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• Chloroethenes degradation in aquitards
occurs mainly in the matrix near frac-
tures.

• Parent and metabolite haloes in matrix
and isotopic fractioning reveal degrada-
tion.

• Textural changes favor microbial devel-
opment and give rise to ecotones.

• Dimethylacetamide, as a new trap,
serves to measure δ13C of matrix
chloroethenes.

• Coupling of abiotic and biotic degrada-
tion of PCE and TCE in thematrix occurs.
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Chlorinated solvents occur as dense nonaqueous phase liquid (DNAPL) or as solutes when dissolved in water.
They are present in many pollution sites in urban and industrial areas. They are toxic, carcinogenic, and highly
recalcitrant in aquifers and aquitards. In the latter case, they migrate by molecular diffusion into the matrix.
When aquitards are fractured, chlorinated solvents also penetrate as a free phase through the fractures. The
main objective of this study was to analyze the biogeochemical processes occurring inside the matrix surround-
ing fractures and in the joint-points zones. The broader implications of this objective derive from the fact that,
incomplete natural degradation of contaminants in aquitards generates accumulation of daughter products.
This causes steep concentration gradients and back-diffusion fluxes between aquitards and high hydraulic con-
ductivity layers. This offers opportunities to develop remediation strategies based, for example, on the coupling
of biotic and reactive abiotic processes. The main results showed: 1) Degradation occurred especially in the ma-
trix adjacent to the orthogonal network of fractures and textural heterogeneities, where texture contrasts favored
microbial development because these zones constituted ecotones. 2) A dechlorinating bacterium not belonging
to the Dehalococcoides genus, namely Propionibacterium acnes, survived under the high concentrations of dis-
solved perchloroethene (PCE) in contact with the PCE-DNAPL and was able to degrade it to trichloroethene
(TCE). Dehalococcoides genus was able to conduct PCE reductive dechlorination at least up to cis-1,2-
dichloroethene (cDCE), which shows again the potential of the medium to degrade chloroethenes in aquitards.
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3) Degradation of PCE in thematrix resulted from the coupling of reactive abiotic and biotic processes—in thefirst
case, promoted by Fe2+ sorbed to iron oxides, and in the latter case, related to dechlorinating microorganisms.
The dechlorination resulting from these coupling processes is slow and limited by the need for an adequate sup-
ply of electron donors.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chloroethenes are chlorinated solvents that have been used for
many purposes, among them: metal cleaning and degreasing; cold
and dry cleaning of textile products; degreasing of leather andwool; ex-
traction of seed oils; removal of paints, lacquers, varnishes, waxes, and
resins; manufacturing of adhesives, aerosols, phenol, aniline, insecti-
cides, and dyes; intermediates in manufacturing chemical products;
electronics; dielectric fluids; and heat transfer medium (Pankow and
Cherry, 1996). They are dense non-aqueous phase liquids (DNAPLs)
that are present in numerous pollution episodes associated with urban
and industrial areas (Yu et al., 2015). Among their physicochemical
characteristics, their low biodegradability under natural attenuation
conditions stands out (Field and Sierra-Alvarez, 2004). Moreover, their
variable hydrophobicity (Cwiertny and Scherer, 2010) conditions their
sorption on soil materials. All of these factors have led them to become
organic compounds that last in the environment for long periods of time
(several decades or more; Pankow and Cherry, 1996). These com-
pounds are carcinogenic (Yadav and Pandey, 2018), and their presence
in soil and groundwater puts human health and ecosystems at risk
(Cheng et al., 2016). Hence, their maximum permissible levels in both
water and soil are regulated. In some cases, these levels are very low
(USEPA, 2004). Indeed, the European guidelines on drinking water es-
tablish that the sum of perchloroethene (PCE) and trichloroethene
(TCE) should not exceed 10 μg/L. The threshold values of PCE and TCE
in contaminated soils for human health protection in industrial, urban,
and other use areas are 10.0, 1.0, and 0.1, respectively for PCE; and
70.0, 7.0, and 0.7, respectively, for TCE (all values in mg/kg dry weight).

The force of gravity governs the DNAPL free phase migration
through the soil (Scheutz et al., 2011), while the relative mobility of
DNAPLs with respect to groundwater is controlled by the density/vis-
cosity ratio of DNAPLs and groundwater (Cheremisinoff, 2017). In the
subsurface, DNAPL may be distributed in different physical states
known as phases. The concentration in each phase is described by the
classical model of the Four Phase System (Huling and Weaver, 1991).
According to this model, each contaminant constituting the DNAPL
can be distributed among any or all of the following four phases with
a determined equilibrium concentration: i) Air phase, as contaminants
may occur as vapors in the unsaturated zone; ii) Soil phase, as contam-
inants may be adsorbed onto solid subsurface materials; iii) Water
phase, as contaminants may be dissolved in water depending on their
solubility; and iv) Immiscible liquid phase, as contaminants also exist
as DNAPL. The distribution of a DNAPL contaminant between these
phases can be described by empirical relationships known generically
as partition coefficients, which are largely site-specific and largely de-
pend on the physicochemical characteristics of both the DNAPL and en-
vironmental matrices in the subsurface porous medium. These
coefficients allow the calculation of the equilibrium concentrations be-
tween the phase pairs (Huling and Weaver, 1991).

One of the granular contexts where chloroethenes are most recalci-
trant are aquitards, formed by sediments of low hydraulic conductivity
(K), such as clays, silts, and fine sands (Dearden et al., 2013). Aquitards,
whether or not they outcrop at the ground surface, may form the top
and bottom of confined or semiconfined aquifers. They may also form
the bottom of unconfined aquifers. Furthermore, they may be located
between the unsaturated zone and the water table of unconfined
aquifers.
2

Aquitards are often fractured, allowingmigration of DNAPLs through
the fracture network; this ability substantially increases the vulnerabil-
ity of the underlying aquifer units (Fjordbøge et al., 2017). These frac-
tures constitute preferential migration pathways of the free phase of
chlorinated solvents and often lead to the contamination of the under-
lying aquifers. This free phase penetration into the aquitard takes
place by two mechanisms. The first is the capillary flow along the frac-
tures, given the low interfacial tension of these liquids and the very
small fracture opening sizes (up to only 10 μm; Walton et al., 2019).
The second mechanism is the gravity flow along fractures following
the so-called cubic law, which is directly proportional to the K value
along the fracture (Fang and Zhu, 2018). In the case of free phase chlo-
rinated solvent DNAPLs, they are denser and usually less viscous than
water, and thus the resulting K values are higher for free phase DNAPLs
than for water (O'hara et al., 2000).

In clays, silts, and fine sands, the volume of void spaces that consti-
tute the total porosity of thematrix is quite high,with values for this pa-
rameter ranging from 26% to 60% (Domenico and Schwartz, 1998).
Grain size controls whether the transport in a porous media is domi-
nated bymolecular diffusion or advection (through finer or coarserma-
terials, respectively). Forward diffusion through fine materials (clays,
silts, or fine sands; Brown et al., 2012) leads to a significant amount of
the contaminant mass that circulates as the dissolved phase through
the fractures; it migrates into the matrix surrounding those fractures
(Parker et al., 1994; Huang and Goltz, 2015). This contaminantmass re-
mains either sorbed onto that matrix (Scheutz et al., 2010) or as a dis-
solved phase in the porewater occupying the porosity (Sale et al.,
2008). This mass of contaminants thereby acts as a long-term source
of contamination when back-diffusion occurs because of the reversal
of the concentration gradient between aquifer and aquitard when re-
mediation or removal of sources has been completed (Chapman et al.,
2012; Yang et al., 2017).

The thin, more conductive layers in the transition zone to bottom
aquitards (Puigserver et al., 2013, 2016a, 2016b) also play a key role
in biodegradation of chlorinated solvents, for example, under anoxic
conditions. The continuous groundwater flow through these conductive
layers supplies the less conductive layers where contaminants accumu-
late with several components: electron acceptors (e.g., dissolved oxy-
gen [DO]) and donors (e.g., dissolved organic matter [DOM]),
nutrients, and other substances that microorganisms need to live. Bio-
geochemical processes leading to the oxidation of DOM and the deple-
tion of DO lead to biotic reductive dechlorination of chlorinated
solvents when dominant redox conditions become sufficiently reducing
(Wiedemeier et al., 1998; Bradley, 2003, 2011). The fracture zones that
affect aquitards play a similar role to the mentioned conductive layers.

Although natural attenuation of chloroethenes occurs spontane-
ously in anoxic environments at low degradation rates, it is possible to
stimulate this process to attain their complete in situ mineralization
(Van Agteren et al., 1998). Biotic reductive dechlorination is the domi-
nant process for the natural biodegradation of the most highly chlori-
nated chloroethenes (Weatherill et al., 2018). Thus, PCE is the most
prone to reductive dechlorination because it is more oxidized than the
other chloroethenes. For the same reason, the decline in reductive de-
chlorination is caused by a decrease in the energy that can be gained
from the metabolic transformation of the less oxidated chloroethenes
(Vogel and McCarty, 1985; Bouwer, 1994), that is, as the number of
chlorine atoms decreases. Biotic reductive dechlorination represents

http://creativecommons.org/licenses/by-nc-nd/4.0/
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anaerobic respiration that is mostly carried out by organohalide-
respiring bacteria. Reductive dechlorination of PCE has been described
as a sequential reaction that generates increasingly lighter metabolites,
from PCE to the harmless ethene or ethane (Jugder et al., 2016). How-
ever, this process is often incomplete, and thus cDCE and vinyl chloride
(VC) accumulate in aquifers and aquitards (Puigserver et al., 2016a).
This incomplete reductive dechlorination increases the risk to human
health and ecosystems because these compounds are more toxic than
the parents from which they originate (Dolinová et al., 2017).

Reductive dechlorination occurs in different redox zones. For exam-
ple, reductive dechlorination from PCE to TCE can be initiated under de-
nitrification conditions (Chapelle and Bradley, 2004; Weatherill et al.,
2019), the change from TCE to cDCE under manganese (Mn)- and iron
(Fe)-reducing conditions (Němeček et al., 2020), the shift from cDCE
to VC under sulfate-reducing conditions (Antoniou et al., 2019), and
the shift from VC to ethene and ethane under methanogenic conditions
(Herrero et al., 2019). In the case of prevailing oxidizing conditions,
cDCE and VC can be oxidized (Field and Sierra-Alvarez, 2001; Findlay
et al., 2016).

Among the genera ofmicroorganisms responsible for the reductive de-
chlorination of halogenated aliphatic compounds are Desulfitobacterium
and Clostridium and, within the genus Dehalobacter, the species
Dehalobacter restrictus (Kim et al., 2006). Only some strains of the
Dehalococcoides genus are capable of performing complete reductive de-
chlorination (Saiyari et al., 2018). The presence of these strains can be
used as a proxy for the occurrence of organohalide respiration. Within
this genus, the species Dehalococcoides mccartyi has been described as
able to mineralize PCE (Löffler et al., 2013). This microorganism has
been detected in contaminated sites where anaerobic niches occur, such
as those studied by Krzmarzick et al. (2012). Moreover, Chang et al.
(2011) described that several strains of Propionibacterium genus
(Propionibacterium sp. strain HK-1 and Propionibacterium acnes strain
HK-3,) were able to dechlorinate PCE under anaerobic conditions by
dehalorespiration without accumulation of toxic intermediates.

Oxidizing dehalogenators have also been identified, among which
are aerobic microorganisms that can oxidize chloroethenes to carbon
dioxide (CO2), such as methylotrophs (Semprini, 1997), methanol
oxidizers (Fitch et al., 1996), ethene oxidizers (Verce et al., 2001),
propane oxidizers (Malachowsky et al., 1994), propene oxidizers (Reij
et al., 1995), isopropene oxidizers (McCarty, 1997), aromatic compound
oxidizers (e.g., toluene, Shim et al., 2001), ammonium oxidizers, and VC
oxidizers (Verce et al., 2002).

Abiotic degradation of chloroethenes has been described in natural
contexts, especially in the presence of Feminerals such as pyrite, troilite,
mackinawite, vivianite (Bae and Lee, 2012), magnetite (Culpepper et al.,
2018), Fe2+ sorbed to iron oxides, Fe2+-containing clay minerals, and
even biotite (He et al., 2015) and green rust (He et al., 2015; Fan et al.,
2016; Puigserver et al., 2020). The interdependence between reactive
abiotic and biotic processes may favor a coupling between both pro-
cesses and may lead to a higher rate of degradation of chlorinated sol-
vents (Berns et al., 2019; Puigserver et al., 2020).

It is well known that high concentrations of chloroethenes in the
contaminant source can inhibit microbial activity (National Research
Council, 1999). However, laboratory studies by Nielsen and Keasling
(1999) and Yang and McCarty (2000) have shown that some cultures
can lead to PCE reductive dechlorination even at saturation concentra-
tions. Furthermore, these studies have shown that the presence of de-
chlorination activity can significantly increase the dissolution rate of
the PCE source (Yang and McCarty, 2002). In addition, high concentra-
tions of chloroethenes can inhibit the activity of other microorganisms
that compete with those that carry out reductive dehalogenation, such
as methanogenic microorganisms (Yang and McCarty, 2002). Other
studies, such as those conducted by Popat and Deshusses (2011) and
Sabalowsky and Semprini (2010), have shownhow the inhibition ofmi-
croorganisms of theDehalococcoides genus in degrading cDCE and VC, in
the presence of high concentrations of parent chloroethenes, is a
3

function of the presence of certain enzymes, as well as the exogenous
supply of corrinoids, such as vitamin B12 (cyanocobalamin), which act
as an essential cofactor for reductive dehalogenases (McMurdie et al.,
2009).

Because aquitards are low-permeability formations, no wells can be
installed like in groundwater systems. Therefore, intensive subsampling
of borehole cores is essential in aquitards to determine the depth distri-
bution of the contaminants and their isotopic composition in the
porewater. Regarding the isotopic fractionation of chlorinated solvents
in low-permeability formations, Wanner et al. (2017) studied the isoto-
pic fractionation that occurs in these compounds by the processes of
molecular diffusion and sorption on organicmatter in these types of for-
mations. These authors showed that these two processes overlap and
compensate for each other to some extent, as they fractionate isotopes
in the opposite directions. They established the value of 2‰ isotope
fractionation shift as a threshold above which it is possible to unequiv-
ocally attribute part of the isotope fractionation observed in low-
permeability formations to biodegradation or abiotic degradation pro-
cesses other than molecular diffusion or sorption.

Subsampling is also necessary to study the biogeochemical condi-
tions under which biodegradation processes occur in the subsurface
(Parker et al., 2003). Becausewatermonitoring in aquitards is often dif-
ficult, sampling porewater is a particularly useful tool (Adamson et al.,
2015). This is noteworthy in the case of fractured aquitards, especially
when analyzing the distribution of contaminants (and their mass) in
the matrix of the sediment surrounding each single fracture, and in
the fracture plane (Rivett et al., 2014). In fact, despite the apparent ho-
mogeneity of aquitards, fracture zones require a thorough characteriza-
tion because they become anomalous zones, due to the presence of
contaminants and the biogeochemical processes occurring in them
(Damgaard et al., 2013). Moreover, the existence of fractures and
coarse-grained interbedded layers confers a certain heterogeneity to
these aquitards. These fracture zones and levels with different grain
sizes and textural changes are accompanied by high microbial diversity
and/or the presence of more developed microbial communities
(Goldscheider et al., 2006; Herrero et al., 2021c). Hence, these zones be-
come true ecotones within the aquitards, as described by Puigserver
et al. (2013).

The novelty of the study lies on the role of the internal geological and
hydrogeological structures of the aquitards related to the biotic and abi-
otic processes capable of degrading chlorinated solvents. To date, the
scientific literature on the degradation processes of these compounds
in aquitards has not studied the role played by the heterogeneities
that constitute the mentioned internal structures occurring in these
hydrogeological formations, which highlights the novelty of our study.
In particular, the internal geological structures of aquitards important
for the degradation of chlorinated solvents are of two types. Firstly,
stratification and sedimentation patterns giving rise to textural subhor-
izontal heterogeneities at different depths within the aquitards. These
patterns are bedding planes and texture contrasts between adjacent
layers of fine and coarse grain sizes (such as thin interbedded layers of
coarse sands or fine to medium gravels). Secondly, a dense system of
subvertical microfractures that constitute subvertical heterogeneities.
Thesemicrofractures are discontinuities that intersect the previous sed-
imentary structures giving rise to an orthogonal network of textural
heterogeneities. Themaximum textural contrast is found in three situa-
tionswhere the aquitardmatrix is in geological contact with joint-point
zones, subvertical microfractures, and along the contact with coarser
grain size layers. In turn, this network gives rise to a network of hydrau-
lic conductivity contrasts, which conforms the internal hydrogeological
structures within aquitards. This allows DNAPL to migrate as a free
phase through the aquitards and penetrate by molecular diffusion into
the surrounding matrix. Degradation occurs especially in the matrix
surrounding the heterogeneities, where texture contrasts favor micro-
bial development and diversity, as these zones become ecotones within
aquitards. Parent compounds, such as PCE, and daughter products
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degrade because of the coupling of biodegradation and reactive abiotic
processes promoted by iron oxides present in the matrix (Weathers
and Parkin, 1995; Bradley and Chapelle, 1997; Lee et al., 1998;
Puigserver et al., 2016b; Hua et al., 2021). This shows the potential of
the medium to degrade chlorinated solvents in aquitards. The identifi-
cation of the mentioned heterogeneities is important to a priori deter-
mine the depths at which chlorinated solvents are located and the
extent to which their natural degradation (often incomplete) is occur-
ring (Puigserver et al., 2020), as it is at these depths where remediation
systems should focus efforts on enhancing dechlorination until com-
plete mineralization at this and other sites.

Two working hypotheses were formulated. i) In aquitards, the
presence of microorganisms and minerals acting as electron donors, to-
gether with the existence of fairly constant physicochemical conditions,
favors reactive abiotic and biotic reductive dechlorination, especially in
thematrix adjacent to fractures. ii) The existence of textural heterogene-
ities formed by fractures that cross aquitards and by interbedded layers
of coarser grain size significantly favor the presence of microorganisms
that contribute to the biogeochemical processes of chloroethene degra-
dation.

To test these hypotheses, a field site on a semiconfined aquifer was
selected in an industrial area at Vilafant (Alt Empordà, northeast
Spain), about 150 km north of Barcelona. Two aquitards formed by
fine sands and silts exist below the aquifer, where an aged source of
PCE (i.e., an old free phase pool in which, after decades of groundwater
flushing and dissolution, the DNAPL only partially occupies the pores at
saturations below the residual saturation value (Puigserver et al.,
Fig. 1. Situation map of the contamina

4

2016a)) was detected in an immobile residual form. The shallower
aquitard is of a continental character and the other is marine (ITGE,
1994).

2. Site description

2.1. History of the site

The site comprises a semiconfined aquifer made up of Pliocene ma-
terials. Chloroethene contamination was detected in 1980, but it is not
known when it originated. The main contaminant is PCE, which was
used as a degreaser of vehicle parts at a nearby industrial plant dedi-
cated to the automotive industry. The PCE-DNAPL was probably
dumped inside an old abandoned agricultural dug well located in the
plant. Apart from themonitored natural attenuation, other remediation
measures have not been implemented by the Catalan Water Agency
(ACA). Groundwater contamination has resulted in concentrations of
PCE that were still high in 2017 (up to 8.00 mg/L). Furthermore, the
widespread use of manure as a fertilizer has led to diffuse nitrate pollu-
tion in the aquifers of the region.

The monitoring network consists of 12 conventional piezometers
installed by the ACA. Detailed stratigraphic logs and geometrical charac-
teristics of boreholes for these piezometers were facilitated by the ACA.
Two of these piezometers (S4 and S12, Figs. 1 and 2) were screened in
the deepest geological materials of a Pliocene marine lower aquitard
constituted by fine sands and silts that between the depths of 25 and
30 m contain intercalations of conductive thin layers of medium sands
ted site and monitoring network.



Fig. 2.Distribution profile of the hydrostratigraphic units at the site. S12, S4, P2, 1, 2 and 4, S3, B-F2-UB, and S10 are the drilled boreholes. The boreholes for the conventional piezometers
are: S10, S7, S3, S4, and S12. The borehole for the multilevel well F2UB is B-F2-UB. The exploration boreholes are 1, 2, and 3. The borehole for a well is P2.
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(Table 1 shows the geometrical characteristics of these piezometers). In
addition, our Environmental Hydrogeology Research Group of the Uni-
versity of Barcelona (UB) drilled two boreholes (B-F1-UB and B-F2-
UB) in January 2011 (Fig. 1) and constructed two screened wells (P1
andP2) in July 2017, in the aquifer and transition zone to a Pliocene con-
tinental lower aquitard.

2.2. Geological and hydrogeological framework

Subsurface materials correspond to Pliocene prograding alluvial fan
deposits (ITGE, 1994; IGC, 1996) that are divided into five lithological
groups. The shallowest part of thefirst group (with an average thickness
of 5.8 m) is dominated by proximal deposits of gravels and sands that
are mostly channelized and display high porosity. This part of the
group forms the Unsaturated Zone (USZ in Fig. 2), under which some
isolated discontinuous levels of clays and sands that form the middle
part of this lithological group (1.2 m average thickness) constitutes
the first hydrostratigraphic unit (the Upper Discontinuous Thin
Aquitard [UDTA] in Fig. 2). This is followed by the third part of the
group that is also composed of proximal deposits of channelized gravels
and sandswith high porosity (thickness between 1.5 and 4m); it forms
the Upper Part of the Aquifer (UPA in Fig. 2), which is the second
hydrostratigraphic unit.

Below the first lithological group, deposits of distal alluvial fans
(sheet-floods) made up of layers of gravels and sands interbedded
with fine sands (Fig. 3) that are rich in organic matter form the second
lithological group (with thicknesses ranging from 0.5 to 2.5 m) and
Table 1
Main characteristics of the piezometers screened in the Pliocene marine lower aquitard.

Piezometer Total depth
(m)

Depth range of screened zone
(m)

Diameter of the borehol
(mm)

S4 30 25–30 65
S12 30 25–30 70

5

constitutes the third hydrostratigraphic unit, the Transition Zone to
the Bottom Aquitard (TZBA in Fig. 2). The TZBA is followed by the
third lithological group, which corresponds to basin plain deposits
that aremainly composed of fine sands and silts (Fig. 3) of a continental
character with thicknesses between 8 and 10 m. Next is the fourth
hydrostratigraphic unit, the Continental Bottom (CB) aquitard, formed
by fine sands and silts (Fig. 2). The fourth lithological group follows; it
is formed by fine sands interbedded with silts and gravels (Fig. 3).
This group is relatively thin (only 0.8 m) and constitutes the fifth
hydrostratigraphic unit, the Transition Zone between the Continental
and Marine Aquitards (TZCMA). The fifth lithological group has a ma-
rine character and is formed by fine sands and silts, constituting another
aquitard whose thickness is at least 10.2 m, and between 25 and 30 m
deep, where it contains intercalations of medium sands (Figs. 2 and
3). This aquitard constitutes the sixth hydrostratigraphic unit, the Ma-
rine Bottom (MB) aquitard (Fig. 2).

Boreholes B-F1-UB and B-F2-UB and some conventional piezome-
ters of the monitoring network reach the depth of the CB-aquitard.
The stratigraphic correlation of logs of boreholes of the monitoring net-
work showed that these units dip slightly to the northeast.

The aquifer is composed of two parts: i) one part of the proximal
coarse-grained alluvial fan deposits (the UPA unit), in which hydraulic
conductivities oscillate between 1.16 × 10−4 and 2.31 × 10−4 m/s,
and ii) the distal alluvial fan deposits (the TZBA unit), whose hydraulic
conductivities range between 1.16 × 10−5 and 1.16 × 10−4 m/s. Gravel
paleochannels of the distal alluvial fan deposits in the UPA act as drain-
age lines, coinciding with the general flow toward the northeast, as
e Diameter of intubation
(mm)

Depths range of bentonite
(m)

Depths range of gravel
filter

55 0–24 24–30
60 0–24 24–30



Fig. 3. Distribution profile of the hydrostratigraphic units in B-F1-UB and B-F2-UB with
average grain sizes. Only borehole B-F2-UB reached the depths of the hydrostratigraphic
units [TZCMA and MB-aquitard].
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shown in Fig. 1. The average oscillation of the piezometric level during
the year is 1.5 m, and the average gradient is 0.041. The fine sands and
silts composing the two aquitards underlying the TZBA (CB-aquitard
and MB-aquitard) are crossed by subvertical microfractures and hori-
zontal bedding planes (Puigserver et al., 2016a).

3. Materials and methods

3.1. Procedures to test the working hypotheses

The two working hypotheses established are related to the
identification of the zones where reactive abiotic and biotic reductive
dichlorination are favored. To test these hypotheses, a hydrostratigraphic
analysis of continuous cores from the sitewas conducted. For this purpose,
two boreholeswere drilled at the source. The detailed description of these
boreholesmade it possible to differentiate the six hydrostratigraphic units
mentioned in Section 2.2, three of which constituted aquitards. Of these
hydrostratigraphic units, the three below the TZBA (Fig. 2)—two aquitards
(CB andMB) and the transition zone between them(TZCMA)—were stud-
ied in this work (see Section 2.2). Furthermore, the porewater and sedi-
ments of aquitards and the transition zone of these three units (Fig. 2)
were analyzed to characterize them chemically. Groundwater in the
interlayered levels of medium sands of conventional piezometers S4 and
S12 (see Section 2.1)was also analyzed. Section 3.2 indicates the analyzed
compounds. The purposes of these analyses were diverse: to gain in-
sight into how PCE-DNAPL distributes in microfractures, bedding
planes, and interstratified conductive layers, as well as the maturity
degree of this DNAPL; to determine how dissolved PCE and other
chloroethenes distribute in the matrix to identify the biogeochemi-
cal processes involved; to evaluate where in the aquitard most bio-
genic activity occurs; and to detect the depths where the highest
degradation of chloroethenes develops.
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3.2. Borehole drilling, sampling, and chemical determinations

3.2.1. Borehole drilling
Boreholes B-F1-UB and B-F2-UBwere created by rotary drillingwith

a diamond crown bit, with a provisional metal sleeve casingwith an ex-
ternal diameter of 127 mm. A core-sampler (85 mm internal diameter)
was used to recover the core. The drilling operations and the core-
sampler have been described by Puigserver et al. (2016a).

3.2.2. Core sampling, conservation protocols, and analytical determinations
The cores are described in detail in Fig. 2. They were exhaustively

sampled to characterize the vertical distribution of concentrations of
PCE, TCE, cDCE as well as trans-dichloroethene (tDCE), 1,1-
dichloroethene (1,1-DCE), and VC in the porewater of aquitards.
Chloroethene concentrations were determined at the Scientific and
Technological Centers of the University of Barcelona (STC-UB). A total
of 71 core sediment samples were taken at B-F1-UB and B-F2-UB to an-
alyze chloroethene concentrations. The sampling of cores also served to
obtain the isotopic composition of these compounds in porewater. The
13C isotopic composition of chloroethenes retained in the porousmatrix
adjacent to the aquitard microfractures was analyzed. The compound-
specific isotope analysis (CSIA) approachwas used for these determina-
tions. Given the low concentrations of cDCE (concentrations of the other
DCE isomers were even lower) and VC, only the isotopic composition of
PCE and TCE could be assessed. CSIA determination was carried out at
the STC-UB. The purpose of these determinations was twofold: i) to de-
termine the degree of biotic or abiotic degradation occurring within the
matrix, and ii) to analyze the role in chloroethene degradation of sessile
microorganisms in the aquitard porewater compared with that of ben-
thic microorganisms that move with the groundwater flow. Sediment
cores were also sampled to analyze the total Fe and Mn (as sorbed or
solid phase of Fe and Mn) in the fine clay fraction of sediments in the
aquitards (obtained from the aliquots of aqua regia extractions). Analy-
ses were performed at the STC-UB. This fine fraction was also analyzed
using scanning electron microscopy (SEM) at the STC-UB to determine
towhichminerals themeasured Fe corresponded. The percentage of or-
ganic carbon (foc, a parameter that is directly related to the amount of
organic matter in the medium) and the microbial communities in
these sediments were also determined at the STC-UB. In both cases,
the sampling procedures have been described by Puigserver et al.
(2013). Core sampling was performed taking into account lithological
changes, textural changes, and microfractures following the criteria in-
dicated by Guilbeault et al. (2005) and Parker et al. (2008).

Special emphasis was placed on the microfracture zones (inside the
microfractures and in the surrounding matrix), in the textural changes
in the aquitards, in the intersection (joint-points) of microfractures
with, in general, any type of subhorizontal bedding planes, and where
alteration aureoles were observed.

A total of 80 core sediment sampleswere taken at B-F1-UB and B-F2-
UB for foc, Fe and Mn. The sampling for chloroethenes consisted of
obtaining: i) 15 core samples from the TZBA (6 samples from B-F1-UB
and 9 samples from B-F2-UB), ii) 45 core samples from the CB-
aquitard (27 samples from B-F1-UB and 18 samples from B-F2-UB),
and iii) 4 core samples from the TZCMA and 7 from the MB-aquitard
(in both cases only from B-F2-UB, as B-F1-UB did not reach the depth
of these hydrostratigraphic units). All the samples for chloroethene con-
centrations and their isotopic compositions (δ13C) were taken in tripli-
cate, and the other analyses were performed in duplicate. Likewise,
field, transport, reactant, and instrumentation blanks were taken for
every 20th field sample. Samples for molecular analysis were collected
in sterilized vases and frozen in the field. To prevent cross-
contamination during the entire sampling process, the material used
was cleaned with soapy water, methanol, and distilled water between
consecutive samples.

Sampling procedures and conservation protocols as well as the cal-
culations of the porewater concentrations of chloroethenes were an
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adaptation of those followed by Chapman and Parker (2005) for granu-
lar media. To minimize volatilizations, a methanol trap (methanol,
Merck, ISO Pro analysis) was used in accordance with EPA SW-846,
Method 5035. In the case of the samples destined for the determination
of the isotopic composition of δ13C of chloroethenes in porewater of the
matrix of fine sediments, the dimethylacetamide (DMA) trap method
developed by Herrero et al. (2021a) was used. Sediment samples from
cores were also taken to determine the dry and wet bulk densities and
porosities to calculate the chloroethene concentrations in theporewater
(Chapman and Parker, 2005). The samples collected for the analysis of
Fe, Mn, and foc were frozen on site and stored at−20 °C.

Sudan IV screening for colorimetric determination of the DNAPL free
or residual phase was conducted during the drilling of the two bore-
holes following the method described by Hartog et al. (2010).

Molecular analyses were carried out at the Helmholtz Centre for En-
vironmental Research – UFZ (Leipzig, Germany). DNA was extracted
with the NucleoSpin® Soil kit (Macherey–Nagel) following the manu-
facturer's protocol.

3.2.3. Groundwater sampling and conservation protocols
Groundwater from S4 and S12 were sampled to analyze PCE, TCE,

cDCE, tDCE, 1,1-DCE, VC, and δ13C of chloroethenes, aswell as nitrate, ni-
trite, sulfate, Fe, andMn. DO, the redox potential (Eh), pH, and electrical
conductivity (EC) of groundwater were measured on site in these con-
ventional piezometers. Sampling, transport, and storage protocols
have been described by Puigserver et al. (2016a).

3.3. Sample pretreatments and analytical techniques

Core sampling and extraction of chloroethenes (sorbed and dis-
solved in porewater) was conducted in the laboratory following the
guidelines reported by Puigserver et al. (2013, 2016a, 2016b), which
were an adaptation of the protocol described by Dincutoiu et al.
(2003). Gas chromatography–mass spectrometry (GC–MS) was used
to determine chloroethene concentrations in the core samples. Core
samples to determine δ13C values of chloroethenes in the porewater
were pretreated according to the protocols described by Herrero et al.
(2021a) and analyzed by gas chromatography–isotope ratio mass spec-
trometry (GC-IRMS) with solid phase microextraction (SPME).

The sampling and pretreatment protocols to determine foc, and
sorbed or solid phase of Fe and Mn in core soil sediments, as well as
the corresponding analyses were the same as those described by
Puigserver et al. (2013, 2016a, 2016b). The determination of foc was
performed by elemental analysis using the gas chromatography
technique with a thermal conductivity detector (TCD). The analyses of
Fe and Mn were conducted by inductively coupled plasma optical
emission spectroscopy (ICP-OES).

The Fe oxide mineral precipitates between clay minerals were iden-
tified by the Scanning Electron Microscopy technique (SEM).

Groundwater was sampled as described by Puigserver et al. (2016a)
and analyzed by the GC–MS and GC-IRMS with SPME techniques to de-
termine chloroethene concentrations and δ13C values, respectively. Ni-
trate, nitrite, and sulfate in groundwater were analyzed by ion
chromatography. The analyses of Fe and Mn dissolved in groundwater
were conducted by the ICP-OES technique.

To determine the richness of bacterial communities, and the pres-
ence of Dehalococcoides and Propionibacterium acnes, sediment core
samples taken and immediately frozen at the field site at −20 °C were
used. Genomic DNA was extracted from these samples according to
Puigserver et al. (2016a, 2016b) and polymerase chain reaction (PCR)
was performed. For the detection of Dehalococcoides, primers 582f
(CTG TTG GAC TAG AGT AGT ACA GC) (Duhamel et al., 2004) and
728r (GTG ACA ACC TAG AAA ACC GCC TT) (Löffler et al., 2000) were
used utilizing the PCR conditions described by Löffler et al. (2000). For
the detection of vcrA (vcrA f CTA TGA AGG CCC TCC AGA TGC and
vcrA rGTA ACA GCC CCA ATA TGC AAG TA) (Holmes et al., 2006) and
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bvcA (bvcA f TGC CTC AAG TAC AGG AGG TGG T and bvcA r ATT GTG
GAG GAG GAC CTA CTA CCT) (Krajmalnik-Brown et al., 2004), PCR
was performed following the conditions described in the Supporting In-
formation (SI) document.

Themicrobial richness and the presence of P. acneswere assessed by
T-RFLP analysis of the 16S rRNA gene according to Herrero et al.
(2021b). Two sediment samples were chosen in the TZBA to conduct
clone library analyses to distinguish the microbial communities from
the pool and just above it, to identify the restriction fragments from T-
RFLP; and thus, corroborate that these communitiesmay locally contain
different bacteria involved in reductive dechlorination.

More detailed information is provided on themethods section of the
SI document.

4. Results and discussion

4.1. Control over the distribution of the PCE-DNAPL primary source exerted
by the geologic contact surface between the TZBA-unit and the CB-aquitard

The detailed geological description of the first and second lithologi-
cal groups (from theUSZ to the TZBA, see Section 2.2 and Fig. 2)was car-
ried out from research surveys during drilling B-F1-UB and B-F2-UB and
has been reported by Puigserver et al. (2016a).

PCE-DNAPL spills from the upper levels accumulated on the geologic
contact surface between the TZBA and the CB-aquitard soon after the
contamination episode. These accumulations formed some PCE-
DNAPL pools that constituted the primary source of the PCE-DNAPL at
this site. They are currently divided into portions, some of which are
still in a continuous free phase and others that have reached a mature
stage (aged pools; Mercer et al., 2010).

The mentioned geological surface contact was located at a depth of
6–9.2m (Fig. 2), 19 and 22mabove sea level. This contact corresponded
to a paleo-relief produced by the erosive incision of paleochannels of the
upper units. In the area of S12 (Fig. 2), this contact was located at a
greater depth than in the area of P2 (which coincided with a well-
defined inter-channel zone), while in the area of S10, the contact was
also located at a greater depth than in P2. The orientation of these
paleochannels was from southwest to northeast, conditioning the gen-
eral groundwater flow of the system toward the northeast, as described
by Puigserver et al. (2016a). This paleochannel structure also condi-
tioned the migration of the DNAPL in the free phase at the primary
source. Thus, in P2, where the geological contact was deeper, the afore-
mentioned inter-channel zone constituted a division in terms of DNAPL
migration through this contact. Thus, the DNAPL discharged north of P2
migrated northward, while the DNAPL discharged south of P2 migrated
southward (i.e., against the main groundwater flow direction, which
follows the main dipping direction of the thalweg line of the
paleochannel).

4.2. Hydrostratigraphic characteristics of the studied aquitards

For the fine sands and silts (Fig. 3) of the CB-aquitard, 68% of sands
were a silty-clay matrix (Fig. 3); they were accompanied by interstrati-
fied silt levels (silts represented approximately 26%). This aquitard was
also crossed by numerous subvertical microfractures that, in connection
with bedding planes and thin layers of coarser sands and representing
textural contrasts with the fine sands, gave rise to an orthogonal net-
work (see photograph in Fig. 2). This network favored vertical
(Fjordbøge et al., 2017) and horizontal migration of the PCE-DNAPL
along these discontinuities, which became secondary sources of the
PCE-DNAPL. This aquitard corresponded tomaterials of a continental or-
igin and showed a high degree of compaction,which accounted for their
low K values (from 1.16 × 10−7 to 1.04 × 10−5 m/s). Despite this low
range, the K values were fairly homogeneous throughout the aquitard,
although the increase in lithostatic pressure with depth favored a de-
crease in K of fine sands up to 17.2m,where the bottom of this aquitard
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was located. The hydrostratigraphic unit corresponding to the TZCMA
(Fig. 2) was found at this depth. There, interstratified layers with
compacted fine sands similar to those of the previous unit, and thin
layers of fine gravels to medium sands with a silty-clayey matrix
began to occur (Fig. 5). Gravel comprised 51% of this unit (Fig. 5), and
the percentage of fine sand (24%) was decreased. These changes imply
an increase in K values (with values ranging from 1.16 × 10−4 to
1.85 × 10−4 m/s), enabling groundwater flow throughout this unit.
This unit reached a depth of 18.3 m when the deepest aquitard, that of
marine origin (MB-aquitard), was found (Fig. 2).

In this new unit, from a depth of 20m in the borehole of piezometer
S4 and 24 m in S12, there was an increase in interstratified layers con-
taining bivalve fragments. The color of this marine aquitard was much
darker, coinciding with an increase in organic matter content, with foc
values of up to 0.048%, higher than those of the aquitard of
continental origin (with an average value of 0.0285%; see Section 4.3).
The presence of numerous intercalated thin layers of more permeable
materials, medium sands between fine sands (see Section 2.2),
allowed groundwater flow throughout this unit.

4.3. Distribution of Fe, Mn, and foc in sediments of the lower continental and
marine aquitards

Fig. 4 shows the low variability in foc percentages in sediments
within the CB-aquitard. Nevertheless, the foc percentages in this
aquitard (with average values of 0.029% and 0.028% in B-F1-UB and B-
F2-UB, respectively) were considerably higher than those recorded in
the TZBA, especially at the depth where there was greater degradation
of the accumulated PCE-DNAPL, namely B-F1-UB (Puigserver et al.,
2016a), with an average value of 0.008%. On the other hand, among
the minima in Fig. 4a, the minimum corresponding to label 2foc1
(0.025%) stands out: It coincided with the depth where minimum PCE
(below the LOQ) and maximum TCE (Fig. 6a, label 1TCE1, with
7.2 μmol/L) were recorded. Regarding the MB-aquitard, the maximum
foc percentages recorded at the upper part of this hydrostratigraphic
unit, with a peak of 0.037% (Fig. 4a, label 2foc2), coincided with a peak
in the concentration of TCE (Fig. 6b, label 2TCE1, 3.5 μmol/L) and with
the presence of fine to medium interstratified gravel levels.
Fig. 4. Variation in Fe, Mn, and foc concentrations
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Regarding Fe andMn, peaks of thesemetals in the lowest part of the
TZBA were registered at B-F1-UB (Fig. 4a and b, labels 1Fe1 and 1Mn1;
667 μmol/g of Fe and 34 μmol/g of Mn, respectively). In the case of the
CB-aquitard, two sampling points at a depth immediately below the
mentioned peaks in the TZBA continued recording high Fe and Mn
values (286.5 and 220.8 μmol/g for Fe and 20.2 and 20.1 μmol/g for
Mn; Fig. 4a and b). These concentrations were higher than that of the
average values in the rest of this continental aquitard in B-F1-UB
(194.4 and 16.4 μmol/g of Fe and Mn, respectively). The high Fe and
Mn values of these two sampling points coincided with high concentra-
tions of PCE at the uppermost part of the CB-aquitard below peaks of
PCE in the lower part of the TZBA (Fig. 6a and b, labels 1PCE1 and
2PCE1, 102 and 9.2 μmol/L, respectively). The fine clay fraction was
analyzed using SEM, and mineral precipitates of Fe oxides and Mn ox-
ides were identified accompanying the clay minerals.

Below the aforementioned high Fe values in the uppermost part of
the CB-aquitard at B-F1-UB (286.5 and 220.8 μmol/g; Fig. 4b), Fe con-
centrationswere high (194.4 μmol/g in average) comparedwith the up-
permost part of the TZBA (Puigserver et al., 2016a), where 117.9 μmol/g
of Fe was recorded. A peak of Fe (298 μmol/g; Fig. 4b, label 2Fe1) was
recorded at the bottom of the TZCMA, coinciding with the presence of
interstratified layers of fine gravels and with an increase in concentra-
tions of PCE and TCE (Fig. 6b, labels 2PCE2 and 2TCE1, 0.52 and
3.5 μmol/L, respectively). This is again a similar scenario to that
described earlier for the case between the TZBA and the CB-aquitard
and suggests sufficient reducing conditions to result in PCE degradation
and to favor the formation of Fe oxide mineral precipitates that occur
with the clay minerals (He et al., 2015), which have been identified
with SEM. The maximum Fe concentration (Fig. 4b, label 2Fe2,
318 μmol/g) also coincided, as mentioned previously, with the
increase in TCE (Fig. 6b, label 2TCE2, 13.3 μmol/L), which was not
accompanied by an increase in either cDCE or VC. These findings
suggest that TCE is proportionally less degraded and/or that the degra-
dation products correspond to an abiotic (Schaefer et al., 2018) rather
than a microbial degradation. According to He et al. (2015), the identi-
fied iron oxides and clay minerals could contain sorbed Fe2+ ions. The
same authors stated that these minerals promote abiotic degradation
processes of chloroethenes.
with depth in the hydrostratigraphic units.
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RegardingMn, a peak (17 μmol/g; Fig. 4c, label 2Mn1)was located at a
slightly greater depth than the 2Fe1 peak. Moreover, this Mn maximum
occurred at a depth where cDCE concentrations were decreasing (such a
decline commenced from the cDCE peak corresponding to the 2cDCE1
label (Fig. 6b, 0.092 μmol/L)). This finding could indicate that the
maximum production of cDCE occurs under redox conditions that are
even more reducing than Fe-reducing conditions (i.e., under sulfate-
reducing conditions),when the formation of Fe oxidemineral precipitates
has already been produced (Guilbaud et al., 2013). The 2Fe2 peak (Fig. 4c,
318 μmol/g) is attributable to abiotic degradation of chloroethenes and
coincides with label 2Mn2 (20.03 mol/g).

4.4. Percentage of quantifiable PCE and TCE concentrations in the porewater

Table 2 summarizes some statistical measures of dispersion and cen-
tralization of the data. The dispersion measures are the range and the
ratio of the standard deviation of the arithmetic mean (i.e., the coefficient
of variation). As a centralization measure, the table contains the values of
the arithmeticmean. Thesemeasures provide anoverviewof the statistical
distribution for the population samples composed of the PCE and TCE con-
centration data in the porewater of the fine sediments in the two bore-
holes B-F1-UB and B-F2-UB drilled in the hydrostratigraphic units
studied. Table 2 shows the percentage of samples in which PCE or TCE
was measured (i.e., those samples in which their concentrations in the
porewater of the fine sediments could be quantified and was therefore
above the limit of quantification [LOQ]). The hydrostratigraphic units stud-
ied were (Fig. 2): 1) the Transition Zone to the Bottom Aquitard (TZBA),
2) the Continental Bottom aquitard (CB-aquitard), 3) the Transition Zone
between the Continental and Marine Aquitards (TZCMA); and 4) the Ma-
rine Bottom aquitard (MB-aquitard).
Table 2
Summary of statistical measures of dispersion and centralization of PCE and TCE concen-
tration data in the aquitards and transition zones. % ALOQ indicates the percentage of sam-
ples whose concentrations are above the limit of quantification. The arithmetic mean
(AM) and coefficient of variation (CV) of the concentration values ALOQ are shown.

B-F1-UB B-F2-UB

PCE
(mol/L)

TCE
(mol/L)

PCE
(mol/L)

TCE
(mol/L)

For the whole TZBA. CB. TZCMA
and MB units

Max 112.88 10.08 8.87 15.02
Min 0.04 0.03 0.06 0.05
AM 11.81 1.74 1.61 1.53
CV 2.19 1.57 1.46 1.90
%
ALOQ

69.70 58.97 64.86 68.42

TZBA Max 13.01 10.08 8.87 8.25
Min 0.16 0.03 0.06 0.06
AM 3.71 4.65 1.41 0.90
CV 1.68 0.86 2.03 2.88
%
ALOQ

83.33 100.00 100.00 62.50

CB aquitard Max 112.88 1.56 6.36 2.70
Min 0.04 0.04 0.06 0.06
AM 13.52 0.62 2.69 0.62
CV 2.08 0.86 0.82 1.56
%
ALOQ

71.43 46.43 61.11 75.00

TZCMA Max – – 0.13 3.36
Min – – 0.06 1.52
AM – – 0.10 2.64
CV – – 0.47 0.28
%
ALOQ

– – 50.00 100.00

MB aquitard Max – – 0.55 15.02
Min – – 0.16 0.05
AM – – 0.37 4.41
CV – – 0.49 1.38
%
ALOQ

– – 57.14 60.00

(−) Borehole B-F1-UB did not reach the depth of this unit.
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In the case of PCE, for all of the studied units, the highest percentage
of samples whose concentrations were above the limit of quantification
(% ALOQ), and therefore could be quantified, was recorded in B-F1-UB
(Table 2), together with a higher average molar concentration of PCE
than in B-F2-UB. This higher concentration in B-F1-UB is in agree-
ment with the higher concentration recorded in the TZBA (where
the primary source of the PCE-DNAPL was located; see Section 4.1),
and in the CB-aquitard of this borehole (where secondary sources
of PCE-DNAPL from TZBA leaks were located; see Section 4.2).
Although borehole B-F1-UB did not reach the depths of the TZCMA,
the presence of PCE in this unit in B-F2-UB, and even more concen-
trated at greater depths in the MB-aquitard, shows that the PCE-
DNAPL of the primary source gave rise to secondary sources at the
depths of these two hydrostratigraphic units in the area of B-F2-UB
(see Section 4.2).

Regarding TCE for all of the units studied, the highest % ALOQ was
observed in B-F2-UB. Although the concentration of the parent PCE in
B-F1-UB was much higher than in B-F2-UB, the average molar concen-
tration of TCE in B-F1-UB was only slightly higher than in B-F2-UB.
These TCE concentrations coincided with high values of cDCE and VC
in the latter borehole (not shown in Table 2), which is evidence of a
greater degradation of PCE to TCE (and to cDCE and VC) in B-F2-UB
(see Section 4.5.2). Other isomers of DCE (tDCE and 1,1-DCE) were
not detected in either of the boreholes.

4.5. Geological heterogeneities controlling the distribution of PCE-DNAPL
secondary sources in the aquitards

Apart from reactive abiotic and biotic degradation, sorption, molec-
ular diffusion, and other fate processes, the variability in chloroethene
concentrations in the porewater (Fig. 5) is also a consequence of the
structure of the aquitards and the PCE-DNAPL distribution. The main
factor controlling the migration of the PCE-DNAPL free phase is the
microfracture network of the aquitard. Thus, Fig. 5 shows how, when
the current PCE aged pool located at the TZBA was still a free phase
pool and at a young stage of evolution (i.e., before 1980 when the con-
tamination was detected; see Section 2.1), it had migrated by gravity
through the subvertical microfracture network in the CB-aquitard (sim-
ilarly to the phenomenon described by Rezaei et al. (2013) that crosses
the fine sands with a silty matrix of the aquitard. In addition, there are
stratification patternsmarked by the existence of subhorizontal textural
contrasts (see photograph in Fig. 2) at different depths in the aquitards.
These contrasts correspond with more competent layers of fine-
medium sands with a higher silt content that present greater compac-
tion than fine sands (Fawad et al., 2010). These more competent layers
define subhorizontal bedding planes, which allow the lateral migration
of the PCE free phase by capillary forces (see Section 1) at different
depths (Dearden et al., 2013).

In the joint-point zones, where subvertical microfractures
intersected with bedding planes, PCE concentrations in the porewater
were higher (Fig. 5, labels 1PCE2 and 1PCE3, 11.1 and 32 μmol/L). The
microfracture network and bedding planes formed an orthogonal
system of discontinuities with a space between microfractures and
bedding planes of up to 1.5 cm × 1 cm, with microfracture openings of
around 0.5–1 mm. This structure favors a rapid migration of the PCE-
DNAPL free phase because the smaller the microfracture openings, the
greater the capacity for a rapid migration of the PCE-DNAPL free phase
by capillary action (Fjordbøge et al., 2017). This resulted in a significant
and rapid dispersion of the DNAPL, which was followed by molecular
diffusion of PCE into the matrix adjacent to the microfractures, bedding
planes (Yang et al., 2012), and interstratified conductive layers due to
significant textural changes in sediments. This phenomenon accounts
for the presence of PCE in the porewater (Fig. 5) as a consequence of
the accumulation of this contaminant in the matrix. Fig. 5 shows the
vertical distribution of themain textures in the aquitards and their rela-
tionship with the PCE distribution in the porewater.



Fig. 5. Distribution of PCE concentrations as a function of depth textural changes.
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In the TZBA, there are portions of the primary source pool in which
the PCE-DNAPL is already in a residual aged state after decades of
groundwater flushing. This means that the DNAPL only partially oc-
cupies the pores at saturations below the residual saturation value
(Hartog et al., 2010) and constitutes an immobile phase formed by dis-
continuous nodules retained by capillary forces (Cohen and Mercer,
1993). However, there are still parts in which the PCE-DNAPL is found
as a free phase connected to the network formed by the microfractures,
interstratifications of conductive levels, and bedding planes. This find-
ing implies that the primary PCE source is capable of continuing to
allow the migration of the PCE free phase through the microfracture
network because the PCE that penetrates by molecular diffusion into
thematrix (as shown in Fig. 5; Lu et al., 2014) has completely degraded.

Fig. 5 shows how the important changes in granular textures in the
TZBA have favored in the past the accumulation of pools of the PCE-
DNAPL free phase. These pools are now practically all in a residual
form (aged pools; Fig. 5, label 1PCE1, 102 μmol/L) in an equivalent
way as described by Rivett et al. (2014). This is a depth where the
proportion of fine sands and silts increased significantly (Fig. 5, label
1FS1). To a lesser extent, this was also observed in a deeper zone
(Fig. 5, label 1PCE4, with a PCE concentration of 1.7 μmol/L, and label
1S1), where the substantial increase in silts relative to fine sands has
favored the accumulation of the PCE-DNAPL that migrated by gravity-
capillary action through the aquitard.

At shallower depths, dots identified with labels 1PCE3 and 2PCE1 in
Fig. 5 (32 and 9.2 μmol/L, respectively) show that PCE contents were
related to a decrease in the percentage of silts and an increase in
medium sands (Fig. 5, labels 1MS1 and 2MS1). This relationship is
linked to the fact that at depths where the proportion of silt is lower,
the percentage of PCE that migrates by molecular diffusion decreases.
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Consequently, the maxima of PCE concentrations are caused by the mi-
gration of this compound as a free phase.

The increase in PCE concentrations in the porewater in the inter-
stratified layers of fine gravel with silty matrix at the bottom of the
TZCMA (Fig. 5, label 2PCE2, 0.52 μmol/L) confirms that migration of
the PCE free phase through the subvertical microfractures has led to:
i) the accumulation of the PCE-DNAPL at depths where significant con-
trasts in K occur, and ii) the lateral movement of the PCE free phase
above the less permeable layers (Luciano et al., 2010; Puigserver et al.,
2020), which accounts for the fact that at these depths, the PCE concen-
tration is much higher than in the upper depths of the CB-aquitard. In
addition, the fact that PCE-DNAPL accumulations still exist as the resid-
ual phase at the depths of the TZCMAaccounts for the fact that at greater
depths, the presence of dissolved PCE in groundwater is still detected
(i.e., those depths at which conventional piezometers S4 and S12 are
open).

4.5.1. Distribution of the parent PCE and isotopic composition in the
aquitards

Fig. 6 shows the observed results of PCE concentration profiles at
boreholes B-F1-UB and B-F2-UB. In general, there was a trend of de-
creasing concentrations with depth within the CB-aquitard. However,
in the upper half portion of this aquitard, there were depths at which
porewater concentrations were very high. In contrast, concentrations
were much lower further down (and even, in the deeper zones, values
below the LOQ were recorded). Very high concentrations of PCE stand
out at different depths. Thiswas the case of those recorded in the upper-
most part of the CB-aquitard (labels 1PCE1 and 2PCE1, 102 and 9.2 μmol/
L, respectively; Fig. 6a and b, respectively). In the joint-point zones, PCE
concentrations in the porewater were also high (Fig. 6a, labels 1PCE2



Fig. 6. Variation in the concentration and isotopic composition of chloroethenes and the microbial richness and presence or absence of Dehalococcoides (Dhc) spp. and Propionibacterium
acnes (P. acnes) with depth.
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and 1PCE3, 11.1 and 32 μmol/L, respectively). In addition, depths were
textural contrasts between adjacent layers occurred, also high
concentration were recorded (Fig. 6a, label 1PCE4, 1.7 μmol/L). At
borehole B-F2-UB, near the base of the TZBA, high PCE concentrations
were recorded at the depth where residual phase of PCE-DNAPL was
found, with a maximum value in the sample labeled 2PCE1 (9.2 μmol/
L). Moreover, at contact TZCMA and MB-aquitard, where interbedded
layers of fine to medium gravels occurred high PCE concentrations
were detected in B-F2-UB (Fig. 6b, label 2PCE2, 0.52 μmol/L).

Fig. 6 also shows the variation profile of δ13C values of PCE in the
porewater of the aquitards in the two boreholes. Although a tendency
to less negative values was observed with depth, variations with min-
ima of negative values and maxima of less negative values were re-
corded. Among these minima values, at borehole B-F1-UB, it is worth
mentioning that recorded in the pool at the top of the CB-aquitard
(Fig. 6a, label 1δ13CPCE1, −25.2‰ ± 0.5‰). Immediately below that
pool, where a high percentage of silt was detected, less negative
values were recorded (Fig. 6a), although reaching values close to
−25‰ in the depth range labeled as 1δ13CPCE2. Below, at a depth
where the percentage of fine sand increased, the δ13C PCE values re-
corded were more negative (Fig. 6a, label 1δ13CPCE3, −24.6‰ ± 0.1‰).
At a depth where an increase in silt coincided with a joint-point zone,
the PCE recorded a less negative δ13C value than at shallower depths
(Fig. 6a, label 1δ13CPCE4, −22.6‰ ± 0.2‰). Deeper still, in a zone
where textural contrasts between sediments were identified, the PCE
recorded very negative δ13C values (Fig. 6a, label 1δ13CPCE5,
−24.8‰ ± 0.1‰). Below this zone, mainly between silts, the δ13C
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values of the PCE measured became less negative, as indicated by the
two dots on the depth range marked with the label 1δ13CPCE6 of
Fig. 6a, whose least negative value was −23.51‰ ± 0.1‰. As regards
the B-F2-UB borehole, the maximum δ13C values of PCE (i.e., less nega-
tive) that were recorded in the MB-aquitard stand out, among which
highlights that indicated with the label 2δ13CPCE1 (Fig. 6b, −22.5‰ ±
0.2‰).

The above results of PCE concentrations and δ13C values are dis-
cussed below in the framework of the results presented and discussed
in the previous sections. Fig. 5 shows that on the geological contact sur-
face between the TZBA and the CB-aquitard, there is an aged pool of PCE
that, from the early times of the contamination episode to the present
time, has led to migration of PCE by molecular diffusion into the matrix
of the CB-aquitard (see introduction of Section 4.5). The PCE isotopic
composition of the pool was determined; it is denoted in Fig. 6a by
the dot labeled 1δ13CPCE1, which corresponds to the value −25.2‰ ±
0.5‰ (the most negative δ13C value of PCE). This is the closest value to
the isotopic composition of the initially spilled PCE-DNAPL, when the
PCE from the pool migrated into the porewater by molecular diffusion.
Thus, more positive δ13C values in PCE suggest that a reactive abiotic
or biotic degradation process could have occurred. However, for these
processes to be ascribed to the category of reactive processes, the men-
tioned shifts should be greater than 2‰, which is the threshold value re-
ported by Wanner et al. (2017) that considers the effect of isotopic
fractionation owing to molecular diffusion combined with that caused
by sorption (see Section 1). Regarding biodegradation and abiotic deg-
radation processes other than molecular diffusion or sorption, the shift
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in PCE isotopic fractionation values in the CB-aquitard andMB-aquitard
(Fig. 6) was 2.65‰. This value is higher than the mentioned thresh-
old value, which suggests that PCE degradation is likely to have oc-
curred.

As Puigserver et al. (2016a) have demonstrated, on the exterior sur-
face of the pool there is a biofilm (denoted as biodegradation halo by
these authors) that favors the degradation of PCE as it dissolves from
that surface. The fact that the interface between the TZBA and the CB-
aquitard is an ecotone (Puigserver et al., 2013; Herrero et al., 2021c) fa-
vors the degradation of the PCE-DNAPL pool. This causes PCE to change
isotopically from being lighter in the internal part of the pool to heavier
in themost external part of the pool. Hence, PCE constituting the DNAPL
in that most external part of the pool is degraded, which in turn favors
bioenhancement in the pool dissolution process. By contrast, below
thepool (at the depth of the CB-aquitard,where a significant percentage
of silt was detected; Fig. 5, label 1S2) PCE degradation occurred (Fig. 6a,
in depth range labeled as 1δ13CPCE2) with progressively more positive
δ13C values (Damgaard et al., 2013; Puigserver et al., 2014). However,
the decrease in the percentage of silt and the increase in the
percentage of fine sand has reduced the degradation of PCE, which ex-
plains why PCE is increasingly lighter (−24.6‰ ± 0.1‰; Fig. 6a, label
1δ13CPCE3).

The increase in silt content, together with the existence of joint-
points that favor the accumulation of the PCE-DNAPL (Fig. 5, label
1PCE3, 32 μmol/L), has caused this compound to be significantly
degraded, so that PCE is much heavier at this location (−22.6‰ ±
0.2‰; Fig. 6a, label 1δ13CPCE4) compared with the upper depths.
Therefore, depths where there is an increase in the percentage of silt
create a barrier to vertical migration of the PCE-DNAPL (as a result of
capillary pressure). These compounds have accumulated in the past
and currently present degradation halos (Fig. 6a, label 1PCE1,
102 μmol/L) consisting of a progressive decrease in PCE below the
depthwhere there is a high concentration of PCE, an increase in the con-
centration ofmetabolites (as observed by Puigserver et al. (2013, 2016a,
2016b)), and isotope enrichment of PCE (Fig. 6a, in the depth range la-
beled as1δ13CPCE2).

The substantial increase in the percentage of silts at borehole B-F1-
UB in the CB-aquitard (Fig. 5, label 1S1) has favored the accumulation
of another PCE pool that has migrated there by gravity through a
microfracture as well as laterally through the textural contrasts (Fig. 5,
label 1PCE4, 1.7 μmol/L), which accounts for the light isotopic
composition of PCE at this depth in the borehole (−24.8‰ ± 0.1‰;
Fig. 6a, label 1δ13CPCE5). Below this level, PCE has continued migrating
mainly bymolecular diffusion through the silts, where greater degrada-
tion of PCE (with a heavier isotopic composition) was detected in the
borehole (Fig. 6a, depth range marked with the label 1δ13CPCE6, whose
least negative value was −23.51‰ ± 0.1‰). Below 12.16 m, PCE was
no longer detected because the initial PCE had already degraded
completely. The pattern of variation in PCE concentrations seen in
Fig. 6b (borehole B-F2-UB) is similar to the pattern in Fig. 6a (borehole
B-F1-UB), but the former has lower concentrations because borehole B-
F2-UB is located in the terminal part of the accumulated pool in B-F1-
UB, as observed in label 2PCE1 (9.2 μmol/L; Fig. 5). In B-F2-UB, there
was a lower mass of the accumulated PCE-DNAPL pool than in borehole
B-F1-UB, as observed in label 2PCE1 (9.2 μmol/L; Fig. 5). This finding
explains why below 10.68 m in this borehole, PCE is no longer detected
in the CB-aquitard: The accumulated pool has also already degraded.

An increase in PCE concentrations was detected in B-F2-UB (Fig. 6b,
label 2PCE2, 0.52 μmol/L) at the geological contact between the TZCMA
and the MB-aquitard in the presence of interstratified levels of fine to
medium gravels. At these levels, as previously mentioned, the PCE-
DNAPL has tended to accumulate and to migrate laterally, but at the
same time, these transition zones are ecotones where PCE has clearly
been degraded to TCE (as observed in the isotopic composition of PCE:
−22.5‰ ± 0.2‰; Fig. 6b, label 2δ13CPCE1). Although a part of the
spilled PCE has accumulated in these gravel levels, and groundwater
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flow occurs along them accompanied by an associated contamination
plume, the PCE-DNAPL free phase has continued to migrate by gravity
through the subvertical microfractures and by molecular diffusion into
both sides of the microfractures. This movement explains why the
dissolved phase of PCE was detected at greater depths in the S4 and
S12 piezometers, which are screened between 25 and 30 m deep
(Table 1).

4.5.2. PCE metabolites and their isotopic composition in the aquitards
Fig. 6 also shows the results of TCE, cDCE and VC concentration pro-

files in the boreholes. A significant decrease in TCE concentrations in B-
F1-UB occurred with increasing depth in the TZBA, where maximum
values were recorded (e.g., sample labeled 1TCE1, with 7.2 μmol/L).
Further down, within the upper portion of the CB-aquitard, most of
the samples recorded values below the LOQ, except for the peak corre-
sponding to the sample labeled 1TCE2 (0.07 μmol/L; Fig. 6a). Still further
down, in the lower portion of the aquitard, starting with the sample
labeled 1TCE3 (with a TCE concentration of 0.42 μmol/L; Fig. 6a), a
trend of increasing TCE concentrations was observed (except for the
sample labeled 1TCE4, where a minimum value was recorded,
0.13 μmol/L). The TCE concentration profile in borehole B-F2-UB was
similar to that of B-F1-UB, with high values observed not only in the
lower portion of the CB-aquitard, but also in the transition zone to the
MB-aquitard (Fig. 6b), and even within the latter aquitard (Fig. 6b, la-
bels 2TCE1 and 2TCE2, with 3.5 and 13.3 μmol/L, respectively). cDCE
concentrations in B-F1-UB (Fig. 6a) were in general low and in many
cases below the LOQ,with the exception of the TZBA and the lower por-
tion of the CB-aquitard (where some peaks, although of low concentra-
tions, were recorded). In B-F2-UB (Fig. 6a), in contrast to B-F1-UB, the
number of samples with values below the LOQ was significantly
lower. The general trend was a decrease in values until the base of the
transition zone with the MB-aquitard, below which most of the re-
corded cDCE concentrations were below the LOQ. As for VC, it was de-
tected in B-F1-UB with high concentrations (Fig. 6a) at almost all
depths in the profile. Thus, average concentrations of 1.2 μmol/L were
registered in the TZBA, and 0.51 μmol/L in the CB-aquitard (0.23 μmol/
L considering the values above the LOQ and those below this limit as
zero). A trend was observed with decreasing concentrations with
depth (although alternating with zones where values were below the
LOQ; Fig. 6a). In B-F2-UB (Fig. 6b), VC was below the LOQ in most of
the profile, with the exception of a maximum concentration recorded
in the upper part of CB-aquitard (label 2VC1, 3.05 μmol/L) and
maximum values in the MB-aquitard.

Furthermore, Fig. 6 also displays the variation profiles for the δ13C
values of TCE in the aquitard porewater in the two boreholes. In B-F1-
UB, concentrations were low, and even below the LOQ. For this reason,
TCE δ13C values could only be recorded in the TZBA and toward the
base of the CB-aquitard. In both cases, the values becamemore negative
with increasing depth (with TCE δ13C values that decreased up to
−30.3‰ ± 0.3‰ and −30.6‰ ± 0.2‰, respectively; Fig. 6a). In B-F2-
UB, the lowvariability of themeasured TCE δ13C values stand out, except
for the zone immediately above and below the geological contact be-
tween the TZCMA and the MB-aquitard, where the least negative
value in the two boreholes within the two aquitards stands out
(−28.9‰±0.4‰, in Fig. 6b). In the case of cDCE and VC, their low con-
centrations did not allow δ13C values to be determined.

The distribution of PCE metabolites in the CB-aquitard at B-F1-UB is
shown in Fig. 6a and b. At the depth of the PCE-DNAPL pool in the sur-
face contact between the TZBA and the CB-aquitard (Fig. 6a, label
1PCE1, 102 μmol/L), despite high concentrations of the parent
compound, there was production of TCE (Fig. 6a, label 1TCE1, with
7.2 μmol/L). In fact, above the pool there is the mentioned biofilm,
denoted as biodegradation halo by Puigserver et al. (2016a).
However, the high PCE concentrations made it difficult for the degra-
dation of the originally spilled PCE to have evolved toward a more
advanced stage with the formation of metabolites with fewer
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chlorine atoms, although in some cases it could take place (Zhao and
He, 2019).

The decreased PCE concentrations below the dot labeled 1PCE1
(Fig. 6a, 102 μmol/L) coincide with decrease in TCE concentrations
Fig. 7. Conceptualmodel of themigration of the PCE free phase and its evolution over time (thro
of more conducive materials).
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below dot labeled 1TCE3 (Fig. 6a), with a TCE concentration of
0.42 μmol/L. The depths where joint-points occurred and where, as
mentioned above (see introduction of Section 4.5), PCE accumulated,
showed a markedly increased TCE concentration. Thus, there was a
ugh the orthogonal network ofmicrofractures, bedding planes, joint-points, and thin layers
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degradation halo (that results in a maximum of TCE of 0.07 μmol/L;
Fig. 6a, 1TCE2) located above the depth of the maximum of PCE labeled
1PCE3 (32 μmol/L), similarly to what has been described by Puigserver
et al. (2013, 2016a, 2016b). In addition, at this same depth in the case
of B-F2-UB (Fig. 6b), the VC concentration was significantly increased
(Fig. 6b, label 2VC1, 3.05 μmol/L). This phenomenon indicates the
existence of a more advanced reductive dechlorination (Filippini et al.,
2020) at depths where PCE is bioavailable.

Below the zoneof thedot labeled 1PCE4 (Fig. 6a, 1.7 μmol/L), therewas
a progressive decrease in PCE up to 12.5m. Below this depth, the PCE con-
centrations in the porewaterwere very low(andmost of them lower than
LOQ). These low PCE concentrations were accompanied by a progressive
increase in TCE concentrations up to 17 m (Fig. 6a), the depth at which
the borehole B-F1-UB ended. However, prior to the end of the borehole,
there were points with decreased TCE accompanied by increased cDCE.
These cDCE maxima and TCE minima formed degradation halos, as ob-
served in the dot labeled 1cDCE1 (Fig. 6a, with a concentration of
0.075 μmol/L). These findings parallel a decrease in TCE at label 1TCE4
(0.13 μmol/L) and show that reductive dechlorination has existed
(Puigserver et al., 2013, 2016a, 2016b).

Below 17 m in the lower part of the TZCMA (in B-F2-UB), the pres-
ence of the interstratified layers ofmediumgravels has allowed ground-
waterflowwith dissolved PCE that in part penetrated intofinematerials
(see Section 4.5.1 and Fig. 6b, label 2PCE2, 0.52 μmol/L). This
groundwater flow ensures a simultaneous supply of nutrients,
electron donors, and other natural factors (see Section 4.6) that favor
biotic reductive dechlorination (Puigserver et al., 2020). This is
evidenced by the presence of TCE (Fig. 6b, label 2TCE1, 3.5 μmol/L),
which from the point labeled 2δ13CTCE1 became increasingly heavier
with depth (−31.3‰‰ ± 0.2‰; Fig. 6b) at both sides of the
aforementioned interstratified layers, as well as by the presence of
cDCE (Fig. 6b, label 2cDCE1, with 0.092 μmol/L), and VC at similar depths
(Thouement et al., 2019).

The presence of metabolites at depths greater than those at which
PCE is currently located demonstrates that PCE had reached these
depths of the MB-aquitard in the past (Peter et al., 2011), and that
what in the early times of the contamination episode had been a
young source at this depth, currently has become an aged source
(Seyedabbasi et al., 2012) that is evolving very slowly. Fig. 7 shows
how the contamination has evolved over time. PCE has penetrated:
i) as a free phase through the network of microfractures, bedding
planes, and more conductive interstratified levels to great depths, and
ii) by molecular diffusion into the matrix. PCE that is deeper in the ma-
trix, and far from the detected free phase or residual-phase pools, has
clearly degraded to TCE, and to a lesser extent to cDCE and VC. In fact,
the depths where there was degradation of up to cDCE and VC are
those where there is a supply of nutrients, contaminants, electron do-
nors, and other substances (see Section 4.6) supplied by interbedded
gravel levels. This finding indicates that to promote the biotic degrada-
tion of contaminants, the nutrient content and other substances in the
aquitard should be at least increased (Wanner et al., 2016). In parallel,
there was an increase in Fe at these depths, possibly as a
Table 3
Physicochemical parameters and concentrations of the main redox-sensitive indicators measu

Date EC
(μS/cm)

Eh
(mV)

DO
(mg/L)

NH4
+

(mg/L)

Jul-10 622 −50 0.90 0.002
Mar-11 587 126 3.60 0.002
Mar-12 1141 −145 0.28 0.002
Nov-13 694 −33 0.18 0.002
Oct-14 760 −92 0.2 0.002
May-14 720 10 1.68 0.2
Jun-16 672 −220 0.06 0.14
Feb-17 887 −176 0.12 0.06
Jun-17 775 −164 0.1 0.002
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consequence of the occurrence of Fe oxide mineral precipitates
(see Section 4.3). This eventuality suggests that the degradation of
PCE that has penetrated the matrix from microfractures is a conse-
quence of the coupling of reactive abiotic and biotic processes
(Entwistle et al., 2019; Puigserver et al., 2020), thus supporting the
first working hypothesis.

4.6. Reductive dechlorination in the porewater with the presence of the
Dehalococcoides genus and Propionibacterium acnes

Fig. 6a and b shows the richness of microbial communities within
the aquitard and the presence or absence of microorganisms of the
genus Dehalococcoides and Propionibacterium acnes. In the CB-aquitard,
in borehole B-F1-UB, the maximum richness was recorded at the
depth corresponding to the dot labeled 1R1 (Fig. 6a). This location
coincides with the joint-point zone with the maximum PCE concentra-
tion (Fig. 5, label 1PCE3, 32 μmol/L), but where there was also a strong
decrease in the concentration of this pollutant with depth (see
Section 4.5). This high richness corresponded to neither the presence
ofDehalococcoides spp. nor cDCE nor VC. This decrease in PCE, accompa-
nied by the presence of a degradation halo fromPCE to TCE (Fig. 6a, label
1TCE4, 0.13 μmol/L), indicates that dechlorinating microbial
communities capable of surviving in the presence of high
concentrations of PCE, but not belonging to the Dehalococcoides genus,
are present in the medium (Dolinová et al., 2017). The presence of
P. acnes, a bacterium related to the reductive dechlorination of
chloroethenes (Chang et al., 2011), was detected at this depth
(Fig. 6a). These findings support the second working hypothesis. By
contrast, the maximum microbial richness indicated by the label 1R2

at the bottom of this CB-aquitard (Fig. 6a) coincided with a low PCE,
an increase in TCE, and the presence of cDCE and Dehalococcoides spp.
Thus, when the PCE concentration decreases, Dehalococcoides spp. are
able to conduct reductive dechlorination at least up to cDCE (Zhao and
He, 2019; Löffler et al., 2013). Therefore, this system has the potential
to degrade chloroethenes in the aquitard (Manoli et al., 2012), confirm-
ing once again the second working hypothesis.

In B-F2-UB,Dehalococcoides spp. were detected at all depths, includ-
ing the CB-aquitard, the TZCMA, and the MB-aquitard (Fig. 6b), in con-
trast to what was observed in B-F1-UB. The occurrence of
Dehalococcoides in B-F2-UB could be related to a lower concentration
of PCE in the porewater (even at the depth where the residual PCE
pool was detected; Fig. 6b, label 2PCE1, 9.2 μmol/L). Moreover, the
presence ofDehalococcoides spp. coincidedwith a higher TCE concentra-
tion, especially at the depth where the PCE pool was placed. Hence, re-
ductive dechlorinationmediated byDehalococcoides spp. could bemore
effective at lower concentrations of PCE (Fig. 6b, label 2PCE1, 9.2 μmol/
L). However, it is not excluded that P. acnes may have played a role at
the depth of the point labeled 2PCE1 in this borehole (B-F2-UB).

At the upper part of the CB-aquitard, the richness of microbial com-
munities in B-F2-UB increased with depth from its contact with the
TZBA (Fig. 6b). This change accounts for the increase in TCE, cDCE, and
VC concentrations compared with the concentrations in B-F1-UB and
red in groundwater of the conventional piezometer S4.

NO2
−

(mg/L)
NO3

−

(mg/L)
Mn2+

(mg/L)
Fe2+

(mg/L)
SO4

2−

(mg/L)

0.1 0.01 0.36 0.15 123
0.0004 0.05 0.011 0.12 38
0.0004 2.30 0.105 0.026 403.78
0.0004 0.05 0.013 0.084 139
0.0004 0.05 0.772 0.028 192
0.001 0.89 0.012 0.079 121
0.5 11.74 1.21 0.05 300.33
1.63 15.1 0.555 0.009 321
0.07 0.05 0.237 0.028 269



Table 4
DO variations with depth in the multilevel piezometers of the Transition Zone to the Bottom Aquitard (TZBA) and in conventional piezometers S4 and S12.

Upper part of the TZBA Port F1-6UB 6.3 m depth 6.47 mg/L DO Port F2-6UB 6.6 m depth 4.74 mg/L DO
Interface zone between the TZBA and the CB-aquitard Port F1-7UB 6.9 m depth 3.30 mg/L DO Port F2-7UB 7.2 m depth 0.65 mg/L DO
Change from clearly oxidizing conditions in the shallower ports to lesser DO in the lower part of the TZBA

Lower part of the MB-aquitard (interbedded conductive medium sands, groundwater flow occurs) Conventional piezometer S4 25–30 m depth 0.06 to 3.60 mg/L DO
Conventional piezometer S12 25–30 m depth 0.80 to 3.45 mg/L DO

Variations depend on the season of year for sampling. The minimum value in S4 is lower than in S12
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confirms that B-F2-UB presents greater chloroethene degradation be-
cause this borehole is in a more distant zone from the primary source
of the PCE-DNAPL, located at the contact between the TZBA and the
CB-aquitard (see Section 4.1). In addition, the gravel and sand inter-
stratified layers in B-F2-UB in the TZBA provided the necessary nutri-
ents, dissolved PCE, electron donors (dissolved organic carbon that
acts as an energy source), and growth factors—substances naturally oc-
curring that stimulate growth, proliferation, differentiation, and cellular
healing—that Dehalococcoides spp. need to biodegrade chloroethenes
(Fowler and Reinauer, 2013; Miura et al., 2015; Puigserver et al.,
2016a). Furthermore, particulate organic matter in fine sands and silts
between the more conductive layers also acts as an electron donor
(Puigserver et al., 2014).

4.7. Groundwater chemistry in interstratified conductive layers within the
MB-aquitard

Table 3 shows the main physicochemical parameters and redox-
sensitive speciesmeasured in the conventional piezometer S4, screened
between 25 and 30 m at the interstratified levels of medium sands
Fig. 8. Evolution of the accumulated concentrations of chloroethenes and their isot
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(Section 2.2). Table 4 shows the variation in DO in the groundwater of
the TZBA as well as the mentioned interstratified conductive layers
within the MB-aquitard (piezometers S4 and S12).

EC did not vary significantly during the studied period: It ranged be-
tween 600 and 1100 μS/cm. The Eh (see Table 3) indicated a reducing
character, and the DO was mostly below 1 mg/L.

The periods inwhich Eh valuesweremore negative corresponded to
the summer and winter seasons (especially in 2016 and 2017, respec-
tively) because these are the driest periods (lower rainfall) based on
the Mediterranean climate in the region. This seasonality is evidence
that a hydraulic connection exists between the conductive interstrati-
fied levels in the MB-aquitard (piezometer S4) with the exterior (from
where it is recharged by infiltration of part of the rainwater), which
shows that there is groundwater flow along this zone (i.e., it is not stag-
nant groundwater, without flow). In this region, nitrate concentrations
in aquifers are very high because the fields are fertilized with manure
(see Section 2.1); in most cases, they are around 50 mg/L. In general,
the redox conditions recorded at S4 were more reducing than at the
conventional piezometer S12 (screened between the same depths as
S4). The average Eh value recorded in S4 was −82.7 mV, with a range
opic composition in the groundwater of conductive thin layers in the aquitard.
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from −220 to 126 mV, whereas in S12 the average was −21 mV, and
the range was from −70 to 135 mV. These predominant reducing con-
ditions in S4 account for the low concentrations of nitrogen species as a
consequence of denitrification occurring at that depth (Lasagna et al.,
2015; Zhou et al., 2017).

Although concentrations of nitrogen species were low, the data in
Table 3 indicate that during the summer and autumn–winter periods,
concentrations of nitrate and ammonium increased, coinciding with
the period during which fields are fertilized with manure. These data
again confirm that there is a connection between this groundwater
and the exterior. Thiswas accompanied by an increase in the concentra-
tion of sulfate, so a significant part of this ion in these interstratified con-
ductive layers has an agricultural origin (Jakóbczyk-Karpierz et al.,
2017). The high levels of Mn and Fe in a reduced state, together with
the high sulfate (showing that sulfate reduction did not occur), indicate
that the previously mentioned reducing conditions prevailing in pie-
zometer S4 vary between those corresponding to the redox zone of
Mn reduction and Fe reduction.

Chloroethene concentrations in groundwater (Fig. 8) revealed that
TCE and often cDCE concentrationswere higher than the PCE concentra-
tions, in contrast to what was observed in the TZBA-hydrostratigraphic
unit (Puigserver et al., 2016a). This is in accordance with what was ob-
served in the porewater of the TZCMA (see Section 4.5.1), where, al-
though PCE was detected, TCE concentrations were higher. The
progressive increase in TCE and cDCE concentrations in groundwater
of S4 and S12 were not accompanied by isotope fractionation of cDCE.
Although these compounds showed different isotopic compositions
(Fig. 8), the isotopic shift between them remained fairly constant at
both the S4 and S12 conventional piezometers. However, cDCE concen-
trations increased, indicating that degradation of TCE to cDCE probably
took place. The following circumstances were present for this to occur:
1) groundwater flow supplying electron donors (dissolved and particu-
late organic matter, which acting as energy source), TCE acting as elec-
tron acceptor, nutrients and growth factors that dechlorinating
microorganisms need; and 2) sufficiently reducing redox conditions
(Table 3) for biotic reductive dechlorination of TCE to cDCE to take
place. Piezometer S12 recorded an isotopically heavier PCE than S4
(−23.8‰ ± 0.2‰ and −25.2‰ ± 0.2‰, respectively). This is because
PCE in S12 is a dissolved form proceeding from a PCE-DNAPL that,
from the primary source (located at the TZBA-CB-aquitard interface;
Fig. 2 and Section 4.1), has had to travel a longer path than in the case
of S4 through the aquitard microfracture network to S12. There has
been a longer residence time in the aquitard, and therefore more time
degrading until reaching the conductive levels where S12 is situated
(Fig. 2). This agreeswith the fact that in S12, there are highermolar frac-
tions of cDCE than TCE, while in S4 themolar fractions of TCE are higher
than cDCE. Moreover, in S4 the isotopic compositions of TCE and cDCE
were on average−27.14‰±0.2‰ and−42.44‰±0.2‰, respectively,
which in both cases were lighter than in S12 (where theywere on aver-
age−24.12‰±0.2‰ and−34.75‰±0.3‰, respectively), confirming
that in S12 the currently degrading PCE had been in place in the
aquitard longer than in the case of S4, and is therefore already isotopi-
cally heavier.

Taken together, these findings confirm that the source has aged but it
has not been fully mineralized (Scheutz et al., 2010). Fig. 8 also shows
how the maximum production of cDCE occurs in the summer, coinciding
with Fe-reducing conditions (Chambon et al., 2013; Herrero et al., 2019).

5. Conclusions

Degradation in fractured aquitards occurs especially in the matrix
adjacent to the orthogonal network of microfractures, bedding planes,
and interstratified conductive layers. PCE has penetrated by molecular
diffusion from the PCE-DNAPL present in this network. PCE degradation
has occurred especially when the secondary PCE-DNAPL sources in the
network have evolved to a mature state. The existence of textural
16
heterogeneities at different depths within aquitards, especially at
depths where there are contrasts between fine and coarse grain sizes,
favors microbial development because these zones become ecotones.
The biodegradation activity performed by Dehalococcoides (and also
by P. acnes) in aquitards is incomplete. However, this activity, combined
with the reactive abiotic degrading effect caused by Fe oxides present in
these aquitards, ensures the total mineralization of chloroethenes. This
is especially remarkable in the porewater of the host matrix of sedi-
ments on either side of microfractures. The existence of biodegradation
and abiotic degradation of chloroethenes in thematrix of low hydraulic
conductivity formations has important environmental implications be-
cause large amounts of these contaminants are stored in the pores of
these formations. The mobilization of these contaminants is compli-
cated because of the difficult accessibility of such contexts. The presence
of degradation processes of chloroethenes at the matrix level favors a
decrease in themass of stored contaminants in case of completeminer-
alization of the parent PCE, which reduces back-diffusion of this com-
pound caused by reverse concentration gradients, and thus the
rebound effect. This lowering of the rebound effect has positive implica-
tions, because chloroethenes are highly recalcitrant compounds. How-
ever, when complete mineralization of the PCE parent compound does
not occur, the formation of daughter products in the aquitard generates
steep concentration gradients of these compounds between the
aquitards and the high hydraulic conductivity layers. This triggers high
back-diffusion fluxes of daughter products from the aquitard to these
more conductive layers.

The ability of Dehalococcoides to biodegrade chloroethenes in the
matrix adjacent to microfractures often contrasts with joint-point
zones resulting from the intersection of microfractures, where high
chloroethene concentrations can be toxic to Dehalococcoides. At these
depths, biodegradation is often mediated by other microorganisms
such as P. acnes. However, this biodegradation is not complete and
does not result in total mineralization.

The above-mentioned textural contrasts often allow the occurrence
of layers in which groundwater flow occurs andwhere: i) the dominant
redox conditions are Fe reducing; ii) precipitation of iron oxides with
sorbed Fe2+ ions is possible; and iii) there is a simultaneous supply of
nutrients, electron donors, and acceptors, along with a supply of other
compounds that microorganisms need to live. Together, these scenarios
may favor the coupling of reactive abiotic and biotic degradation of
chloroethenes. However, the dechlorination resulting from the coupling
of reactive abiotic and biotic processes in aquitards is slow and limited
by the need for an adequate supply of electron donors. Hence, for the re-
mediation of this type of site, the implementation of strategies based on
the use of combined reactive abiotic and biotic in situ methods could be
an opportunity to solve one of themost important threats regarding en-
vironmental contamination caused by chlorinated solvents. This is a real
challenge because aquitards are connected to aquifers in many
hydrogeological contexts, especially in alluvial fan settings.
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