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• No evidence of illitization of smectite in 
the highly-compacted bentonite was 
observed over one year. 

• Increase of aerobic bacteria belonging to 
Micrococcaceae and Nocardioides in 
heat-shock bentonites was detected. 

• Sulfate-reducing bacteria exhibited sur
vival after one year incubation under 
anoxic, dry and heat shock conditions. 

• The growth of SRB was stimulated by 
the presence of electron donors and 
sulfate. 

• CuxS precipitates were found on non- 
tyndallized acetate:lactate:sulfate 
amended bentonite copper disc.  
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A B S T R A C T   

Deep Geological Repository (DGR) is the preferred option for the final disposal of high-level radioactive waste. 
Microorganisms could affect the safety of the DGR by altering the mineralogical properties of the compacted 
bentonite or inducing the corrosion of the metal canisters. In this work, the impact of physicochemical pa
rameters (bentonite dry density, heat shock, electron donors/acceptors) on the microbial activity, stability of 
compacted bentonite and corrosion of copper (Cu) discs was investigated after one-year anoxic incubation at 30 
ºC. No-illitization in the bentonite was detected confirming its structural stability over 1 year under the exper
imental conditions. The microbial diversity analysis based on 16 S rRNA gene Next Generation Sequencing 
showed slight changes between the treatments with an increase of aerobic bacteria belonging to Micrococcaceae 
and Nocardioides in heat-shock tyndallized bentonites. The survival of sulfate-reducing bacteria (the main source 
of Cu anoxic corrosion) was demonstrated by the most probable number method. The detection of CuxS pre
cipitates on the surface of Cu metal in the bentonite/Cu metal samples amended with acetate/lactate and sulfate, 
indicated an early stage of Cu corrosion. Overall, the outputs of this study help to better understand the pre
dominant biogeochemical processes at the bentonite/Cu canister interface upon DGR closure.  
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1. Introduction 

One of the most relevant issues in the nuclear energy industry is the 
final disposal and management of high-level radioactive waste (HLW). 
These waste products generate significant amounts of heat due to the 
radioactive decay process, whilst also containing large quantities of 
long-lived radionuclides with a half-life of hundreds to millions of years 
[4]. For this reason, HLW must be properly and safely confined for at 
least 100,000 years in suitable facilities until the radiotoxicity decreases 
to levels comparable to natural ones [60]. The most internationally 
accepted option for this final disposal is the Deep Geological Repository 
(DGR), based on a multi-barrier system that isolates the waste from the 
biosphere. HLW will be stored in corrosion-resistant metal canisters, 
surrounded by a filling and sealing buffer material (the engineered 
barriers), and the whole system will be hosted a few hundred meters 
depth in a stable geological formation (the natural barrier) [87]. 

The nature of the canisters would depend on the DGR concept 
adopted by each country. Canada, Korea, and Sweden propose copper as 
external coating material for metal canisters. Finland has already pro
ceeded to implement Cu as material for metal canisters [65]. Other al
ternatives include steel-based materials (e.g., Belgium, Czech Republic), 
titanium (e.g., Japan, United Kingdom), and nickel alloys (e.g., United 
States of America) [25]. The buffer material in most countries typically 
consists of highly compacted bentonite clay, which could minimize the 
groundwater flow, and retard the migration of the radionuclides. 
Bentonite presents favorable mechanical support providing stability for 
canisters, low permeability which reduces the groundwater infiltration, 
high ion exchange that helps with radionuclide retention and retarda
tion in case of containment breach, high plasticity and swelling capacity 
in order to allow self-sealing of canister cracks, good thermal conduc
tivity, and optimal properties for compaction [20]. In Spain, bentonite 
from “El Cortijo de Archidona” (Almeria) has been widely studied as a 
potential buffer material, for DGR use, characterizing its geochemical 
and mineralogical properties [28,82]. The impact of the microbial 
community processes in this bentonite, under different relevant DGR 
conditions, has only began to be studied in the last few years [42,70]. 

Determination of the structure and composition of the microbial 
community in the bentonite buffer is crucial to highlight the impact that 
their activities would have on the long-term stability of the DGR. For 
instance, microorganisms could affect the integrity of the metal canisters 
through microbially influenced corrosion (MIC) promoted by biofilm 
formation on the metal surface or the production of corrosive metabo
lites. Moreover, in the case of canister cracks or fissures, bacteria could 
interact with and mobilize radionuclides, increasing their migration 
through the different barriers. Another implication is related to the 
microbial metabolism that could contribute to gas phase liberation 
within the DGR [24]. The main gases produced by microorganisms are 
in the form of hydrogen (H2), methane (CH4), and carbon dioxide (CO2). 
These gases would increase the pressure within the DGR, compromising 
the integrity of the clay barrier [3]. However, certain aspects related to 
this disposal technology (e.g., compaction density of the buffer material, 
anoxic conditions, heat produced by the radionuclide waste, etc.) would 
hinder the activity and viability of the bacterial communities. Upon DGR 
closure, oxygen will be gradually consumed due to, for example, mi
crobial activity or corrosion of metal canisters (e.g., rock bolts or other 
steel construction materials), then enhancing an anoxic environment to 
prevail in the repository [62,33]. Some groups of anaerobic bacteria, 
such as sulfate-reducing (SRB) and iron-reducing bacteria (IRB), can 
potentially be active under these conditions. Detrimental effects of the 
activity of these bacteria include the induction of MIC processes, the 
reduction of Fe(III) to Fe(II) in the smectite (the main mineral in ben
tonites), as well as the reduction of sulfate to sulfide (as the main 
corrosion agent of copper). In addition, some SRB (e.g., Desulfovibrio 
vulgaris and Desulfitobacterium frappieri) could cause MIC by reducing the 
structural Fe(III) in smectite [41,64,74] and producing sulfide, 
providing sulfate is available in the repository. Sulfide production 

through reduction of sulfate is kinetically hindered under temperature 
and pressure standard abiotic conditions [15]. Therefore, the potential 
presence of sulfide would be originated by the SRB activity [6], which 
increases at greater distances from the canisters as favorable conditions 
prevail (e.g., decrease of temperature and increase of water activity). 
These products could diffuse through the biologically inactive portion of 
the sealing materials and affect the type and rate of copper corrosion at 
the container surface. However, diffusion modeling studies suggest that 
only a small amount of sulfide would actually reach the canisters sur
face, resulting in a limited impact on container corrosion [35,36,85]. 

Compaction density of the bentonite is another important issue to be 
addressed, since the viability and activity of the bacterial communities 
could be reduced at high dry densities [63]. Nevertheless, microbes are 
able to survive in a metabolically nearly inactive state or as spores [6,5]. 
Maanoja et al. [45] reported that the organic matter naturally present in 
compacted bentonites can sustain biological sulfate reduction by SRB. 
Accordingly, Povedano-Priego et al. [70] demonstrated the resistance of 
the microbial communities to high compaction densities (1.5 and 1.7 g 
cm− 3) of the acetate-treated Spanish bentonite, since no significant 
differences in the bacterial diversity were observed after two years of 
anaerobic incubation. In addition, SRB groups such as Pseudomonas, 
Desulfuromonas, Desulfosporosinus, and Desulfovibrio were identified. For 
this reason, the present study is focused on assessing whether the 
stimulation of microbial activity in highly compacted bentonite (1.7 g 
cm− 3) by the addition of electron donors and acceptors could affect the 
biogeochemical processes at the bentonite/Cu disc surface interface. 
Thus, metal-canister corrosion and the mineralogical stability of the clay 
for long time periods are crucial to be characterized. 

Hence, the main aim of the present work was to investigate the bio- 
geochemical and physicochemical processes at the Cu canister/ 
bentonite clay barrier interface-based microcosm and to characterize the 
biocorrosion products on the metal surface. The studies were focused on 
assessing the possible one-year-term shifts in the microbial communities 
of highly-compacted Spanish bentonite containing a copper disc in their 
core, after one-year anaerobic incubation at 30 ºC. To stimulate the 
activity of indigenous anaerobic bacteria (e.g., SRB), bentonite was 
amended with electron donors (acetate and lactate) and an electron 
acceptor (sulfate), which participate in redox reactions relevant for DGR 
safety studies [22,49,70]. Microscopic and spectroscopic state-of-the-art 
techniques were performed to determine the stability of the bentonite 
and the potential corrosion on the copper disc. Moreover, the most 
probable number (MPN) technique was carried out to determine 
viability and quantify the approximate number of SRB per gram in the 
bentonite samples. Several studies have reported the effect of microbial 
activity on canister materials or on the stability of commercial benton
ites such as MX-80, Opalinus Clay or FEBEX [46,63,75]. Moreover, to 
the best of our knowledge, this is the first work that collectively de
scribes the impact of indigenous bacteria, from the highly-compacted 
Spanish bentonite, on the clays’ mineralogical stability and the corro
sion of copper, whilst also considering the effect of different physi
ochemical parameters on the bentonite microbial community. Thus, this 
study lays the baseline to define the microbial effects on both the 
compacted Spanish bentonite properties, and the initial steps related to 
long-term corrosion of copper canisters, all of which could affect the 
safety of nuclear waste storage within the DGR. 

2. Material and methods 

2.1. Elaboration of compacted bentonite blocks containing a copper disc 

2.1.1. Bentonite collection 
Bentonite samples were collected aseptically from El Cortijo de 

Archidona (Almeria, Spain) in February 2020, at a maximum depth of ~ 
80 cm. In addition to its safety-related properties, this bentonite has 
been selected as a reference sealing material for the future Spanish DGR, 
due to its low carbonate and colloidal contents and a high degree of 
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plasticity and compressibility [82]. Once in the laboratory, bentonite 
was stored at 4 ºC until further use. 

Bentonites were manually disaggregated and dried under sterile 
conditions in a laminar flow cabinet for at least 5 days. Then, they were 
ground with a sterile stainless-steel roller to obtain a homogeneous 
powder. 

2.1.2. Copper disc material 
Oxygen-Free High Conductivity (OFHC) copper discs (Cu disc) were 

obtained from Goodfellow Cambridge Ltd. Company (UNS number 
C10100; https://www.goodfellow.com). The discs dimensions were 4.0 
± 10% mm of thickness and 10.0 ± 0.5 mm of diameter. The elemental 
composition was 99.9–100% Cu, with small impurities of S (<
0.0015%), Pb (< 0.0005%), Sb (< 0.0004%), P (< 0.0003%), and Zn (<
0.0001%). Prior to their use, the Cu discs were sterilized by autoclaving 
15 min at 121 ºC. 

2.1.3. Pre-treatment, compaction process, and incubation conditions 
In order to stimulate the microbial activity of anaerobic bacteria (e. 

g., SRB), the bentonites were sprayed, until a mud-like consistency was 
obtained, with a sterile mixture solution of sodium acetate (30 mM) and 
sodium lactate (10 mM) as electron donors. In addition, sodium sulfate 
(20 mM) was added as a final electron acceptor. Since the addition of 
electron donors/acceptor in the bentonite does not represent a real DGR 
scenario, bentonite was amended with the electron donors/acceptor to 
be able to observe changes in the physico-chemical properties of the clay 
on a laboratory timescale, as MIC processes would occur too slowly to be 
observed over the course of our study (1 year incubation). Control 
samples were only amended with sterile distilled water. The mixture was 
then dried under sterile conditions in a laminar flow cabinet at room 
temperature and, afterwards, bentonite samples were ground to a ho
mogeneous fine powder. Additionally, other bentonite series were heat- 
shocked by tyndallization (110 ºC for 45 min, 3 consecutive days) to 
reduce the presence and activity of bentonite autochthonous bacteria. A 
summary of the different treatments is shown in Table 1. 

The compaction of the bentonite was conducted in the Laboratorio 
de Mecánica de Suelos (CIEMAT. Madrid, Spain) following the proced
ure of Povedano-Priego et al. [70] with some modifications. The amount 
of bentonite required to compact the blocks to a dry density of 1.7 g 
cm− 3 was calculated, taking into account the percentage of the initial 
moisture, the volume of the cylindrical steel mold (diameter x height: 
30.3 × 20.0 mm) and the volume of the copper discs (0.31 cm3). The 
initial moisture content (of 12%) was calculated by weighing 2 g from 
treated bentonite samples before and after desiccation at 110 ºC for 24 h. 
The procedure (Supplementary Fig. S1) consisted of weighing 13.5 g of 
dry bentonite, pouring it into the aseptic steel mold, placing the Cu disc 
in the center of the mold, and then adding another 13.5 g of dry 
bentonite. Finally, a hydraulic press was used at a pressure of 25–30 MPa 
to obtain the block. 

The compacted bentonite blocks were incubated anaerobically 
simulating repository-relevant conditions. To provide this anoxic at
mosphere, samples were placed into anaerobic jars with anaerobiosis 

generator sachets (AnaeroGen™, Thermo Scientific), and then incu
bated at 30 ºC for one year. 

2.2. Topographical, mineralogical, and chemical characterization of 
compacted bentonite blocks 

After one year of incubation, the blocks were taken out from the 
anaerobic jar. Samples were shattered with the help of a sterilized 
stainless-steel spatula, and ground to a homogeneous powder with an 
aseptic mortar, to study the possible changes in the bentonite, as well as 
in the copper surface. Variable Pressure Field Emission Scanning Elec
tron Microscopy (VP-FESEM) Zeiss SUPRA40VP equipped with an En
ergy Dispersive X-Ray Microanalysis (EDX) system with a large-area X- 
Max 50 mm detector was used for the visualization of possible pores or 
fractures in the compacted bentonite and the analysis of its elemental 
composition, respectively. The samples were previously prepared for 
observation by carbon metallization. 

Mineralogical characterization and composition of major element 
analyses were carried out on the homogeneous powder of bentonite by 
using X-Ray Diffraction (XRD), and X-Ray Fluorescence (XRF), 
respectively. 

XRD was performed using Oriented Aggregates (OA) to study the 
behavior of the basal reflections of smectite under diverse treatments. 
Samples were prepared using 0.3 g of bentonite in 3 mL of distilled water 
[54]. The clay suspension was dispersed by sonication (2 times of 5 min 
each). Air-dried OA were studied employing a powder X-ray diffraction 
on a PANalytical X′Pert Pro diffractometer (CuKα radiation, 45 kV, 40 
mA) equipped with an X′Celerator solid-state linear detector. A step 
increment of 0.008º 2ϴ and a counting time of 10 s/step were used. 
Afterwards, the samples were exposed to ethylene-glycol (EG) vapor at 
60 ºC for 24 h and re-analyzed with the diffractometer. HighScore 
software enabled the analysis of the XRD diffractograms. 

The bentonite composition in major elements was determined by 
XRF analysis using PANalytical Zeltium with a rhodium anode ceramic 
X-ray tube with an ultra-thin high transmission beryllium front window. 

The pH of the bentonite samples was measured in triplicate as 
described in Povedano-Priego et al. [67]. The ground bentonite was 
mixed and homogenized with 0.01 M CaCl2 in a ratio of 1:15. 

2.3. Microbial community study 

After one year of anaerobic incubation, the compacted bentonite 
blocks were stored at − 20 ºC for the total microbial community analysis 
by culture-independent techniques and at 4 ºC for the culture-dependent 
techniques. For these analyses, the bentonite blocks were aseptically 
broken into small fragments, and homogeneously ground with a mortar. 

2.3.1. DNA extraction protocol and sequencing 
DNA extractions were performed in triplicate for each treatment (B. 

eD, B, StB.eD, StB). The optimized DNA extraction protocol for com
pacted bentonites was followed in detail as described in Povedano- 
Priego et al. [70]. Briefly, 0.3 g of ground bentonite was transferred to 
2 mL screw-cap tubes with sterilized glass beads (one of 3 mm diameter 
and 0.25 g of 0.3 mm diameter). Depending on the samples, a total of 2.4 
– 3.6 g of bentonite per replicate was used to reach enough final DNA 
concentration for sequencing. Subsequently, 400 µL of Na2HPO4 (0.12 
M pH 8) was added to each tube and vortexed at maximum speed to help 
DNA desorption from the clay particles. After the extraction, the quan
tification of the total DNA was performed on a Qubit 3.0 Fluorometer 
(Life Technology, Invitrogen™). 

Amplification, sequencing, and bioinformatics analyses of the 
extracted DNA were conducted at STAB VIDA (Caparica, Portugal, 
https://www.stabvida.com). Library construction was performed using 
the primers 341_F (5′-CCTACGGGNGGCWGCAG-3′) and 785_R (5′- 
GACTACHVGGGTATCTAATCC-3′) whose molecular target is the V3 – 
V4 variable region of 16 S rRNA gene [78]. The sequencing was carried 

Table 1 
Nomenclature and summary of the different treatments of bentonite blocks. All 
samples were compacted to 1.7 g cm− 3 dry density and contained an OFHC 
copper disc (Cu disc) in the core.  

Sample name Characteristics 

Bentonite Treatment 

B.eD Non-tyndallized Acetate:Sulfate:Lactate 30:20:10 mM 
B Non-tyndallized Distilled water 
StB.eD Tyndallized Acetate:Sulfate:Lactate 30:20:10 mM 
StB Tyndallized Distilled water 

Glossary: B: non-tyndallized bentonite, StB: tyndallized (‘Sterile’) bentonite, 
eD: treated with electron Donors and sulfate. 
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out with Illumina MiSeq platform, using MiSeq Reagent Kit v3 and 300 
bp paired-end. After the sequencing, FastQC software was used to 
perform the quality controls. The generated raw sequence data were 
analysed using QIIME2 v2021.4 [10]. The reads were denoised using 
DADA2 plugin in order to trim and truncate low quality regions, der
eplicate the reads, and filter chimeras [9]. Rarefaction curves were 
constructed to determine whether the obtained number of reads reached 
a reasonable amount. The reads were organized in operational taxo
nomic units (OTUs) and classified by taxon using the scikit-learn clas
sifier with the SILVA (release 138 QIIME) database (clustering 
threshold: 99% similarity). The raw data were submitted to the 
Sequence Read Archive (SRA) at the National Center for Biotechnology 
Information (NCBI) with the BioProject ID PRJNA947581. 

Alpha diversity indices and relative abundance analysis of the an
notated OTUs (taxa) were carried out using Explicet 2.10.5 [72]. In 
order to compare the similarity between samples at genus level, a matric 
based on Bray-Curtis algorithm were grouped by PCoA (Principal Co
ordinate Analysis) using Past4 software [26]. Moreover, a heatmap was 
constructed to visualise OTUs with more than 0.50% of relative abun
dance. For that, the function ‘heatmap.2′ and the packages “phyloseq”, 
“gplots” and “RcolorBrewer” were used in R 4.2.1 software [51,57,71, 
84]. 

2.3.2. Most probable number of sulfate-reducing bacteria 
To determine the effect of acetate, lactate, and sulfate on the mi

crobial community of bentonite, the approximate number of culturable 
SRB per gram of clay was calculated using the Most Probable Number 
(MPN) enumeration [27] inoculating the Postgate medium (DSMZ_Me
dium63, https://www.dsmz.de) and following the MPN Method of 
Biotechnology Solutions (Houston, USA, https://biotechnologysolu
tions.com). This technique is based on serial dilutions in triplicate. For 
this purpose, 1 g of bentonite from each treatment was ground under N2 
atmosphere (mixed from 3 block replicates) and added to 10 mL of a 
N2-degassed 0.9% NaCl solution. This mixture was shaken at 180 rpm 
for 24 h to disaggregate the clay and separate the bacterial cells from the 
bentonite particles. Afterwards, 1 mL of this suspension was transferred 
to 9 mL of Postgate Medium in previously N2-degassed serum bottles 
until the 10− 5 dilution. The whole process was carried out in an 
anaerobic glove box to maintain anoxic conditions. Then, the bottles 
were sealed and incubated at 30 ºC static and in darkness. After 4 weeks, 
the presence of black precipitates indicated a positive result. The MPN of 
SRB was estimated by comparing positive bottles to a reference table 
(MPN Method, https://biotechnologysolutions.com), taking into ac
count the correction for the initial dilution. 

2.4. Copper disc surface analysis 

Copper discs extracted from the bentonite blocks were prepared for 
their observation by VP-FESEM coupled with EDX. The samples were 
fixed in a 2.5% glutaraldehyde solution in 0.1 M PBS buffer, pH= 7.4 for 
24 h at 4 ◦C. The samples were then washed in the same buffer (3 times 
for 15 min each at 4 ◦C) before being post-fixed in 1% osmium tetroxide 
in darkness for 1 h at room temperature. The samples were washed again 
in distilled water (3 times for 5 min each), then dehydrated in an 
increasing concentration gradient of ethanol (from 50% to 100%). 
Finally, the samples were dried using the Critical Point Drying (CPD) 
method [2] with carbon dioxide in a Leica EM CPD300 and coated with 
carbon by evaporation in an EMITECH K975X Carbon Evaporator. 

To determine organic compounds, present on the surface of the Cu 
discs, samples were removed from the bentonites blocks and analyzed 
with reflectance micro-Fourier Transform Infrared Spectroscopy (micro- 
FTIR). The samples were not previously prepared or cleaned (unmodi
fied) in order to preserve any potential corrosion compounds or biofilm 
formation after 1-year incubation. Reflectance micro-FTIR images were 
obtained using a PerkinElmer Spotlight micro-FTIR spectroscope, 
equipped with a mercury–cadmium–telluride detector (consisting of 16 

gold-wired infrared detector elements). A per-pixel aperture size of 6.25 
µm x 6.25 µm was used with two co-added scans per pixel and a spectral 
resolution of 16 cm-1. 

Subsequently, the unmodified copper discs were analysed by X-ray 
Photoelectron Spectroscopy (XPS). The XPS measurements for surface 
chemistry were made on a Kratos AXIS Supra Photoelectron Spectrom
eter. The X-ray source was a monochromated Al Kα source (1486.6 eV), 
operated with an X-ray emission current of 20 mA and an anode high 
tension (acceleration voltage) of 15 kV. The take-off angle was fixed at 
90◦ relative to the sample plane. The data were collected from three 
randomly selected locations and the area corresponding to each acqui
sition was a rectangle of approximately 110 µm x 110 µm (FOV2 lens). 
Each analysis consisted of a wide survey scan (pass energy 160 eV, 1.0 
eV step size) and high-resolution scan (pass energy 20 eV, 0.1 eV step 
size) for component speciation. The integral Kratos charge neutralizer 
was used as an electron source to eliminate differential charging. The 
binding energy scale was calibrated using the Au 4f5/2 (83.9 eV), Cu 2p3/ 

2 (932.7 eV) and Ag3d5/2 (368.27 eV) lines of cleaned gold, copper and 
silver standards from the National Physical Laboratory (NPL), UK. The 
software CasaXPS 2.3.22 [18] was used to fit the XPS spectra peaks. To 
compensate for the effect of surface charging, all the binding energies 
were referenced to the C1s adventitious carbon peak at 285 eV. No 
additional constraint was applied to the initial binding energy values. 

3. Results 

3.1. Mineralogical and chemical analysis of the bentonite 

After one year of anoxic incubation, the inner Cu disc embedded in 
the compacted bentonite amended with electron donors (B.eD) was 
collected, fragmented, and analyzed by VP-FESEM. As shown in Fig. 1, 
few cracks near the interface Cu disc – compacted bentonite area 
(Fig. 1a-b) and small fissures on the bentonite surface (Fig. 1c) were 
observed. At high magnification, smectite showed the common leaf-like 
morphology [70] (Fig. 1d). These irregularities (fissures and cracks) 
could be due to the fracturing of the bentonite block. 

EDX maps showed the presence and distribution of the elements at 
the interface compacted bentonite – Cu disc (Supplementary Fig. S2). 
The major elements in bentonite (Supplementary Fig. S2_a1) were Si, Al, 
Fe, and Mg (Supplementary Fig. S2_d-g). While no signal of Cu was 
observed in the bentonite phase, it was entirely detected on the Cu disc 
(Supplementary Fig. S2 b). Geochemical analyses evidenced no apparent 
changes among the treatments (Supplementary Table S1). However, the 
dominant oxides obtained by XRF showed some slight variation after 
one year of incubation, where SiO2 indicated a decrease of ~ 3.11%, 
while Fe2O3 and Al2O exhibited an increase of ~ 1.27% and ~1.16%, 
respectively. In addition, the values of the pH ranged between 7.7 and 
8.2 showing a decrease of ~ 0.42 on average, after one year of incu
bation (Supplementary Table S1). 

The oriented aggregates (OA) technique was performed to identify 
potential changes in the illite/smectite interstratified clay minerals. XRD 
patterns of the OA before and after the exposure to ethylene glycol 
treatment showed no differences between samples (Fig. 2b). Moreover, 
XRD patterns indicated that smectite (montmorillonite) was the domi
nant mineral phase, in addition to minority mineral phases such as 
quartz and plagioclases. 

3.2. Effect of the different treatments on microbial communities 

3.2.1. Comparison of bacterial diversity after one year of anaerobic 
incubation 

The total DNA from the different treatments, including compacted 
bentonite blocks prior to the incubation (time 0) and after one year of 
anaerobic incubation (1 y), was extracted and sequenced in triplicate. 
Enough sequencing depth was achieved as shown by rarefaction curves 
(Supplementary Fig. S3), and the Good’s coverage index (Table 2). A 
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range of 63,546 to 431,964 sequence reads was obtained from most 
samples. Some replicates (i.e.: StB2_1y, B1, and B.eD3) were not 
included in the analysis due to the low sequencing quality (< 1500). 

Richness (Sobs), diversity (ShannonH and SimpsonD), and evenness 
(ShannonE) indices of the samples are presented in Table 2. An increase 
in the richness values was observed in the non-tyndallized samples after 
the incubation period (B_1y and B.eD_1y), while in the tyndallized 
samples (StB_1y and StB.eD_1y) the value of this parameter decreased. 
ShannonH and SimpsonD indices indicated a high diversity in all the 
samples (values > 3 and close to 1, respectively), showing no taxa 
dominance. However, slightly higher diversity was observed in the non- 
tyndallized samples, with respect to the tyndallized ones. 

A total of 742 OTUs were detected (Supplementary Table S2) and 
classified in 34 phyla. Of the 34 total phyla, 3 belonged to the Archaea 
(0.01%), and 31 to the Bacteria domain (99.99%). The Archaea phyla 
included Aenigmarchaeota in sample B, and Crenarchaeota and Ther
moplasmota in sample B.eD, representing ≤ 0.01% within each treat
ment (Supplementary Table S3). On the other hand, bacterial phyla such 
as Actinobacteriota (59.48%) and Proteobacteria (24.18%) were the 
most dominant followed by Chloroflexi (6.05%), Gemmatinomonadota 
(1.82%), Bacteriroidota (1.77%), and Firmicutes (1.59%). No 

Fig. 1. Left: plowed B.eD bentonite block with copper disc image after one year of anaerobic incubation. (a) SEM images of the selected area in left image, and (b) a 
magnification of the selected area in (a) showing the topography of the block at the bentonite (1) - copper disc (2) interface (white arrow) and cracks (red arrows). (c) 
Small fissures in the compacted bentonite (red squares). (d) Leaf-like smectites at high magnification. 

Fig. 2. (a) Oriented aggregates (OA) X-ray diffraction (XRD) patterns of sam
ples t. 0 and after one year of anaerobic incubation (1 y). B: non-tyndallized 
bentonite blocks, StB: tyndallized bentonite, eD: treated with acetate, sulfate 
and lactate. Sm: smectite; Qz: quartz; Pg: plagioclase. (b) OA XRD patterns after 
24 h at 60 ºC exposure with ethylene glycol (EG) and (c) smectite-illite zone 
magnification. 

Table 2 
Good’s coverage values, Richness (Sobs), diversity (ShannonH. and SimpsonD), 
and evenness (ShannonE) indices of the bacterial communities from 1.7 g cm− 3 

compacted bentonite blocks. B: non-tyndallized bentonite, StB: tyndallized 
bentonite, eD: treated with electron donors and sulfate, 1 y: after one year of 
anaerobic incubation.   

Good’s cov. Sobs ShannonH SimpsonD ShannonE 

B  1.00  437  6.80  0.98  0.78 
B_1 y  1.00  471  5.82  0.96  0.65 
B.eD  1.00  299  5.62  0.96  0.68 
B.eD_1y  1.00  562  6.59  0.97  0.72 
StB  1.00  273  4.98  0.92  0.62 
StB_1y  1.00  266  5.30  0.92  0.66 
StB.eD  1.00  488  5.04  0.89  0.56 
StB.eD_1y  1.00  310  5.41  0.93  0.65  
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remarkable differences were found at phylum level between treatments 
or incubation times (Fig. 3). 

At the genus level, principal coordinate analysis (PCoA), based on 
the Bray-Curtis distance, showed the dissimilarity of the communities 
among the different samples (Fig. 4). A clear distinction between tyn
dallized (StB and StB.eD) and non-tyndallized (B and B.eD) samples was 
observed. Moreover, non-tyndallized samples were split into two well- 
differentiated clusters, electron donors/sulfate treated (B.eD), and un
treated (B) samples. This last difference between samples B and B.eD 
(time 0) was potentially due to the fact that after the treatment addition, 
samples were dried at room temperature for some days until the 
compaction process was performed, possibly affecting the bacterial 
growth. This separation was not observed between the tyndallized 
samples (StB and StB.eD). Additionally, no dissimilarities were found 
between the samples before and after one year of anaerobic incubation 
(1y). These results were supported by the heatmap establishing a clear 
difference between the tyndallized and non-tyndallized samples and, 
within this last group, between the acetate:lactate:sulfate treated and 
non-treated samples (Fig. 5). 

The microbial communities were mostly represented by Nocar
dioides, unclassified Micrococcaceae, Promicromonospora and Saccha
rospirilum (16.32%, 9.77%, 3.97% and 3.93%, respectively). A slight 
increase (Δ) in the abundance of Pseudomonas was observed in B and 
StB.eD after one year of incubation (Δ 2.98% and Δ 3.04%, respectively) 
(Fig. 6, Supplementary Table S2). In relation to the heat-shock tyndal
lization process, unclassified Micrococcaceae and Nocardioides were 
more abundant in the tyndallized samples (StB, StB.eD, StB_1y, and StB. 
eD_1y) (17.47% and 20.26%, on average) than in the non-tyndallized 
ones (B, B.eD, B_1y and B.eD_1y) (7.13% and 8.69%, in average), 
while Saccharospirillum and Chloroflexi (Gitt-GS-136) were less abun
dant after the heat-shock treatment (in average from 5.93% to 0.90%, 
and from 5.32% to 4.03%, respectively) (Figs. 5 and 6, Supplementary 
Table S2). Within the non-tyndallized samples, an increase in the pres
ence of Chloroflexi (Gitt-GS-136, and KD4–96), and unclassified 
Micromonosporaceae was detected in the bentonite amended with 

electron donors and sulfate. Moreover, some representatives of uncul
tured Acidimicrobiia, Sphingomonas, uncultured Euzebyaceae, Iamia, 
Vicinamibacteraceae or Gaiella were only detected in the acetate:lactate: 
sulfate amended treatment within the non-tyndallized samples. In 
addition, genera such as Promicromonospora, Saccharospirillum, and 
Streptomyces were slightly more abundant in the unamended treatment 
within the non-tyndallized samples (Fig. 5 and Fig. 6, Supplementary 
Table S2). 

Regarding bacteria involved in sulfate reduction (SRB), Desulfo
sporosinus, Desulfotomaculum, Desulfuromonas, Desulfovibrio, Desulfurivi
brio, Desulfovirga, and members of the families Desulfurivibrionaceae, 
Desulfomonadia and Desulfuromonadaceae, among others, were detec
ted in the samples in a very low relative abundance (< 0.2%) (Supple
mentary Fig. S4 and Table S2). These SRB showed no differences in 
terms of the addition of acetate:lactate:sulfate after one year of incu
bation. The most remarkable aspect lays in the enrichment of Desulfo
sporosinus in all the treatments after the incubation (Supplementary 
Fig. S4 and Table S2). 

3.2.2. Viability and most probable number of sulfate-reducing bacteria 
The MPN results demonstrated the presence and survival of viable 

and cultivable SRB in all the treatments (Table 3). The values varied in a 
range of 2 × 101 and 2.5 × 103 MPN g-1 of bentonite (B_1y and B.eD_1y, 
respectively). This group of microorganisms could be capable of sur
viving despite the harsh environmental conditions in the bentonite 
blocks (i.e.: high compaction density and dry environment). Moreover, 
it was evidenced that SRB are even able to withstand the heat shock 
produced by the tyndallization process (110 ºC for 45 min, 3 consecutive 
days) as shown in the StB_1y (1.5 × 103 MPN g-1 bentonite), and StB. 
eD_1y (9.5 × 102 MPN g-1 bentonite) samples. In addition, a slight in
crease in the acetate:lactate:sulfate amended samples after one year of 
anaerobic incubation (B.eD_1y) was detected (Table 3). A remarkable 
decrease was observed in sample B (untreated sample) after the incu
bation time (B_1y). Nonetheless, a slight decrease was detected in the 
tyndallized amended samples (StB.eD_1y) in comparison to the non- 

Fig. 3. Phyla relative abundance of the bacterial and archaeal communities from 1.7 g cm-3 compacted bentonite blocks. Stacked bars show averages of biological 
triplicates (duplicates in StB.eD, B and B.eD) B: non-tyndallized bentonite, StB: tyndallized bentonite, eD: treated with electron donors and sulfate, 1 y: after one year 
of anaerobic incubation. 
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tyndallized (B.eD_1y) after the incubation period. 

3.3. Characterization of the Cu-discs surface 

VP-FESEM analyses were carried out on a selection of Cu discs 
removed from the blocks of each treatment. The data obtained are 
presented in Fig. 7. Five adjacent areas of ~ 560 × 430 µm were selected 
from the edge to the center of the disc. The composition of the 5 images 
from samples B and B.eD showed the distribution of Cu, Fe, Ti, S, Si, Al, 
O, and C on the surface of the Cu disc (Fig. 7). Micrographs of the discs 
from tyndallized bentonite and the untreated copper disc (t. 0) indicated 
no notable changes in the surface of the discs (Supplementary Fig. S5). 

The metal surfaces appeared to be practically unaltered. Some 
damages were observed possibly due to the pressure exerted by some 
fraction of the bentonite during the bentonite block compaction process. 
Bentonite traces adhering to the surface of the discs (pink, and blue- 
green areas) showed Si, Fe, and Al peaks in the EDX spectra (Fig. 7_1 
and 7_3). In addition, some yellow-orange areas were possibly related to 
the presence of small copper oxides confirmed by Cu and O peaks 
(Fig. 7_2 and 7_4). On the other hand, small blue-almost-white pre
cipitates presented Cu and S peaks may be related to small size copper 
sulfides (< 1 µm) (Fig. 7_5). An example of unaltered copper zone is 
shown in Fig. 7_6. The presence of carbon in the spectra was related to 
previous carbon treatment of the samples during their preparation for 
microscopy analyses. 

Reflectance micro-FTIR was used to identify the presence or absence 
of organic substances on the copper samples. Fig. 8 shows the results 
obtained from samples B.eD and B (non-tyndallized) with this tech
nique. Areas of the bentonite discs with different treatments were 
observed using the optical microscope, and then scanned using the 
infrared microscope. A false-color image is generated showing the lo
cations of infrared-absorbing molecules. An absorbance scale indicates 
the areas where there is higher abundance of organic or IR-active 
compounds (red color), or low absorbance regions (dark blue), where 
usually no IR-absorbing functional groups are present. In all samples, the 
areas with no IR absorbing molecules presented a relatively flat spec
trum, and this is usually superimposed with exposed copper regions in 
the discs (as seen in the optical microscope). The presence of bentonite 
was observed on the samples, and when analyzed with micro-FTIR the 

spectra of these regions usually showed the typical spectra of Si-O, Si-O- 
Si, AlOH and other inorganic compounds expected on the bentonite- 
associated regions. Bands related to proteins, lipids and poly
saccharides were only detected in sample B.eD, indicating the presence 
of organic compounds usually associated with the presence of microbial 
cells or microbial activity in this sample (as shown in Fig. 8). These 
spectra are very well documented, especially for bacteria related sam
ples [29,56,59,61]. The bands around 3000 cm-1 in Spectrum 1 in 
sample B.eD (Fig. 8) can be attributed to the stretching of 
oxygen-hydrogen (νO-H). The peaks around 2800 cm-1 are normally 
attributed to methyl (CH3) and >CH2 functional groups (νC-H). The 
signals around 1640 and 1540 cm-1 corresponded to the amide I and II 
bands, respectively. The amide I band is due to the stretching 
carbon-oxygen double bonds (νC––O) within amides associated with 
proteins and the amide II band is a combination of bending N-H bonds 
(δN-H) within amides and contributions from stretching C-N (νC-N) 
groups. The peak around 1400 cm-1 is due to the symmetric stretching 
C-O bond of carboxylate groups (νsym COO-), while the asymmetric 
stretching (νasym COO-) is concealed by the amine II band. The signal 
around 1760 cm-1 corresponds to the vibrational C––O stretching 
(νC––O) of carboxylic acids. The double bond stretching of 
phosphate-oxygen >P = O (νP––O), which is connected to phospho
diesters of nucleic acids and general phosphoryl groups, is observed at 
1240 cm-1. Tyndallized samples (StB.eD and St.B) showed FTIR spectra 
similar to sample B where no presence of proteins, lipids or poly
saccharides was detected (Supplementary Fig. S6). 

XPS analysis was undertaken to assess the surface chemistry of each 
sample, with wide scans showing the presence of Cu, C, O, Si, Na, P, Fe, 
Mg and Al on the majority of the samples. The presence of these ele
ments (except for Cu) was likely due to bentonite residues still present 
on the surface of the discs. The peaks of the Cu 2p3/2 and Cu 2p1/2 in the 
Cu 2p high-resolution scans suggested a combination of elemental 
copper alongside copper oxide in all samples. As shown in Fig. 9 and 
Supplementary Fig. S7, the Cu 2p3/2 peaks were observed at 932.4 eV, 
and the peaks of Cu 2p1/2 were observed at 952.1 eV, corresponding to 
elemental Cu and in agreement with tabulated data [83]. However, the 
presence of peaks likely attributed to CuO were also evident in all 
samples, as additional peaks were detected around 933.8 eV and 
953.5 eV for the Cu 2p3/2 and Cu 2p1/2, respectively. No sulfur signal 

Fig. 4. PCoA (Principal Coordinate Analysis) plot revealing the dissimilarity of microbial genera communities of the 1.7 g cm-3 compacted bentonite blocks in 
triplicate (duplicates in StB.eD, B and B.eD). The distance is based on Bray-Curtis algorithm. B: non-tyndallized bentonite, StB: tyndallized bentonite, eD: treated with 
electron donors and sulfate, 1 y: after one year of anaerobic incubation. 
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Fig. 5. Heatmap of the relative abundance of the samples at genus level of the 1.7 g cm-3 compacted bentonite blocks in triplicate (duplicates in StB.eD, B and B.eD). 
Cut off: 0.5% of r.a. Different colors show the relative abundance of each genus (the warmer the color, the greater relative abundance). B: non-tyndallized bentonite, 
StB: tyndallized bentonite, eD: treated with electron donors and sulfate, 1 y: after one year of anaerobic incubation. 
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was detected in samples B, StB and St.eD. The peak observed around 
155.3 eV in all samples corresponds to Si 2s [13]. In sample B.eD, in 
addition to the Si 2s signal, a peak at 162.2 eV was observed, indicating 
the presence of sulfur (Fig. 9). 

4. Discussion 

4.1. Mineralogical and chemical stability of the bentonite 

Although the present work does not focus on an in-depth study of the 
stability of the physico-chemical properties of bentonite, it is crucial to 
take into account the impact of microorganisms on the safety-relevant 
properties of the clay. Meleshyn [52] described how microbial activity 
could influence these clay properties including the swelling pressure, 
specific surface area, cation exchange capacity, anion sorption capacity, 

porosity, permeability, and fluid pressure or plasticity. Microbial pro
cesses that could compromise the clay buffer included reduction and 
dissolution of clay minerals, formation of biofilm, hydrogen sulfide 
attack produced by sulfate-reducing bacteria, and microbial gas 
production. 

Bentonite from El Cortijo de Archidona (also called FEBEX, Spanish 
or “Serrata” clay) has been selected by ENRESA (Spanish national 
radioactive waste company) as the most suitable backfilling and sealing 
material for a future DGR in Spain. This clay has been widely studied and 
characterized since the 90′s within the FEBEX project (Full-scale Engi
neered Barriers Experiment) [28]. The mineralogical composition of the 
bentonite from El Cortijo de Archidona site was previously described by 
Lopez-Fernandez et al. [44] and consist of smectites (montmorillonite) 
as the dominant mineral phase (~ 84%) followed by plagioclase (albite), 
and quartz (~ 12% and ~ 3%, respectively). In addition, this bentonite 
has a very low organic carbon content, in the range of 0.12 – 0.03%, 
comparing with other clays such as Opalinus Clay (~ 0.6%) or Boom 
Clay (1 – 5%) [55,80]. The chemical composition of the studied 
bentonite (Supplementary Table S1) is very similar to sample BI-2 site 
reported by Lopez-Fernandez et al. [42] with a decrease in the content of 
Fe2O3 and an increase in the CaO content. Despite the extensive physi
cochemical characterization of this bentonite, the impact of microbial 
processes within the DGR concept is still unknown. Therefore, the ne
cessity to elucidate how microorganisms could alter the different DGR 
barriers is increasing. In the last years, several studies on the microbial 
communities present in bentonite from El Cortijo de Archidona have 
been performed [43,44,42,69,68,70,67]. 

Povedano-Priego et al. [70] focused on studying the impact dry 
density of compacted bentonite (1.5 and 1.7 g cm-3), amended with 
acetate after 2-years anaerobic incubation, has on the stability of this 
clay mineral. The study showed the presence of several cracks and small 
fissures and, at high magnification, several pores in the 1.5 g cm-3. In 
general, it is well documented that the more the compaction density of 
clay increases, the smaller the size and number of pores is [50,53,81]. In 
the present study, no pores have been observed, which could retard the 
water diffusion and, therefore, compromise the growth of bacteria [48]. 

Fig. 6. OTU relative abundance of the bacterial and archaeal communities from 1.7 g cm-3 compacted bentonite blocks. Cut-off: 0.6% of relative abundance. Stacked 
bars show averages of biological triplicates (duplicates in StB.eD, B and B.eD) B: non-tyndallized bentonite, StB: tyndallized bentonite, eD: treated with electron 
donors and sulfate, 1 y: after one year of anaerobic incubation. 

Table 3 
Most probable number (MPN) of sulfate-reducing bacteria per gram of three- 
mixed replicates sample from 1.7 g cm-3 compacted bentonite blocks. The 
value was estimated following the protocol of MPN method from Biotechnology 
Solutions based in serial dilutions in triplicate in Postgate medium. MPN g-1 of 
bentonite was calculated taking into account the initial pre-dilution to disperse 
the cells (1 g of bentonite powder in 10 mL of 0.9% NaCl). t. 0: initial bentonite. 
B: non-tyndallized bentonite, StB: tyndallized bentonite, eD: treated with elec
tron donors and sulfate, 1 y: after one year of anaerobic incubation.  

Sample XYZ 
pattern* 

MPN 
reading** 

3PB 
dilution*** 

MPN mL-1 MPN g-1 

bentonite 

t.0  330  25.0  100 2.50 × 101  250 
B_1y  211  2.00  100 2.00 × 100  20 
B.eD_1y  330  25.0  101 2.50 × 102  2500 
StB_1y  210  1.50  102 1.50 × 102  1500 
StB. 

eD_1y  
320  9.50  101 9.50 × 101  950 

*XYZ pattern: number of positive bottles after 3PB dilution 
* *MPN reading: MNP value from the refence table 
* ** 3PB dilution: dilution with 3 positive bottles prior to XYZ pattern 
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Major elements composition and pH showed no important variations in 
the bentonite samples, similar to those previously found in uncompacted 
bentonite samples collected from the same site [44,67]. The stability of 
bentonite properties is one of the most important issues related to the 
safety in a DGR [82]. A common concern within the DGR environment is 
the irreversible smectite-to-illite transformation that would affect the 
swelling capacity of bentonites [32]. This process depends on many 
factors such as, for example, high temperatures (100–200 ◦C) and time. 
However, some studies have shown that this process can occur at lower 
temperatures (< 50 ◦C) [58]. The illitization process may be caused by 
the attachment of K+ ions, possibly from the K-feldspars of the 
bentonite, into the smectite interlayer creating covalent bonds with 
oxygen. Nonetheless, microorganisms can potentially stimulate this 
transformation. Microbial metabolism can cause changes in the 
geochemical conditions of the environment, promoting the 
smectite-to-illite transformation. The activity of some methanogens and 
sulfate-reducing bacteria could utilize the structural Fe(III) present in 
smectite as an electron acceptor coupled with the oxidation of H2 and/or 
organic matter, leading to the formation of illite [34]. However, no 

evidence of illitization process has been observed within our experi
mental conditions (e.g., effect of the addition of electron donors and 
acceptor for the stimulation of microorganisms, heat shock, anoxic 
conditions, etc.) according to the mineralogical and chemical analyses. 

4.2. Shifts in bacterial diversity and viability of SRB after one year of 
anaerobic incubation 

Dry and highly compacted bentonite could potentially create a 
stressful, confined, and starving environment for microorganisms. These 
conditions could repress microbial activity but not destroy the cells. 
Therefore, it is important to identify the microbial communities in 
bentonite and their changes under different DGR relevant conditions. 
The microbial diversity analyses based on 16 S rRNA Next Generation 
Sequencing showed slight changes between tyndallized (StB and StB.eD) 
and non-tyndallized (B and B.eD) samples. Moreover, non-tyndallized 
samples were split into two well-differentiated clusters, electron do
nors/sulfate treated (B.eD), and untreated (B) samples. The heat-shock 
produced by the tyndallization process stimulated an increase of 

Fig. 7. EDX maps associated with electron images from a selected area (from edge to center) of Cu disc from B and B.eD treatments, respectively. EDX show the 
distribution of Cu, Fe, Ti, S, Si, Al, O and C in the studied area. White circle and EDX analysis show the presence of bentonite (Si, Al, Fe) adhered to the surface (1 and 
3), precipitates related to CuxO (2 and 4), CuxS (5), and unaltered copper (6). 
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aerobic bacteria belonging to Micrococcaceae and Nocardioides. The 
increase of these aerobic bacteria could be related to the ability of the 
bentonite to “trap” oxygen molecules that may eventually become 
available for such bacteria [8]. Additionally, the tyndallization process 
resulted in non-detectable presence of bacteria such as Glycomyces 
(growth temperature range 15–37 ºC; [39]) or uncultured Acid
imicrobiia, while others with growth temperature ranging between 10 
and 42 ºC decreased their relative abundance as Flindersiella, Inquilinus, 
Saccharospirillum or Promicromonospora [12,14,31,88]. This could be 
explained by the fact that some mesophilic bacteria cannot recover from 
the exposure to high temperatures, producing thus a pronounceable 
effect on the bacterial diversity [21]. Despite the potential applications 
of Promicromonospora species, a limited number of reports investigated 
genomic and phenotypic aspects of these genus members such as 
multi-resistance to extreme conditions (radiation, desiccation, oxidative 
stress, etc.) [23]. Therefore, the decrease in relative abundance of the 

less copious mesophilic bacteria in the samples can cause the more 
representative ones to increase their presence. An increase in the relative 
abundance of Chloroflexi members, as well as Gaiella, Sphingomonas, and 
Iamia has been observed in the acetate:lactate:sulfate amended 
non-tyndallized samples (B.eD). Although scarce information is avail
able about Gaiella, its ability to assimilate acetate and lactate has been 
reported in G. occulta [1]. Similarly, the genus Sphingomonas has been 
proved to assimilate lactate and acetate [79]. Interestingly, some 
members were able to contribute to the biogeochemical cycle of sulfur 
through bio-desulfurization (a process for the removal of sulfur from 
different materials), and in the MIC of copper cold-water pipes [16,86]. 
On the other hand, it is important for the safety of DGR barriers to 
consider the presence and activity of SRB, since this bacterial group is 
the main source of copper corrosion in anoxic conditions through the 
sulfide production [6]. As shown in this study by metagenomic analyses, 
several SRB members (e.g., Desulfosporosinus, Desulfotomaculum, and 

Fig. 8. Reflectance micro-FTIR spectroscopy for the study of microbial presence on the copper disc from sample B.eD and B after 1 year of incubation. Left: optical 
image of the scanned regions and false-colour image of the sample scanned using reflectance micro-FTIR spectroscopy. Right: infrared spectra of 3 different regions 
on the samples. 
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Desulfovibrio) have been detected with a very low relative abundance (<
0.2%). According to Povedano-Priego et al. [70], less sequences related 
to this group were detected in the acetate-amended compacted 
bentonite. Here, in addition to acetate, lactate and sulfate were incor
porated to the compacted blocks, which could have stimulated the 
growth and detection of more SRB. Additionally, previous studies have 
shown that species belonging to this group of bacteria were capable of 
facing these harsh conditions by spore formation in species of Desulfo
sporosinus and Desulfotomaculum [22], or by forming desiccated dormant 
cells in dry bentonite [47]. Therefore, it is worthy to determine the 
ability of SRB to become active once growth conditions turn favorable 
(e.g., rewetting and enrichment of organic matter of compacted 
bentonite through infiltration of groundwater in the repository). 

Here by the MPN of SRB, the presence and subsistence of viable and 
cultivable cells were demonstrated. SRB could be able to withstand the 
heat shock produced by the tyndallization process as shown in the StB 
and StB.eD samples. Masurat et al. [47] also observed the resistance of 
SRB to high temperatures (75 – 120 ºC), showing cell viability after 
being enriched again in brackish SRB culture medium. In addition, 
bacterial cells face water loss during desiccation, enhanced by the strong 
affinity of the bentonite taking the water from the cells leading to cell 
inactivation and spore formation. The formation of biofilms and spor
ulation are also well-known strategies used by bacteria to survive 
desiccation [40]. Yet, the metabolic activity can be restored when water 
is in contact with the cell again [66]. The compaction at high density 
(1.7 g cm-3) and the absence of a renewal water flow and/or organic 

compounds are conditions that make the bentonite blocks a hostile 
environment for the bacterial growth and viability over time. Previous 
studies have demonstrated that the increase in the density of the 
bentonite compaction has a negative effect on the viability of SRB [6, 
76]. Nevertheless, it should be noted that the MPN method is only an 
approximation of the potentially viable SRB cells present per gram of 
bentonite and the results could depend on several variables, e.g. the 
samples’ storage time at 4 ºC, that could decrease the number of viable 
anaerobic cells [45]. Thus, these results should be complemented, in 
future studies, by quantifying specific genes involved in sulfate reduc
tion (e.g., dsrA and aspA) by qPCR of the bentonite extracted DNA. 

4.3. Alteration and corrosion compounds characterization of copper disc 

VP-FESEM from sample B.eD and B showed signals related to the 
presence of the bentonite adhered on the surface of the copper disc (Si, 
Fe, Al, etc.), supported by XRF analysis (Fig. 7, Supplementary 
Table S1). The presence of oxygen on the copper surface could be due to 
the high affinity of copper for oxygen molecules. This oxygen can remain 
trapped in the bentonite [8] and could participate in the copper oxida
tion. In sample B.eD, the detection of small precipitates of S associated to 
copper were detected. This could be related to an initial step of MIC of 
the copper surface. The increase in the number of SRB found in the MPN 
experiment may be related to the presence of these precipitates. Under 
anoxic conditions, SRB are capable of oxidizing lactate (electron donor) 
coupled to the reduction of sulfate as terminal electron acceptor [77]. 

Fig. 9. High resolution XPS scan for the copper 2p region (left), between 975 and 920 eV and for the sulfur 2p region (right), between 175 and 148 eV for sample B. 
eD (top) and B (bottom) after one year of anaerobic incubation. 
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The resulting HS- metabolite could be combined with H+ to form H2S. 
The mechanism of copper corrosion influenced by bacteria is explained 
elsewhere [17]. Briefly, the H2S secreted by the SRB can dissociate to H+

and HS-. The latter could diffuse to the Cu surface and react with the 
metal to produce Cu2S. Several studies have reported copper corrosion 
mediated by sulfide produced by SRB. Chen et al. [11] showed that, 
under anaerobic conditions, SRB are able to adhere onto copper surfaces 
(biofilm) and form a Cu2S film as the main corrosion product. The 
production of EPS from the SRB biofilm and, subsequently the Cu2S film, 
reduces the toxicity of copper towards SRB. When Cu2S is removed from 
the copper surface, the presence of small pits caused by the corrosion 
effect of SRB could be observed on the material surface. Kurmakova 
et al. [38] in an experiment with copper and different strains of SRB, 
showed that these bacteria were responsible for the formation of Cu2S 
corrosion products, with Desulfovibrio sp. M.4.1 exhibiting the highest 
corrosive impact on the metal surface. Corrosion of high purity copper in 
the presence of SRB in groundwater borehole or in MX-80 clay has been 
demonstrated in other studies where the presence of Cu2S precipitates 
have been detected [30,48,63]. Pedersen et al. (2010) in experiments on 
copper corrosion in compacted bentonite reported the relationship be
tween the sulfur (35S) diffusion coefficient and the compaction density 
of the clay. This relationship consists of a decrease in the rate of 
corrosion in the copper material (1.20 m2 s-1 to 0.30 m2 s-1) as the 
density increased (1750 Kg m-3 to 2000 Kg m-3, respectively) due to, 
among other factors, the geochemical parameters (e.g., presence of the 
ferrous iron, capable of immobilizing the sulfide) or the growth condi
tions of the SRB (e.g., bioavailability of sulfate, electron donors and 
carbon sources). Accordingly, Johaness et al. (2017) in the post-test 
examination of three MiniCan test series of copper-cast iron canisters 
reported similar results. The cast iron showed an integrated corrosion 
rate of several hundred micrometers per year (μm y-1). Regarding cop
per, the integrated corrosion rate also decreased as the dry density of 
MX-80 bentonite clay increased (0.15–0.02 µm y-1 in 1300–1600 Kg m-3, 
respectively). 

Micro-FTIR spectroscopy was used to assess the potential presence of 
microorganisms on the surface of the samples. The occurrence of mi
croorganisms was detected only on sample B.eD. As shown in Fig. 8, the 
presence of infrared absorption bands corresponding to amides, phos
phoryl groups, carboxylic and carboxylate compounds suggested that in 
this sample the presence of microorganisms could be possible. The dis
tribution of the microorganisms, according to the false-color image in 
Fig. 8, was not homogeneous or uniform. The IR-absorbing molecules 
associated with bacteria were localized at discrete locations on the 
sample, and usually next to areas with spectra that could be attributed to 
bentonite. Spectrum 2 in B.eD sample (Fig. 8) shows an example of the 
typical dioctahedral smectite bands from bentonite adhered to the sur
face of the discs. The band at 3620 cm-1 corresponds to the OH 
stretching for dioctahedral smectites with octahedral sheets rich in Al 
[89]. Bands related to Si-O and Si-O-Si stretching vibrations bands are 
detected at 1110 cm-1 and 980 cm-1, respectively [19]. The bands 
around 850 cm-1 correspond with bending vibrations of AlOH [7]. Areas 
showing no IR-absorption bands correspond to the surface of copper 
only (as can be seen in spectrum 3 in both samples, Fig. 8) and indicate 
the absence of organic-absorbing molecules above the detection limit of 
this technique. No evidence of bands related to proteins, lipids or 
polysaccharides were detected in the samples B, StB and St.BeD (Fig. 8 
and Supplementary Fig. S6). In these samples, flat spectra showing no-IR 
absorbing molecules correspond to the copper surface (dark blue areas 
in the false-color image), and spectra of bentonite, sulfur-containing 
compounds (e.g., sulfate) or phosphates; the latter likely to belong to 
the added electron donors or naturally present in the bentonite. 

X-ray photoelectron spectroscopy (XPS) provides a direct chemical 
characterization of the surface of samples (2–5 nm depth), and has been 
applied to investigate the composition of the copper discs under the 

different treatments. In all samples, the presence of elemental copper 
was evident as shown in Fig. 9 and Supplementary Fig. S7. Sharp peaks 
were observed at 932.4 eV and 952.1 eV (a separation of 19.7 eV). 
These peaks have previously been associated with the presence of 
elemental copper [83], and the binding energies corresponding to Cu 
2p3/2 and Cu 2p1/2 were observed at 952.1 eV at 932.4 eV, and the peaks 
of Cu 2p3/2 peaks Cu 2p1/2 were observed at 932.1 eV, corresponding to 
elemental Cu and in agreement with tabulated data [83]. Evidence of 
anaerobic bio-corrosion on copper surfaces usually involves the pres
ence of CuxS compounds. Peaks of CuS in the Cu 2p high resolution 
region have been previously reported at 932.2 eV for Cu2p3/2 [37]. 
However, as can be seen in Fig. 9, the peaks of elemental Cu in all 
samples were observed at 932.1 eV, meaning that any potential presence 
of CuS compounds would have been masked and unable to be detected 
in these spectra. Therefore, high resolution scans in the region 
148–175 eV were performed to assess the presence of sulfur, as this is 
the region where the S 2p peak would appear if present on the surface of 
the sample. 

High resolution scans in the region between 148 and 175 eV were 
performed to assess the presence of sulfur and its potential complexation 
environment. However, no sulfur signal was detected in samples B, StB 
and St.BeD (Fig. 9 and Supplementary Fig. S7). The peak observed 
around 155.3 eV in all samples corresponds to Si 2s, previously attrib
uted to silica [13], likely due to bentonite. In sample B.eD, in addition to 
the Si 2s signal, a peak at 162.2 eV was observed, indicating the pres
ence of sulfur in the form of sulfide. Peaks with binding energy around 
162.2 eV have previously been reported as CuS and Cu2S [37,73]. No 
peak corresponding to sulfate was detected, as these would have been 
appeared at binding energies of around 169 eV [37]. 

The addition of relatively high concentrations of electron donors/ 
acceptor in the bentonite does not represent a real DGR scenario due to 
the oligotrophic nature of such subsurface environment. However, these 
nutrients would be able to stimulate the activity of indigenous SRB 
mainly responsible of the metal surface corrosion on a laboratory 
timescale, helping to better understand this process in case of enrich
ment of the bacteria present in the bentonite. The main source of copper 
corrosion under DGR relevant conditions will be related to the produc
tion of hydrogen sulfide. The potential presence of this compound would 
be originated by the SRB activity [6]. In this study, combining the ob
servations from VP-FESEM, the reflectance micro-FTIR data and the 
results from XPS, the sample B.eD showed both CuxS compounds and the 
presence of organic compounds, probably of microbial cell origin, on its 
surface. The infrared spectra of microorganisms were usually in prox
imity with the bentonite, which could suggest these bacteria could be 
associated to the bentonite and not directly on the copper surface. The 
evidence of sulfide-associated compounds also suggests microbial ac
tivity of SRB, which could potentially affect the copper surface; how
ever, further tests are needed to verify this hypothesis. 

The results presented here shed light for the first time on the mi
crobial activity, bentonite stability, and corrosion of Cu canisters under 
repository-relevant conditions (e.g., high-density compaction of 
bentonite, anoxic conditions). This study showed that the mineralogical 
stability of bentonite was not affected by biotic or abiotic factors. The 
presence and viability of SRB in all the bentonite blocks, regardless of 
the treatment, demonstrated the capacity of this bacterial group to 
survive once the conditions become favorable (i.e., water infiltration). 
The observed presence of CuxS species in the electron donor/sulfate- 
amended sample (B.eD_1y) could suggest the presence of an early 
stage corrosion on the copper surface. This study also highlighted the 
need for further investigation into the bentonite porosity, in order to 
assess the possible presence of bacterial cells within the pores. In addi
tion, the use of molecular biology techniques, such as qPCR, could 
provide insights into the activity of SRB by the quantification of the 
genes involved in sulfate reduction. 
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5. Conclusions 

The present study describes the impact of physicochemical param
eters (dry density of bentonite, heat shock, electron donors, and sulfates) 
on the microbial activity, bentonite stability, and the corrosion of Cu 
canisters within the concept of DGR. Based on the results of this work, no 
illitization of smectite was observed in compacted bentonite throughout 
a year of anoxic incubation at 30 ºC regardless of the treatment. Thus, 
the stability of bentonite was not affected by biotic (microorganisms), 
nor abiotic factors (addition of acetate:lactate:sulfate or heat-shock 
tyndallization process) along the incubation time. Regarding the pres
ence of fractures/pores in the blocks in our study, since this was merely 
observational, complementary techniques such as mercury intrusion 
porosimetry test (MIP), atomic force microscopy or permeability studies 
would be necessary to determine and quantify the porosity of the sam
ples. The addition of acetate, lactate, and sulfate solutions seem to 
stimulate certain bacterial groups capable of introducing these com
pounds into their metabolism. In addition, the heat-shock produced by 
the tyndallization of bentonite seems to slightly shape the bacterial di
versity with the enrichment of aerobic bacteria belonging to Micro
coccaceae and Nocardioides. It is worth noting the presence and viability 
of SRB in all the bentonite blocks regardless of the treatment. This 
demonstrated the capacity of this bacterial group to survive despite the 
harsh conditions in the compacted bentonite and turn functional once 
the conditions become favorable. SRB are of special importance upon 
DGR closure since they are the main source of anoxic corrosion of metal 
canisters. The observed presence of small amounts of CuxS species in the 
non-tyndallized electron donor/sulfate (B.eD) sample could suggest the 
presence of an early stage of corrosion on the copper surface. The 
detection of CuxS species in the non-tyndallized electron donor/sulfate 
(B.eD) sample shown minor indication of the corrosion process, as ex
pected given the conditions of the experiment (addition of electron 
donors and sulfate). In addition, the study aims to understand the long- 
term behavior of copper corrosion related to DGR, so early detection of 
corrosion is valuable information for understanding this mechanism in 
the long term. 

Altogether, the results obtained provide new insights in under
standing the predominant biogeochemical processes at the bentonite/Cu 
canister interface upon repository gallery closure. 

Environmental Implication 

Ensuring the long-term stability of the barriers (e.g., copper canisters 
and bentonite buffer) of Deep Geological Repository (DGR) is vital to 
prevent the migration of radionuclides from waste to the biosphere. The 
present study is pioneering in describing the impact of compacted 
bentonite microbial communities in the biogeochemical processes at the 
bentonite/Cu canister interface under DGR relevant conditions. This 
work showed that, over one-year incubation, no illitization of bentonite 
and no outstanding copper corrosion are observed. This suggests the 
mineralogical stability of the Spanish bentonite and the low alteration of 
copper could have positive implications for future DGRs’ long-term 
safety. 
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[81] Villar, M.V., Gómez-Espina, R., Campos, R., Barrios, I., Gutiérrez, L. 2012. Porosity 
changes due to hydration of compacted bentonite. Unsaturated Soils: Research and 
Applications. Volume 1 (pp. 137–144). Springer. https://doi.org/10.1007/978–3- 
642–31116-1_18. 

[82] Villar, M.V., Fernández-Soler, J.M., Delgado Huertas, A., Reyes, E., Linares, J., 
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