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ARTICLE INFO ABSTRACT

Keywords: The deep geological repository (DGR) concept consists of storing radioactive waste in metal canisters, sur-

DGR rounded by compacted bentonite, and placed deeply into a geological formation. Here, bentonite slurry mi-

Spanish bentonite crocosms with copper canisters, inoculated with bacterial consortium and amended with acetate, lactate and

Ig::crtiz;aldg;:;errss/lzceptor sulfate were set up to investigate their geochemical evolution over a year under anoxic conditions. The impact of

Copper corrosion microbial communities on the corrosion of the copper canisters in an early-stage (45 days) was also assessed. The
amended bacterial consortium and electron donors/acceptor accelerated the microbial activity, while the heat-
shocked process had a retarding effect. The microbial communities partially oxidize lactate to acetate, which is
subsequently consumed when the lactate is depleted. Early-stage microbial communities showed that the bac-
terial consortium reduced microbial diversity with Pseudomonas and Stenotrophomonas dominating the com-
munity. However, sulfate-reducing bacteria such as Desulfocurvibacter, Anaerosolibacter, and Desulfosporosinus
were enriched coupling oxidation of lactate/acetate with reduction of sulfates. The generated biogenic sulfides,
which could mediate the conversion of copper oxides (possibly formed by trapped oxygen molecules on the
bentonite or driven by the reduction of Hy0) to copper sulfide (CuyS), were identified by X-ray photoelectron
spectroscopy (XPS). Overall, these findings shed light on the ideal geochemical conditions that would affect the
stability of DGR barriers, emphasizing the impact of the SRB on the corrosion of the metal canisters, the gas
generation, and the interaction with components of the bentonite.

1. Introduction of a buffering and sealing bentonite-based material surrounding the

waste-containing metal canisters that will be placed several hundred

The global challenge of managing high-level radioactive waste
(HLW) has led to the consideration of the Deep Geological Repository
(DGR) as the internationally accepted option for this purpose (WNA.
World Nuclear Association, 2021). The main objective is to preserve the
long-term integrity and the safety performance of these repositories for
periods spanning from several hundreds to millions of years, ensuring
that no residual radioactive materials reach the surrounding environ-
ment (Batandjieva et al., 2009). The multi-barrier design of DGR consists
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meters underground in a stable geological formation to ensure safety
until the radiotoxicity diminishes to levels similar to natural ones
(Ojovan and Steinmetz, 2022). The nature of the barriers depends on the
particular strategy adopted by each country. Copper-coating metal
canisters have been proposed, or already implemented, by countries
such as Canada, Korea, Sweden, and Finland (Hall et al., 2021). In
addition, compacted bentonite clay was selected as the most appropriate
buffer and sealing material. This clay provides mechanical support for
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canisters, prevents groundwater infiltration, retards radionuclides
diffusion, and seals canisters in the event of rupture or cracks (Gar-
cia-Romero et al., 2019). In Spain, bentonite from Almeria (FEBEX) has
been proposed as buffer material for Spanish DGR (Huertas et al., 2021;
Villar et al., 2006).

Since bentonites are not sterile, understanding the structure and
composition of the microbial community within this clay could provide
insights into its potential impact on the long-term stability and safety of
the DGR barriers (Meleshyn, 2014). Microorganisms may compromise
the mineralogy and chemistry of the bentonite buffer and the integrity of
the metal canisters due to microbially influenced corrosion (MIC) via
biofilm formation or corrosive metabolite production (Ruiz-Fresneda
et al., 2023). Moreover, microbial metabolism may contribute to the
production of hydrogen, methane, and carbon dioxide, affecting the gas
phase that would increase the pressure within the DGR (Guo & Fall
2021; Bagnoud et al., 2016).

Once the DGR is sealed, the gradual depletion of oxygen will occur
due to factors such as microbial activity and metal canister corrosion,
leading to the establishment of an anoxic environment (Payer et al.,
2019; Keech et al., 2014). In this context, certain anaerobic bacteria
such as sulfate-reducing bacteria (SRB) and iron-reducing bacteria (IRB)
could remain metabolically active. These bacteria may have adverse
consequences, including the promotion of MIC, the reduction of Fe(III)
to Fe(II) in smectite (the major mineral in bentonites), and the reduction
of sulfate to sulfide (a key agent in copper corrosion) (Pentrakova et al.,
2013; Liu et al., 2012; Shelobolina et al., 2003). Sulfide production,
attributed to SRB activity, is more likely to occur further away from the
canisters under conditions that favor SRB growth, such as lower tem-
peratures and higher water activity (Bengtsson and Pedersen, 2017).
This biogenic sulfide could diffuse through the biologically inactive
section of the sealing materials and influence the nature and rate of
canister-surface corrosion.

Although the bentonite will be in the form of compacted blocks
within the DGR, which is expected to suppress microbial activity, it is
necessary to consider all possible scenarios. Therefore, to understand the
impact of the microbial activity, including the indigenous microorgan-
isms, on Spanish bentonite over the short term, optimal conditions for
microbial growth, representing a worst-case scenario for a DGR, were
simulated. In this study, bentonite slurry anaerobic microcosms were
amended with acetate, lactate, and sulfate (electron donors and
acceptor, respectively) to stimulate microbial activity. Hence, this study
aims to comprehensively examine the impact of microorganisms on the
geochemical evolution of complex bentonite slurry systems for one year
of anoxic incubation. Additionally, the microbial communities and their
influence on copper corrosion in an early state (45 days) of incubation
within the microcosms were investigated.

Our results emphasize the role of the microorganisms present in the
bentonite, which could provide optimal growth conditions in the event
of an influx of nutrients due to the filtration of water in the bentonite.

2. Materials and methods
2.1. Bentonite sampling

The bentonite was aseptically collected from El Cortijo de Archidona
site in Almeria (Spain) in February 2020 (maximum depth: ~ 80 cm).
Subsequently, the bentonite was aseptically disaggregated, dried and
ground to achieve a uniform powder following the procedure by Mar-
tinez-Moreno et al. (2023). The chemical composition of the initial
bentonite is specified in the Supplementary Table S1.

2.2. Microcosms assembly and sampling
Procedures related to copper material and mini-canister (Cu-mCan)

assembly, elaboration of the different solutions, and BPAS consortium
information and culture conditions are detailed in Supplementary
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Material.

Microcosms were set up following the procedure described by
Povedano-Priego et al. (2023) with some modifications. Fifty g of
ground bentonite was added to 250 mL borosilicate glass bottles pre-
viously autoclaved. Solutions of acetate, lactate and sulfate (section 1.1
of Supplementary Material) were supplemented in the electron
donors/acceptor-containing (eD) microcosms with a final concentration
of 30 mM, 10 mM, and 20 mM, respectively. Additionally, the bacterial
consortium-containing (BC) bottles were spiked with a BPAS consortium
(section 1.2 of Supplementary Material) with an initial ODggg of 0.4 for
each bacterial strain (Bacillus sp. BII-C3, Pseudomonas putida, Amycola-
topsis ruanii, and Stenotrophomonas bentonitica). The final volume of the
microcosms was calculated considering the solutions added and then
were filled up to 230 mL with the equilibrium water (EW) (section 1.1 of
Supplementary Material). Finally, for corrosion studies, three sterilized
high-purity oxygen-free Cu-mCan (section 1.3 of Supplementary Mate-
rial) were deposited into each microcosm.

Different treatments were considered to study the impact of three
parameters (sample code between brackets): i) bentonite and heat-
shocked bentonite (B and StB), ii) acetate:lactate:sulfate addition (eD),
and iii) the inoculation of the BPAS bacterial consortium (BC). Although
tyndallization (heat-shock) is not the optimal method for sterilizing
bentonite (Martinez-Moreno et al., 2024)), StB bentonites were tyndal-
lized (110 °C for 45 min, 3 consecutive days) to reduce the presence and
activity of autochthonous bacteria. A total of 24 microcosms were
elaborated (8 treatments in triplicate). The sample ID and characteristic
of the treatments are summarized in Table 1.

Once the microcosms were completed, the borosilicate bottles were
sealed with butyl-rubber stoppers and degassed with Ny to create anoxic
conditions. Subsequently, the microcosms were incubated at 28 °C for
one year. The workflow of the microcosms set-up is shown in Fig. 1.
Samples from the different components (supernatant, bentonite slurry,
and Cu-mCan) were recovered aseptically within an anaerobic chamber
for the different analyses.

2.3. Geochemical analyses of the microcosm supernatants

For the evolution of geochemical analysis, supernatant (liquid phase)
aliquots from each microcosm were collected at 45, 90, 135, and 365
days of incubation under anoxic conditions, and filtered with 0.22 pm
cellulose-acetate filter. The pH was measured by Advanced Digital
Handheld Portable Meter HQ40D (Hach) previously calibrated with
commercial reference solutions (4.00 and 7.00).

Acetate, lactate, and sulfate concentrations in the supernatants from
the amended samples (eD) were quantified by High Pressure Ion Chro-
matography (HPIC) to understand the chemical evolution of these added
compounds. The analysis was performed in a 925 Eco ICE, Methrom
Hispania (Herisau, Switzerland) coupled with an IC conductivity de-
tector, a Metrohm Suppressor Module (MSM), 250 pL injection loop with

Table 1

Experimental conditions and sample ID of the different treatments. All free-
oxygen microcosms incorporated three Cu mini-canisters (Cu-mCan) and were
elaborated in triplicate. A:L:S: acetate, lactate, and sulfate concentrations; BPAS:
bacterial consortium; +: presence; -: absence.

Sample ID Bentonite A:L:S (mM) BPAS
B.eD.BC Non-heat-shocked 30:10:20 +
B.BC - +
B.eD 30:10:20 -
B — —
StB.eD.BC Heat-shocked 30:10:20 +
StB.BC - +
StB.eD 30:10:20 -
StB - _

Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron
donors and sulfate, BC: spiked with bacterial consortium.
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Fig. 1. Microcosms workflow, N, degassing process (anoxic conditions), and sampling for the different analyses.

peristaltic pump, Metrohm high pressure pump with purge valve and
919 UF autosampler. Before injection, samples were 0.22 pm filter-
sterilized and diluted in ultrapure water. Measurement specifications
are detailed in section 1.4 of the Supplementary Material.

2.4. DNA extraction, sequencing, and computational procedure

DNA extraction was performed for each microcosm at 45 days in-
cubation following the procedure detailed in Povedano-Priego et al.
(2021) in order to characterize the microbial community within the
microcosms in an early-stage incubation and their implication on the
alteration of the Cu-mCans. Subsequently, the extracted DNA concen-
tration was determined using Qubit 3.0 Fluorometer (Life Technology,
Invitrogen™).

For the library preparation, two consecutive PCR reactions were
carried out for each sample using a combination of regular and barcoded
fusion primers to amplify the V5 — V6 variable regions of the 16S rRNA
gene (see details in section 1.5 of Supplementary Material). Libraries
were sequenced using the MiSeq Illumina platform (2 x 250 bp, Hay-
ward, California, USA).

FastaQ files were processed and normalized using “dada2” and
“phyloseq” packages, respectively, in R 4.2.1 software (R Core Team,
2022). Bayesian classification was employed to assign a taxonomic
affiliation to the phylotypes (80% pseudo-bootstrap threshold). The
relative abundances and alpha diversity indices were conducted using
Explicet 2.10.5 (Robertson et al., 2013). To assess the similarity between
samples at genus level, a matrix based on the Bray-Curtis algorithm was
used, and subsequent similarity between samples was performed
through principal coordinate analysis (PCoA) using Past 4 software
(Hammer, 2001). Furthermore, a heatmap was performed to visualize
taxa with more than 0.50% relative abundance. For this purpose, the
‘heatmap.2’ function was employed in R software.

2.5. Surface characterization of the copper mini canisters (Cu-mCan)

After 45 days of anoxic incubation, the Cu-mCan were collected from

the microcosms, unscrewed, and dried under anoxic atmosphere. To
visualize corrosion compounds on the surface, the base of the Cu-mCan
was metallized with a carbon coating through evaporation by an EMI-
TECH K975x Carbon Evaporator for analysis by High Resolution
Scanning Electron Microscopy (HRSEM) with an AURIGA Carl Zeiss SMT
microscope associated with a qualitative and quantitative energy
dispersive X-ray (EDX) microanalysis.

Moreover, no previous preparation was applied to the lids of the Cu-
mCan for spectroscopic analysis. The chemical analysis by X-ray
photoelectron spectroscopy (XPS) of the lids’ surfaces was conducted on
a Kratos AXIS Supra Photoelectron Spectrometer. Spectra acquisition
and detailed information are shown in section 1.6 of the Supplementary
Material. Finally, CasaXPS 2.3.22 software (Fairley, 2019) was used to
fit the peaks of the XPS spectra. All binding energies were offset by
referencing the adventitious carbon Cls peak (285 eV).

3. Results and discussion
3.1. Water chemistry evolution

Untreated bentonite is expected to have an initial alkaline pH around
9.00 due to its innate buffering capacity (Povedano-Priego et al., 2019;
Rozalén et al., 2009). After one-year incubation, pH values tended to
stabilize between 7.51 and 8.37 in all treatments, in contrast to the
initial values (Supplementary Fig. S2). The observed pH decrease could
be due to leaching of the bentonite or microbial activity through the
generation of gases such as hydrogen (Hy), methane (CH,), and carbon
dioxide (COy) (Fernandez-Diaz 2004; Povedano-Priego et al., 2019;
Bagnoud et al., 2016).

Lactate was the first electron donor to be consumed (Fig. 2A).
Complete depletion was achieved at 45 days in the microcosms spiked
with the bacterial consortium (B.eD.BC) in contrast to its heat-shocked
counterpart StB.eD.BC, where lactate was consumed after 45 days. In
the microcosms without the bacterial consortium, lactate was slowly
consumed reaching complete depletion at 135 days (B.eD) and 365 days
(StB.eD). Regarding acetate evolution (Fig. 2B), in the sample B.eD.BC
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Fig. 2. Evolution of the initial concentration of 10 mM lactate (A), 30 mM
acetate (B), and 20 mM sulfate (C) content recorded in Spanish bentonite mi-
crocosms incubated anaerobically at 28 °C for 1 year. Data showed the mean
values with standard derivations measured from three independent replicates.
Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron
donors and sulfate, BC: spiked with bacterial consortium.

acetate was gradually depleted following the consumption of lactate
being nearly exhausted after one year-incubation. In the other treat-
ments, acetate initially increased before being consumed, with complete
depletion occurring around one year-incubation in B.eD. This could
suggest that acetate is produced from lactate consumption and subse-
quently used as an electron donor. Sulfate consumption (Fig. 2C) was
highest in the non-heat-shocked samples containing the bacterial con-
sortium (~50% in B.eD.BC). In the samples B.eD, StB.eD.BC, and StB.eD,
sulfate levels remained relatively stable for most of the incubation
period, only decreasing to about 20 — 30% after one year.

In general terms, the tyndallization of the bentonite (heat-shocked
samples) seems to slow down the dynamics of lactate and acetate, and
sulfate reduction when compared with the non-heat-shocked samples.
This indicated that tyndallization adversely affects microbial activity.
Moreover, the bacterial consortium seemed to enhance lactate con-
sumption and acetate production/consumption.

The conversion of lactate to acetate, in the absence of sulfate
reduction, could occur via lactate fermentation to acetate and propio-
nate, or its incomplete oxidation to acetate coupled with iron reduction
(Park et al., 2024). The consumption of sulfate in the sample B.eD.BC is
supported by the work of Matschiavelli et al. (2019). They observed a
decrease in lactate and sulfate concentrations concomitant with acetate
formation in B25 Bavarian bentonite microcosms. Their study deduced
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that through the reductive pathway of acetyl-CoA, lactate is incom-
pletely oxidized to acetate with the concurrent reduction of sulfate to
hydrogen sulfide. The presence of fissures in the bentonite (white arrows
in Fig. 3) and the formation of small bubbles in the microcosms could be
related to gas generated by microbial activity. The rotten egg odor after
sampling could also support the hydrogen sulfide (H2S) formation (He
et al., 2011). The visual color changes observed in the bentonite mi-
crocosms during the incubation are also presented in Fig. 3. A shift to-
wards black hues was evidenced in the treatment containing the
bacterial consortium (B.eD.BC), with this transformation occurring at a
slower rate when the bentonite was heat-shocked (StB.eD.BC). Subse-
quently, the treatments lacking the bacterial consortium (B.eD, and StB.
eD) exhibited similar color changes, although with lower progression.
The alteration in the color of the bentonite may be linked to the gen-
eration of HyS, a byproduct of bacterial activity, which can react with
iron and lead to the formation of black precipitates of reduced iron
species (Miettinen et al., 2022; Matschiavelli et al., 2019).

3.2. Characterization of microbial communities in an early incubation
stage

The microbial communities of the bentonite microcosms were
characterized to get a thorough comprehension of early-stage
geochemical changes and their influence on copper corrosion. Thus,
the total DNA from the different bentonite microcosms after 45 days of
anoxic incubation was extracted and sequenced in triplicate (duplicate
in sample StB.eD). The structure and composition of bacterial commu-
nities in the different treatments was characterized: tyndallized (StB),
presence of electron donors/acceptor (eD), and addition of the bacterial
consortium (BC) in the early-stage of incubation (45 days) in order to
study their influence in the corrosion of copper material.

For these samples, enough sequencing depth was achieved as shown
by the rarefaction curves (Supplementary Fig. S3). A total of 412 phy-
lotypes were detected and annotated in 13 phyla (98.06%) being
Pseudomonadota (74.63%), Bacillota (19.74%), and Actinomycetota
(2.67%) the most abundant phyla (Supplementary Table S4). At genus
level, the phylotypes were annotated in 110 OTUs (Supplementary
Table S5) with Pseudomonas (43.35%), Stenotrophomonas (13.41%),
unclassified Clostridiales (4.75%), Pseudoalteromonas (4.64%), Symbio-
bacterium (4.24%), Desulfocurvibacter (3.08%), unclassified Bacillota
(2.98%), and Desulfuromonas (2.89%) presenting the higher relative
abundance in the pool of the samples.

Richness (Sobs), diversity (ShannonH and SimpsonD), and evenness
(ShannonE) indices at the genus level of the samples are presented in
Supplementary Table S3. The richness indices of non-heat-shocked
treatments reveal higher values in samples lacking bacterial con-
sortium, and these values are greater in the absence of electron donors
and sulfate (richness values B > B. eD > B.eD.BC > B.BC). In contrast,
the dynamics in the heat-shocked treatments (StB) seemed to be slightly
different, with higher richness values in the samples amended with
electron donors and sulfate, while the presence of the consortium
seemed to affect the richness indices diminishing the effect of electron
donors (richness values StB.eD > StB.eD.BC > StB > StB.BC). These
results were supported by the diversity indices (ShannonH and Simp-
sonD) showing the same trends in the samples (Supplementary
Table S3). The microcosms without bacterial consortium showed greater
diversity values (ShannonH >3, and SimpsonD close to 1) than those
spiked with the bacterial consortium (BC), indicating that the addition
of this consortium resulted in a displacement of the indigenous
bentonite microbial community and the dominance of specific taxa
within the samples (ShannonH <3, and SimpsonD further from 1).

In order to analyze the dissimilarity and diversity distribution along
the different microcosms considering the relative abundance at genus
level, samples were grouped by a principal coordinate analysis (PCoA)
based on Bray-Curtis distance (Fig. 4A). The dissimilarity between
samples containing the bacterial consortium and those lacking it was
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t. 135 t. 365

Fig. 3. Evolution of hyper-saturated Spanish bentonite microcosms before (yellow) and after 45 (green), 90 (blue), 135 (pink) and 365 (red) days of anaerobic
incubation at 28 °C. White arrows indicate the development of fissures and cavities attributed to gas formation. Glossary: B: bentonite, StB: heat-shocked bentonite,
eD: addition of electron donors and sulfate, BC: spiked with bacterial consortium. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article).

evidenced. The treatments containing bacterial consortium (BC sam-
ples) were grouped separately from the others, indicating that those
lacking bacterial consortium showed a more heterogeneous distribution.

Moreover, a heatmap was constructed to confirm the similarity be-
tween samples (Fig. 4B). As observed, the clustering of BC samples was
primarily attributed to the prevalence of bacterial genera from the BPAS
consortium, notably Pseudomonas and Stenotrophomonas, which domi-
nate the microbial communities of these microcosms. In contrast, for
samples lacking a bacterial consortium, a slight differentiation was
observed between samples with heat-shocked bentonite (StB) and those
with non-heat-shocked bentonite (B), possibly due to the negative effect
of the tyndallization process on the microbial diversity of the bentonite
(Martinez-Moreno et al., 2023; Povedano-Priego et al., 2023). However,
such differentiation was not observed when considering the absence or
the presence (eD) of electron donors and sulfate. The main difference
between microcosms unamended (B) and amended with electron donors
and sulfate (B.eD) resided in the presence of bacterial genera such as
Pseudoalteromonas (24.17%), Desulfocurvibacter (22.72%), Anaerosoli-
bacter (4.54%), Desulfosporosinus (4.54%), and unclassified bacteria
belonging to the highly diverse order of Bacillales (3.70%) in sample B.
eD. Some strains of Pseudoalteromonas have adaptive mechanisms to
tolerate low oxygen concentrations (Qin et al., 2011) or the ability to use
acetate as a carbon source (Oh et al., 2011) which support the distri-
bution of Pseudoaltermonas in this treatment. Moreover, the strictly an-
aerobes Desulfocurvibacter, Anaerosolibacter and Desulfosporosinus can
use sulfate and/or iron as electron acceptor to grow in the presence of
organic substrates (e.g., lactate) (Spring et al., 2019; Hong et al., 2015;
Hippe and Stackebrandt, 2015).

As shown in the heatmap (Fig. 4B), the dominant genera in the
consortium-spiked treatments (BC) were those of the consortium, Pseu-
domonas (54.59% — 78.88%) and Stenotrophomonas (34.96% — 8.10%)
(Supplementary Table S5 and Fig. 5). Amycolatopsis, was detected in
lower relative abundance in the BC microcosms exhibiting higher
abundance in B.eD.BC and StB.eD.BC samples (2.31% and 2.05%,
respectively). In contrast, the presence of Amycolatopsis was lower or

undetectable in the samples without electron donors and sulfate: 0.12%
and 0% (B.BC and StB.BC, respectively). Regarding Bacillus genus, it was
outside the detection range in the samples. Pseudomonas putida and
Stenotrophomonas bentonitica are bacterial strains capable of growing or
maintaining their activity under anaerobic conditions, while also
exhibiting the ability to use acetate and/or lactate as a carbon source
(Freikowski et al., 2010; Sanchez-Castro et al., 2017). Pseudomonas was
also detected in the microcosms without bacterial consortium with a
remarkable relative abundance of 9.80% (B.eD), 19.11% (B), 16.48%
(StB.eD), and 9.91% (StB). On the other hand, Stenotrophomonas was
only detected in the heat-shocked treatments (StB.eD and StB) with a
2.66% and 13.98% of relative abundance, respectively.

As observed in the chemical evolution data (Fig. 2), the samples
spiked with the bacterial consortium (BC) showed the highest rate of
lactate consumption after 45 days of incubation, and the highest con-
sumption (B.eD.BC) or production (StB.eD.BC) of acetate. Pseudomonas
and Stenotrophomonas could be key contributors to the observed trend of
lactate consumption and acetate production/consumption in the sam-
ples amended with electron donors/acceptor (eD) (Essén et al., 2007;
Eschbach et al., 2004; Ruiz-Fresneda et al., 2019; Sanchez-Castro et al.,
2017). Moreover, in sample B.eD.BC, the presence of the
sulfate-reducing bacterium Desulfosporosinus (Supplementary Table S5
and Fig. 5) was evidenced (2.62%). This bacterium is involved in the
incomplete oxidation of substrates, such as lactate to acetate, and in the
use of sulfate as a terminal electron acceptor (Spring and Rosenzweig,
2006). This fact could be linked to the sulfate consumption (~ 50%)
within this sample at the 45-day mark (Fig. 2C). In contrast, sample StB.
eD.BC did not show sulfate reduction (Fig. 2C). This could be attributed
to the absence of Desulfosporosinus in this treatment and the presence of
the IRB and SRB Anaerosolibacter (1.83%; Supplementary Table S4 and
Fig. 4). The dominance between sulfate reduction and iron reduction
depends on pH, iron crystallinity, and their concentrations. In this
experiment, with a neutral pH and a high sulfate concentration, sulfate
reduction is likely more favorable. Therefore, the presence of this bac-
terial genus may indicate that the redox conditions are not yet optimal
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Fig. 4. A: principal coordinate analysis (PCoA) plot showing the dissimilarity of bacterial communities at genus level from bentonite-slurry microcosms after 45 days
of anoxic incubation. B: Heatmap representing genus-level relative abundance and clustering based on Manhattan distance of the slurry-bentonite microcosms after
45 days of incubation. The 3.3% cut off based on the maximums represents the 31 most abundant genera. The relative abundance of each genus is shows with
different colors (the warmer the color, the greater relative abundance). Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron donors and
sulfate, BC: spiked with bacterial consortium. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 5. OUT relative abundance of bacterial communities from the bentonite slurry microcosms. Cut off: 0.20% of relative abundance. Stacked bars show averages of
biological replicates. Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron donors and sulfate, BC: spiked with bacterial consortium.

for sulfate reduction to occur.

The addition of electron donors and sulfate in samples not spiked
with bacterial consortium appears to enhance the prevalence of bacte-
rial genera such as Desulfocurvibacter (obligate anaerobic SRB that
incompletely oxidize organic substrates to acetate), Pseudoalteromonas
(IRB under low content of oxygen), Anaerosolibacter (IRB and SRB), and
Desulfosporosinus (anaerobic bacteria that reduce sulfate through the
incomplete oxidation of lactate to acetate) (Spring et al., 2019; Cheng
et al., 2019; Stackebrandt et al., 1997). These genera exhibited high
diversity in sample B.eD (22.72%, 24.17%, 4.54%, and 4.54%, respec-
tively), whereas they were not detected, or detected in a very low
abundance, in sample B (< 0.2%) (Supplementary Table S5 and Fig. 5).
Despite the presence of SRB in the B.eD treatment, no observable sulfate
consumption was detected (Fig. 2C). This lack of consumption could be
attributed to the limited time available for this process (45 days), as IRB
such as Pseudomonas (9.80%), Anaerosolibacter (4.54%), and Pseu-
doalteromonas (24.17%) might be actively engaged in the fermentation
of lactate to acetate and propionate as suggested by Park et al. (2024).
The resulting acetate could be then used to promote the reduction of Fe
(II) to Fe(ID). This reduction process may continue until the redox
conditions within the microcosms become favorable for sulfate reduc-
tion. Moreover, the most abundant genera in sample B were Pseudo-
monas (19.11%), unclassified Clostridiales (18.25%), Desulfuromonas
(16.37%), Anaeromyxobacter (9.57%), and Noviherbaspirillum (7.77%)
being less abundant in the B.eD treatment (Supplementary Table S5 and
Fig. 5). Desulfuromonas has the capacity to couple the oxidation of ace-
tate and lactate with the reduction of sulfate (Liesack and Finster, 1994).
The occurrence of Pseudomonas, Anaeromyxobacter, and Noviherbaspir-
illum, all facultative anaerobes, indicated their capability to use acetate
and/or lactate as carbon sources (Shrestha et al., 2022; Sanford et al.,
2002; Ishii et al., 2017). On the other hand, Symbiobacterium was the

most abundant genus within the heat-shocked samples without bacterial
consortium (StB.eD: 34.11%, and StB: 14.39%). Bacterial species within
this genus, including S. turbinis and S. terraclitae, are moderately
anaerobic and thermophilic, with the characteristic of occasional
endospore formation. Furthermore, these bacteria are capable of pro-
ducing acetate as end product (Shiratori-Takano et al., 2014). The
presence of this bacterial genus within the StB.eD.BC sample could
suggest a contribution to the increase in acetate content observed in this
treatment after 45 days of incubation (Fig. 2B). Moreover, in the
heat-shocked sample without a bacterial consortium (StB), Steno-
trophomonas (13.98%), unclassified Clostridiales (12.39%), Pseu-
doalteromonas (12.36%), Pseudomonas (9.91%), unclassified Bacillota
(9.12%), the facultative anaerobic Alkalihalobacillus (7.81%), and
Amycolatopsis (6.44%), were the most prevalent bacterial genera
following Symbiobacterium.

In summary, the addition of the bacterial consortium had an impact
on the shift of indigenous bentonite microbial community. However, it is
noteworthy that only Pseudomonas and Stenotrophomonas managed to
persist and prevail in the BC microcosms after 45 days of incubation,
whereas Amycolatopsis and Bacillus exhibited lower abundances or fell
below the detection threshold of the sequencing procedure. Further-
more, the presence of specific bacterial genera was intricately linked to
the consumption of lactate, acetate and sulfate within the samples at 45
days of anoxic incubation. Given the complexity and heterogeneity of
the bacterial diversity, it is plausible that each bacterium may exhibit a
different metabolic profile. Thus, the total reaction computation
observed in Fig. 2 does not align stoichiometrically with a simple system
or an isolated bacterial strain study. Some bacteria (e.g., Desulfospor-
osinus) are able to partially oxidize lactate, associated with sulfate
reduction, leading to the production of acetate. This acetate, in turn,
could serve as a carbon source for other bacterial groups. Conversely,
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the addition of electron donors and sulfate appears to stimulate the
presence of IRB and SRB (e.g., Desulfocurvibacter, Pseudoalteromonas,
Anaerosolibacter, and Desulfosporosinus). These groups of bacteria are
involved in the corrosion of metal canisters within the DGR (Schutz
et al., 2015; Bengtsson and Pedersen, 2017). However, the sulfate con-
sumption was only detected at 45 days of incubation in the sample B.eD.
BC (~ 50%). Hence, it is crucial to investigate the potential impact of
these bacterial groups on the corrosion of copper material and charac-
terize the resulting products.

3.3. Characterization of the Cu canister surface in an early-incubation
stage

In order to assess the influence of the microbial communities on the
corrosion of the copper surface after 45-day incubation, the Cu-mCan
were recovered from the studied microcosms. The metal surfaces were
analyzed by microscopic and spectroscopic techniques (HRSEM, EDX,
and XPS). Specifically, the analysis focused on Cu-mCan from micro-
cosms with non-heat-shocked bentonite.

The Cu-mCan images of samples before (t. 0) and after 45 days and
their HRSEM micrographs are shown in Fig. 6. The bentonite adhered to
the copper surface was not removed to avoid the consequent
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displacement of copper alteration-related products. Visually, the sam-
ples exhibited a different coloration after the incubation comparing with
the blank (t. 0). The sample B.eD.BC presented a marked color trans-
formation, shifting to dark gray-black hues, as well as some zones on Cu-
mCan B.BC (Fig. 6B,C). At microscopic level, the samples after the in-
cubation exhibit a heterogenous topography (second column, Fig. 6).
The sample t. 0 displayed a uniform topography, revealing only the
presence of Cu and C (attributed to the metallization process during the
sample preparation). Furthermore, elemental EDX map of iron (Fe),
carbon (C), aluminum (Al), sulfur (S), silicon (Si), oxygen (O), and
copper (Cu) distribution of the selected areas is shown (Fig. 6). The
signal of Si (pink), Fe (yellow), and Al (cyan) were attributed to the
presence of bentonite adhered on the Cu surface. The detection of O
(red) was mainly associated with Si (SixO) linked to the presence of
bentonite.

Moreover, O was detected, to a lesser extent, on the copper surface
(Cuy0). Sulfur precipitates were only detected in the sample B.eD.BC,
which may be related to CuxS (copper corrosion compounds) (Fig. 6B)
linking with the data of sulfate consumption (~ 50%, Fig. 2C). Diffuse
and more dispersed S accumulates were also detected in sample B.BC
(Fig. 6C). Furthermore, in sample B.eD, the presence of oxygen seemed
to be closely related to irregularities on the copper surface probably
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Fig. 6. Visual (first column), electron images (second column), and EDX maps of the Cu-mCan surface before experimental set-up (A) and after 45-days anoxic
incubation from microcosms B.eD.BC (B), B.BC (C), B.eD (D), and B (E). EDX show the distribution of Cu (orange), Fe (yellow), S (dark blue), Si (pink), Al (cyan), O
(red), and C (green) in the studied area. Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron donors and sulfate, BC: spiked with bacterial
consortium. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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related to the presence of copper oxides (Cu,O).

In order to identify the nature of the corrosion products, XPS analysis
was undertaken in each Cu-mCan. Wide scans indicated the presence of
Cu, C, O, Si, Na, Fe, Mg, and Al on all sample surfaces. Except for Cu,

Environmental Pollution 358 (2024) 124491

these elements were attributed to bentonite adhered to the Cu-mCan’s
surfaces. High-resolution scans of the Cu 2p region exhibited elemental
copper peaks (sharp peaks at approximately 933 eV and 953 eV, cor-
responding to Cu 2p; 2 and Cu 2p3,», respectively), alongside the likely
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Fig. 7. High-resolution XPS spectra of the Cu 2p (977 eV-922 eV) and S 2p (180 eV-143 eV) regions of the Cu-mCan surface before experimental set-up (A) and after

45-days anoxic incubation from microcosms B.eD.BC (B), B.BC (C), B. eD (D), and B (E). Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron
donors and sulfate, BC: spiked with bacterial consortium.
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presence of CuO (peaks around 943.49 eV and 962.89 eV) (Wagner
etal., 1979), on all samples (Fig. 7). Further evidence for the existence of
CuO included the separation of ~ 20 eV between Cu 2p; 2 and Cu 2ps/2
(Wagner et al., 1979). It should be noted that no CuO was detected on
the surface of the Cu-mCan prior to microcosms set up (t. 0) as shown in
the high-resolution spectra of the Cu 2p (Fig. 7).

The main signal of MIC under anoxic conditions on copper materials
are Cu,S mediated by the activity of SRB (Hall et al., 2021). Previous
studies indicated that peaks for CuS were typically observed around
932.2 eV in high-resolution Cu 2p scans (Krylova & Andrulevicius,
2009). In order to delve deeper into the overshadow of this peak by the
Cu 2p3/7 peak, high-resolution scans were conducted in the S 2p region,
spanning from 143 eV to 180 eV. This revealed the presence of sulfur on
samples B.BC, B.eD.BC, and B.eD (Fig. 7). In samples B.BC and B.eD.BC,
peaks related to the presence of Cu,S (around 163 eV) were seen. This is
a known corrosion product produced as a result of HS™ excretion from
SRB activity (Martinez-Moreno et al., 2023; Yu et al., 1990). Moreover,
the peak at 161.4 eV was assigned to CuS (Kutty, 1991). The peak
around 154 eV, presented in all the Cu-mCan after 45-days incubation,
was attributed to Si 2s in the form of SiO, (silicate) belonging to the
presence of the bentonite adhered on the copper surface (Clarke &
Rizkalla, 1976).

Given that copper oxides (CuO) were identified on all Cu-mCan
samples after 45 days of incubation, notably absent at t. 0, it can be
inferred that the presence of oxygen, evidenced by CuO on the copper
surface, occurred abiotically. The formation of the CuO species could be
related to the oxygen molecules trapped in the bentonite, or driven by
the reduction of HyO from the EW (Burzan et al., 2022; Huttu-
nen-Saarivirta et al., 2016). Conversely, the identification of CuyS in the
samples resulted from microbial influence. This observation was
particularly pronounced on the surface of Cu-mCan from the treatment
with electron donors/acceptor and the bacterial consortium (B.eD.BC),
followed by the treatment only spiked with the bacterial consortium (B.
BC). Additionally, a lesser extent of Cus,S detection was detected in the
treatment supplemented only with electron donors/acceptor (B.eD). In
contrast, CupS was not detected in treatment B (untreated bentonite)
(Figs. 6 and 7). Moreover, microscopic examination revealed the pres-
ence of precipitates of CuyS compounds exclusively in Cu-mCan from the
treatment B.eD.BC (Fig. 6), aligning with the heightened presence of
SRB within this treatment (Fig. 5 and Supplementary Table S5).

The production of sulfide through the reduction of sulfate is kineti-
cally hindered under standard abiotic conditions of temperature and
pressure (Cross et al., 2004). Thus, the presence of sulfide is likely to be
attributed to the activity of SRB (Bengtsson and Pedersen, 2017). Under
anoxic conditions SRB can oxidize lactate as electron donor (Eq. (1))
coupled to sulfate reduction as terminal electron acceptor through the
dissimilatory sulfate reduction (Eq. (2)) (Dou et al., 2020). The pro-
duction of the sulfide in the microcosms was also inferred by the char-
acteristic rotten egg smell in the microcosms (He et al., 2011).
Interestingly, Salehi Alaei et al. (2023) observed the conversion of
copper oxides (Cuz0) to CusS by a chemical substitution reaction be-
tween sulfide and the oxide (Eq. (3)). Additionally, Dou et al. (2020)
proposed that the resulting metabolite HS™, from HjS secreted by SRB,
can diffuse to the surface and react with copper to form CusS (Eq. (4)).

CH3CHOHCOO 4+ Hy0 — CH3CO0™ + COy + 4HT + de- @)
SO%™ + 9H' + 8¢~ —» HS™ + 4H,0 2)
Cuy0 + SH™ — CuyS + OH™ 3)
2Cu + HS™ + H' - CuyS + Hy 4

Chen et al. (2014) demonstrated that under anoxic conditions, SRB
can form a CuyS film as the primary corrosion product. The production
of extracellular polymeric substances (EPS) from the SRB biofilm, and
subsequently the Cu,S film, mitigates the toxicity of copper toward SRB.
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In experiments with copper and different SRB strains, Kurmakova et al.
(2019) found that these bacteria were accountable for CuyS corrosion
products, with Desulfovibrio sp. M.4.1 showing the highest corrosive
impact on the metal surface. The corrosion of high-purity copper in the
presence of SRB in groundwater borehole or MX-80 clay has been
demonstrated in other studies, where the presence of CuyS precipitates
was detected (Johansson et al., 2017; Masurat et al., 2010). The addition
of acetate, lactate, and sulfate to Spanish bentonite has been demon-
strated to enhance bacterial activity, leading to the development of
small corrosion compounds on copper discs within compacted bentonite
blocks in the absence of water flow renewal after one year of anoxic
incubation (Martinez-Moreno et al., 2023). The presence of an aqueous
phase (EW) in this study accelerated this process, with corrosion com-
pound formation observed in an early-stage of incubation (45 days).

4. Study overview and conclusions

The surrounded environment of future DGR is considered hostile to
organisms’ survival (e.g., high temperature due to heat generated by the
decay process of the radionuclides, low water activity close to the can-
isters, high compaction of the bentonite, etc.). All these possible sce-
narios should be considered when assessing the release of radionuclides
and their migration to the biosphere over periods of time spanning
hundreds of thousands to millions of years. Here, ideal conditions for
microorganism’s survival and activity, bentonite slurry microcosms
amended with electron donors/acceptor, were simulated. Although the
DGR is designed to hinder the diffusion of pore water into the canisters,
the flow of nutrients within the groundwater is not discarded. Conse-
quently, examining laboratory-scale models is crucial in generating new
insights on the biogeochemical processes under different scenarios.

This study describes the geochemical evolution of the bentonite
slurry microcosms over a year-long anaerobic incubation at 28 °C, and in
an early-stage (45 days) microbial-community characterization and its
influence in the corrosion of copper material. A trend towards pH sta-
bilization was observed, which could be linked to the biotic processes
(generation of biogenic gases like Hp, CHy4, or CO5) and the buffering
properties of the bentonite. The consumption of lactate was the most
pronounced, coupled with the formation of acetate and hydrogen sulfide
in the microcosms. These finding were supported by the observation of
fissures in the bentonite and the smell of rotten eggs after sampling.
Moreover, the produced sulfide can react with the iron within the
bentonite, causing their color shift to grayish-blackish hues. It is
important to highlight that the ideal conditions consisted in amended
bacterial consortium and electron donors/acceptor, significantly accel-
erated biogeochemical processes, whereas the tyndallization of the
bentonite had a retarding effect.

The amended BPAS consortium was found to reduce the microbial
diversity in the microcosms at the early stage (45 days), with Pseudo-
monas and Stenotrophomonas emerging as the predominant bacteria.
Conversely, microcosms lacking BPAS consortium and amended with
electron donors/acceptor or with heat-shocked bentonite exhibited
higher microbial diversity and heterogeneity. However, the addition of
electron donors/acceptor helped with the stimulation of certain bacte-
rial groups such as SRB, playing an important role in the formation of
corrosion products on the copper surface.

Under anaerobic conditions, SRB are capable of oxidizing electron
donors (e.g., lactate) coupled to sulfate reduction through dissimilatory
sulfate reduction pathway. The produced sulfide could mediate the
conversion of copper oxides (possibly formed by trapped oxygen mole-
cules on the bentonite or driven by the reduction of HyO from the EW) to
copper sulfide (CuyS) by a chemical substitution reaction between sul-
fides and oxides, or by the diffusion of and reaction of HS™ with copper.

Overall, microorganisms will play an important role in the
geochemical evolution within the DGR and the stability of the different
barriers could be compromised, emphasizing the impact of the SRB on
the corrosion of the metal canisters, the gas generation, and the
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interaction with components of the bentonite.
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