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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Se(IV) and bentonite tyndallization 
delay microbial-influenced geochemical 
processes.

• Bacterial consortium and nutrients 
addition accelerate microbial activity.

• Se(IV) reduces the abundance of some 
SRB while stimulate Se-tolerant genera.

• Bentonite-community Se-tolerant bacte
ria reduce Se(IV) to a-Se(0) 
nanospheres.

• Sulfide produced by SRB activity result 
in the formation of CuxS on Cu-surface.
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A B S T R A C T

The Deep Geological Repository (DGR) design, the internationally safest option for the long-term disposal of 
high-level radioactive waste (HLW), features metal canisters encased in compacted bentonite clay and embedded 
deep within a host rock. Despite presenting a hostile environment for microorganisms, DGRs scenarios with 
favorable microbial-activity conditions must be considered for the safety assessment of this disposal. This study 
investigated the impact of Se(IV), as a natural analogue of 79Se present in the HLW, in anoxic microcosms of 
bentonite slurry spiked with a bacterial consortium and amended with lactate, acetate, and sulfate as electron 
donors/acceptor. The addition of the bacterial consortium promoted the rate of Se(IV) reduction to Se(0), while 
the tyndallization (heat-shock) of bentonite slowed this process. Se(IV) reduced the relative abundance of most 
genera of sulfate-reducing bacteria (SRB), while stimulating the abundance of Se-tolerant bacteria, which played 
an important role in Se(IV) reduction. Moreover, it was observed that lactate was the preferred electron donor, 
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linking to the production and subsequent consumption of acetate. X-ray absorption spectroscopy (XAS) and high- 
resolution transmission electron microscopy (HRTEM) revealed the reduction of Se(IV) forming amorphous Se(0) 
nanospheres. In addition, HRTEM showed that the biogenic Se(0) undergo a biotransformation to more stable 
crystalline forms, contributing to the immobilization of Se in the case of HLW release. Additionally, the sulfide 
generated by the activity of SRB reacted with Cu producing corrosion products (CuxS) on the surface of the 
copper material.

1. Introduction

One of the challenges associated with the nuclear power industry is 
the final disposal of spent nuclear fuel, which is classified as high-level 
radioactive waste (HLW). Among the radionuclides generated by the 
fission of uranium fuel, selenium-79 (79Se) stand out being considered a 
key mobile fission product of particular concern in the disposal of spent 
fuel and HLW (Hassan et al., 2021; Abdalla et al., 2020). Moreover, the 
chemical toxicity of Se depends on its oxidation state (Ruiz-Fresneda 
et al., 2020; Avendaño et al., 2016). At higher oxidation states (IV and 
VI), selenium is more soluble and thus mobile, and it is therefore 
considered toxic. At lower oxidation states (0 and –II), Se species are less 
soluble and mobile, exhibiting scarce environmental impact. The emis
sion of beta particles during its radioactive decay and its half-life (3.77 
× 105 years) makes 79Se a key determinant of the long-term radiological 
impact of a deep geological repository (DGR) (Jörg et al., 2010; Bien
venu et al., 2007). Ionizing radiation emitted by the radioisotope 79Se 
could contribute to the abiotic reduction of this metalloid in an aqueous 
environment. Le Caër (2011) reported that when a radiation beam 
crosses a system containing sodium selenite dissolved in water, it can 
promote the radiolysis of the water molecules, producing large amounts 
of reducing agents (e.g., hydrated electrons, hydrogen radicals, or hy
droxyl radicals). These generated products exhibit a reduction potential 
that could reduce Se(IV) to Se(0), thereby facilitating the prevalence of 
higher selenium oxidation states (El-Batal et al., 2020). However, this 
study aimed to evaluate the role of microbial communities in bentonite 
to assess the potential selenium bioreduction as an additional barrier in 
the event of a waste leakage. Since ionizing radiation can affect various 
factors, including metal oxidation states, microbial viability and di
versity, and the corrosion of metal canisters, this research builds on 
providing a baseline understanding of the processes occurring in the 
absence of radiation exposure.

The most widely accepted solution for the long-term confinement of 
the HLW is the DGR, whose main aim is to maintain its integrity for 
hundreds to millions of years, preventing the release of radionuclides 
into the environment, until their radiotoxicity decays to natural levels 
(WNA, 2024; Batandjieva et al., 2009). DGR's multi-barrier system 
design consists of corrosion-resistant metal canisters surrounded by a 
backfill and sealing material, and placed several hundred meters into a 
stable geological formation.

The material of DGR barriers depends on each country's approach. 
For example, Canada, Korea, Sweden, and Finland have proposed or 
implemented a copper coat for their metal canisters (Hall et al., 2021). 
Furthermore, the proposed material for buffering and sealing DGRs is 
compacted bentonite clay. This material offers mechanical support for 
canisters and helps to seal cracks. Compacted bentonite would prevent 
water infiltration from reaching the canisters, and hinder radionuclides 
diffusion (Garcia-Romero et al., 2019). In Spain, the suggested clay 
material for the DGR is the bentonite from “El Cortijo de Archidona” 
(Almeria), also known as FEBEX (Huertas et al., 2021; Villar et al., 
2006). Due to the fact that bentonites are not sterile, the characteriza
tion of their microbial community structure and composition is crucial 
to assess the repository's long-term stability and safety (Meleshyn, 
2011). While the conditions within the DGR may not be optimal for 
microbial growth, the permeation of nutrient-containing pore water 
from the host rock might promote the development and activity of mi
croorganisms. The latter may cause microbially induced corrosion (MIC) 

of the metal canisters, contribute to the production of a gaseous phase, 
alter inherent properties of the bentonite, and influence mobilization or 
immobilization of radionuclides (Ruiz-Fresneda et al., 2023).

After the repository sealing, an anoxic environment could prevail 
due to microbial activity and canister corrosion (Payer et al., 2019; 
Keech et al., 2014). Once this environment is established, anaerobic 
bacteria such as sulfate-reducing bacteria (SRB) and iron-reducing 
bacteria (IRB) might remain active negatively affecting the DGR bar
riers through processes such as MIC promotion, bentonite illitization, 
and sulfate reduction to sulfide (main canister corrosion agent) 
(Morales-Hidalgo et al., 2024; Pentráková et al., 2013; Liu et al., 2012; 
Shelobolina et al., 2003). The sulfide generated by SRB, will be favored 
in areas further from the canisters, where lower temperatures and 
greater water activity could prevail (Bengtsson and Pedersen, 2017). 
This biogenic sulfide may diffuse through the bentonite material and 
reach the canister surface causing corrosion and the release of HLW in 
the worst-case scenario.

Despite the compaction of bentonite into blocks within the DGR, 
which should inhibit microbial activity, all possible failure scenarios 
must be considered for safety assessments. Therefore, the present work 
simulated a “worst-case” scenario where a release of selenium could take 
place, and the bentonite turns to slurry form enriched with nutrients. To 
assess the impact of microorganisms' activity in the Spanish bentonite, 
optimal growth conditions were established by setting up bentonite 
slurry microcosms amended with electron donors (acetate and lactate) 
and acceptor (sulfate). Furthermore, the addition of 2 mM of Se(IV) 
acted as a natural analogue of 79Se present in the HLW.

Hence, this study aimed to examine, using an interdisciplinary 
approach, the impact of Se(IV) amendment on the microbial commu
nities of Spanish bentonite and the subsequent effect of these microor
ganisms on the geochemical evolution of the microcosms during one 
year of anoxic incubation. Additionally, an early-stage characterization 
of microbial-mediated selenium reduction products and copper corro
sion was conducted. Our findings highlight the potential impact of 
bentonite microorganisms, thriving under nutrient influx from water 
filtration on the clay and long-term release of HLW from DGR.

2. Materials and methods

2.1. Sampling of bentonite clay

Bentonite was aseptically collected from “El Cortijo de Archidona” 
site (Spain), disaggregated, dried, and ground as specified in Martinez- 
Moreno et al. (2023). The chemical composition of the natural bentonite 
was previously published in Martinez-Moreno et al. (2024b) and 
detailed in Supplementary Table S1.

2.2. Anoxic microcosms' assembly: specifications, content, and sampling

Microcosms were set up following the procedure stated by Martinez- 
Moreno et al. (2024b) with some modifications. Briefly, 50 g of ground 
bentonite were deposited into sterilized borosilicate glass bottles. Since 
bentonite is difficult to completely sterilize by means of heat treatments 
(Martinez-Moreno et al., 2024a), one set of bentonite-containing bottles 
(StB samples) were tyndallized (autoclave 110 ◦C for 45 min, 3 
consecutive days) in order to reduce the presence and activity of 
indigenous bentonite bacteria (hereafter known as heat-shocked 
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bentonites). To stimulate bacterial activity, some microcosms (electron 
donors/acceptor-containing microcosms -eD-) were added with a final 
concentration of 30 mM acetate, 10 mM lactate, and 20 mM sulfate. 
Bacterial consortium-containing microcosms (BC) were spiked with a 
BPAS consortium (Martinez-Moreno et al., 2024b), composed of four 
bacterial strains previously detected in the Spanish bentonite (Bacillus 
sp. BII-C3, Pseudomonas putida, Amycolatopsis ruanii, and Steno
trophomonas bentonitica), with an initial optical density (OD600) of 0.4 
each. Additionally, three sterilized high-purity oxygen free copper mini 
canisters (Cu-mCan) (Martinez-Moreno et al., 2024b) were deposited 
into each microcosm for corrosion studies.

All the microcosms were supplemented with a final concentration of 
2 mM sodium selenite [Se(IV)] for the interaction studies. For this 
propose, 1 M of sodium selenite stock solution (Na2SeO3 • Sigma- 
Aldrich) was prepared and sterilized by 0.22 μm pore-sized filters.

Lastly, the final volume of the microcosms was calculated taking into 
account all the solutions added and were filled up to 230 mL with 
equilibrium water (EW) (elaboration procedure and chemical compo
sition previously detailed in Martinez-Moreno et al., 2024b).

In summary, different treatments were considered (sample code 
between brackets): i) bentonite or heat-shocked bentonite (B – StB); ii) 
acetate, lactate, and sulfate addition (eD); and iii) spiked with the BPAS 
consortium (BC). Selenium-free treatments were previously published in 
Martinez-Moreno et al. (2024b). Overall, 24 microcosms were prepared 
(8 treatments in triplicate) and anoxically incubated at 28 ◦C for one 
year. Sample ID and the content of each treatment are summarized in 
Table 1.

The sampling procedure from the different microcosms for further 
analyses was carried out within an anaerobic chamber. The step-by-step 
process of the experimental setup and sampling is shown in Fig. 1.

2.3. Geochemical analyses

To determine the changes in physicochemical parameters, the su
pernatant (liquid phase) was collected from each microcosm within an 
anaerobic chamber. Samples were measured at 45, 90, 135, and 365 
days of incubation, previously filtered through a 0.22 μm filter. pH 
measurements were performed by Advanced Digital Handheld Portable 
Meter HQ40D from Hach, previously calibrated with commercially 
available reference solutions (pH 4.00 and 7.00).

The percentage of acetate, lactate and sulfate from the amended 
treatments (eD) was measured by high pressure ion chromatography 
(HPIC) by a 925 Eco ICE Methrom Hispania (Herisau, Switzerland). 
Measurement specifications were followed in detail according to Mar
tinez-Moreno et al. (2024b).

2.4. Microbial DNA extraction, sequencing, and bioinformatic analyses

Total DNA was extracted from the bentonite of the microcosms after 

45 days of incubation according to the protocol detailed by Povedano- 
Priego et al. (2021). The concentration of the obtained DNA was 
measured using the Qubit 3.0 Fluorometer (Life Technology, 
Invitrogen™).

For library preparation, the steps were followed as described in detail 
by Martinez-Moreno et al. (2024b). The obtained FastQ files were pro
cessed and normalized using R 4.2.1 software (R Core Team, 2022). The 
assignment of phylotypes to taxonomic affiliation was performed using a 
Bayesian classification (80 % pseudo-bootstrap threshold). Explicet 
2.10.5 software (Robertson et al., 2013) was employed for the calcula
tion of the relative abundance and alpha diversity indices. A matrix 
based on the Bray-Curtis algorithm through principal coordinate anal
ysis (PCoA) was constructed to evaluate the similarity between samples 
at the genus level using Past4 software (Hammer and Harper, 2001). 
Additionally, a heatmap was generated to visualize the operational 
taxonomic units (OTUs) causing dissimilarity between samples.

2.5. Characterization of selenium reduction products (SeRPs)

2.5.1. Microscopic analyses
Samples from the interface bentonite:EW (Fig. 1) were recovered 

from the microcosms after 45 days of incubation and analyzed by ultra- 
high resolution transmission electron microscope and high-angle 
annular dark-field (HRTEM-HAADF) FEI TITAN G2. One mL of each 
homogenized interface was centrifugated at 10,000 g for 5 min and 
prepared as thin sections for microscopy analyses after contrasting with 
osmium for the visualization of the bacterial cells. Afterwards, selenium 
reduction products (SeRPs) were characterized by selected-area electron 
diffraction (SAED) and high-resolution transmission electron micro
scopy (HRTEM) combined with fast Fourier transform (FFT).

2.5.2. X-ray absorption spectroscopy (XAS) analysis
The interface from the microcosms were dried and powered for XAS 

analysis. The powders were spread and pressed onto Kapton tape (10 
mm × 3 mm area) and sealed between additional layers. Selenium ref
erences, including sodium selenate [Se(VI)], sodium selenite [Se(IV)], 
and elemental selenium [Se(0)] foil, were prepared following the 
method described by Ruiz-Fresneda et al. (2020).

Table 1 
Sample ID and content of the different microcosms. All microcosms contained 
each three Cu mini-canisters (Cu-mCan) and 2 mM of Se(IV). The microcosms 
were set up in triplicate and anoxically incubated at 28 ◦C. ALS: acetate, lactate 
and sulfate concentrations; BPAS: bacterial consortium; +: presence; − : absence.

Sample ID Bentonite ALS (mM) BPAS Se(IV)

B.eD.Se.BC Non-heat-shocked 30:10:20 + 2 mM
B.Se.BC − +

B.eD.Se 30:10:20 −

B.Se − −

StB.eD.Se.BC Heat-shocked 30:10:20 +

StB.Se.BC − +

StB.eD.Se 30:10:20 −

StB.Se − −

Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron 
donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with BPAS consortium.

Fig. 1. Step-by-step of the anaerobic microcosm's assembly, specifications, 
content, and sampling.
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Se K-edge XAS data collected in fluorescence mode for the samples 
were obtained at the SOLEIL synchrotron's MARS beamline (France). 
This bending magnet beamline is dedicated to the multi-analyses of 
radioactive materials (Sitaud et al., 2012). Detailed information about 
XAS measurements is specified in Section 1.1 of the Supplementary 
Material.

2.6. Copper surface characterization

The Cu-mCans were recovered from the microcosms after 45 days of 
anoxic incubation, unscrewed, and left to dry under an anoxic atmo
sphere. Once dried, the bases of the Cu-mCans were coated with carbon 
using an EMITECH K975X evaporator. Then the samples were analyzed 
by high-resolution scanning electron microscopy (HRSEM) using an 
AURIGA Carl Zeiss SMT microscope, coupled with qualitative and 
quantitative energy dispersive X-ray (EDX) microanalysis.

In addition, chemical analysis using X-ray photoelectron spectros
copy (XPS) was conducted on the surface of the Cu-mCan lids (with no 
previous preparation) using a Kratos AXIS Supra photoelectron spec
trometer following the procedure described by Martinez-Moreno et al. 
(2024b). The spectrum peaks were fitted by CasaXPS 2.3.22 software 
(Fairley, 2019). All binding energies were offset by referencing the 
adventitious carbon C1s peak (285 eV). No further constraints were 
applied to the initial binding energy values.

3. Results

3.1. Visual transformations of the microcosms over one-year anoxic 
incubation

The color transformation occurring in the microcosms throughout 
the incubation time is shown in Fig. 2. After 45 days, microcosms con
taining BPAS consortium (BC) showed a thin layer of reddish coloration 
at the bentonite:supernatant interface as well as accumulations in some 
of the samples in the bentonite phase (red arrows, Fig. 2). These red 
products shifted, or were masked, by gray-black hues over the incuba
tion period. The formation of small fissures in the bentonite phase of the 
microcosms (white arrows, Fig. 2) and a characteristic smell of rotten 
eggs could be related to the gas generation.

The addition of the BPAS consortium (BC) in the microcosms stim
ulated the presence of reddish precipitates observed in the early stages 
(45 days) of incubation in the samples. Moreover, the addition of elec
tron donors/acceptor (eD) also enhanced this color transformation, 
while heat-shocked bentonite treatment slowed it. Interestingly, in the 
sample of heat-socked bentonite with Se (StB.Se), no visual color change 
was observed throughout the year of incubation (Fig. 2).

3.2. Dynamics of geochemistry over one-year incubation

The pH values in the microcosms exhibited alkaline to neutral values 
at the initial time (t. 0) gradually decreasing and stabilizing around 
7.50–8.50 (depending on the treatment) after one year of incubation (t. 
365) (Supplementary Fig. S2).

The percentage of lactate, acetate, and sulfate in the amended mi
crocosms (eD) is shown in Fig. 3. Lactate showed a fast consumption 
(Fig. 3A). The depletion of this electron donor was particularly evident 
in the microcosms spiked with the BPAS consortium (B.eD.Se.BC), 
where total lactate depletion occurred within the first 45 days of incu
bation. This process exhibited a gradual slowdown in the absence of the 
BPAS consortium (B.eD.Se), followed by the heat-shocked bentonite 
microcosms with BPAS consortium (StB.eD.Se.BC), and lastly, those 
with heat-shocked bentonite (StB.eD.Se). In these last samples, complete 
lactate consumption was achieved before one-year incubation. As ex
pected, lactate consumption exhibited a close correlation with acetate 
production in the microcosms (Fig. 3B). The rise in acetate content, 
along with subsequent consumption, was closely linked to lactate 

evolution, with the faster processes observed in the B.eD.Se.BC sample, 
followed by B.eD.Se, StB.eD.Se.BC, and StB.eD.Se.BC. It is noteworthy 
that, even after a year of incubation, acetate was not completely 
consumed in any of the treatments. Only the B.eD.Se.BC treatment 
approached complete acetate consumption before the end of the incu
bation year while, in the heat-shocked samples, the consumption of 
acetate was poorly detected (StB.eD.Se.BC) or only produced (StB.eD. 
Se). In the case of sulfate (Fig. 3C), its consumption was most pro
nounced in the non-heat-shocked samples containing the BPAS con
sortium. In the samples B.eD.Se, StB.eD.Se.BC, and StB.eD.Se, sulfate 
content remained relatively constant throughout the incubation time, 
slightly dropping after one year of incubation (consumption of ≈ 80 %, 
50 %, 10 %, respectively).

In summary, the progression of lactate consumption was intricately 
associated with acetate production and, to a lesser extent, to sulfate 
consumption. Furthermore, the addition of the BPAS consortium in the 
microcosms stimulated the mentioned processes, whereas tyndallization 
(heat-shock) of the bentonite hindered them.

3.3. Characterization of the microcosm's interface precipitates

As showed in Fig. 2, the reddish coloration was more pronounced 
and heterogeneously distributed in the samples spiked with the BPAS 
consortium (BC) after 45 days of incubation. In contrast, the process was 
slower in the absence of the BPAS consortium. For this reason, this early- 
stage of incubation was selected for the characterization of the resulting 
products.

Fig. 2. Microcosms evolution over time of study (0, 45, 90, 135, and 365 days 
of incubation). Red arrows: precipitates attributed to Se(IV) reduction to Se(0). 
White arrows: fissures attributed to gas formation. Glossary: B: bentonite, StB: 
heat-shocked bentonite, eD: addition of electron donors/acceptor (ALS), Se: 2 
mM of Se(IV), BC: spiked with BPAS consortium.
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3.3.1. Microscopic and spectroscopic characterization
The study of the Se reduction products, morphology and elemental 

composition was determined by HAADF-HRTEM coupled with EDX 
maps, and their crystalline structure was achieved by SAED and lattice 
spacing measured using HRTEM. No red layer in the interface bentonite: 
supernatant at 45-days incubation was observed in the microcosms 
lacking the BPAS consortium (Fig. 2). In these samples, only bentonite 
was detected, as shown by the Si, Al, Fe, Mg signals in the microanalyses 
and the elemental distribution in the EDX maps (Supplementary Fig. S3).

In the consortium-containing samples (BC samples), thin sections of 
the interface layer showed the presence of electron-dense precipitates of 
different sizes, shapes and locations (Fig. 4). EDX analyses confirmed 
that these electron-dense accumulates corresponded to the formation of 
Se species (selenium reduction products, SeRPs). As indicated by the 
phosphorous (P) signal in the EDX maps (Fig. 4C), all BC-treatments 
showed intracellular selenium nanostructures or were found near 
cellular biomass with a rounded shape. SAED analysis (Fig. 4B) 
confirmed that these structures were amorphous (a-Se). In addition, 
extracellular SeRPs with different morphology and size were found in all 
samples (Fig. 4). The elemental mapping of these electron-dense pre
cipitates (Fig. 4C) in each sample showed a composition of Se and sulfur 
(S). The SAED patterns (Fig. 4B) indicated the crystallinity of these 

precipitates, while the lattice spacing observed at high resolution 
(Fig. 4D) showed values of 0.30 nm and 0.37 nm, corresponding to the 
(101) and (100) planes of trigonal selenium (t-Se), respectively; and 
0.38 nm corresponding to (211) plane of monoclinic selenium (m-Se).

3.3.2. X-ray absorption (XAS) analysis
X-ray absorption spectroscopy (XAS) spectra of the SeRPs in the Se- 

containing treatments (B⋅Se.BC, B.eD.Se.BC, StB.Se.BC, and StB.eD.Se. 
BC) provided structural data on the oxidation state of Se and local co
ordination of this element within the studied treatments. The X-ray 
absorption near-edge structure (XANES) region revealed that Se(0) 
dominated the local coordination of Se (Fig. 5). This indicated that the 
whole amount of reduced Se in solid form consisted of Se in the zero- 
valent oxidation state. The extended X-ray absorption fine structure 
(EXAFS) spectra of the SeRPs and Se foil (Se0 reference compound) 
including their corresponding Fourier transforms (FT) and fit parame
ters of the calculated spectra are shown in Fig. 5 and Table 2, respec
tively. FT peak distances were uncorrected for scattering phase shift (R 
+ ΔR). The EXAFS fit spectra analysis of the four samples revealed a 
single Se–Se coordination shell, with N values ranging from 1.9 to 2.7 
and a bond distance of approximately 2.33–2.35 ± 0.0013–0.0026 Å 
(Table 1). The calculated bond distances were similar to those attributed 
to amorphous Se according to the literature (2.33–2.34 Å) (Eswayah 
et al., 2017; Ruiz-Fresneda et al., 2020; Povedano-Priego et al., 2023). 
The bond distance of the second Se–Se coordination shell (3.63–3.70 ±
0.02 Å) would give insights on the crystalline Se, as indicated by 
Eswayah et al. (2017). However, after several attempts, it failed due to 
the small amplitude of this peak in the four studied samples.

3.4. Analysis of microbial communities

Total DNA was extracted and sequenced from the bentonite of the 
microcosms after 45 days of incubation (where the microcosms exhibi
ted greater visual heterogeneity between treatments). The samples B.Se. 
BC_R1 and StB.eD.Se_R1 were not included in this study due to their 
failure during the DNA extraction step. A total of 353 phylotypes were 
annotated in 12 phyla (98.34 %) being the most abundant Pseudomo
nadota (68.00 %) and Bacillota (26.58 %) (Supplementary Table S2). At 
the genus level, 135 OTUs were annotated as Pseudomonas (40.30 %), 
Stenotrophomonas (12.52 %), Symbiobacterium (12.43 %), unclassified 
Clostridia (6.93 %), unclassified Rhodospirillales (6.00 %), and Pseu
doalteromonas (2.79 %) showing the higher relative abundance in the 
pool of samples (Supplementary Table S3).

The principal coordinate analysis (PCoA) represented the dissimi
larity between the samples spiked with (BC samples) and without the 
BPAS consortium. Within BC samples (PCoA with this subset of samples, 
Fig. 6), no difference was observed between heat-shocked (StB) and non- 
heat-shocked (B) bentonite. However, in the treatments without BPAS 
consortium, the dissimilarity between heat-shocked bentonite (StB) and 
non-heat-shocked bentonite (B) was evidenced (Fig. 6).

To identify the OTUs involved in the dissimilarity between samples, 
a heatmap was constructed (Fig. 7). In the absence of BPAS consortium 
in the heat-shocked bentonite samples (StB cluster, green bracket Fig. 7), 
bacterial diversity significantly diminished compared to that of the other 
treatments. The marked differentiation in these treatments was due to 
the abundance of Pseudomonas, Symbiobacterium, Stenotrophomonas, and 
unclassified Clostridia. Concerning the samples spiked with the BPAS 
consortium (BC cluster, purple bracket Fig. 7), the observed group was 
in line with expectations, as it was attributed to the bacterial genera 
inherent to the consortium, such as Pseudomonas, Stenotrophomonas and, 
to a lesser extent, Amycolatopsis. In the cluster of non-heat-shocked 
bentonite (B cluster, brown bracket Fig. 7), the abundance of unclassi
fied Clostridia, unclassified Rhodospirillales, Pseudoalteromonas, Nov
iherbaspirillum, and, to a lesser extent, Pseudomonas, marked the 
dissimilarity from the other treatments.

The alpha-diversity indices of the treatments (duplicates in B.Se.BC 

Fig. 3. Variations in the initial concentration of 10 mM lactate (A), 30 mM 
acetate (B), and 20 mM sulfate (C) of the electron donors/acceptor-amended 
treatments. Data include mean values along with standard deviations, calcu
lated from each independent microcosm. Glossary: B: bentonite, StB: heat- 
shocked bentonite, eD: addition of electron donors/acceptor (ALS), Se: 2 mM 
of Se(IV), BC: spiked with BPAS consortium.
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and StB.eD.Se) at the genus level are shown in Supplementary Table S4. 
The richness index (Sobs) of the non-heat-shocked samples (B samples) 
showed higher values in the treatments without BPAS consortium (BC), 
particularly higher values in the absence of electron donors/acceptor (B. 
Se > B.eD.Se > B.eD.Se.BC > B.Se.BC). In contrast, the samples with 
heat-shocked bentonite (StB samples) exhibited a different trend. The 
richness indices were higher in the treatment with electron donors/ 
acceptor, followed by samples spiked with the BPAS consortium, the 
treatment with selenium only, and finally, the samples amended with 
electron donors/acceptor and the BPAS consortium (StB.eD.Se > StB.Se. 
BC > StB.Se > StB.eD.Se.BC). Regarding the diversity values, the 
treatments with non-heat-shocked bentonite (B.Se) had the highest 
values, followed by the samples amended with electron donors/acceptor 
(B.eD.Se), whose ShannonH and SimpsonD values were greater than 3 
and close to 1, respectively. The remaining treatments exhibited lower 
values, with ShannonH lower than 3 (1.37–2.36) and SimpsonD further 
from 1 (0.39–0.64) (Supplementary Table S4). These values suggested 
reduced diversity in the latter samples and the potential genus domi
nance in the microcosms.

The relative abundance of OTUs in each treatment in triplicate 
(duplicates in B.Se.BC and StB.eD.Se) are shown in Fig. 8 and 

Supplementary Table S3. Overall, Pseudomonas emerged as the pre
dominant OTU in this study across the sample pool (40.30 % of the total 
relative abundance). Its dominance was particularly pronounced in 
samples spiked with the BPAS consortium (BC samples), where it 
constituted the taxa dominance in the community, ranging from 77.20 
% of relative abundance in sample B.Se.BC to 48.18 % in sample B.eD. 
Se.BC. Within this subset of samples, Stenotrophomonas (member of the 
BPAS consortium) emerged as the second most represented genus, with 
relative abundance ranging from 34.47 % in sample B.eD.Se.BC to 10.79 
% in sample B.Se.BC. The relative abundance of Amycolatopsis in the BC 
treatments was comparatively lower than the other members of the 
consortium, ranging between 4.63 % in sample B.eD.Se.BC and 0.38 % 
in sample B.Se.BC. Conversely, Bacillus was absent possibly for 
sequencing limitations.

Regarding samples lacking the BPAS consortium (B.eD.Se and B.Se), 
the OTU with the highest relative abundance was unclassified Rhodo
spirillales (23.18 % and 20.65 %, respectively). This group was followed 
by unclassified Clostridia (23.14 %), Desulfosporosinus (9.05 %), and 
Pseudomonas (8.89 %) in sample B.eD.Se. In the case of B.Se, the 
following most abundant OTUs were Pseudoalteromonas (19.11 %), un
classified Clostridia (13.94 %), and Noviherbaspirillum (8.55 %). The 

Fig. 4. HRTEM micrographs of the SeRPs from the BC microcosms at 45 days of incubation. A) HAADF images, B) associated SAED patterns, C) EDX maps showing 
the elemental distribution of Si, P, Se, Fe, and S; D) high resolution images and d-spacing. Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron 
donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with BPAS consortium.
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bacterial diversity present in the microcosms was not greatly affected by 
the addition of electron donors/acceptor. However, there were some 
differences observed. Sample B.eD.Se had a higher presence of Desulfo
sporosinus and Alkalihalobacillus (9.05 % and 8.52 %, respectively) 
compared to B.Se (1.07 % and 0.21 %). On the other hand, Pseu
doalteromonas was more prominent in sample B.Se (19.11 %) than in B. 
eD.Se (0.21 %).

3.5. Microscopic and spectroscopic characterization of the Cu-mCan's 
surface

To evaluate the impact of microbial communities and the presence of 
selenium on the copper material after 45-day incubation, one Cu-mCan 
was collected from each microcosm. The surfaces underwent micro
scopic and spectroscopic analyses by HRSEM, EDX, and XPS. The copper 
surface characterization was focused on Cu-mCan recovered from non- 
heat-shocked bentonite microcosms.

Fig. 9 presents Cu-mCan and HRSEM images before (t. 0) and after a 
45-day anaerobic incubation. Visual differences in coloration were 

observed compared to the initial state of Cu-mCan (t. 0). It is worthy to 
note that the bentonite adhering to the copper surface was intentionally 
retained to prevent potential displacement of copper alteration related 
compounds. The sample B.eD.Se.BC showed a significant shift towards 
dark gray-black coloration (Fig. 9B). That hue was also observed in some 
regions of B.Se.BC and B.eD.Se (Fig. 9C and D). At the microscopic level, 
the post-incubation samples exhibited heterogeneous topography (sec
ond column, Fig. 9), in contrast to the uniformity observed in the t. 

Fig. 5. (A) XANES spectra of Se reference compounds Na2SeO3 (SeIV), Se foil (Se0), and Na2SeO4 (SeVI), and SeRPs from B.eD.Se.BC, B.Se.BC, StB.eD.Se.BC and StB. 
Se.BC samples after 45 days of incubation. (B) EXAFS spectra of Se foil and SeRPs from the microcosms and (C) their corresponding FT. Glossary: B: bentonite, StB: 
heat-shocked bentonite, eD: addition of electron donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with BPAS consortium.

Table 2 
EXAFS structural parameters of the Se foil and the selenium reduction products 
(SeRPs) from the selected Se-amended microcosms after 45 days of incubation.

Sample Shell Na Rb [Å] σ2c [Å2] ΔE [eV]

Se foil Se-Se 3.2 ± 0.2 2.37 0.0040 − 10.10
B.eD.Se.BC Se-Se 1.9 ± 0.2 2.33 0.0013 − 13.70
B.Se.BC Se-Se 2.7 ± 0.2 2.34 0.0026 − 12.37
StB.eD.Se.BC Se-Se 2.4 ± 0.1 2.35 0.0024 − 11.10
StB.Se.BC Se-Se 2.5 ± 0.1 2.35 0.0025 − 11.60

Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron 
donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with BPAS consortium.

a Errors in coordination numbers are ±25 % and standard deviations as esti
mated by EXAFSPAK.

b Errors in distance are ±0.02 Å.
c Debye–Waller factor.

Fig. 6. Principal coordinate analysis (PCoA) comparing the bacterial commu
nities at genus level from Se(IV)-containing microcosms after 45 days of incu
bation. Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of 
electron donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with 
BPAS consortium.
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Fig. 7. Heatmap showing the bacterial relative abundance and clustering at genus level of the microcosms after 45 days of incubation. Cut-off: 1.33 % based on the 
maximums. The warmer the color, the greater is the relative abundance. The colored lines in X axis represent the clustering observed in PCoA. Glossary: B: bentonite, 
StB: heat-shocked bentonite, eD: addition of electron donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with BPAS consortium.
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0 sample. Cu-mCan at t. 0 only showed the presence of Cu and C in the 
EDX maps. The presence of C was attributed to the carbon metallization 
process during sample preparation for HRSEM. In addition, the subse
quent columns of Fig. 9 present elemental EDX maps that illustrate the 
distribution of iron (Fe), aluminum (Al), sulfur (S), silicon (Si), oxygen 
(O), copper (Cu), and carbon (C) in selected areas. The Si (pink), Fe 
(yellow), and Al (cyan) signals were assigned to the residual bentonite 
adhered to the Cu surface. The signal of O (red) was mainly related to Si 
(Si–O bonds), indicating its presence within the bentonite. Addition
ally, to a lesser extent, O was detected on the surface of the copper.

Sample B.eD.Se.BC showed sulfur accumulates, which may be asso
ciated with copper corrosion (CuxS) (Fig. 9B) linked with the con
sumption of sulfate (≈ 8 %) (Fig. 3). The sample B.Se.BC also showed S- 
accumulates (Fig. 9C). However, in samples B.eD.Se and B.Se no sulfur 
was observed, and the detection of O was mainly related to the presence 
of bentonite (Fig. 9E and D). On the surface of these Cu-mCan, some 
“patches” were observed. Upon closer examination at higher magnifi
cation, these patches appeared to indicate some delamination on the 
copper surface, potentially exposing bare Cu to new oxidation processes 
(Fig. 9D, orange square). No Se signal was detected on the copper sur
face by EDX.

Additionally, XPS wide scans of the copper lids indicated the pres
ence of Cu, C, O, Si, Na, Fe, Mg, and Al on all Cu-mCan surfaces. These 
elements (excluding copper) were attributed to the residual bentonite 
present on the copper surfaces. The high-resolution scans by XPS 
(Fig. 10) of the Cu 2p region revealed the presence of elemental copper 
on all sample surfaces, indicated by the peaks at 932.6 eV and 952.3 eV 
(Wagner et al., 1979; Mansour, 1994). Additional peaks at 933.6 eV and 
953.70 eV evidenced the presence of CuO on all the samples (Ghijsen 
et al., 1988; Jolley et al., 1989), and the satellite peaks at around 942 eV 
and 962 eV were assigned to the presence of Cu2+ (Biesinger, 2017). It 
should be noted that, although the intensity of the Se signal in some of 
the scanned copper lids was low, given the low concentration expected 
for this element on the surface of the copper, the presence of Se was still 
evident in all the samples. The high-resolution scans of the Se 3d region 

(Fig. 10) showed two peaks in all samples: a signal around 58.2 eV, 
which has been previously reported for Se(IV) from Na2SeO3 (Moulder 
et al., 1992), and another around 54.8 eV, usually attributed to Se(0) 
(Weser et al., 1977). The presence of both peaks indicates the reduction 
of Se(IV) to Se(0). In the microcosms with electron donors, the peaks of 
both Se(IV) and Se(0) could be clearly appreciated, but the intensity of 
Se(IV) and Se(0) are different. While the Se(IV) was evident, the peak 
corresponding to Se(0) was much more intense and defined, with the 
possibility of distinguishing the contributions from Se 3d3/2 and Se 3d5/2 
separately. For example, in sample B.eD.Se the signal for Se(0) 3d3/2 
appeared at 55.10 eV, and the peak for Se(0) 3d5/2 appeared at 54.24 eV. 
The separation between these two signals at 0.86 eV is in agreement 
with previously reported XPS Se spectra (Moulder et al., 1992).

4. Discussion

4.1. Microcosms evolution and dynamics of the water geochemistry

The visual color changes of the microcosms over one year of anoxic 
incubation showed a thin layer of reddish coloration at the interface and 
accumulations of reddish spots in the bentonite phase. This coloration is 
an indicator of the reduction of selenite [Se(IV)] to elemental selenium 
[Se(0)] (Povedano-Priego et al., 2023; Ruiz-Fresneda et al., 2018). These 
red Se(0) reduction products (SeRPs) shifted, or were masked by gray- 
black hues over the incubation period in the observed microcosms. 
This shift towards darker hues could be attributed to factors such as a 
transition in the Se allotropy of the SeRPs to more stable forms, or to the 
generation of the bacterial-produced H2S, which can react with iron 
resulting in black precipitates of reduced iron species (Ruiz-Fresneda 
et al., 2023b; Miettinen et al., 2022; Matschiavelli et al., 2019). The 
formation of small fissures in the bentonite phase of the microcosms 
(white arrows, Fig. 2) and the characteristic smell of rotten eggs could be 
related to the gas generation (e.g., sulfide) mediated by bacterial activity 
(He et al., 2011). However, further investigations would be need to 
determine the gases composition. It should be noted that the addition of 

Fig. 8. Bacterial community structure within the bentonite microcosms showing the OTU relative abundance (averages of biological replicates) at genus level. Cut- 
off: 0.20 %. Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with 
BPAS consortium.
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the BPAS consortium (BC) in the microcosms promoted Se reduction 
process, with reddish coloration observed at 45-days incubation. The 
addition of electron donors/acceptor (eD) also enhanced the reduction 
process, while bentonite heat-shock slowed down this color shift. 
Regarding the sample of heat-shocked bentonite with Se (StB.Se), no 
visual color transition was apparent throughout the year of incubation 
indicating no Se(IV) reduction either alteration to darker hues in the 
bentonite. Since tyndallization is not the most effective process for 
bentonite sterilization (Martinez-Moreno et al., 2024a), it was observed 
that, under the studied conditions, this process can however influence 
bacterial activity.

Regarding the dynamic in the water geochemistry, the pH values in 
the microcosms over the course of incubation exhibited a tendency to 
become less alkaline, stabilizing within neutral values. This trend was in 
accordance with previous studies without Se conducted by Martinez- 
Moreno et al. (2024b) where indicated that the observed trend in the pH 
might be related to the ionic exchange occurring between bentonite and 
the different solvents (e.g., acetate, lactate, sulfate, and the EW) and/or 

the gas generation induced by the microbial communities' metabolisms. 
However, the addition of 2 mM of Se(IV) did not impact the pH trend of 
the microcosms. The progression of lactate consumption was intricately 
associated with acetate production and, to a lesser extent, to sulfate 
consumption. Furthermore, the addition of the BPAS consortium in the 
microcosms stimulated the consumption and/or production of lactate, 
acetate and sulfate, whereas the heat-shock of the bentonite hindered 
them. This dynamic was also observed in Martinez-Moreno et al. 
(2024b) with an important difference: the presence of Se(IV) slowed the 
dynamics of the electron donors/acceptor. In the cited work, the authors 
proposed that microorganisms could use lactate, without sulfate 
reduction, through lactate fermentation pathway, which results in the 
production of acetate and propionate, or by the incomplete oxidation of 
lactate to acetate coupled with the reduction of iron (Park et al., 2024). 
Additionally, the decrease in sulfate content observed in the treatment 
B.eD.Se.BC may be due to the sulfate reduction to hydrogen sulfide with 
the concurrent incomplete oxidation of lactate to acetate through the 
reductive pathway of acetyl-CoA (Matschiavelli et al., 2019). This last 

Fig. 9. Visual images (first column), electron images, and EDX maps of the Cu-mCan surface before experimental set-up (A) and after 45-days incubation from 
treatments B.eD.Se.BC (B), B.Se.BC (C), B.eD.Se (D), and B.Se (E). EDX maps 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/acceptor (ALS), Se: 2 mM of Se(IV), BC: 
spiked with BPAS consortium.
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Fig. 10. High-resolution XPS spectra of the regions Cu 2p (977 eV – 922 eV) and Se 3d (70 eV – 45 eV) of the copper surface recovered from the microcosms after 45- 
days incubation. Glossary: B: bentonite, StB: heat-shocked bentonite, eD: addition of electron donors/acceptor (ALS), Se: 2 mM of Se(IV), BC: spiked with 
BPAS consortium.
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component formation could be related to the fissures observed in the 
microcosms (Fig. 2) and the rotten egg odor after sampling (He et al., 
2011). It is noteworthy that, even after a year of incubation, acetate was 
not completely consumed in any of the treatments. Only the B.eD.Se.BC 
treatment approached complete acetate depletion before the end of the 
incubation. This finding demonstrated the negative impact of the Se(IV) 
addition on the activity of the bacterial community slowing the con
sumption/production of lactate, acetate, and sulfate compared to Se(IV)- 
untreated microcosms described in Martinez-Moreno et al., 2024b.

The presence of Se(IV) at 2 mM can be toxic to some bacteria 
(Povedano-Priego et al., 2023) and might reduce the bacterial activity 
within the microcosms. Moreover, this metalloid could act as a 
competitor of sulfur as a final electron acceptor under anaerobic con
dition (Staicu and Barton, 2021) associated to the slow consumption in 
the microcosms (Fig. 3C). This fact was observed comparing samples B. 
eD.Se.BC and B.eD.Se, where sulfate consumption was lower in the 
presence of the BPAS consortium showing the preference of those bac
teria to use selenite as electron acceptor within a detoxification process 
instead of sulfate. The presence of Se(IV) could lead to a deceleration of 
biogeochemical processes, attributed to a reduction in bacterial di
versity and/or an extended adaptation period for selenium-tolerant 
microorganisms.

4.2. Effect of Se(IV) addition on the microbial communities in the early- 
incubation stage

Comparing the relative abundances of the bacterial strains from the 
BPAS consortium (Bacillus, Pseudomonas, Amycolatopsis and Steno
trophomonas) in this study with those microcosms without Se(IV) from 
the previous study by Martinez-Moreno et al. (2024b), several differ
ences were noted. In the presence of Se(IV), Pseudomonas decreased 
from 69.53 % to 48.18 %, and from 78.88 % to 77.20 % in B.eD.Se.BC 
and B.Se.BC treatments, respectively, compared to its counterpart 
without Se(IV). Conversely, in the heat-shocked bentonite (StB) treat
ments, Pseudomonas increased from 57.73 % to 62.80 %, and from 54.59 
% to 73.44 % in StB.eD.Se.BC and StB.Se.BC treatments, respectively, 
compared with the samples without Se detailed in Martinez-Moreno 
et al. (2024b). For Stenotrophomonas, the addition of Se(IV) increased its 
abundance from 8.12 % to 34.47 % in B.eD.Se.BC treatment compared 
to B.eD.BC, while it decreased from 34.96 % to 13.24 % in StB.Se.BC 
treatment compared to StB.BC. Amycolatopsis showed a higher abun
dance (from 2.31 % to 4.63 %) in B.eD.Se.BC, and was detected in StB. 
Se.BC at 1.21 %, compared to its absence in the Se(IV)-free counterpart.

The effect of Se(IV) addition in the microcosms appears to have a 
potentially negative or positive impact on the BPAS consortium mem
bers depending on the treatment and the bacterium. This effect is 
compensated by a balanced increase-decrease in Pseudomonas and 
Stenotrophomonas, which were the dominant genera in the spiked mi
crocosms. Pseudomonas and Stenotrophomonas have demonstrated 
tolerance and the ability to interact with Se(IV) by reducing it to Se(0) 
under anoxic conditions, resulting in the formation of orange-reddish 
precipitates in form of selenium nanoparticles (SeNPs) (Staicu et al., 
2015; Ruiz-Fresneda et al., 2019). This process is linked to the presence 
of red precipitates observed in the microcosms spiked with BPAS con
sortium at 45 days-incubation (BC microcosms, Fig. 2). The presence of 
the BPAS consortium stimulated the Se(IV) reduction processes since in 
the unspiked treatments, the reddish precipitates were less evidenced 
after 45 days of incubation (Fig. 2). These bacteria have demonstrated 
the capacity to metabolize acetate and/or lactate as a carbon source 
under anoxic conditions (Freikowski et al., 2010; Sanchez-Castro et al., 
2017) and could play an important role in the lactate consumption and 
acetate production observed after 45 days of incubation in the BC 
treatments (Fig. 3).

In samples lacking the BPAS consortium (B.eD.Se and B.Se), the 
presence of Se(IV) caused shifts in bacterial community composition 
compared to its counterparts without Se(IV) observed by Martinez- 

Moreno et al. (2024b). Following the results observed in the mentioned 
study, the addition of Se(IV) eliminated the presence of Desulfocurvi
bacter and Desulfuromonas in B.eD.Se and B.Se. Additionally, electron 
donors/acceptor had minimal effect on bacterial diversity. Treatment B. 
eD.Se showed higher levels of Desulfosporosinus and Alkalihalobacillus 
compared to B.Se. Conversely, Pseudoalteromonas was more abundant in 
B.Se than in B.eD.Se.

Desulfosporosinus is a SRB capable of reducing sulfate via incomplete 
oxidation of lactate resulting in the production of acetate and CO2 
(Stackebrandt et al., 1997), and may be one of the bacteria involved in 
the slight production of acetate observed at 45-days incubation in the B. 
eD.Se sample (Fig. 3). In addition, their tolerance to the presence of Se 
was previously demonstrated (Povedano-Priego et al., 2023; Aoyagi 
et al., 2021). Additionally, Alkahalibacillus is a recently described genus 
with some members being facultative anaerobic and tolerant to heavy 
metals and metalloids such as chromium or arsenic, which may be 
associated to the tolerance to Se(IV) (Patel and Gupta, 2020; Gautam 
et al., 2022; Haghi et al., 2023). Regarding the heat-shocked bentonite 
treatments without the BPAS consortium (StB.eD.Se and StB.Se), it is 
worth noting the high relative abundance of Symbiobacterium (58.97 % 
and 49.21 %, respectively). This anaerobic bacterium can grow in 
temperatures ranging from 40 to 70 ◦C (Shiratori-Takano et al., 2014). 
Previous studies have identified this genus with an important relative 
abundance in selenite-containing soils (Povedano-Priego et al., 2023; 
Aoyagi et al., 2021).

Overall, the presence of Se(IV) influenced the bacterial communities 
within the microcosms. Therefore, it is important to the explore these 
communities' role in the interaction with this metalloid and its impact on 
Se speciation.

4.3. Characterization of the selenium reduction products (SeRPs)

In order to elucidate the first steps of Se(IV) reduction, this section is 
focused, as previously mentioned, on an early-stage (45-day incubation) 
characterization of the selenium reduction products (SeRPs). At this 
incubation time, Se reduction was more pronounced in the samples 
containing the BPAS consortium (BC samples). The ability of the BPAS 
strains to reduce Se(IV) to Se(0) has been previously reported by 
Povedano-Priego et al. (2023), where these bacteria promoted Se(IV) 
reduction resulting in the production of nanoparticles of Se(0). 
Furthermore, the predominant bacteria in the BC-containing micro
cosms of this study, Pseudomonas and Stenotrophomonas, were the most 
abundant genera (Fig. 8), which showed the ability to tolerate selenium 
through its reduction to Se(0) nanoparticles (Staicu et al., 2015; Ruiz- 
Fresneda et al., 2019). In addition to biotic factors, Se(IV) immobiliza
tion can be mediated by abiotic processes (Wang et al., 2022). These 
abiotic processes include the adsorption of Se to the surface of clay 
minerals, its reduction to elemental Se mediated by pyrite (FeS2) 
oxidation, or via structural Fe(II) present in smectites (Hoving et al., 
2019; Kang et al., 2011; Breynaert et al., 2010). In contrast, no abiotic 
reduction of selenite was detected in our study (sample StB.Se, Fig. 2 and 
Supplementary Fig. S1).

Selenium can manifest in three different allotropes: amorphous (a- 
Se), monoclinic (m-Se), and trigonal (t-Se), with a-Se considered ther
modynamically unstable, while t-Se represents the most stable allotrope. 
The structural analysis of the SeRPs in this study unveiled that intra
cellular selenium precipitates, in form of nanoparticles (SeNPs), 
exhibited amorphous allotropy. In contrast, extracellular electron-dense 
aggregates were identified as SeRPs with monoclinic and trigonal al
lotropy, occasionally combined (sample StB.Se.BC, Fig. 4). Notably, the 
extracellular crystalline SeRPs demonstrated a close association with 
sulfur (S), as evidenced in the EDX maps (Fig. 4C). This suggested that 
the reduction of Se(IV) to Se(0) might occur within the bacterial cells, 
resulting in the formation of amorphous SeNPs (a-Se). Subsequently, 
these particles could be released into the extracellular environment 
through mechanisms such as cellular detoxification or lysis. Once in the 
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extracellular space, the transformation process to m-Se and, subse
quently, to t-Se would take place. This finding aligned with those of 
previous research involving complex saturated-bentonite microcosms 
under anaerobic conditions (Povedano-Priego et al., 2023) and sup
ported the mechanism proposed by Ruiz-Fresneda et al. (2018). XAS was 
used to get insights into the local coordination of Se within the samples 
(e.g., Se–Se bond distances) which help to determine the proportion of 
different Se allotropes. The EXAFS fit analysis indicated that Se(0) is 
mainly present as amorphous form where a Se–Se bond distance is 
observed, slightly lower than that of the trigonal Se allotrope (Se–Se 
bond distance ≈ 2.37 Å). Since EXAFS is a bulk technique, no solid 
structure evidence for the transformation of a-Se to t-Se was detected as 
suggested by STEM/HAADF. However, low proportion of t-Se is not 
discarded in the studied samples.

Moreover, the presence of sulfate in the microcosms could mediate 
the interaction of the SeNPs with S to form the observed selenium‑sulfur 
precipitates in the extracellular environment (Vogel et al., 2018). The 
Se–S interaction manifested as precipitates may impede sulfate avail
ability that could impact the corrosion of copper material. It is crucial to 
explore not only its influence on bacterial communities but also how the 
presence of Se(IV) in the microcosms might affect the microbial- 
influenced corrosion of Cu-mCan.

4.4. Chemistry of the copper surface

The signal of Se(0) detected by XPS on the copper surface, showed its 
highest intensity in the sample B.eD.Se.BC, indicating that the addition 
of electron donors/acceptor and the BPAS consortium presented the 
highest effect in the Se reduction processes. According to the literature, 
CuxS is expected to exhibit a Cu 2p3/2 peak around 932 eV (Fig. 10), 
although confirming the presence of this compound is challenging 
because this signal would be overshadowed by the elemental Cu peaks 
(Gebhardt et al., 1986; Romand et al., 1978). Nonetheless, as stated in 
Martinez-Moreno et al. (2024b), the presence of S-aggregates observed 
by microscopy (Fig. 9) on the copper surface of treatment B.eD.Se.BC 
and B.Se.BC might be related to the presence of Cu2S resulted from 
microbial activity. Still, additional techniques should be carried out to 
better understand the speciation of the S-aggregates.

The use of lactate as electron donor by SRB coupled to the reduction 
of sulfate to sulfide under anoxic conditions can occur via dissimilatory 
sulfate reduction pathway (Dou et al., 2020). Moreover, Salehi Alaei 
et al. (2023) reported that the transformation of copper oxide (Cu2O) 
into copper sulfide (Cu2S) through a chemical exchange with sulfide 
could be thermodynamically possible. In addition, the formed HS− , 
resulting from the SRB metabolite H2S, could migrate to the copper 
surface and react with it leading to the formation of Cu2S (Dou et al., 
2020).

SRB could bind to copper surfaces creating a primary corrosion film 
of Cu2S (Chen et al., 2014). The creation of this Cu2S film and the pro
duction of extracellular polymeric substances (EPS) by SRB can reduce 
the toxicity of copper (from the canister surface) to this group of bac
teria. Moreover, the presence of SRB has been proven to cause high- 
purity copper corrosion in groundwater boreholes or MX-80 clay, 
leading to Cu2S precipitate formation (Johansson et al., 2017; Masurat 
et al., 2010). In a recent study, Martinez-Moreno et al. (2023) demon
strated that the addition of acetate, lactate, and sulfate in bentonite 
blocks compacted to a high dry density stimulated bacterial activity, 
resulting in the formation of small corrosion compounds on the surface 
of copper disks. In the present work, the high presence of water accel
erated the corrosion processes and the formation of precipitates was 
observed at as early as 45 days of incubation.

5. Conclusions

Visually, the addition of the BPAS consortium in the microcosms 
promoted the processes of Se(IV) reduction to Se(0), followed by the 

addition of electron donors/acceptor. In contrast, the tyndallization 
(heat-shock) of the bentonite delayed these processes, with no selenium 
reduction (red color) detected in the StB.Se sample over the year of in
cubation. The addition of Se(IV) affected microbial-mediated biogeo
chemical process due to its toxicity for some bacteria within the 
bentonite community. On the other hand, the presence of nutrients such 
as lactate, acetate and sulfate stimulated microbial activity.

The presence of Se(IV) in the microcosms reduced the presence of 
some SRB, while the electron donors/acceptor stimulated the growth of 
the Se-tolerant SRB Desulfosporosinus. Additionally, Se-tolerance bacte
ria such as Pseudomonas, Stenotrophomonas, and Alkahalibacillus may 
contribute to the visual evolution in the microcosms, indicated by the 
evidence of Se(IV) reduction to Se(0) over the year-long anaerobic in
cubation period. In samples with electron donors/acceptor, lactate was 
the main carbon source to be consumed, associated with acetate pro
duction and subsequent consumption, and to a lesser extent, sulfate 
reduction. The dynamic rate of these processes in the samples increased 
upon the nature of the biological of physicochemical parameter in the 
following order: spiked BPAS consortium > amended electron donors/ 
acceptor > bentonite heat-shock.

The presence of the BPAS consortium revealed the reduction of se
lenium. The suggested process started with the intracellular uptake and 
reduction of Se(IV) to Se(0) in form of nanospheres with amorphous 
allotropy (a-Se), which in the extracellular space, led to the trans
formation of extracellular crystalline structures, progressing from 
monoclinic selenium (m-Se) and concluding with the most stable form of 
trigonal selenium (t-Se).

SRB oxidized lactate by using sulfate as final electron acceptor via 
dissimilatory pathway. The resulting biogenic sulfide may participate in 
a chemical substitution with copper oxides, which could be the result of 
the presence of oxygen that has been trapped in the bentonite or the 
reduction of H2O molecules, resulting in the formation of copper sulfide 
(Cu2S). Moreover, HS− could react with copper surface and deal with the 
formation of Cu2S precipitates. However, further analyses are required 
to investigate the impact of Se(IV) on copper biocorrosion.

Overall, the presence of Se(IV) impacted the bacterial communities 
inherent of the Spanish bentonite by affecting their activity. Further
more, the enrichment of selenium-tolerant bacteria with the capacity to 
reduce Se(IV) to Se(0) could benefit the DGR safety due to the immo
bilization of this metalloid, thus enhancing the repository's environ
mental safety.
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