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In Switzerland, the Opalinus Clay formation is considered the most likely host rock for a deep geological repository for nuclear waste. In deep geological repositories, H2 is expected to be the most abundant gas formed
from the degradation of waste and from metal corrosion. The microbial community present in Opalinus Clay is
capable of utilizing H2 as an electron donor and sulfate as an electron acceptor to produce hydrogen sulﬁde. This
could be problematic due to its potential for increasing the corrosion of metal waste canisters containing
radioactive waste, however, the possible impacts of these processes on the clay rock have not been fully investigated. In this study, a series of microcosm experiments were set-up containing Opalinus Clay and porewater
from the Mont Terri underground research laboratory (Switzerland) as an inoculum. Uninoculated microcosms
were established to investigate abiotic processes.
In the presence of clay, a higher aqueous sulfate concentration was detected than in those with only porewater present and this concentration decreased over time in the inoculated experiments. However, there was no
evidence of hydrogen sulﬁde production in the aqueous phase. In all experiments with clay, there was an increase in aqueous Fe2+ concentrations with the highest concentrations found in uninoculated experiments. The
sulfur speciation of the Opalinus Clay was analysed and the results of the inoculated sample suggested that
hydrogen sulﬁde reacted with Fe2+, precipitating iron sulﬁde minerals. After the incubation period, the microbial community was dominated by the sulfate-reducing Desulfobulbaceae family.
The study suggests that H2-fuelled, microbially-mediated sulfate reduction can aﬀect the mineral composition
within the Opalinus Clay due to the precipitation of iron sulﬁde minerals. These precipitation reactions may
enhance the long-term integrity of the repository by removing corrosive hydrogen sulﬁde from solution when
suﬃcient Fe2+ is available and so protecting the canisters containing the nuclear waste.

1. Introduction
Deep geological repositories (DGRs) are widely accepted as the most
viable concept for the long-term disposal of intermediate- and highlevel nuclear waste (IAEA, 2003). Due to the extremely long half-lives
of some of the radionuclides held within the waste (e.g., 79Se halflife = 3.27 × 105 a; 99Tc half-life = 2.1 × 105 a; 129I halflife = 1.57 × 107 a; 135Cs half-life = 3 × 106 a (NCRP, 1978)), it is
necessary for the material to be contained for hundreds of thousands of
years. Therefore, repository designs are based on using a stable geological environment, the deep subsurface, to mitigate the risks posed by
radioactive materials to human health (Bagnoud et al., 2016a; IAEA,
2003). A variety of rock formations are being considered across the

globe with Finland having already started the excavation process to
place a repository within granitic bedrock (STUK, 2017). Other European nations are focusing on sedimentary rock, in particular clay
formations such as Opalinus Clay (Switzerland), Boom Clay (Belgium)
and Callovo-Oxfordian Clay (France) (Bagnoud et al., 2016b; Bengtsson
and Pedersen, 2016; Nagra, 2008; Stroes-Gascoyne et al., 2007). Clay
formations have small pore sizes (0.01–0.02 μm for Opalinus Clay
(Pearson et al., 2003)), which limit the movement of water and growth
of microorganisms, making them favourable host rocks as well as the
primary constituent of many potential engineered barriers (Leupin
et al., 2017). Switzerland has been investigating the suitability of the
Opalinus Clay formation for DGR for several decades, with many studies undertaken in the underground research laboratory (URL) at Mont
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structure, creating fractures that would facilitate microbial growth and
radionuclide transport.
A previous in-situ study by Bagnoud et al., (2016a), at the Mont
Terri URL examined the ability of microbial populations within the
porewater of the Opalinus Clay to utilize H2 as the electron donor. The
aqueous geochemical results of the study suggested that there was an
initial increase of Fe2+ concentration, after which Fe2+ disappeared
from solution. At a similar time point, the concentration of HS− in
solution began to increase suggesting a possible interaction between
sulfur and iron. However, no analysis of the solid phase was possible
during this study.
The aim of the present study is to determine the speciation of iron
and sulfur in Opalinus clay after exposure to sulfate-reducing bacteria
and to consider the implications this may have on the DGR safety case.

Terri, Saint-Ursanne (Bagnoud et al., 2016a, 2016c; Houben et al.,
2014; Leupin et al., 2017; Stroes-Gascoyne et al., 2007; Thury, 2002).
In the Swiss high level waste repository concept, the nuclear waste will
be contained within steel canisters, which will then be surrounded by a
bentonite clay backﬁll situated within the Opalinus Clay host rock
(Nagra, 2002).
The microbial communities that exist in these deep subsurface environments may impact the stability of geological repositories. One
important factor is their ability to both produce and consume gases
including H2, CO2 and CH4. The production of a large amount of gas
through anaerobic corrosion of metals or the microbial fermentation of
organic compounds within nuclear waste poses a risk because of the
potential damage it could cause to the structural integrity of the repository, including the surrounding rock. In particular, H2 is of importance due to its abundant production from the anaerobic corrosion
of nuclear waste-containing steel canisters within the repository
(Bagnoud et al., 2016a; Libert et al., 2011; Lin et al., 2005a, 2005b;
Vinsot et al., 2014).
The construction of repositories will result in the introduction of
oxygen, water, space and nutrients, all of which could encourage the
growth of indigenous facultative anaerobes as well as introduce an
exogenous community (Leupin et al., 2017). After closure of the repository, it is expected that reducing conditions will recur. Sulfate reduction and methanogenesis are possible terminal electron accepting
processes (TEAPs), with hydrogenotrophic sulfate reduction able to
reduce gas volume to a greater extent than methanogenesis (Bagnoud
et al., 2016c). Furthermore, microbial activity can lead to physical and
chemical changes in the host rock including the leaching of speciﬁc
elements, and may enhance or retard the transport of radionuclides and
the dissolution or precipitation of mineral phases. These processes may
have a profound impact on the safety case for the repository due to a
reduction in the integrity of the host rock or the engineered barrier
system.
Amendment with H2 stimulated sulfate-reducing bacteria (SRB) in a
water-ﬁlled borehole within Opalinus Clay as shown by an in-situ
borehole experiment at Mont Terri URL (Bagnoud et al., 2016a). Hydrogenotrophic sulfate reduction occurs according to:

4H2 + SO42 − ⇌ S2 − + 4H2 O

2. Materials and methods
2.1. Opalinus Clay
A core from the sandy facies of the Opalinus Clay geological formation at Mt. Terri Rock Laboratory (St-Ursanne, Switzerland) was
recovered during the drilling of BMA-A2 borehole, with pressurized air
used as the drilling ﬂuid. A section of the core was separated using a
circular saw immediately after extraction, the core was then conditioned in Mylar® bags and stored at −80 °C until use. After removal
from the freezer, the core was split apart using hammer and chisel
under sterile, oxic conditions. Clay from the interior of the core was
recovered under sterile conditions using a scalpel and then placed immediately in to N2-ﬁlled serum bottles.
2.2. Experimental set up
Duplicate microcosms were set-up in 200 mL serum bottles containing either 40 g*L−1 or 20 g*L−1 of Opalinus clay from the BMA-A2
borehole. To these, 90 mL of artiﬁcial porewater (APW, modiﬁed from
Pearson et al., 2007) and 1 mL of 0.1% resazurin dye was added. The
APW was autoclaved prior to addition to the serum bottles (see Table 1
for APW composition). An additional set of duplicate bottles contained
the APW and resazurin dye. All bottles were ﬂushed with sterile N2 for
30 min and then ﬂushed with a sterile H2:N2 mix (20:80%) for 10 min.
10 mL of porewater was added as an inoculum to all bottles (taken from
borehole BPC-C2, Mont Terri, Saint-Ursanne, Switzerland). Single
control experiments were set up containing only 100 mL of APW and
resazurin dye. All setup and handling was done under sterile conditions.
This resulted in four experimental conditions: i) clay – inoculated; ii)
clay – uninoculated; iii) no clay – inoculated, and iv) no clay – uninoculated, using two diﬀerent amounts of clay. Microcosm bottles were
incubated in the dark at 19 °C for the duration of the experiment
(136 days).

(1)

Within DGR environments where the pH is likely to exceed a value
of 8, S2− will exist as HS− (Pedersen et al., 2017) which is of concern
due to its ability to corrode the steel canisters in which the waste will be
placed. HS− is also able to reduce Fe (III) coupled to the partial oxidation of HS− to produce Fe2+ and elemental sulfur (S0):

HS− + 2Fe3 + ⇌ 2Fe2 + + S0 + H+

(2)

2+

into the porewater, which can react
This process can release Fe
with HS− to form iron sulﬁde minerals:

HS− + Fe2 + ⇌ FeS + H+

(3)

Sources of Fe(III) include iron within clay mineral structures or
other Fe(III)-bearing minerals (Pentráková et al., 2013; Pyzik and
Sommer, 1981), for example of the backﬁll or host rock. There is also
evidence to suggest that Fe(III) may be released from the steel nuclear
waste-containing canisters due to corrosion (Smart et al., 2001). Fe(III)
in mineral structures can be reduced directly by microorganisms where
there is suﬃcient space and water available. In particular, a previous
study by Kostka et al. (1999), suggested that the bioreduction of Fe(III)
to Fe(II) in phyllosilicate clay minerals reduces the surface area, decreases clay swelling and causes the phyllosilicate structure to collapse.
Speciﬁcally, the structure of bentonite (utilized as the engineered barriers in most DGRs) has been found to be altered due to SRB activity
where the reduction of Fe(III) within the mineral structure can have a
destabilizing eﬀect on the dioctahedral smectites (Lantenois et al.,
2005; Pedersen et al., 2017). This may have signiﬁcant implications in
the DGR environment as these alterations could weaken the clay

2.3. Geochemical analyses
Periodically 3 mL aliquots were taken from the aqueous phase of
Table 1
Composition of the artiﬁcial porewater (APW).
Modiﬁed from Pearson et al., 2003 with sodium sulfate replaced by sodium chloride.

70

Compound

Amount (g/L)

KCl
MgCl2.6H2O
CaCl2.2H2O
NaCl
NaHCO3
pH

0.16
4.68
2.78
30
0.042
8.0
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2.5. X-ray absorption sulfur XANES

each bottle using a needle and N2-ﬁlled syringe to retain anoxic conditions, the sample volume was replaced with N2 gas to retain overpressure in the bottles. The sample was immediately ﬁltered using a
0.22 μm ﬁlter to remove any microbes and clay particles. For aqueous
Fe2+ measurement, ﬁltered aliquots were stored in 1 M HCl to preserve
Fe(II). Ferrous iron analysis was conducted on a UV–vis spectrophotometer (UV-2501PC, Shimadzu Co., Japan) using the photometric
Ferrozine assay (Stookey, 1970). The samples were left to develop for
20 min prior to measurement at 562 nm. Samples for sulﬁde measurement were added to Eppendorf tubes containing zinc acetate (ﬁnal
concentration 1%) to preserve sulﬁde. Subsequently, sulﬁde concentrations were also measured using UV–vis spectrophotometry according to a published method (Cline, 1969). Sulfate was measured
using an ion chromatograph equipped with an IonPac AS11-HC column
(DX-3000, Dionex, USA) and with a KOH gradient from 0.5 to 30 mM
for the elution. At the same time points as the aqeous samples, 3 mL gas
samples were taken from the headspace of the bottles and injected directly in to a gas chromatograph with ﬂame ionization detector (GCFID, Varian 450-GC, Agilent, Santa Clara, USA) to measure the H2
concentrations. An additional 3 mL of N2 gas was added to bottles to
replace the gaseous volume taken. Solution pH was measured periodically in experiments by an Orion 815,600 ROSS Combination pH
electrode (ThermoScientiﬁc), calibrated daily at pH values of 4, 7 and
10.
At the end of the experiment, replicate samples were combined into
four groups prior to ﬁltration to ensure suﬃcient DNA recovery for
sequencing: i) clay – inoculated; ii) clay – uninoculated; iii) no clay –
inoculated, and iv) no clay – uninoculated. The aqueous phase was
decanted from the microcosm bottles to separate it from the clay. The
solution was then ﬁltered using 0.1 μm polycarbonate ﬁlters (0.1 μm
ﬁlters used at end time point to retain suﬃcient biomass for sequencing
due to the lower aqueous volume compared to the original porewater
where 0.22 μm ﬁlter was used). Filters were placed in 1.5 mL Eppendorf
tubes containing 500 μL of Lifeguard preservation solution (QIAGEN)
and stored at −20 °C prior to DNA extraction. The solid phase clay
samples were dried under vacuum in anoxic conditions, the clay was
then ground to a ﬁne powder using pestle and mortar and transferred to
10 mL serum bottles to maintain anoxic conditions prior to spectroscopic analyses.

S K-edge X-ray analysis of the near edge structure (XANES) spectra
were collected from the clay samples at Stanford Synchrotron Radiation
Lightsource (Menlo Park, CA), at beam line 4–3. Measurements were
conducted in ﬂuorescence mode on ground sediments using a Vortex®
4-element solid-state Si drift detector (Hitachi High-technologies
Science, USA). The energy for S K-edge was calibrated at the ﬁrst inﬂection point of a sodium thiosulfate standard (2472 eV). Multiple
XANES spectra were averaged to improve signal-to-noise ratio, normalized and background-subtracted using Athena (Ravel and Newville,
2005). Linear combination ﬁtting (LCF) was used to analyse the spectra
and assign mineral phases, details of data processing are provided in the
supplementary information, S2.
2.6.

57

Fe Mössbauer spectroscopy

Three clay samples were analysed for Fe speciation using Mössbauer
spectroscopy: an unaltered sample of the source rock, a sample taken at
the endpoint of the inoculated experiments, and a sample from the
endpoint of the uninoculated experiments. Within an anoxic glovebox
(100% N2), samples were loaded into Plexiglas holders (area 1 cm2),
forming a thin disc. Sample holders were transported to the instrument
within airtight bottles which were only opened immediately prior to
loading into a closed-cycle exchange gas cryostat (Janis cryogenics)
under a backﬂow of He to minimize exposure to air. Spectra were
collected at 77 K and 5 K using a constant acceleration drive system
(WissEL) in transmission mode with a 57Co/Rh source. All spectra were
calibrated against a 7 μm thick α-57Fe foil that was measured at room
temperature. Analysis was carried out using Recoil (University of
Ottawa) and the Voigt Based Fitting (VBF) routine (Rancourt and Ping,
1991). The half width at half maximum (HWHM) was constrained to
0.134 mm/s during ﬁtting.
2.7. Geochemical modelling
Geochemical modelling was performed using PHREEQC (version
3.4) geochemical speciation program (Parkhurst and Appelo, 2013)
with the PHREEQC database to determine the saturation indices for the
major mineral phases within Opalinus Clay and corresponding concentrations of Fe2+ and SO42− in solution (see supplementary information S3).

2.4. Microbial community

3. Results

Porewater was extracted from the BPC-2 borehole at Mont Terri
URL (Saint-Ursanne, Switzerland) and collected in a sterile 1 L N2-ﬁlled
serum bottle to maintain anoxic conditions. It was stored overnight at
4 °C prior to use. It was checked for living cells using SYBR Green nucleic acid stain (Sigma-Aldrich, USA) on an epiﬂuorescence microscope.
For preparation, 1 mL of sample was ﬁltered on a black polycarbonate
membrane (0.22 μm), rinsed three times with phosphate-buﬀered saline
solution, and ﬁnally stained with a solution of SYBR Green I (1:200
dilution) and polyvinylalcohol (moviol) (Lunau et al., 2005). 900 mL of
BPC-2 borehole water was ﬁltered through a 0.22 μm pore size ﬁlter
and the ﬁlter was retained for DNA analysis to determine the composition of the original microbial community.
DNA was extracted from four supernatant samples from i) clay –
inoculated; ii) clay – uninoculated; iii) no clay – inoculated, iv) no clay
– uninoculated, as well as (v) the original BPC-2 borehole water sample.
Extractions were undertaken using a previously described phenolchloroform-isoamlyalcohol extraction followed by a glycogen-assisted
ethanol precipitation (see Bagnoud et al., 2016a for detailed methodology). Of these, only two samples yielded suﬃcient DNA for sequencing: the inoculated clay sample and the original borehole sample.
For full description of method see supplementary information, section
S1.

3.1. Geochemical analyses
A decrease in the aqueous sulfate concentration was observed in
both 40 g*L−1 and 20 g*L−1 inoculated clay experiments, with most of
the decrease occurring from 0 to 50 days of incubation (Fig. 1a,b). In
the 40 g*L−1 inoculated experiment, the original sulfate concentration
of 860 ± 103 μM decreased to 114 ± 2 μM by day 47. This concentration continued to decrease until it was below detection at
106 days and remained below detection (25 ± 5 μM) at the end of the
experiment (134 days). In the 20 g*L−1 inoculated experiment, the initial concentration of sulfate was 500 ± 52 μM which decreased until it
was below detection at 106 days, remaining below detection at the end
of the experiment (134 days). For the inoculated experiments without
clay present (Fig. 1c), the sulfate concentration remained consistent,
with concentrations measured at 285 ± 55 μM throughout the experiment. For all uninoculated samples, the concentration of sulfate
remained relatively consistent over time with 476 ± 74 μM measured
for the duration of the 40 g*L−1 experiments, 199 ± 27 μM for the
duration of the 20 g*L−1 experiments and 25 ± 5 μM for the duration
of the experiments without clay present (corresponding to the detection
limit of the technique). Thus, sulfate is derived from two sources, the
71
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Fig. 1. Geochemical analyses of inoculated and uninoculated systems under three experimental conditions: with 40 g*L−1 of clay; with 20 g*L−1 of clay;
and without clay: a,b,c) sulfate concentration; d,e,f)
sulﬁde concentration; g,h,i) Fe2+ concentration; and
j,k,l) pH. Inoculated samples shown in blue with a
continuous line, uninoculated in orange with a dashed line. Unﬁlled data points represent values
below the limit of detection for the method used.
Error bars on the inoculated system (dark blue) denote the standard deviation of duplicate samples.
Single samples were used for the uninoculated conditions. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

The pH values in the 40 g*L−1 inoculated system increased from
7.4 ± 0.1 on day 0 to 8.1 ± 0.1 on day 47 (Fig. 1j). The pH then
decreased to 7.4 ± 0.1 on day 89, remaining at pH 7.5 ± 0.1 for the
remaining duration of the experiment (day 134). In the uninoculated
system, the pH on day 0 was 7.7, and increased to a maximum of 8.2 on
day 47 before decreasing to 7.5 at the end of the experiment (day 134).
For the 20 g*L−1 system, the initial pH was 7.3 ± 0.1, and increased to
a maximum of 8.0 ± 0.04 on day 86 before decreasing to 7.5 ± 0.1 on
day 89 with the ﬁnal pH at 7.6 ± 0.1 at the end of the experiment (day
134)(Fig. 1k). In the uninoculated system, the pH value remained
constant at 7.6 ± 0.3 for the duration of the experiment (134 days).
Without clay present (Fig. 1l), the initial pH values were higher than
those where clay was present for both the inoculated and uninoculated
samples (pH 8.1 ± 0.01 and pH 8.4 respectively). The inoculated
system showed an increase in pH to 8.3 ± 0.1 on day 28 before decreasing to 7.8 ± 0.1 by the end of the experiment (day 134). The
uninoculated system showed a similar trend, increasing from 8.4 on day
0 to 8.7 on day 28 before decreasing to 8.3 at the end of the experiment
(day 106).
The resazurin results for all inoculated samples with clay present
suggest a consistent reducing environment, evidenced by the change in
colour from blue (resazurin) to pink (resoruﬁn, redox potential
(Eh’) ≤ −50 mV)) to clear (dehydroresoruﬁn, Eh’ ≤ −100 mV)
(Vladimir and Igor, 2009). In the inoculated samples without clay, reducing conditions occured in only one of the duplicate samples, and
occurred later in the experiment in comparison to those systems with
clay present for the second replicate. For both clay-containing, uninoculated samples, the colour remained pink suggesting that low redox
potential conditions remained prevalent for the experimental run but
no further reduction of resoruﬁn to dehydroresoruﬁn took place. In the
uninoculated experiment without clay, the colour remained blue, signaling the persistence of resazurin and indicating that high redox potential conditions persisted throughout the experiment due to limited

clay rock and the porewater inoculum.
In the 40 g*L−1 experiments, the inoculated system showed no
change in sulﬁde concentration for the duration of the experiment with
concentrations < 0.4 μM (Fig. 1d). The concentration of sulﬁde in the
inoculated 20 g*L−1 system remained relatively low with a maximum
concentration of 5 ± 7 μM at 68 days and a ﬁnal concentration of
0.3 ± 0.1 μM measured on day 134 (Fig. 1e). For the inoculated experiment without clay present, the concentration remained below the
limit of detection (0.02 μM) until the ﬁnal measurement of 6 ± 8 μM at
134 days (Fig. 1f). All sulﬁde concentrations for the uninoculated experiments were below the limit of detection for the duration of the
experiments (106 days).
Aqueous Fe2+ concentrations in both the 40 g*L−1 and 20 g*L−1
clay experiments increased with time for both inoculated and uninoculated systems (Fig. 1g,h). In the 40 g*L−1 inoculated system, the
initial concentration of Fe2+ was 2 ± 2 μM. On day 7, this has increased to 17 ± 3 μM before decreasing to 3 ± 3 μM on day 106. At
the end of the experiment, a concentration of 32 ± 6 μM was measured. The concentration of Fe2+ in the uninoculated 40 g*L−1 system
increased from an initial concentration of 1 μM to a ﬁnal concentration
of 85 μM at 134 days. The 20 g*L−1 inoculated system showed a similar
pattern to the 40 g*L−1 inoculated: in the earlier time points (day 0 to
day 89), the Fe2+ concentration ﬂuctuated between 0 and 14 μM,
however from day 89 on, there was a consistent increase in Fe2+
concentration from 6 ± 2 μM to 20 ± 2 μM at the end of the experiment (134 days). For the uninoculated 20 g*L−1 experiment, concentrations of Fe2+ increased from 0 μM at the initial time point to
15 μM on day 28. After decreasing to 0 μM on day 47 the concentration
of Fe2+ then increased consistently with 47 μM measured at the end of
the experiment (134 days). Without clay present, both the inoculated
and uninoculated systems showed no Fe2+ in solution with all timepoints below the limit of detection (< 0.35 μM) (Fig. 1i), which suggests that the clay is the source of iron.
72
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Table 3
Summary of Mössbauer results from spectra collected at 77 K.
Sample

Pyrite (% rel.
Abund.)

Fe(II) mineral (%
rel. Abund.)

Fe(II)-bearing phyllosil.
(% rel. Abund.)

Source rock
Inoculated
Uninoculated

29.5
29.2
28.4

31.0
33.8
24.1

39.5
37.0
47.5

Fig. 2. Representative S edge XANES spectra for the source rock, inoculated
and uninoculated clay samples. Dashed line represents linear combination ﬁtting of mineral standards (see Table 2).

microbial activity within this sample and the absence of the reducing
power of the clay rock.
The concentration of H2 in the headspace of the experiment bottles
remained at 11 ± 4% for the duration of the experiment under all
experimental conditions (see supplementary information S4 for data
set).

Fig. 3. Microbial community composition represented by the relative abundance of classiﬁed OTUs as a percentage of the total reads per sample. OTUs
which accounted for < 0.005% of the total reads were grouped together as
‘Other’. (O) – order; (F) – family; (G) – genus.

3.2. Sulfur XANES analysis
The S K edge XANES analysis of the inoculated and uninoculated
clay samples show spectra with contributions from four sulfur species
(Fig. 2). In all samples, pyrite and sulfate were identiﬁed. In the inoculated sample, three phases were identiﬁed: pyrite, sulfate, and a
minor contribution of FeS (mackinawite) which was veriﬁed by comparison of the R-factor with and without the FeS standard spectra included in linear combination ﬁtting (LCF, Table 2). In the uninoculated
sample, the presence of elemental sulfur was also veriﬁed by R-factor
comparison. Spectra for mineral standards used for LCF can be found in
supplementary information, Fig. S1.
3.3.

sample after incubation. These were Proteobacteria, Firmicutes and
Actinobacteria. In the unaltered sample, 11 individual OTUs were
identiﬁed, with 3 OTUs responsible for over 95% of the total reads
(Fig. 3). After incubation the microbial community was composed of 9
OTUs (see supplementary data, Table S5 for complete OTU table). Of
these OTUs, Desulfobulbaceae represented over 98% of the reads, a
diﬀerence of 41% in comparison to the original, unaltered borehole
sample.
4. Discussion

57

Fe Mössbauer spectroscopy

The aim of this study was to determine the impact of SRB on the
speciation of iron and sulfur in Opalinus Clay under DGR relevant
conditions. The experimental results suggested that two major components were driving the geochemical changes. Firstly, changes to aqueous sulfate and iron concentrations occurred primarily in systems
where clay was present, in contrast to solution-only systems which
showed minimal variation for the duration of the experiment (Fig. 1).
Sulfate was detected in the presence and absence of clay, indicating that
both the Mont Terri porewater (used as inoculum) and the clay were
sources of sulfate in these experiments (APW is devoid of sulfate). The
highest concentration of sulfate was found in experiments with both
clay and inoculum present. As the Opalinus Clay is known to contain
trace amounts of celestite (Pearson et al., 2003), the dissolution of this
phase would supply sulfate to the aqueous phase. According to geochemical speciation analyses, celestite was predicted to be undersaturated for the duration of the experiment (see supplementary information, S3). The results of the XANES analysis (Table 2) showed
evidence for sulfate in the Opalinus Clay, with the highest proportion of
sulfate found in the unaltered source rock (18%). After incubation, the
proportion of sulfate in both inoculated and uninoculated solids was
lower (7%), which is consistent with sulfate release into solution due to
the purely abiotic dissolution of celestite as the clay rock equilibrated
with the solution. More sulfate was observed in the incubations with
higher Opalinus Clay content due to the near complete dissolution of
celestite.
Fe2+ was not detected in solution in experiments where Opalinus
Clay was absent, but was found in all experiments where it was present,

Results of the 57Fe Mössbauer spectroscopy analyses suggest that
pyrite was present in all samples. In addition, the ﬁtting parameters
(supplementary information S5) indicate the abundance of at least two
additional Fe(II) phases in each sample that likely correspond to an Fe
(II) mineral and an Fe(II)-bearing phyllosilicate. The detection of pyrite
was relatively consistent in all samples with around 30% relative
abundance (Table 3). The additional unidentiﬁed Fe(II) phases detected
slightly vary in their relative abundances ranging from approximately
25 to 45% respectively, perhaps due to the heterogeneity within Opalinus Clay.
3.4. Microbial community composition
Three phyla were identiﬁed from the analysis of the 16S rRNA sequences from the original borehole sample as well as the inoculated
Table 2
Sulfur containing phases identiﬁed by XANES shown as a percentage of total for
inoculated and uninoculated samples. R-factor of < 0.05 suggests good ﬁt with
data. Number in brackets shows uncertainty in measurement, (−) denotes
model compounds not used for LCF.
Sample

Pyrite (%)

Elemental sulfur
(%)

Sulfate (%)

FeS (%)

R-factor

Source rock
Inoculated
Uninoculated

82(1)
86(1)
90(2)

0(< 1)
0(< 1)
2(1)

18 (< 1)
7 (< 1)
7 (< 1)

–
7 (< 1)
–

0.0077
0.0012
0.0024
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indicating that Opalinus Clay was the source of dissolved Fe2+ in the
system. The results of the 57Fe Mössbauer spectroscopy demonstrated
that three phases, pyrite, an Fe(II)-bearing mineral, and an Fe(II)bearing phyllosilicate, were the major Fe-containing phases within the
Opalinus Clay with both phases identiﬁed in all three experimental
samples (unaltered source rock, inoculated and uninoculated clay) with
similar proportions found in the unaltered source rock and the incubated samples. The production of aqueous Fe2+ has been linked to
active microbially mediated sulfate reduction in previous studies of
bentonite (Pedersen et al., 2017), however, the results of the present
study showed that, at the end of the experiments, the highest concentration of Fe2+ was found in experiments without inoculum suggesting that the release of Fe2+ was an abiotic reaction. The presence of
Fe2+ in the aqueous phase was likely due to the partial dissolution of
the Fe(II)-containing minerals. In previous studies, siderite was found to
be a major Fe(II) mineral in Opalinus clay (Pearson et al.,2003), and
could be a potential candidate for the Fe(II) mineral phase identiﬁed by
Mössbauer spectroscopy. A PHREEQC model showed both Fe2+ and
SO42− in solution (6 × 10−5 and 7 × 10−4 mol/L respectively) when
the solution was equilibrated with siderite, pyrite and celestite and no
microbial activity was present (see SI, section S2). The concentration of
Fe2+ also increased throughout the duration of the experiments where
microbial activity was present, although it remained lower than in the
experiments without microbial activity. The Fe2+ concentration of the
20 g*L−1 uninoculated experiment showed some variation with 0 μM
recorded on day 47, however this was followed by a consistent increase
in Fe2+ concentration for the remainder of the experiment and so is
assumed to be an experimental artefact. There was a diﬀerence in
concentration between the uninoculated experiments with clay present,
in which a much higher concentration was found at the end of the
40 g*L−1 experiment than the 20 g*L−1 (85 and 47 μM respectively,
Fig. 1g,h) which could be due to the higher rate of siderite dissolution
in the 40 g*L−1 system due to the larger surface area available for the
reaction to occur.
The second driver of geochemical change was microbial activity:
borehole water from Mont Terri, including the associated microbial
community, was used to inoculate experiments. Where inoculum was
present, the sulfate concentration decreased rapidly (Fig. 1a,b), while
uninoculated samples showed minimal changes in sulfate concentration
over time suggesting that it was the microbial activity which was responsible for the reduction of sulfate (Canﬁeld, 2001a, 2001b). Because
there was no evidence for sulfate reduction in the absence of the
porewater amendment, we conclude that the porewater rather than the
clay itself was the source of sulfate-reducing bacteria (Fig. 1). The absence of sulfate reduction in the no-clay control that received inoculum
from the porewater was due to the lack of clay. The clay acted as a
reducing agent because of the presence of minerals such as siderite and
pyrite (Mazurek, 1999; Thury and Bossart, 1999). Hence in that control,
high redox conditions persisted for a long time, precluding sulfate reduction. Results from the 16S rRNA sequencing showed the dominance
of known SRB with over 98% of reads from the inoculated sample being
classiﬁed to the Desulfobulbaceae family. This family consists of strict
anaerobes, and most members are mesophilic SRB with some species
able to utilize H2 as an electron donor (Kuever, 2014). The 16S rRNA
results support the ﬁndings of previous subsurface investigations at this
site which found that SRB are often the largest group within the community (Bagnoud et al., 2016a, 2016b, 2016c; Leupin et al., 2017).
Insuﬃcient DNA product was found in uninoculated samples, suggesting that there was limited, if any, microbial activity within these
samples. In all experiments, including those without clay, there was a
slight increase in the pH value followed by a decrease. These ﬂuctuations may be due to an initial outgassing of CO2 from solution and
continuing equilibration with the N2:H2 headspace in the experiment
bottles.
In Eq. (1), the reduction of sulfate produced aqueous sulﬁde, however none was measured in the experiments with microbial activity

even though the sulfate concentration was decreasing (Fig. 1). Hence,
sulﬁde must have precipitated out of the aqueous phase. A previous
study (Pedersen et al., (2017)) proposed a coupled reaction of reducing
Fe(III)(s) to Fe2+(aq) and partially oxidizing HS−(aq) to S0(s) within
bentonite (see Eq. (2)). No Fe(III)-containing iron oxide minerals were
detected in the Opalinus Clay samples used in this study, although illite
has been identiﬁed using EXAFS analysis (see supplementary information, Section S6). Illite can contain up to 80% of Fe as Fe(III), some of
which may be available for reduction by HS− (Dong et al., 2003; Liu
et al., 2017; Lohmayer et al., 2014). Although increasing aqueous Fe2+
concentrations were recorded in this study, there was no evidence that
this was as a result of S0 formation in Opalinus Clay as no S0 was found
within the solid phase at the end of the inoculated experiment. Thus,
any Fe(III) that might be held within the phyllosilicate clay minerals did
not appear to be available for reaction with HS−. The absence of HS− in
solution therefore was more likely to be due to the reaction between the
HS− and Fe2+ to form iron sulﬁde precipitates (Eq. (3)). The results of
the solid phase Fe analysis showed minimal diﬀerences between the
unaltered source rock and the incubated samples, but this is likely due
to the fact that only a small fraction of the total iron pool was reacting.
In contrast, the results of the S XANES highlighted changes to the
Opalinus Clay after incubation. The reduction of the proportion of
sulfate within both clay samples after incubation was expected due to
the corresponding increase in concentration in aqueous sulfate. The
results of the inoculated sample show that FeS was present which was
not found in the other samples, supporting the proposed reaction of
HS− and Fe2+ in solution to form both FeS and perhaps FeS2 (pyrite)
precipitates (Fig. 4). This resulted in a lack of HS− in solution as evidenced in these experiments and also explained why the Fe2+(aq)
concentration remained higher in uninoculated samples where there
was no HS− to react with Fe2+. The results also showed a higher percentage of pyrite in the uninoculated sample than both the unaltered
source rock and the inoculated sample. This may be a proportional
eﬀect as the uninoculated sample is expected to have a reduced total
sulfur content in the solid phase in comparison to the unaltered source
rock and the inoculated samples equivalent to approximately 3% reduction in total sulfur concentration (see supplementary information,
S8 for calculation). In the uninoculated sample, the dissolution of SrSO4
(celestite) reduced the total sulfur concentration in the solid phase
compared to both the source rock and the inoculated sample. There is
also some heterogeneity within the Opalinus Clay which may result in
varying total sulfur concentrations within clay samples. The 57Fe
Mössbauer results (Table 3) did not show any change in proportion of
pyrite between all three samples which supports the assumption that
this result is due to the changes in total sulfur concentration in the solid
phase. The results of the uninoculated sample suggest the presence of a
small amount of S0 which was not found in the other samples, however

Fig. 4. Summary diagram of proposed interaction of sulfate-reducing bacteria
and Opalinus Clay.
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S0 has been detected in Opalinus Clay at Mont Terri URL previously
(Pearson et al., 2003).
In summary, Fe2+ was released into solution due to the dissolution
of Fe(II)-bearing phases, which is supported by the evidence of aqueous
Fe2+ in all experiments where Opalinus Clay was present and by the
PHREEQC model. The initial concentration of aqueous sulfate was also
due to dissolution of minerals, most likely celestite, as suggested by the
presence of sulfate in microcosms where clay was present. Where inoculum was added, there was a rapid decrease in sulfate concentration
as it was utilized by sulfate-reducing microorganisms with H2 as the
electron donor, conﬁrming previous ﬁndings (Bagnoud et al., 2016a).
There was no evidence for the formation of elemental sulfur in these
experiments, instead it appears that HS− produced from sulfate reduction reacted with Fe2+ to form FeS (based on the LCF of XANES
results).
In this study, sulfate concentrations were artiﬁcially minimized by
removing all sulfate from the artiﬁcial porewater composition to better
deconvolute the possible formation of elemental sulfur (which would
not be detectable if large amounts of FeS were formed). Naturally occurring sulfate concentrations in Opalinus Clay porewater are ~24 mM
(Bagnoud et al., 2016a) while the maximum initial aqueous sulfate
concentration in this study was ~0.8 mM and resulted from the porewater used as inoculum. Under water-saturated conditions, the potential HS− concentration would therefore be much higher in-situ and the
aqueous Fe2+ would be depleted as seen by Bagnoud et al., (2016a),
diminishing the protective impact the iron sulﬁde precipitation reaction
may have on the canister lifetime. A corresponding higher Fe2+ concentration would be necessary to maximise the amount of iron sulﬁde
precipitation where high sulfate concentrations are naturally occurring.
It is therefore also important to identify potential impacts of FeS precipitation, particularly with regards to clay swelling. Previous research
found that microbially-mediated FeS precipitation led to a decrease in
the swelling capacity and water retention of bentonite (Stone et al.,
2016) which would be detrimental to a DGR environment. However, in
the nuclear waste repository environment, it is presently unknown
whether sulfate reduction will occur in a sustained manner, depending
on the amount of space and water available. Whether there would be
suﬃcient dissolution of Fe2+ from the source rock to ensure the FeS
precipitation in-situ in the long-term is also a question that needs further
investigation.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2019.03.020.
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