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Abstract: 79Se is a critical radionuclide concerning the safety of deep geological disposal of certain
radioactive wastes in clay-rich formations. To study the fate of selenium oxyanions in clayey rocks
in the presence of a selenium reducing microbial community, in situ tests were performed in the
Opalinus Clay at the Mont Terri Rock Laboratory (Switzerland). Furthermore, biotic and abiotic batch
tests were performed to assess Se(VI) and Se(IV) reactivity in the presence of Opalinus Clay and/or
stainless steel, in order to support the interpretation of the in situ tests. Geochemical modeling
was applied to simulate Se(VI) reduction, Se(IV) sorption and solubility, and diffusion processes.
This study shows that microbial activity is required to transform Se(VI) into more reduced and
sorbing Se species in the Opalinus Clay, while in abiotic conditions, Se(VI) remains unreactive. On
the other hand, Se(IV) can be reduced by microorganisms but can also sorb in the presence of clay
without microorganisms. In situ microbial reduction of Se oxyanions can occur with electron donors
provided by the clay itself. If microorganisms would be active in the clay surrounding a disposal
facility, microbial reduction of leached Se could thus contribute to the overall retention of Se in clayey
host rocks.

Keywords: selenium reduction; diffusion; sorption; Opalinus Clay; in situ; batch tests

1. Introduction

In several countries relying on nuclear energy, deep clay formations are studied as
potential host rocks for geological disposal of intermediate-level and high-level long-lived
waste (ILW and HLW). For both types of waste (mainly vitrified HLW and nitrate-bearing
bituminized waste), 79Se (T 1

2
= 327 ka [1]) is considered as one of the main radionuclides

contributing to the dose-to-man after final disposal [2–5]. As selenium is a redox sensitive
element, it can exist under different oxidation states depending on the environmental
conditions: mainly Se(VI), Se(IV), Se(0), Se(-I), and Se(-II). Due to the oxidizing conditions
during spent fuel reprocessing, radiolysis in the waste and/or due to the presence of large
amounts of nitrate in nitrate-bearing bituminized ILW, Se is expected to be released—at least
in part—as Se oxyanions [3,6]. Although part of these oxyanions could sorb onto corrosion
products present on the steel canisters or steel rebars [7], the remainder is expected to reach
the clay host rock surrounding the waste repository.

In the clay, Se mobility is largely controlled by its oxidation state, which is affected
by the prevailing redox conditions and pH. Based on thermodynamic and experimental
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data in soils and ground waters [3,8–11], Se(0) and metal-selenide minerals (e.g., FeSe2 as
ferroselite) are stable and poorly soluble (and thus immobile) at low redox potential. At
slightly higher redox potentials, though still reducing conditions and at neutral pH, Se(IV)
(i.e., SeO3

2– or selenite) can be found in soil pore waters. As Se(IV) can remain in solution,
its mobility is higher compared to Se(0) or selenides, though it is constrained by precip-
itation and sorption processes. Metal-selenite minerals are rarely found in soils, though
under certain pH and Eh conditions, anhydrous and hydrous metal-selenites (e.g., with Fe,
Al, or Cu) have been found in near-surface environments [11,12]. Nevertheless, selenite
concentrations in solution are largely controlled by its sorption onto certain minerals, such
as clay minerals, pyrite, siderite, mackinawite, and iron (hydr)oxides [7,8,13–20]. Reten-
tion of selenite on redox-active clay components (e.g., Fe(II) minerals) involves surface
adsorption followed by reduction to Se(0) or selenide and precipitation [16,17,20–22]. In
addition, selenite can adsorb directly onto clay minerals via the formation of inner-sphere
complexes [22,23]. Sorption of selenite onto clays has indeed been observed in batch tests
with Toarcian argillites, Opalinus Clay, and Boom Clay [18,22,24]. Finally, under oxidizing
conditions, Se(VI) (i.e., SeO4

2− or selenate) would be the most dominant species. This Se
oxyanion has a high solubility and is poorly or non-sorbing (depending on the pH value of
the solution with respect to the point of zero charge (pzc) of the considered mineral surface),
and it can therefore remain in solution at higher concentrations. In batch sorption experi-
ments with different clays (Boom Clay, Toarcian argillites, and Opalinus Clay), sorption of
selenate could not be observed [18,24], though under certain conditions Se(VI) was able to
sorb onto certain minerals (e.g., iron (oxy)hydroxides and clay minerals) [7,13,25–27]).

In addition to the pH and redox conditions, microorganisms also play an important
role in Se cycling in nature and can transform Se through three distinct processes: assimi-
lation, detoxification, and dissimilatory reduction. While assimilation and detoxification
can occur under both anaerobic and aerobic conditions, dissimilatory reduction (or res-
piration) of Se can only occur under anoxic conditions [28]. Selenium has beneficial or
toxic health properties depending on a very narrow concentration window. At low con-
centration, selenium is an essential micronutrient to microorganisms and is incorporated
in selenoproteins necessary for enzymatic activity (e.g., for protecting cell membranes
against oxidative damage) by assimilatory reduction of Se oxyanions [28–31]. However,
high selenium concentrations are toxic, and detoxification is then required. Several detoxi-
fication pathways are possible, including the formation of Se(0) particles or methylation of
non-volatile reduced Se species to volatile compounds [28–31]. Finally, several microbial
strains are known to perform dissimilatory reduction of selenate and/or selenite. In this
metabolic process, Se is used as an electron acceptor for energy production and microbial
growth, while mainly organic compounds, but also inorganic compounds such as H2, can
act as electron donors [28]. In general, selenium oxyanions are reduced to the less soluble
and less biologically available elemental Se(0). The formation of Se(0) is considered a
biomineralization process and can occur either intracellularly or extracellularly [28].

To our knowledge, diffusion studies investigating the migration of Se in the clay are
rather scarce, though some data is available for selenate in Boom Clay [3] and Opalinus
Clay (Mont Terri Diffusion and Retention (DR) experiment [32]), and for both Se oxyanions
in Callovo–Oxfordian Clay [19,33]. According to these experiments, retention of Se(VI)
is very limited and its migration through the clay would be predominantly driven by
diffusion of a mobile species. Reduction of Se(VI) was either not detected or not measured.
On the other hand, diffusion experiments with Se(IV) in Callovo–Oxfordian Clay suggest
sorption of Se(IV) on the clay, based on the decrease in Se(IV) concentration in the feed
solution and on the detection of reduced Se species (though not specified) by XANES (X-ray
absorption near-edge structure) along the diffusion pathway [19].

It is important to note that, most of the sorption and diffusion studies with Se oxyan-
ions did not include microbial activity as a possible pathway for Se reduction. In other
studies, microbial activity was not assessed, even though this could have contributed
to the observed results. Furthermore, studies focusing on microbial Se reduction often
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include the addition of easily biodegradable carbon sources or electron donors, which also
influences the observed processes. As microbial activity cannot be ruled out in a repository
for radioactive waste, the fate and transport of Se in the near field of a radioactive waste
disposal facility may not only rely on purely abiotic chemical processes but should also
include microbially mediated reactivity and retention of Se. A good understanding of the
diffusion, sorption, and reactivity of Se oxyanions in a clay host rock of such a disposal facil-
ity, including the effect of microorganisms, is required to support the selection of transport
parameters for performance assessment calculations of the deep geological repository.

In this paper, the in situ fate of selenium oxyanions in the Opalinus Clay, including the
effect of a selenium reducing microbial community, was studied for the first time. For this,
in situ injection tests with selenate were performed in the borehole of the BN experiment
(bitumen–nitrate–clay interaction experiment) at the Mont Terri Rock Laboratory (Switzer-
land), in which microbial nitrate reactivity and diffusion were previously studied [34].
Additional batch tests were performed to support the results of the in situ experiment.
Both biotic and abiotic batch tests were performed in water sampled from the BN borehole
and in the presence of Opalinus Clay, stainless steel, and (for the biotic tests) a microbial
community, all originating from the in situ BN experiment. No additional carbon source or
electron donor were provided, to ensure biogeochemical conditions as close as possible
to those prevailing in situ. The acquired data from the batch tests were used to develop a
model to predict the behavior of selenium in Opalinus Clay.

2. Materials and Methods

All preparatory work was performed and test suspensions were prepared and stored
under anoxic conditions in a UV-sterilized glove box (Ar atmosphere with O2 < 0.001%).
All chemicals used had a high purity (≥99%) and were equilibrated with inert atmosphere,
by bringing them in the glove box one day in advance to remove all traces of oxygen gas.
Note that both the Na2SeO4 and Na2SeO3 (99% Se; Sigma Aldrich, Overijse, Belgium) used
in the batch and in situ tests contained impurities: ~0.4% of the total Se content in Na2SeO4
was Se(IV) and ~10% of the total Se content in Na2SeO3 was Se(VI).

2.1. Design of the BN Experiment

The BN in situ experiment was performed in a borehole drilled in the Opalinus Clay at
the Mont Terri Rock Laboratory (Jura, Switzerland). The Opalinus Clay is a Mesozoic shale
formation in the Jura Mountains of northwestern Switzerland. A detailed overview of the
Mont Terri Rock Laboratory, including the location of the in situ experiment discussed here
and the characteristics of the Opalinus Clay (mineralogy and geochemistry), is provided by
Bossart et al. [35] and Pearson et al. [36]. The mineral composition of the Opalinus Clay at
the Mont Terri site comprises mainly quartz, illite, and mixed-layer illite–smectite, kaolinite,
chlorite, biotite and muscovite, calcite, aragonite, siderite, dolomite and/or ankerite, albite
and/or plagioclase, K-feldspar, pyrite, organic matter (mostly kerogen), and other trace
minerals like apatite [35,36]. The BN experiment is performed in the shaly lithofacies of the
Opalinus Clay, which consists of between 39 and 80 dry wt.% illite, chlorite and kaolinite,
and between 5 and 20 dry wt.% of the mixed-layer illite-smectites. Furthermore, it contains
between 10 and 27 dry wt.% of quartz, between 4 and 35 dry wt.% of carbonates, between
0.9 and 1.4 dry wt.% pyrite and between 0.8 and 1.4 dry wt.% organic matter [35].

The water collected in situ from the Opalinus Clay is of the NaCl type (~60–400 mM).
The chloride concentration depends on the location within the Opalinus Clay, with an
increased salinity from the top to the base of the formation [36]. Besides Na+ and Cl-,
other major components of the Opalinus Clay pore water are sulfate, other cations (Mg2+,
Ca2+, K+ and Sr2+), dissolved carbonate (corresponding to a pCO2 ranging from ~10−2 to
10−3 kPa), and dissolved organic carbon (usually below 1.7 mmol C L−1). The concentration
of other cations as well as the alkalinity are linked to the chloride content [36].

The experimental set-up and its installation have been described in detail by Bleyen
et al. [34]. In short, the downhole equipment consists of three anoxic test chambers (labeled
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‘Interval 1 to 3′) of ~90 cm in length, isolated from each other and from the gallery surface
by inflatable packers to avoid both cross-contamination and oxygen ingress from the gallery
atmosphere. The intervals are in contact with the surrounding clay through a cylindrical
sintered stainless steel porous filter screen surrounding the central supporting stainless
steel tube. Stainless steel water lines connect each of the downhole intervals to a water
sampling unit (with sampling containers and a sampling port) and an on-line chemical
monitoring system inside the gallery of the Rock Laboratory.

The intervals were filled under anoxic conditions with deoxygenated Opalinus Clay
artificial pore water (APW; Table 1), immediately after installation of the downhole equip-
ment. The chemical composition of APW is based on the relationship between sulfate,
cations, and chloride, as determined by Pearson et al. [36]. Because of the existence of a
strong chloride concentration profile in the Mont Terri anticline structure, the APW compo-
sition was also adjusted as a function of the salinity to match the in situ Cl− concentration
of pore water at the exact location of the BN experiment in the rock laboratory [34]. The
composition of the solutions sampled in the interval after 8 months of equilibration was
close to that of the initially injected APW, except for small increases in total inorganic
and organic carbon species (TIC and TOC, respectively; Table 1) and remained stable
over time [34].

Table 1. Chemical composition of the artificial pore water (APW; target composition [34]) used to
saturate the intervals and of sampled solutions from Interval 1 and 3 (one sample each) used for
the batch tests (Section 2.2). The measurement uncertainty (95% confidence) on the concentrations
is 4–5% ([SO4

2−]), 5.5% ([NO3
−], 6% ([Cl−]), 10% ([Na+], [K+], [Mg2+], [Ca2+], [Sr2+], [CH3COO−],

and TIC), 15% ([NO2
−], [total dissolved Fe]) and 30% (TOC) (95% confidence), while the uncertainty

on the pH is estimated to be 0.1 pH unit (95% confidence).

Chemical Species
Concentration (mM)

APW Interval 1 Interval 3

Na+ 162 181 177
K+ 1.1 1.2 1.3

Mg2+ 8.6 9.71 10.2
Ca2+ 12.6 11.7 10.9
Sr2+ 0.38 0.32 0.32

Total dissolved Fe — 0.016 0.0015
Cl− 181 202 197

SO4
2− 12.3 11.9 11.7

NO3
− — 0.04 0.06

NO2
− — <0.1 <0.1

CH3COO− — <0.02 <0.02
TIC 2.8 0.53 2.2
TOC — <0.83 <0.83
pH 7.8 7.7 n.a. 1

—: component not added to APW composition (thus initially absent); 1 n.a.: not analyzed.

The water in each of the intervals is continuously circulating from the downhole
installation to the surface equipment (with water sampling and online measuring equip-
ment) and back using a magnetically driven gear pump combined with a flow meter. This
circulation results in a homogenous solution throughout the circuit of each interval and
allows for monitoring of the chemical composition of the interval solutions, either by online
measurements or by sampling and offline measurements. Each circuit is equipped with five
water sampling containers (40 or 150 mL Whitey stainless steel cylinders from Swagelok),
which can be disconnected safely when additional chemical analyses are required, without
causing a perturbation to the geochemistry of the interval solution. To monitor the pH and
redox potential in the intervals, pH and redox probes (pH::lyser and redo::lyser from S::can
Messtechnik GmbH, Vienna, Austria, now subsidiary of Badger Meter) are installed in the
water circuit inside gas-tight stainless steel flow-through cells.
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In each circuit, additional removable containers (‘clay loops’) can be placed (one or
multiple in series), which contain a piece of Opalinus Clay in contact with the interval
solution through a stainless steel filter screen (i.e., simulating the borehole). These clay
loops can be disconnected in the same way as the sampling containers, allowing the
analysis of the solid phases without perturbing the borehole.

2.2. Batch Tests

Na2SeO4 (50 µM) or Na2SeO3 (10 µM) was first added to pooled solutions sampled
from BN Interval 1 and Interval 3, providing part of the microbial community present in
the BN borehole in the biotic tests. For the abiotic tests, these solutions were sterilized
by filtration at 0.22 µm before the start of the batch tests. No natural Se background
could be detected in the BN borehole water used for these tests (i.e., <1.7 µM total Se
and <0.013 µM Se(VI) and Se(IV), the corresponding limits of detection). To some of the
solutions, 0.1 mM Na2HPO4 was added as a source of phosphorus for microbial growth
(Table 2). No additional growth nutrient or electron donor was added.

Table 2. Overview of the test conditions studied in the batch tests with Se species. Duplicates were
prepared for each condition and were labeled with ‘a’ and ‘b’.

Test Code Clay (g) Stainless Steel
(mm ×mm) 1 Na2HPO4 (mM) Abiotic/Biotic

Tests with 50 µM selenate
Ab_Se(VI) — — — abiotic

Ab_Se(VI)-C 0.1 g — — abiotic
Ab_Se(VI)-F — 5 × 5 — abiotic

Ab_Se(VI)-CF 0.1 g 5 × 5 — abiotic

Bio_Se(VI)-C 0.1 g — — biotic
Bio_Se(VI)-CF 0.1 g 5 × 5 — biotic
Bio_Se(VI)-P — — 0.1 biotic

Tests with 10 µM selenite
Ab_Se(IV) — — — abiotic

Ab_Se(IV)-C 0.1 g — — abiotic
Ab_Se(IV)-F — 5 × 5 — abiotic

Ab_Se(IV)-CF 0.1 g 5 × 5 — abiotic

Bio_Se(IV)-C 0.1 g — — biotic
Bio_Se(IV)-CF 0.1 g 5 × 5 — biotic
Bio_Se(IV)-P — — 0.1 biotic

1 Thickness of the stainless steel filter = 1 mm; meaning of the test codes: Ab: abiotic; Bio: biotic; C: clay; F: filter;
CF: clay and filter; P: addition of phosphate; —: component not added to the batch tests.

Secondly, small pieces of Opalinus Clay and stainless steel were prepared to in-
vestigate their impact on the Se reactivity and retention, as both are present in the BN
borehole (Section 2.1). Pieces of Opalinus Clay (~0.1 g each) were cut from a larger
piece (35 mm × 35 mm × 5 mm), which had been exposed to in situ conditions inside
a removable container (‘clay loop’) in contact with the anoxic solution circulating in
Interval 3 during injection of nitrate for 3 years [37]. Pieces of a stainless steel filter
(5 mm × 5 mm × 1 mm) were cut from a larger filter plate, which had been in another clay
loop in contact with the solution circulating in Interval 1 during injection of nitrate and
H2 for 2 years [34]. Both solids were chosen since they were already acclimatized to the
conditions of the BN experiment and may contain a different microbial community than
the interval solutions. For the abiotic batch tests, the solid pieces were autoclaved (121 ◦C,
2 bar, 20 min) in empty amber glass septum vials. The efficiency of the sterilization process
was verified by placing a Sterikon plus Bioindicator (Sigma-Aldrich, Overijse, Belgium) in
a similar glass septum vial, which was autoclaved along with the other vials.

Seventy milliliters of the Se-containing solutions was added to sterile amber glass
septum vials containing pieces of Opalinus Clay (C) and/or stainless steel filter (F) accord-
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ing to Table 2. For the abiotic tests, the filter sterilized Se-containing solution was added
immediately after autoclaving the solid pieces. Two blanks were included as negative
controls, i.e., interval solution with a piece of clay (Blank_C) or with a piece of clay and filter
(Blank_CF). The septa were closed for the duration of the experiment. The suspensions
were sampled regularly by taking aliquots of 3 mL with a sterile needle after thoroughly
shaking to homogenize the suspension. The solution was not filtered before analysis but
subsampled to perform the different analyses, as described in Sections 2.4 and 2.5. The
solid phases of the abiotic batch test were analyzed microscopically (Section 2.6).

2.3. In Situ Injection Tests

Two consecutive injections of Interval 3 with Se-containing APW were performed in
2019. The first injection of Interval 3 was performed by replacing only the solution in the
surface circulation loop (volume ~0.8 L) with a freshly prepared and sterile Se-containing
APW solution, while bypassing the downhole equipment (volume ~1.5 L) and thus the
interval itself. For this, APW (composition given in Table 1) with 15 µM Na2SeO4 was
prepared under anoxic conditions. The solution was filter sterilized (0.22 µm) and stored
in a sterile vessel until injection. The detailed injection procedure is described in [34].
Care was taken to prevent O2 ingress and microbial contamination during injection. After
replacement of the solution in the surface equipment, the bypass was opened, and the
solution was circulated at 40 mL min−1 through the entire circuit to allow mixing with
the remaining solutions in the downhole equipment. After an overnight homogenization
period, the flow rate was decreased to 10 mL min−1 for the remainder of the tests. The
selenate concentration after overnight homogenization was considered the starting concen-
tration, i.e., 5.3 µM Se(VI) and less than 0.013 µM Se(IV) for the first injection. At the time
of injection, two clay loops were installed in the circuit.

The second injection of Interval 3 was performed 106 days after the first. For this, APW
with 243 µM Na2SeO4 was prepared and filter sterilized (0.22 µm). Injection was done
by reconnecting five sampling containers (volume 0.15 L per container) filled with this
solution to the circuit of Interval 3. The solution was first circulated at 40 mL min−1 for 4 h,
to achieve a good homogenization of the added solution and a dilution with the remaining
interval solution. Afterwards, a sample was taken to determine the start concentration of
Se (i.e., ~60 µM Se(VI) and less than 0.013 µM Se(IV)), and the flow rate was decreased to
10 mL min−1 for the rest of the time.

The pH and redox potential were monitored online throughout the tests. Samples
were taken regularly by disconnecting sampling containers and storing them at 4 ◦C until
further analyses (Sections 2.4 and 2.5). At the end of the second injection test, one of the
installed clay loops was disconnected from the interval and scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy (SEM–EDX) analyses were performed
(Section 2.6).

No remaining NO3
− and NO2

− from previous nitrate injection tests performed to
assess the microbial nitrate reduction processes in Interval 3 were found before injection of
selenate (cf. former nitrate injections made in the period 2012–2016; see [34,37]). Further-
more, no additional carbon source or electron donor was injected, to assess microbial Se
reactivity in the borehole with natural electron donors and carbon sources.

2.4. Chemical Analyses

After each sampling of the batch tests, Se(VI) and Se(IV) speciation analyses were per-
formed on one of the subsamples using LC–ICP–MS (Liquid Chromatography–Inductively
Coupled Plasma–Mass Spectrometry) (method modified from [38]) after filtration to re-
move all particles. Liquid chromatography was performed using a Flexar LC system
(Perkin Elmer, Akron, OH, USA) and was coupled to a quadrupole-based ICP–MS in-
strument (Nexion 300S, Perkin Elmer, Akron, OH, USA), equipped with a MicroFlow
PFA-ST concentric nebulizer (Elemental Scientific Inc, Omaha, NE, USA). Note that this
method implies that only dissolved Se(VI) and Se(IV) species are detected. Total Se was
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determined in another (not filtered) subsample by ICP-OES (inductively coupled plasma
optical emission spectrometry) (according to NBN EN ISO 11885:2009) after acid digestion
in aqua regia (according to NBN EN ISO 15587-1:2002). Both analyses were performed by
VITO (Mol, Belgium).

The detection limits for these analyses were 1.7 µM total Se and 0.013 µM Se(VI)
and Se(IV). Intermittent Se(IV) measurements were performed for the biotic batch tests
by spectrophotometric analyses after reaction of selenite with 2,3-diamino-naphthalene
according to [39]. The detection limit of these spectrophotometric analyses of Se(IV) was
1 µM.

The chemical composition of the sampled solutions from the BN borehole was de-
termined as soon as possible after sampling. Total Se, Se(VI), and Se(IV) analyses were
performed as described above for the abiotic batch tests. The closed sampling containers
were stored at 4 ◦C until analysis to slow down microbial growth and reactivity. Subsamples
of the solution were taken under an anoxic atmosphere (Ar atmosphere with O2 < 0.001%)
and analyzed at SCK CEN by ion chromatography (IC; Dionex™ AquionTM with IonPac™
AS22 column, Thermo Fisher Scientific, Geel, Belgium) for SO4

2−, Cl−, and acetate. The
detection limit for the acetate concentration was 8 µM. Cations (Na, K, Mg, Ca, and Sr)
were detected by inductively coupled plasma optical emission spectroscopy (iCAPTM 7400
rad, Thermo Fisher Scientific, Geel, Belgium). Total organic and inorganic carbon (TOC
and TIC, respectively) concentrations were determined using a TOC/TIC analyzer with
UV persulfate digestion (IL500 TC analyzer, Hach Lange, Mechelen, Belgium).

Measurement uncertainties were calculated with 95% confidence.

2.5. Microbial Analyses
2.5.1. Microbial Cell Count

The microbial Biothema ATP Kit HS (Isogen Life Science, Utrecht, The Netherlands)
was used according to the manufacturer’s procedure to monitor intracellular ATP (adeno-
sine triphosphate), which provides information on the microbial activity level.

Flow cytometry was used to count the total amount of microbial cells. To this end,
samples were diluted in filter sterilized (0.22 µm) Evian potable water and stained with
SYBR Green I (10,000× concentrate in 0.22 µm filtered dimethyl sulfoxide) (Thermo Fisher
Scientific, Geel, Belgium) at a final concentration of 1× concentrate. All samples were
stained and incubated in the dark for 20 min at 37 ◦C. Flow cytometry was performed
using a C6 Accuri TM flow cytometer (BD Biosciences, Erembodegem, Belgium) equipped
with four fluorescence detectors (530/30 nm, 585/40 nm, >670 nm, and 675/25 nm), two
scatter detectors, a 50 mW 488 nm laser, and a 30 mW 640 nm laser. The flow cytometer
was operated with Milli-Q water (Merck Chemicals, Overijse, Belgium) as sheath fluid.
Samples were analyzed in a fixed volume mode of 50 µL, and the minimal threshold was
fixed on the green fluorescence (FL1-H at a relative intensity of 1000). Data were analyzed
with the R programming software version 3.6.3 with the package Phenoflow [40].

At day 7 of the abiotic batch experiment, 100 µL of the samples was spread on LB
agar medium (lysogeny broth medium; Thermo Fisher Scientific, Geel, Belgium) and in-
cubated under oxic conditions at 30 ◦C for 3 weeks to verify abiotic conditions. At the
end of the abiotic batch experiment, cultures were diluted 1/10 in APW supplemented
with 0.2 mM NaH2PO4·2H2O and 1 g Na-lactate to enable growth of sulfate reducing
microorganisms. The total cell number was monitored after 18 and 101 days with flow
cytometry. Acetate production was measured after 109 days with the K-ACETAK kit
(Megazyme, Bray, Ireland) according to the manufacturer’s procedure. Lactate consump-
tion was measured after 143 days with the K-LATE kit (Megazyme, Bray, Ireland) according
to the manufacturer’s procedure.

2.5.2. DNA-Based Analysis of the Microbial Community

DNA was extracted from sampled solutions from Interval 3 during the in situ tests.
For this, the microbial community of the interval water was collected on a 0.2 µm Whatman
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Nuclepore track-etched membrane (25 mm Ø; Sigma-Aldrich, Overijse, Belgium). Cell lysis
was achieved by adding 850 µL of autoclaved lysis buffer containing 0.1 M Tris-HCl pH 8,
0.062 M potassium ethyl xanthogenate, 0.2 M nitrilotriacetic acid, 4% wt/v Triton QS-15,
and 0.8 M ammonium acetate, followed by vigorous vortexing for 30 s and overnight
incubation at 70 ◦C. Then, samples were vortexed for 30 s, stored on ice for 10 min, and
centrifuged (12,000× g, 10 min). Afterwards, 750 µL of the supernatant was transferred to
Eppendorf tubes containing 5 PRIME Phase Lock Gel (PLG; VWR International, Leuven,
Belgium), and 750 µL of phenol:chloroform:isoamyl alcohol (25:24:1) was added. Samples
were centrifuged (12,000× g, 10 min), and the upper phase was transferred to a new
PLG tube. Then, 750 µL chloroform:isoamyl alcohol (24:1) was added, and phases were
separated again by centrifugation (12,000 g, 10 min). The top phase was transferred to a
new tube and supplemented with 75 µL LiCl (8 M) and 750 µL 2-propanol, followed by
30 min at room temperature and centrifugation (16,000× g, 30 min, 4 ◦C). The pellet was
air-dried and suspended in 500 µL of Milli-Q water. This suspension was transferred to a
100 kDa Amicon Filter (Millipore, Burlington, Massachusetts, USA) and centrifuged for
10 min at 13,000× g. The samples were washed twice with 450 µL of Milli-Q water and
centrifuged each time for 10 min at 13,000× g. Purified DNA was recovered by inverting
the filter in a new Eppendorf tube and centrifugation for 2 min at 1000× g. The DNA
concentration was determined with a Quantifluor dsDNA sample kit (Promega, Leiden,
The Netherlands).

High-throughput amplicon sequencing of the V3–V4 hypervariable region of the 16S
rRNA gene was performed with the Illumina® MiSeq platform according to the manufac-
turer’s guidelines at BaseClear B.V (Leiden, The Netherlands). DNA sequencing data were
processed using the OCToPUS pipeline (Optimized CATCh, Mothur, IPED, UPARSE, and
SPAdes) [41], which consists of the following steps: quality filtering using the Hammer
algorithm implemented in the SPAdes tool [42], merging reads using the make.contigs
command from the open source software package Mothur (version 1.39.1), alignment and
filtering of the merged reads following the standard operating procedure as described
by the authors of the Mothur software (version 1.39.1), error correction using IPED [43],
chimera identification using CATCh [44], and OTU (operational taxonomic unit) clustering
using UPARSE (version 7.0) with a 97% cut-off [45]. Subsampling was performed based
on the lowest number of reads obtained over the ten different samples, i.e., a coverage
of 29,061 reads. Rarefaction curves indicated that this level of subsampling adequately
represented the bacterial diversity in the samples (Figure S1, Supplementary Materials).
The datasets generated and analyzed during the current study are available in the NCBI
Sequence Read Archive (SRA) repository (PRJNA717984).

2.6. Microscopic Analyses

SEM–EDX analyses were performed on the stainless steel filter coupons and Opalinus
Clay pieces added to the abiotic batch tests (Section 2.2) and obtained from the clay loop
after removal from the in situ test (Section 2.3).

After finishing the batch tests, the filter coupons were removed from the suspensions
and left to dry in an anaerobic glove box (Ar atmosphere with O2 < 0.001%). Larger pieces
of clay were sampled entirely, while smaller pieces dispersed in the batch test solution
(in case it was disintegrated into smaller particles) were transferred with a syringe onto a
Whatman Nuclepore track-etched membrane (Sigma-Aldrich, Overijse, Belgium) placed in
a Swinnex holder (EMD Millipore, Darmstadt, Germany). In addition, smaller pieces of
clay and stainless steel filter coupons were cut from the clay and filter present in the clay
loop and removed from the circuit of Interval 3. Care was taken not to disturb the surfaces
that had been in contact with the interval solution. Both dismantling of the clay loop as
well as the cutting of the samples were done in an anaerobic glove box (Ar atmosphere
with O2 < 0.001%). All samples were stored in anoxic conditions until analysis.

All solid samples were analyzed with a Phenom ProX tabletop SEM equipped with an
EDX element identification probe (Benelux Scientific, Nazareth, Belgium).
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2.7. Modeling

Geochemical modeling was undertaken using the geochemical code PHREEQC [46]
to aid the interpretation of the experimental data. The modeling considered various
processes relevant to the batch and in situ experiments: Se speciation, anion diffusion,
Se(VI) reduction kinetics, and Se(IV) sorption. Modeling was focused on the in situ
experiment and considered each of these processes in turn to develop a reactive-transport
model of increasing complexity. Where relevant, the effect of specific processes was tested
against the batch experimental data as detailed below.

2.7.1. Se Speciation

A simplified speciation model considering two species, Se(VI) and Se (IV), was used
for the majority of the modeling to compare with the experimental data of these species.
The two species were defined as separate components and master species in the PHREEQC
input file. This approach enables modeling of reaction kinetics (Section 2.7.3) between the
two main species that are confirmed to be present by the chemical analyses. Representation
of selenite as a single species also enables the utilization of an existing Se(IV) sorption
model (Section 2.7.4).

PHREEQC calculations were also undertaken with a full aqueous speciation model
using the Thermochimie database (version 9) [47], which includes thermodynamic data for
Se from Olin et al. [48] to examine the hydrolysis of Se(VI) and Se(IV) and the occurrence
of Ca and Mg ion pair species under Opalinus Clay conditions. Pourbaix diagrams of the
selenium system were constructed using PHREEPLOT [49], again using the Thermochimie
database. These diagrams and PHREEQC calculations were performed to determine the
solubility and stability of elemental Se(0), a known product of microbial selenate reduction.

2.7.2. Diffusion Modeling

The diffusion of Se(VI) and Se(IV) was represented in the PHREEQC model of the
in situ BN experiment by a radial diffusion model following the approach of Appelo and
Wersin [50] and used to model other similar Mont Terri borehole diffusion experiments [51].
The circulating borehole fluid was represented by a single cell, which has associated with
it a series of 20 ‘stagnant’ cells representing concentric regions around the borehole. The
first two stagnant cells represented the filter screen and a void space adjacent to the clay
and were assumed to have a radial thickness of 2 mm and 3 mm, respectively. The first cell
representing the Opalinus Clay had a radial thickness of 5 mm, and for each successive
cell, the radial thickness increased by a factor of 1.3, giving a total radial distance of
3.16 m. Diffusion between the stagnant concentric cells was represented using a mixing
function calculated for the above geometry and as described by Appelo et al. [50] and
Tournassat et al. [51].

As only two selenium oxyanions (SeO4
2− and SeO3

2−) were represented in the model,
the multicomponent diffusion option of PHREEQC [46,50] was not utilized. Instead,
the diffusion of the two anions was represented by a single pore diffusion coefficient
(Dp, m2 s−1) and porosity (ε, -), which were input parameters to the mixing function [50,51].
For simplicity and consistency with previous work [34], anion exclusion effects were
represented through the pore diffusion coefficient rather than a lowering of the anion
accessible porosity, and ε was assumed to be equal to the total porosity of the Opalinus
Clay (0.17) [36]. A similar simplification to consider the same porosity for anions, cations,
and neutral species was used in modeling diffusion processes in other borehole experiments
at the Mont Terri Rock Laboratory [49]. The total porosity value (0.17) was also considered
in previous 1-dimensional modeling of Br− and deuterium-labelled water (HDO) non-
reactive tracers in diffusion tests in Intervals 1 and 2 of the BN experiment [34]. In the
present study, the previously reported Br− and HDO data [34] were refitted using the
PHREEQC radial diffusion model by pore diffusion coefficients (Dp) of 3 × 10−11 m2 s−1

and 1.8 × 10−10 m2 s−1, respectively, assuming a total porosity of 0.17 for both Br− and
HDO (Figure S2, Supplementary Materials). A recently performed Br− diffusion test
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in Interval 3 (data not shown) showed that anionic diffusion was similar for all three
intervals, and the PHREEQC radial diffusion model developed for Interval 1 and 2 was
also applicable to fit the data from Interval 3. The pore diffusion coefficient for Br−

determined from the tracer tests undertaken in Intervals 1 and 2 was assumed to represent
the diffusion of the Se(IV) and Se(VI) anions in the selenium injection tests in Interval 3.

2.7.3. Se(VI) Reduction Kinetics

The reduction of Se(VI) to Se(IV) was represented in PHREEQC, using the KINETICS
keyword, and where one mole of the Se(VI) master species was replaced by one mole of
Se(IV) master species. The PHREEQC RATES keyword was used to define a first order rate
law. The first order rate constant was fitted to the Se(VI) concentration data measured in
the biotic batch tests and in the circulating solution of the in situ experiment after taking
account of the diffusion of Se(VI) from the borehole into the Opalinus Clay.

2.7.4. Se(IV) Sorption onto Opalinus Clay

Se(IV) sorption distribution coefficients (Rd) were calculated based on the data from
the abiotic batch tests according to Equation (1):

Rd =
C0 − C

C
V
m

(1)

where C0 is the initial aqueous Se(IV) concentration (mol L−1), C is the remaining aqueous
Se(IV) concentration (mol L−1), V is the solution volume (mL), and m is the mass of
the clay (g).

Frasca et al. [18] compared the sorption of selenium oxyanions on three argillaceous
rocks, including samples from a core of Opalinus Clay from a borehole at the Mont
Terri Rock Laboratory. They found that while Se(VI) was non-sorbing, Se(IV) sorption
behavior could be reproduced by 1- and 2-site Langmuir isotherms, with more accurate
representation being obtained by the 2-site model:

Cs = Smax1

KL1C
1 + KL1C

+ Smax2

KL2C
1 + KL2C

(2)

where Cs is the concentration of Se(IV) sorbed onto the solid phase (mol kg−1), C is
the remaining aqueous concentration of Se(IV) (mol L−1), KL is the sorption potential
(L mol−1), and Smax is the sorption capacity (mol kg–1) of each site. Parameter values
obtained by Frasca et al. [18] for Opalinus Clay are shown in Table 3. No distinction in
the sorption mechanism is made (i.e., direct sorption of Se(IV) vs. reduction followed by
surface precipitation).

Table 3. Langmuir isotherm parameters from Frasca et al. [18] used in the Se(IV) sorption model for
Opalinus Clay. These parameter values are used in Equation (2) to represent Se(IV) sorption using a
2-site Langmuir isotherm. KL is the sorption potential and Smax is the sorption capacity of each site.

Sorption Site KL (L mol−1) Smax (mol kg−1)

Site 1 2.1 × 105 1.7 × 10−3

Site 2 1.9 × 107 1.4 × 10−5

Site 1 fitted (†) 7.5 × 104 7.5 × 10−3

(†) ‘Site 1 fitted’ refers to parameters fitted to represent the enhanced sorption observed in the abiotic batch experiments.

In this study, the Langmuir isotherm was used in models to compare with experimen-
tal Se(IV) concentration data from both the batch and in situ experiments. For this, the
Langmuir sorption isotherm (Equation (2)) was implemented in PHREEQC representing
the two sites as surface master species and defining a Se(IV) surface species for each site.
The KL and Smax parameters for Opalinus Clay (Table 3) were used to represent Se(IV)
sorption in the batch and in situ experiments. The sorption potential (KL, L mol−1) was
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input as the log equilibrium constant for the formation of the Se(IV) surface species. The
sorption capacity (Smax, mol kg−1) was input to PHREEQC as the number of moles of
the surface master species (moles of sorption sites) per liter of water. Smax was scaled to
account for the different fluid/rock ratios of the in situ conditions of the Opalinus Clay
(0.089 L kg−1, assuming a total porosity of 0.17 and dry density of 2.3 kg L−1) and the batch
experiments (700 L kg−1). After considering the data from the abiotic batch experiments, a
second modified Langmuir isotherm was parameterized with changes to KL and Smax for
sorption site 1 (‘Site 1 fitted’ at the bottom of Table 3) and also used to model subsequent
biotic and in situ experiments.

For the in situ experiment, sorption was taken into account in all cells representing
the Opalinus Clay, although in practice significant sorption only occurred in the first cell
representing the first 5 mm of clay. In addition, it was found that sorption was limited
by the diffusion of Se(IV) into the model cells representing clay. To represent the direct
sorption onto the borehole skin surface (borehole disturbed zone, BdZ) of the Opalinus
Clay from water present in the annular space (without being limited by diffusion), it was
assumed that a proportion of the sorption sites present in the first cell representing the first
5 mm of the clay could directly equilibrate with the borehole fluid, i.e., they were assigned
to the cell representing a fluid filled void between the filter and the clay. In the graphical
results presented in this paper, it was assumed that half of the sorption sites present in the
first 5 mm of clay could equilibrate directly with the borehole fluid. The effect of other
proportions of sites was also examined in variant model cases.

3. Results
3.1. Abiotic Batch Tests
3.1.1. Experimental Results

Intracellular ATP measurements performed after 7, 49, and 70 days showed that
all samples without a solid clay fraction, except Ab_Se(IV)-F_b, were always under the
detection limit (0.016 ± 0.013 pmol ATP/mL of clay water), indicating that they remained
abiotic (Figure 1). Although intracellular ATP concentrations in samples Ab_Se(VI)-C_a,
Ab_Se(VI)-CF_b, Ab_Se(IV)-C_a, and Ab_Se(IV)-C_b were initially high compared to
the other samples, these concentrations decreased significantly during the course of the
experiments (Figure 1). This suggests that if microorganisms were still initially present,
their activity can be neglected. Samples were plated on a rich growth medium (LB)
under oxic conditions after 7 days to further confirm the absence of microorganisms. The
growth medium has been shown in the past to be highly suitable to cultivate the most
dominant species present in BN borehole water. No growth was observed in any of the
samples. Furthermore, cultures were prepared at the end of the batch experiments to
investigate if possible viable cells could be revived in more optimal growth conditions,
i.e., in the presence of sufficient phosphate and lactate, the latter as the preferential carbon
and electron source for sulfate-reducing bacteria. No increase in intracellular ATP was
observed, lactate was not consumed, and acetate production was not observed. Altogether,
these data indicate the absence of active microorganisms, confirming abiotic conditions in
the currently discussed batch tests.

Figure 2 shows the evolution of Se(VI), Se(IV), and total Se as a function of time for
all abiotic test conditions. No Se was detected in the BN borehole water used for these
tests, nor in the blanks with a piece of Opalinus Clay and/or stainless steel filter (Blank_C
and Blank_CF).
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Under abiotic conditions, Se(VI) remained stable in BN borehole water, and addition
of Opalinus Clay and/or stainless steel did not have a significant impact on the Se(VI)
concentration nor on the total Se concentration in solution. On the other hand, in the
suspensions containing clay (Ab_Se(VI)-C and CF), the selenite concentration (present
as an impurity in Na2SeO4) decreased to a significantly lower concentration compared
to the initial background concentration observed in all other solutions (Figure 2). When
comparing the dissolved Se species (i.e., Se(IV) and Se(VI)) to the concentration of total Se
in the suspension, all Se species were accounted for. Note that a selenate impurity was also
present in all tests with Se(IV). In one of these tests, a decrease in this Se(VI) background
concentration could be observed (test Ab_Se(IV)-CF_b), although in all other test cases,
Se(VI) remained stable as in the abiotic tests with Se(VI).
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A decrease in the Se(IV) concentration could be observed in some of the batch experi-
ments with added selenite, similar to that observed for the background selenite concen-
tration in the test conditions with added selenate. In sterile BN borehole water without
additives, the Se(IV) concentration did not decrease. When Opalinus Clay was added, a
decrease in Se(IV) concentration occurred in all suspensions, with or without stainless steel,
though more variation in the decrease rate was observed when stainless steel was included
(Figure 2). The decrease rate ranged from 0.05± 0.02 to 0.1± 0.01 µM Se(IV) day−1, with an
average of 0.07 µM Se(IV) day−1 for the solutions with only clay and 0.1 µM Se(IV) day−1

for the solutions with both clay and stainless steel. In contrast, the Se(IV) concentration
did not decrease in the presence of stainless steel alone (Figure 2). In all test conditions
with clay, the total Se concentration decreased (2 to 4 µM), indicating that part of the Se
was lost onto the solid phases. This was not the case when only stainless steel was present.
Note that after introduction of the clay piece into the water, it slowly disintegrated into
smaller particles. Consequently, the observed loss of total Se in the solutions with clay
may be slightly underestimated as part of the smallest clay particles was sampled along
with the solution, and no additional filtration was performed before total Se measurement.
Comparison of the dissolved Se species (Se(VI) + Se(IV)) to the total Se concentration in
the suspension shows that part of the total Se in the suspensions with clay after 70 days
could not be linked to dissolved Se(VI) or Se(IV), indicating that other—more reduced—Se
species were formed.

SEM–EDX analyses were performed on stainless steel filters and clay pieces after
finishing the abiotic tests. The main results of sample Ab_Se(IV)-CF_a are shown in Figure 3.
More results from this and other samples are shown in a supplementary dataset (Figure S3,
Supplementary Materials). Based on these results, Se was present on the stainless steel
filter surface in the abiotic tests with selenite only when clay was also present (Figure 3).
Clear deposits of Se, more or less spherical in shape, could be observed, though the amount
was limited. This is in agreement with the limited decrease in Se(IV) and total Se in the
suspensions (Figure 2). EDX spot analysis shows that these spots were mostly containing
Se. In these spots, oxygen was not found, while this was the case when performing EDX
spot analysis on the stainless steel itself (Figure S3, Supplementary Materials). These results
thus suggest that the Se deposits are not composed of precipitated or sorbed selenium
oxyanions, but rather of more reduced selenium species such as elemental Se(0) or selenide,
Se(-II). This is in agreement with the observed decrease in the ratio of dissolved Se species
to the total Se concentration (Figure 2). When Opalinus Clay was not present, Se deposits
were not found on the stainless steel filter surface (Figure S3, Supplementary Materials).
SEM–EDX analysis on the clay itself did not reveal a significant amount of Se, in any of the
test conditions. However, due to the disintegration of the clay pieces, the surface of the
clay was quite large, and the limited amount of Se associated with the clay may have been
missed by performing EDX-mapping of the clay surface.
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3.1.2. Modeling Results

Modeling of the abiotic experiments was performed to examine the extent of sorption
of Se(IV) onto Opalinus Clay using the 2-site Langmuir isotherm model parameterized
by Frasca et al. [18]. Considering an initial Se(IV) concentration of 9.3 µM (Figure 2), the
PHREEQC model of the abiotic experiments calculated that after sorption onto Opalinus
Clay, the aqueous Se(IV) concentration would be 7.8 µM. This concentration was broadly
consistent with the measured Se (IV) concentration in abiotic experiments with clay as
the only additive (Ab_Se(IV)-C_a and Ab_Se(IV)-C_b, Figure 2), which ranged between
5.6 µM and 3.8 µM.

Figure 4 compares the sorption distribution coefficients (Rd, Equation (1)) calculated
from the aqueous Se(IV) measurements from the batch tests with clay only (Ab_Se(IV)-
C_a) and with clay and filter (Ab_Se(IV)-CF_a), considering a total initial concentration
of 9.3 µM, with Rd measurements presented by Frasca et al. [18] for Se(IV) sorption onto
Opalinus Clay (obtained from the Mont Terri Rock Laboratory). The data from Frasca
et al. [18] were undertaken with an initial Se(IV) concentration of 100 µM (approximately
70 µM at equilibrium), and so the higher Rd values calculated for the present abiotic
experiments were expected, given the effect of the sorption isotherm [18]. However, the
Rd values calculated using the 2-site Langmuir isotherm model of Frasca et al. [18] for
the range of aqueous Se(IV) concentrations (3.8 to 5.6 µM) measured in the present study
were lower than (around half) the coefficients calculated from the concentration changes.
This suggests that sorption of Se(IV) was enhanced in the BN batch experiments compared
to what was observed by Frasca et al. [18]. The comparison also indicates that sorption
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processes attained a steady state more quickly in the batch experiments undertaken by
Frasca et al. [18] than in our study. The slower sorption of Se(IV) apparent in our study
may be attributed to the slow disintegration of the clay sample, while Frasca et al. utilized
powdered Opalinus Clay material right from the start of the experiments.
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for equilibrium aqueous concentrations of 5.6 µM and 3.8 µM Se(IV), which encompass the range of
concentrations measured in the batch experiments Ab_Se(IV)-C_a and Ab_Se(IV)-C_b after 70 days.
Note, the Rd calculated from the Se(IV) concentration of Ab_Se(IV)-CF_a at 70 days is 1085 mL g−1

and plots outside the scale of the figure.

Based on the sorption of Se(IV) deduced from our abiotic batch experiments, the
Langmuir isotherm parameters of Frasca et al. [18] for Opalinus Clay were revised in
order to use these parameters in the subsequent models of the biotic batch experiments
(Section 3.2.2) and the in situ experiment (Section 3.3.3). Using sorption potential (KL) and
sorption capacity (Smax) values of 7.5 × 104 L mol−1 and 7.5 × 10−3 mol kg−1, respectively,
for the first site (see Table 3), the isotherm could be offset to represent higher Rd values
than that of Frasca et al. [18], with an Rd of 460 mL g−1 at an aqueous Se(IV) concentration
of 5.6 µM representing the steady state measured concentration in test Ab_Se(IV)-C_a.

3.2. Biotic Batch Tests
3.2.1. Experimental Results

Intracellular ATP concentrations considerably increased in the first six days, and
this increase was more pronounced in the presence of Se(IV) (Figure 5). Afterwards,
concentrations decreased slightly or remained stable, which is typically observed in batch
experiments with borehole clay water [52–54]. No intracellular ATP measurements were
performed at the end of the batch experiment.
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Figure 5. Intracellular ATP measurements for samples in the presence of (a) Na2SeO4 or (b) Na2SeO3 during the biotic test.
Details on the test conditions can be found in the legend and in Table 2.

Under biotic conditions, a decrease in the concentration of Se(VI) was observed in the
presence of clay with or without stainless steel filter, though at a slightly higher decrease
rate for tests with clay and stainless steel compared to with clay alone (Figure 6). Overall,
decrease rates of 0.2± 0.07 µM Se(VI) day−1 and of 0.3± 0.07 µM Se(VI) day−1 were found
for tests with clay and with clay and stainless steel filter, respectively. At the end of the
test, ~65% of the total decrease in Se(VI) could be linked to the production of Se(IV) in the
solutions with clay alone (Bio_Se(VI)-C), while Se(IV) only made up ~6 and 47% of the
Se(VI) concentration decrease in the samples with a stainless steel filter (Bio_Se(VI)-CF).
In the absence of clay or stainless steel filter solid phases (Bio_Se(VI)-P), no significant
decrease in Se(VI) concentration could be found. However, a small increase in selenite
concentration was observed (by 0.4 to 2 µM), indicating that some selenate reduction to
selenite had occurred, though at a limited rate (overall decrease rate of 0.06 ± 0.09 µM
Se(VI) day−1). Based on the decrease in total Se concentration (by 5 to 7 µM for Bio_Se(VI)-
C and by 13 to 22 µM for Bio_Se(VI)-CF), part of the Se must be associated with the solid
phase. In addition, here the observed loss of total Se may be slightly underestimated due to
the partial disintegration of the clay possibly containing sorbed Se. As part of the smallest
clay particles was sampled along with the solution at the end of the experiment and total
Se was measured without additional filtration, the measured total Se concentration may
have indeed slightly overestimated the total Se in solution (similar to the abiotic tests, see
Section 3.1.1). The concentration of total Se did not decrease in the tests without solid
phases (Bio_Se(VI)-P).

When comparing the concentration of dissolved Se species [Se(VI) + Se(IV)] to the
concentration of total Se in the suspensions, only for tests with stainless steel filter and espe-
cially for Bio_Se(VI)-CF-b, part of the total Se could not be linked to Se(IV) or Se(VI). Indeed,
the total concentration of Se(IV) and Se(VI) to the total Se concentration in suspension was
57% in sample Bio_Se(VI)-CF-b (Figure 6), indicating the formation of other (more reduced)
Se species. The significant decrease in this ratio in test Bio_Se(VI)-CF-b coincided with the
observed decrease in the concentration of produced selenite after reaching a maximum at
day 35 (Figure 6).
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For the biotic batch tests with Se(IV), a fast decrease in the Se(IV) concentration could
be observed for the tests with clay (Bio_Se(IV)-C) (Figure 6). This decrease was even
enhanced when stainless steel was also present (Bio_Se(IV)-CF). Overall, a decrease rate
of 0.1 ± 0.02 µM Se(IV) day−1 and of 0.3 to 0.5 ± 0.05 µM Se(IV) day−1 was observed for
tests with clay and with clay and stainless steel filter, respectively, resulting in a complete
removal of selenite from the solution. The total selenium concentrations decreased for both
test conditions with clay, though for the tests with clay alone, this decrease did not exceed
the analytical uncertainty, while a significant decrease was observed for the tests with
clay and stainless steel. Note that the total Se concentration in Bio_Se(IV)-CF_a already
decreased after 21 days and seemed to re-increase afterwards. This could be tentatively
attributed to the fact that the clay sample was not yet disintegrated after 21 days (visual
observation), while this was the case at the end of the experiment. Part of the Se species
sorbed on the clay was thus detected in the suspension at the end of the test, which was
likely not (or less) the case after 21 days. Furthermore, based on the ratio of the total
concentration of Se(IV) and Se(VI) to the total Se concentration, the total Se content in tests
Bio_Se(IV)-C and Bio_Se(IV)-CF measured at the end of the test was not accounted for by
these two dissolved selenium species alone (Figure 3), indicating the formation of other
(more reduced) Se species.

In the absence of clay or filter material (Bio_Se(IV)-P), a small decrease in Se(IV)
concentration could be observed, corresponding to a Se(IV) decrease rate of 0.02 ± 0.01 µM
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Se(IV) day−1. On the other hand, no decrease in the total Se concentration could be
observed in these solutions. Based on the ratio of the total concentration of Se(IV) and
Se(VI) to the total Se, only ~57% of the total Se concentration in the batch tests without
solid phases could be linked to dissolved Se species, again indicating that Se(IV) had
been reduced.

3.2.2. Modeling Results

The biotic batch experiment Bio_Se(VI)-CF-a, which examined the reactivity of 50 µM
Se(VI) with Opalinus Clay and stainless steel filter material, was selected for geochemical
modeling, as it displayed clear trends in the concentration data and since its components
were the most representative of the in situ tests described in Section 3.3.

Figure 7 compares the output of the PHREEQC models that include the reduction of
Se(VI) to Se(IV) defined by a first order kinetic reaction with a rate constant of 0.01 day−1.
The decrease in the modeled Se(VI) concentration agreed well with the experimental data.
As a result of the first order reduction process, the model predicted that the aqueous Se(IV)
concentration would increase steadily, although part of the produced Se(IV) was modeled
to sorb on the solid phases. In Model 1 (Figure 7), Se(IV) sorption was represented by the
2-site Langmuir isotherm of Frasca et al. [18]. Based on this, the aqueous Se(IV) would
have increased to 35 µM after 120 days, with around 2 µM of the selenite sorbed onto the
solid phases. Model 2 (dashed line in Figure 7) used the modified isotherm model (Table 3)
to represent the increased sorption apparent in the abiotic batch tests (Section 3.1.2). This
model provided a closer fit to the Se(IV) and total Se data, again indicating the differences
in sorption of Se(IV) between the results from Frasca et al. [18] and our study.

Minerals 2021, 11, x FOR PEER REVIEW 18 of 34 
 

 

observation), while this was the case at the end of the experiment. Part of the Se species 
sorbed on the clay was thus detected in the suspension at the end of the test, which was 
likely not (or less) the case after 21 days. Furthermore, based on the ratio of the total con-
centration of Se(IV) and Se(VI) to the total Se concentration, the total Se content in tests 
Bio_Se(IV)-C and Bio_Se(IV)-CF measured at the end of the test was not accounted for by 
these two dissolved selenium species alone (Figure 3), indicating the formation of other 
(more reduced) Se species. 

In the absence of clay or filter material (Bio_Se(IV)-P), a small decrease in Se(IV) con-
centration could be observed, corresponding to a Se(IV) decrease rate of 0.02 ± 0.01 µM 
Se(IV) day−1. On the other hand, no decrease in the total Se concentration could be ob-
served in these solutions. Based on the ratio of the total concentration of Se(IV) and Se(VI) 
to the total Se, only ~57% of the total Se concentration in the batch tests without solid 
phases could be linked to dissolved Se species, again indicating that Se(IV) had been re-
duced. 

3.2.2. Modeling Results 
The biotic batch experiment Bio_Se(VI)-CF-a, which examined the reactivity of 50 µM 

Se(VI) with Opalinus Clay and stainless steel filter material, was selected for geochemical 
modeling, as it displayed clear trends in the concentration data and since its components 
were the most representative of the in situ tests described in Section 3.3. 

Figure 7 compares the output of the PHREEQC models that include the reduction of 
Se(VI) to Se(IV) defined by a first order kinetic reaction with a rate constant of 0.01 day−1. 
The decrease in the modeled Se(VI) concentration agreed well with the experimental data. 
As a result of the first order reduction process, the model predicted that the aqueous 
Se(IV) concentration would increase steadily, although part of the produced Se(IV) was 
modeled to sorb on the solid phases. In Model 1 (Figure 7), Se(IV) sorption was repre-
sented by the 2-site Langmuir isotherm of Frasca et al. [18]. Based on this, the aqueous 
Se(IV) would have increased to 35 µM after 120 days, with around 2 µM of the selenite 
sorbed onto the solid phases. Model 2 (dashed line in Figure 7) used the modified isotherm 
model (Table 3) to represent the increased sorption apparent in the abiotic batch tests (Sec-
tion 3.1.2). This model provided a closer fit to the Se(IV) and total Se data, again indicating 
the differences in sorption of Se(IV) between the results from Frasca et al. [18] and our 
study. 

 
Figure 7. Measured aqueous Se(VI) (blue squares), Se(IV) (red triangles), and total aqueous Se 
(black circles) concentrations in batch experiment Bio_Se(VI)-CF-a (more details in Table 2), com-
pared to two PHREEQC models representing first order reduction of Se(VI) and sorption of Se(IV). 

Figure 7. Measured aqueous Se(VI) (blue squares), Se(IV) (red triangles), and total aqueous Se (black
circles) concentrations in batch experiment Bio_Se(VI)-CF-a (more details in Table 2), compared to
two PHREEQC models representing first order reduction of Se(VI) and sorption of Se(IV). Model 1
(full lines) includes the 2-site Langmuir isotherm of Frasca et al. [18], while in model 2 (dashed
lines) the isotherm has been adjusted to represent the Rd values for Se(IV) sorption obtained from
the abiotic batch experiments. The two green curves represent the sorbed concentration of Se(IV)
according to Equation (2).

During the first 60 days of the batch experiment, the two models provided a reasonable
representation of the trend in measured Se(IV) concentrations, i.e., an increase to around
15 µM. However, after ~60 days, the measured Se(IV) stabilized at around 15 µM, whereas
the modeled selenite concentration continued to increase, controlled by the continuing
selenate reduction process and subsequent selenite sorption. The constant selenite concen-
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tration observed in the analytical data may be attributed to a solubility control by a discrete
solid phase, perhaps in addition to the sorption process (see further Section 3.4). Compari-
son of Model 2 with the measured Se(IV) and total aqueous Se concentrations indicates
that after 116 days, between 5 and 10 µM of the initially added Se would have sorbed.

3.3. In Situ Tests
3.3.1. Chemical Analyses Results

Figure 8 shows the evolution of the selenium species in the interval solution after
injection with 5 µM (at t = 0) and with 60 µM (at t = 106 days) selenate. The selenite
concentration is not shown, since it was below detection limit (0.013 µM) for all time points.
Taking into account the analytical uncertainty, the total Se concentration was completely
covered by the Se(VI) concentration, indicating that in the circulating interval solution,
there was no significant production of other Se species.

During the first injection test, the pH remained rather stable at 7.6, while the selenate
concentration decreased (Figure 8). A sharp pH decrease was however noticed after Se was
most likely fully removed from the solution, indicating that another reaction occurred after
selenium was removed from the solution. Initially, the Eh decreased only slowly, likely
due to stabilization of the electrode (after being verified in air). This means that during
the initial Se removal, the Eh of the interval solution remains unknown. Concomitantly
with the sharp pH decrease, the Eh first decreased and then reached a stable value at
–114 mV (Figure 8). This behavior again points towards an additional ongoing reaction
in the solution after Se removal. Seventeen days after starting this test, both the pH and
the Eh increased again and remained stable afterwards at ~7.3 and –60 mV, respectively.
During the second injection test, both pH and Eh remained rather stable in time at a value
of 7.3 and –31 mV, respectively.

The concentration of the main cations and anions present in the BN borehole water
were stable (within the measurement uncertainty) during both injection tests (Figure 8).
On the other hand, some variations in the carbon components could be observed. During
the first in situ test, the TOC concentration remained more or less stable, although a slight
decrease was observed in the first 13 days (when Se(VI) was removed completely). Between
day 6 and 13, the acetate concentration increased from below 0.008 mM (detection limit)
to 0.15 mM. Afterwards, the produced acetate was consumed, since it was no longer
present after 27 days. The TIC concentration increased slightly during the initial TOC
decrease, but increased more during acetate consumption, suggesting complete oxidation
of acetate to CO2. During the second in situ test, the TOC concentration was initially
rather high (3.1 mM), especially compared to the values observed in the first test. The
TOC concentration decreased significantly after 7 days to 0.2 mM C and remained constant
afterwards. No changes in TIC concentration and no acetate was detected in the second in
situ injection test.

SEM–EDX analyses were performed on the clay sample from the clay loop that was
installed in the circuit of Interval 3 during both injection tests with Se(VI) (data not shown).
However, due to the low amount of Se injected and the high surface area throughout the in
situ experiment, Se was only found on the clay in only very limited amounts. This as well
as the limitations of the SEM–EDX technique prevent a conclusive interpretation regarding
the speciation of the sorbed or precipitated Se species.
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dence interval), taking into account the measurement uncertainty observed immediately after cali-
bration and the bias observed after ~1 year [37]. The star at ~132 days indicates an electrical power 
failure, resulting in a temporary lack of water circulation and online analysis. 

Figure 8. Evolution of the concentrations of Se(VI) (selenate) and total Se, the main components
of the borehole pore water, organic and inorganic C, and pH and Eh as a function of time for both
in situ injection tests, as shown at the top. The X-axis shows the entire experimental time frame,
encompassing both injection tests with Se(VI). The experimental Se data were split in two graphs,
one for each injection test, in order to visualize the ~12 times higher initial Se(VI) concentration of the
second injection test. The error bars represent the measurement uncertainty (95% confidence). The
combined uncertainty on the pH and Eh is 0.06 pH units and 32 mV, respectively (95% confidence
interval), taking into account the measurement uncertainty observed immediately after calibration
and the bias observed after ~1 year [37]. The star at ~132 days indicates an electrical power failure,
resulting in a temporary lack of water circulation and online analysis.
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3.3.2. Microbiological Analyses Results

Microbial presence and activity during the in situ test was monitored by flow cytom-
etry (FC) and intracellular ATP measurements, respectively. Overall, the evolution was
quite similar for both measurements (Figure 9). The first injection of selenate resulted in
an increase in microbial activity and in the total number of cells followed by a decrease
in both cell number (FC data) and microbial activity (ATP measurements) after 13 days
(i.e., when Se was depleted). An increase in cell number and microbial activity was again
observed after the injection with 60 µM selenate, although to a lesser extent. In addition,
after a small decrease at day 120, microbial activity increased again until the end of the in
situ test (Figures 7 and 9). The limited availability of an easily accessible carbon source can
explain the observed higher increase in microbial activity compared to the total cell count.
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Taxonomical characterization indicated the presence of three dominant phyla in
the interval solutions: Proteobacteria, Firmicutes, and Chloroflexi (Figure 10). Relative
abundance of the different phyla suggests that Proteobacteria decreased for 13 days after
injection, after which a re-increase was observed. Firmicutes behaved in the opposite
way. However, absolute abundances based on flow cytometry calculated according to
Props et al. [55] indicate that after a decrease in the first 6 days after the first injection,
Proteobacteria remained rather constant throughout the in situ test (Figure 10). On the
other hand, on day 13 after injection with 5 µM selenate (i.e., when selenate was depleted),
a clear growth of Firmicutes was observed, and their abundance decreased again gradually
afterwards. No increase of this phylum was observed after injection with 60 µM selenate
(Figure 10).
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The abundance of the Proteobacteria could mainly be attributed to one OTU, i.e.,
OTU1, which represents a member of the genus Pseudomonas (Figure 10, Table S1 in
Supplementary Materials). In addition, OTU2 and OTU85, both representing members
of the sulfate reducing genus Desulfosporosinus (phylum Firmicutes), showed an actual
growth between day 6 and day 13 after the injection (Figure 10, Table S1 in Supplementary
Materials). Growth was also observed for OTU4, probably a member of the Peptococcaceae
family (phylum Firmicutes). The abundance of OTU4 further increased up to 27 days
after the injection (Figure 10, Table S1 in Supplementary Materials). Afterwards, samples
were again mainly dominated by OTU1 (Figure 10, Table S1 in Supplementary Materials).
Much less variation was observed after the injection with 60 µM selenate (Figure 10). The
abundance of OTU4 slightly decreased from day 113 (i.e., day 7 after the second injection)
up to day 134 and doubled again afterwards. The absolute abundance of OTU5, a member
of the Anaerolineaceae family (phylum Chloroflexi, Table S1 in Supplementary Materials),
was doubled in the sample taken on day 113, compared to the sample taken at the start of
the second injection, i.e., day 106 (Figure 10). Finally, the abundance of OTU4, increased at
the end of the injection test with 60 µM selenate (Figure 10).

3.3.3. Modeling Results

Figure 11 compares the measured concentrations of Se(VI) and total selenium in the
second in situ injection test with the modeled concentrations considering diffusion as either
Br− anion or deuterated water (HDO) based on previous diffusion tests undertaken in
Interval 1 and Interval 2 of the BN experiment [34].
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of the BN borehole with 60 µM Se(VI) compared to the modeled diffusion of Se(VI), using the pore
diffusion coefficients of either Br− (green line) or deuterated water (HDO; blue line) to represent the
diffusion of Se(VI) anions. Note that only the time after the second injection with selenate is shown.

The results show that the measured concentrations of Se(VI) decreased at a faster
rate than the model representing Br− anion diffusion (Figure 11). Compared to the model
for deuterated water diffusion, the higher measured Se(VI) concentration in the first few
samples could be explained by pore exclusion affecting the Se(VI) anions. However, the
sample collected after 60 days had a similar (but slightly lower) concentration than that
modeled based on diffusion of deuterated water.

Figure 12 presents the results of the reactive transport model (in PHREEQC), where
the reduction of Se(VI) to Se(IV) is represented as a first order kinetic reaction and where
the diffusion of the Se(VI) and Se(IV) species is represented by the diffusion of Br−. By
varying the rate constant for the Se(VI) reduction reaction a satisfactory fit of the modeled
Se(VI) concentration to the experimental data was obtained for a rate constant of 0.01 day−1

(or 1.157 × 10−7 s−1), equivalent to a reaction half-life of around 60 days. This first order
rate constant was the same as that used to model Se(VI) reduction kinetics in the biotic
batch experiment (Section 3.2.2).

Se(IV) was not detected in the samples taken from the interval solution, although
it was detected in the biotic batch experiments. To investigate Se(IV) behavior in the in
situ experiment, the reactive transport model included Se(IV) sorption using the 2-site
Langmuir isotherm model, in the first instance with parameter values obtained by Frasca
et al. [18]. Figure 12 illustrates how sorption lowered the aqueous Se(IV) concentration
to low concentrations, close to the Se(IV) detection limit (0.013 µM) (red curve). The
modeled amount of sorbed Se(IV) (green curve) expressed as an equivalent concentration
in the borehole fluid attained 19.5 µM after 60 days, whereas the modeled aqueous Se(IV)
increased to a concentration of just 0.37 µM at 60 days. While this modeled aqueous Se(IV)
concentration (red curve) was still higher than the level of detection, it should be noted
that the 2-site Langmuir isotherm model with parameter values from Frasca et al. [18]
underestimated the Rd of Se(IV) in the batch tests (Sections 3.1.2 and 3.2.2). A model of
the in situ experiment parameterized with the modified 2-site Langmuir isotherm (Table 3)
that represents the sorption of Se(IV) apparent in the abiotic batch experiments was found
to lower the aqueous concentration to 0.23 µM at 60 days. Further uncertainty concerns the
number of sorption sites present on the surface of the borehole at the interface with the
borehole fluid. In the model presented in Figure 12, it was assumed that half of the sites
present in the first 5 mm of clay rapidly attained equilibrium with the fluid and were not
limited by diffusion. Variant models showed, however, the sensitivity of the results for a
number of sorption sites. In a model where no sites were able to equilibrate directly with
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the borehole fluid, diffusion limits equilibration of the sorption and a high aqueous Se(IV)
concentration of 10 µM was calculated to occur after 30 days, which slowly declined as the
Se(IV) diffused into the clay. In a third model variant where 99% of the sites in the first
cell representing the clay were considered to equilibrate, the aqueous Se(IV) concentration
after 60 days was lowered to 0.12 µM.
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Figure 12. Measured concentrations of Se(VI) and total Se in water samples from the 60 µM Se(VI) in
situ injection test (symbols) compared to the modeled concentrations in the circulating fluid in the BN
borehole (lines). To model the Se(VI) concentration (blue line), diffusion as defined by Br− diffusion
and the reduction reaction of Se(VI) to Se(IV) defined by a first order reaction with a rate constant
0.01 days−1 is considered. Se(IV) is also subjected to diffusion as represented by Br− diffusion
and to sorption onto Opalinus Clay as described by a 2-site Langmuir isotherm [18] (Equation (2)).
Aqueous Se(IV) in the circulating borehole fluid is indicated by the red line, while the concentration
of Se(IV) that is sorbed onto Opalinus Clay is indicated by the green line represented as an equivalent
concentration in the borehole fluid. The total Se concentrations calculated by the model are indicated
by the dashed black line. Note that only the time after the second injection with selenate is shown.

Overall, the extent of Se(IV) sorption in the in situ BN experiment was much higher
than in the batch experiments. Several hypotheses can be envisaged to explain this differ-
ence, especially more reducing conditions (lower Eh value and also a larger redox buffer
capacity) prevailing in the in situ BN experiment than in the laboratory tests, but perhaps
also a higher accessibility of the sorption sites in the decompacted skin of the borehole
disturbed zone compared to on the piece of clay used in the batch tests, and/or a lower
fluid/rock ratio in the borehole.

3.4. Selenium Speciation Modeling

Additional speciation modeling results are presented here to aid the interpretation
of the lab and in situ experiments. Figure 13 presents a Pourbaix diagram to illustrate
the variation in the speciation of selenium under the conditions of the in situ Se injection
experiment and more reducing Eh conditions measured in the Mont Terri pore water
chemistry (PC) experiment [56]. The diagram shows the stability of Se(VI) (SeO4

2−) under
oxidizing conditions (Eh > +480 mV at pH 7) and the stability of Se(IV) (HSeO3

−, SeO3
2−)

under less oxidizing conditions (Eh +480 mV to +230 mV at pH 7). Elemental Se(0) is stable
under more reducing conditions, including the conditions of the BN in situ test and the
PC experiment. For the upper (Eh) boundary of the Se(0)s field (at pH 7 and at Eh higher
than around +100 mV), Se(0)s is in equilibrium with Se(IV) aqueous species (HSeO3

−) and
the steady-state Se(IV) concentration is expected to increase with increasing Eh (Figure S4,
Supplementary Materials).
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Calculated for a total Se concentration of 50 µM using PHREEPLOT [49] with the Thermochimie
database [47].

4. Discussion
4.1. Abiotic Se Reactivity

Under abiotic conditions, the Se(VI) concentrations in solution remained stable, indi-
cating that selenate did not react significantly with, or sorb significantly onto, Opalinus
Clay minerals or stainless steel filters in the abiotic batch tests. Although previous studies
showed that Se(VI) can sorb weakly onto aluminum and iron oxides [13,25,27], and clay
minerals such as kaolinite, illite, and smectites (montmorillonite) [8,25], selenate adsorp-
tion strongly decreases with increasing solution pH. Indeed, the non-specific electrostatic
adsorption of Se(VI) onto Al oxides and Fe oxides decreases significantly at pH above 7 and
5 respectively, i.e., above their point of zero charge (pzc) when the number of positively
charged protonated sites present at their surface strongly decreases [13,25]. Moreover, sorp-
tion on kaolinite and illite does not significantly occur, or is very low, at neutral pH, and
the same can be seen for sorption of Se(VI) on soils [8,25]. The batch tests were performed
at near neutral pH (i.e., pH of interval solutions between 7 and 8), which explains why a
weak sorption of Se(VI) was not observed.

In contrast to Se(VI), a clear decrease in selenite concentration was observed in the
presence of Opalinus Clay at a rate of 0.05 to 0.1 µM day−1 in the abiotic batch tests.
When clay and a stainless steel filter were present, Se precipitates were found on the filter
surface. On the other hand, no loss of Se(IV) or precipitation of Se on the filter surface was
observed when only stainless steel was present. These results indicate that clay is required
for the sorption of selenite. Selenite is known to sorb, or to precipitate, on clays both
through a direct adsorption on clay mineral edges (formation of inner-sphere complexes
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with aluminol and silanol groups located on the edges [22,23]) and through a mechanism
of adsorption followed by reduction by, e.g., Fe(II) minerals and precipitation of poorly
soluble reduced selenium species [16,17,20–22]. The latter process would explain the likely
reduced Se species found on the filter surface by SEM–EDX in the abiotic tests with selenite,
clay, and filter.

Compared to the study of Frasca et al. [18], in which sorption of Se(IV) on Opalinus
Clay powder was investigated [18], the sorption of Se(IV) observed in our batch tests (in
both abiotic and biotic conditions) was rather slow, though the overall extent of sorption
was higher (i.e., lower steady state concentration). The slower overall sorption process
can be attributed to the low initial reactive surface area and the slow disintegration of
the clay piece in the solution. Differences in the extent of the sorption may be due to
differences in the water to clay ratio, but also in the content of Fe(II) minerals in the
Opalinus Clay samples used in the present study and by Frasca et al. [18]. Indeed, based on
mineralogical and geochemical data from Pearson et al. [36], the content of Fe(II) minerals
such as pyrite and siderite can vary considerably within the Opalinus Clay from the Mont
Terri Rock Laboratory. As these minerals are generally considered as the main contributors
to Se(IV) sorption, variations in their content would indeed lead to variations in sorption.
Furthermore, speciation modeling undertaken in the present study indicates that where
Se(IV) concentration is controlled by the formation of Se(0), the steady-state Se(IV) aqueous
concentration is strongly sensitive to Eh (Figure S4, Supplementary Materials). In the
previous study by Frasca et al. [18], Eh varied between 246 and 305 mV in the batch
experiments to study sorption of Se(IV) onto Opalinus Clay. The enhanced sorption
apparent in the present study could thus also reflect generally more reducing conditions
in the abiotic batch tests, compared to those of Frasca et al. [18], thereby decreasing the
concentration of Se(IV) in equilibrium with Se(0).

4.2. Microbially Mediated Se Reactivity

In the presence of an active microbial community originating from the BN borehole,
both selenate and selenite were removed from the batch test solutions when Opalinus
Clay (and stainless steel filter) were added as well. Note that concentrations used in our
experiments were shown not to be toxic for the microbial community of the BN borehole
water in previous tests (data not shown), so respiratory reduction of Se oxyanions can
be assumed.

The observed decrease in selenate concentration can be completely explained by
microbial selenate reduction, as no abiotic reactions or sorption were observed in the
abiotic experiments. The present study thus shows that Se(VI) remains non-reactive in an
abiotic, reducing environment in the presence of clay and requires microbial catalysis to
transform into thermodynamically stable Se species of lower oxidation state, in the first
instance to selenite. Part of the produced selenite will be sorbed onto the solid phases (clay
and/or stainless steel filter), and the remainder accumulates in the solution until reaching
its solubility limit and/or is reduced further, either abiotically or by microorganisms.

In the batch tests with selenite, Se(IV) concentration decreased 2 to 5 times more
rapidly under biotic conditions compared to abiotic conditions, though the evolution of the
total Se concentration was comparable. The latter can be explained by a slow disintegration
of the clay piece and/or formation of colloidal Se(0). Subsampling of this suspension
without filtration (or centrifugation) resulted in samples containing some of the dispersed
solid phases. This caused some overestimation of the total Se content present in solution.
Based on the evolution of the selenite concentration, however, microbial activity enhances
the overall decrease in selenite concentration due to a combination of abiotic sorption
phenomena and microbial selenite reduction. The final reduced Se species would likely
either be Se(0), as has been observed previously in biotic batch tests [57–59], or Se(0) and/or
Se(-II) from abiotic processes [16,17]. Indeed, speciation modeling indicates that Se(0) could
precipitate at Eh below +230 mV at pH 7.
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For both Se(IV) and Se(VI) under biotic test conditions, the presence of stainless steel
combined with Opalinus Clay seems to enhance the loss of dissolved selenium species
from the solution. This may be explained by the additional surface available to sorb Se
reduction end products by the presence of other microbial species in the stainless steel
filter samples compared to the clay samples, or by an effect on the Eh. Given the strong
dependence of Se(0) solubility and thus the steady-state Se(IV) aqueous concentration on
Eh (Figure S4, Supplementary Materials), it is indeed possible that significant variations in
the Se(IV) concentration could result from variations in Eh between the batch experiments.
These Eh variations could be caused by the presence or absence of stainless steel or clay.

Without Opalinus Clay, only small changes in the Se concentration occur under biotic
test conditions, compared to the observed decrease in Se(VI) or Se(IV) concentrations in the
presence of clay. This suggests that the Opalinus Clay provides additional electron donors
for Se reduction. Based on the present knowledge regarding Se reducing microorgan-
isms, organics (e.g., acetate, lactate) are the most frequently reported electron donors [28].
According to previous studies made on clay aqueous extracts [60,61], the low molecular
weight organic fraction found in Opalinus Clay pore water contains variable concentra-
tions of acetate, formate, and other organic compounds, which could have leached from
the Opalinus Clay into the batch test solution and may indeed have served as electron
donors. However, we cannot rule out that inorganic compounds such as H2 (e.g., formed
during anaerobic steel corrosion or as a fermentation product) were used as (additional)
electron donors.

4.3. In Situ Fate of Se(VI)

Injection of selenate in the BN borehole will result in diffusion of selenate through the
clay pore space, but this diffusion will be affected by pore exclusion phenomena related to
the ionic radii and charge. Speciation calculations of the injected Se in the borehole water
(not presented) indicate that around 75% of the Se(VI) would be present as the divalent
species SeO4

2−, with the remainder present as uncharged ion pair species CaSeO4 and
MgSeO4. The diffusion of these three Se(VI) species will be dependent on their ionic radii
and charge. Divalent SeO4

2−, being subject to a greater anion exclusion from the electrical
double layer of clay minerals than the monovalent Br− anion used as tracer, is expected to
diffuse more slowly, analogous to the relative diffusion of sulfate and chloride measured
in Opalinus Clay from the Benken borehole [62]. However, the aqueous Se(VI) present
as uncharged ion pairs should not be subject to anion exclusion, although their diffusion
relative to that of water may be slowed as a result of their large radii (i.e., steric hindrance
in the smallest constricted pores). Diffusion studies of a wide range of anions and cations
in the Mont Terri diffusion and retention (DR) experiment [32] conclude that diffusion of
Se(VI) was slower than that of Br− or I−, approximately proportional to the ratio of their
diffusion coefficients in water [63]. Overall, the diffusion of Se(VI) is expected to be similar
to or slower than that of the Br− tracer tests undertaken. In both injection tests of BN,
however, the Se(VI) concentration decreased faster than that of the Br− tracer and was even
similar to the diffusion of (deuterated) water. Based on the abiotic batch tests, no sorption
of Se(VI) was expected either on the stainless steel components of the experiment or on the
clay itself. On the other hand, the biotic batch tests showed the potential of the microbial
community in Interval 3 to reduce selenium oxyanions. Microbial selenate reduction could
thus explain the observed faster decrease in selenate concentration.

The PHREEQC model shows that the evolution of the selenate and total Se concentra-
tion can indeed be fitted well when considering both diffusion of Se(VI) (using the pore
diffusion coefficient (Dp) obtained for Br−) in combination with a reduction of Se(VI), using
a reaction rate constant, which was the same for the in situ test and the biotic batch tests.
This indicates that the biotic batch tests provided a good laboratory model of the ongoing
in situ processes.

In contrast to the batch tests, total Se concentrations were consistent with the selenate
concentrations, and selenite was never detected in the sampled interval solutions. This can



Minerals 2021, 11, 757 28 of 33

be attributed to the sorption of produced Se(IV) onto the clay surrounding the borehole,
similar to what was observed in the abiotic batch tests. The extent of Se(IV) sorption
in the in situ BN experiment is much higher than in the batch experiments, probably as
a consequence of more reducing conditions prevailing in the borehole. This would be
in line with the observed preservation of selenite in the O2 perturbed outer zone of a
Callovo–Oxfordian Clay core during a diffusion experiment, while reduction of selenite
was observed deeper in the clay core [19]. Additionally, a higher accessibility of the
sorption sites in the decompacted skin of the BdZ (borehole disturbed zone) compared to
on the piece of clay used in the batch tests and/or the lower in situ fluid/rock ratio may
also contribute to the higher sorption observed in situ. Furthermore, based on the biotic
batch tests, an additional microbial reduction of Se(IV) is expected. Speciation modeling
indicates that Se(0) would be in equilibrium with aqueous Se(IV), and the steady-state
Se(IV) concentration increases with increasing Eh. At the pH and Eh conditions of the
in situ tests, Se(0) would be stable and the steady-state Se(IV) concentration would be
several orders of magnitude below its detection limit of 0.013 µM. Thus, Se(IV) sorption,
Se(0) precipitation, and microbial selenite reduction have likely all contributed to the
disappearance of selenite from the borehole water.

The results of the BN injection tests with selenate show some differences to previously
obtained results from the DR in situ experiment at the Mont Terri Rock Laboratory [32]. In
the DR experiment, selenate was injected in a borehole at an initial concentration of 96 µM,
which is comparable to the second injection of 60 µM Se(VI) in the BN experiment. On the
other hand, the DR experiment had a much greater ratio of circulating water to borehole
surface area than the BN experiment, and thus diffusion of the anionic tracers was rather
limited. Over the course of 288 days, the slow decrease in the selenate concentration in the
DR experiment was largely similar to non-reactive anions, although it appears that the Se
concentration decreased slightly more in comparison to the Br− or I− tracers at the end of
the experiment. Differences in behavior of selenate in the DR and BN in situ tests could be
attributed (in part) to a difference in the microbial community present in the DR borehole
compared to the BN borehole. In particular, the BN interval used for the Se studies has
been stimulated previously by injection of nitrate.

Microbiological analyses indicate that the microbial community in the BN borehole
was affected by injection of Se. The cell count and microbial activity both increased while Se
was present and decreased again when Se was depleted. Overall, the microbial community
is dominated by only a few OTUs, similar to what has been observed previously in
boreholes in the Opalinus Clay [34,64].

Based on the taxonomical characterization of the most important OTUs and the litera-
ture available, a hypothesis regarding their contribution to the overall chemical evolution
can be made. Certain dominant OTUs present during Se injection are members of the
Anaerolineaceae family, which are often isolated from oil and hydrocarbon (e.g., toluene)
contaminated environments [65–67]. However, their ecology and physiology remain largely
unknown, as only a limited number of isolates have been characterized. Known members
have a fermentative metabolism, utilizing carbohydrates and proteinaceous carbon sources
under anaerobic conditions [68,69]. The second injection with 60 µM selenate seems to
have resulted in a higher abundance of Anaerolineaceae compared to their presence after
injection of only 5 µM selenate. Putatively, this may be linked with the higher TOC con-
centration at the beginning of the second injection with 60 µM selenate. Furthermore, the
presence of Pseudomonas as one of the dominant OTUs in the BN borehole is not surprising,
since it was one of the dominant species present during and after previous injection tests
with nitrate in the BN experiment [34]. The abundance of Pseudomonas decreased in the
first week after the first injection of 5 µM Se(VI), though it remained stable afterwards, at
rather high amounts. Members of this genus have been found in microbial aggregates, able
to reduce selenium oxyanions in anaerobic granular sludge [70]. In addition, Pseudomonas
has been suggested to ferment organic macromolecules and to release small organic acids
and H2 [64]. Finally, three OTUs belonging to the Peptococcaceae family (OTU2, OTU4,
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and OTU85) were found abundantly during the Se injection tests as well. Members of
the Peptococcaceae family have been reported with the ability to reduce Se [71,72], and
as such they could also have performed Se reduction in the BN borehole. Overall, the
presence of fermenting species during the in situ test with Se in the BN borehole suggests
that such species could have fermented organic macromolecules in the borehole water or
clay into more easily bioavailable carbon species such as acetate, as was found 13 days after
the first injection with 5 µM Se(VI). Such carbon species could then be used as electron
donors by other microorganisms, such as the sulfate and selenate reducing members of the
Peptococcaceae family (as the phylum Firmicutes).

5. Conclusions

Geological disposal of HLW and ILW in deep clay formations will ultimately lead to
the dissolution and slow leaching of soluble radionuclides such as 79Se, a redox sensitive
radionuclide, which is expected to leach at least partially as Se oxyanions. Although part
of the leached selenium could sorb on corrosion products of the steel canisters [7], the
remainder will reach the surrounding clay host rock. The reducing environment in this
clay host rock and the possible microbial presence might however change its speciation
and thus also its transport behavior. A good understanding of the retention and reactivity
of Se species under such environmental conditions and in the presence of microorganisms
is therefore required and was the focus of this study.

Both lab and in situ tests were conducted, studying abiotic and biotic Se reactivity in
clay water with or without Opalinus Clay and stainless steel. The pH and Eh conditions
were as close as possible to unperturbed Opalinus Clay conditions (i.e., pH 7–8 and anoxic
environment). Abiotically, Se(VI) remained stable in clay water with/without clay or
stainless steel, i.e., no decrease in concentration of Se(VI) or total Se was observed. On
the other hand, aqueous Se(IV) concentrations decreased in the batch tests with Opalinus
Clay, though not with stainless steel alone. In the tests with selenite, precipitation of
more reduced Se species on the solid phase was observed by SEM–EDX, though only
when Opalinus Clay was present. The differences in the rate and extent of the sorption
of Se(IV) observed in the present study compared to previous sorption experiments seem
to be linked to the reactive surface area of the clay, to the mineralogical content, and to
differences in Eh.

When a microbial community is present, with the ability to reduce Se species, both
selenate and selenite were reduced, and a more extensive Se reduction and/or retention
was observed in case clay and/or stainless steel filters were present (in situ or in batch
tests). In the batch tests, microbial reduction of Se(VI) to Se(IV) was observed, resulting in
some (intermediate) accumulation of Se(IV) in the solution. This was not observed in situ,
where the decrease in Se(VI) was not accompanied by an increase in Se(IV) in the interval
solution. Based on the observed selenite sorption onto the solid phases in the batch tests,
the lack of Se(IV) in the in situ solution is most likely linked to more sorption of Se(IV)
on the in situ clay surface and/or further reduction of Se(IV) to precipitating Se species
such as elemental Se(0). Overall however, the biotic batch tests provided a good laboratory
model of the ongoing in situ processes.

The present study thus suggests that in the absence of an active Se reducing microbial
community, selenate leaching from radioactive waste into the surrounding clay would
not be retained by sorption. In that case, non-reactive transport of Se(VI) through the
clay is expected to be the main migration process. Although it remains uncertain whether
microorganisms can be active in and around a repository (i.e., high pH, high ionic strength,
and limited free space and water), microbial activity cannot be ruled out, especially in
the excavation disturbed zone of the host rock surrounding the disposal facility. With
a microbial community with Se reducing ability (locally) present, both diffusion and
microbial Se(VI) reduction can be expected. Moreover, microbial reduction of Se oxyanions
can occur in situ without addition of easily biodegradable nutrients and electron donors,
i.e., the clay itself provides the electron donor for Se reduction. If microorganisms would
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be active in the clay surrounding a disposal facility, microbial reduction of Se oxyanions
could thus contribute to the overall retention of Se, thereby slowing down the migration of
Se out of the near field of the repository.

Future research is necessary to study the impact of high concentrations of nitrate
leaching from bituminized waste on the fate of Se(VI) in a clayey host rock, both in the
presence and absence of microorganisms. In addition, the speciation of Se sorbed onto the
clay needs to be investigated, to further clarify the ongoing (microbial) reactions. The nature
of electron donors present in Opalinus Clay and responsible for microbial Se reduction
remains also to be studied along with the impact of organic electron donors from the waste
and H2 produced by anaerobic corrosion of metals and radiolysis.
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.3390/min11070757/s1, Figure S1: Rarefaction curves for the Illumina® 16S rDNA gene amplicon
sequencing data showing for each sample the number of OTUs as a function of the number of
reads. Figure S2: PHREEQC radial diffusion model fitted to bromide and deuterium diffusion tests in
Interval 1 and Interval 2 of the BN experiment assuming a porosity of 0.17 for both tracer species (data
from [34]). Figure S3: Overview of the SEM–EDX images and data of stainless steel and clay samples
from the abiotic batch tests. The test codes are indicated on the top of each page and correspond to
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