4
321 89.2 79.2 86.19 94.3 73.8
341 88.4 78.1 84.74 93.1 77.5
356 87.6 77.2 84.27 91.9 74.5
373 91.5 81.3 87.10 94.1 77.2
400 93.0 84.1 89.79 96.3 83.4

4) The mZVI injected into the TZBA abiotically degraded PCE and the
other products from their biotic degradation (TCE, cDCE, and VC)
transforming them into chloroacetylenes. The latter were converted
into the harmless acetylene.

After 400 days from the start of the recirculation cell, removal efficien-
cies ranging from 83.4 % to 96.3 % of the PCE from the PCE pool in
the zone of influence of the cell were obtained. The degradation of
this PCE was virtually complete, leading to harmless compounds that
derived to CO,.

The pilot test has shown that a coupling and interdependence between
biotic and abiotic processes has occurred. This has allowed the genera-
tion of the necessary synergies for the efficient mobilization of recalci-
trant pools in transition zones from the aquifer to the bottom aquitard,
which is the main novelty of the current research.

Therefore, the combined use of mZVI and LA biostimulation of the
indigenous microorganisms is a very efficient strategy for the removal
of these pools. This, potentially represents a significant positive impact
for society and the environment, as the combined strategy could be
efficiently applied in other transition zones affected by the accumula-
tion of DNAPL pools of other compounds different from PCE.

In the combined strategy, the LA (or other more suitable carbon and en-
ergy source for each case) addition regime in the natural environment
has to be adapted according to changing environmental conditions to
promote the most efficient biotic degradation of pollutants.

5)

6)

7)

8)
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