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Ensuring the integrity of containment barriers in geological disposal facilities (GDFs) is crucial for the long-term
storage of radioactive waste. Copper is considered as a promising canister material due to its corrosion resistance.
This study examines the combined effects of external gamma radiation (14 and 28 kGy) and sulfate-reducing
bacteria (SRB) on copper corrosion in highly compacted FEBEX bentonite. Results showed that gamma radia-
tion significantly reduces SRB viability, suggesting that these bacteria are likely to remain inactive during the
early centuries of GDF operation, when radiation is at its highest level. Microscopic and spectroscopic analyses
identified copper oxides, particularly CuO, as the main corrosion products. Gamma radiation was found to delay
microbially influenced corrosion by altering the microbial community structure and promoting salt precipitation,
including copper sulfates. SRB facilitated the formation of biogenic copper sulfides on unirradiated samples or
those minimally affected by radiation. These findings provide valuable insights into the role of SRB in copper

corrosion, broadening the understanding of long-term GDF safety.

1. Introduction

The long-term management of high-level radioactive waste remains
one of the most critical global challenges due to the extended hazardous
lifespan of spent nuclear fuel, which can exceed 100,000 years.
Geological disposal facilities (GDFs), also known as deep geological re-
positories (DGR), are currently considered as the most reliable solution,
offering multi-barrier containment systems to prevent radionuclide
migration and ensure effective isolation from the biosphere. Among
these engineered barriers, the metal canister plays a crucial role by
enclosing the waste and being embedded in compacted bentonite clay
within a stable geological formation [1,2]. The performance of this
multibarrier system must remain stable under the evolving physico-
chemical conditions expected throughout the repository lifetime, tran-
sitioning from early stages of high radiation, heat, and oxygen exposure,
to late anoxic, cooler, and water-saturated conditions [3]. Understand-
ing the corrosion behavior of the canister material under these evolving
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conditions is essential to assess the long-term performance and safety of
the repository system. Copper has been selected as the canister material
in several international licensed or under-construction GDF programs (e.
g., the Finish (POSIVA) and Swedish (SKB) concepts) due to its high
corrosion resistance [4,5]. The safety of the repository can be guaran-
teed when the involved corrosion processes are understood, and the
relevance thresholds have been determined. While numerous studies
have addressed its chemical and physical stability [6], less attention has
been paid to biological factors, particularly microbial activity upon ra-
diation in these deep environments. Sulfate-reducing bacteria (SRB) are
of special interest due to their ability to induce microbially influenced
corrosion (MIC) via sulfide production, potentially leading to the for-
mation of copper sulfides on canister surfaces [7]. The key focus is on
how SRB perform in a highly compacted bentonite environment under
stressors typical of early repository phases, namely waste gamma radi-
ation, and their effects on copper integrity. While some research has
explored SRB survival under thermal and compaction conditions [8,9],
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the coupled impact of radiation exposure on SRB communities remain
insufficiently studied. Haynes et al. [10] reported survival of genera
such as Desulfosporosinus and Bacillus after exposure to 1 kGy
(24.17 Gy/min) radiation in bentonite, but the study did not address
associated corrosion outcomes. Therefore, understanding microbial
viability under higher radiation doses and their correlation with copper
corrosion is critical for assessing long-term repository safety.

FEBEX bentonite has been established as the reference buffer engi-
neered barrier material for deep geological storage in Spain. It is char-
acterized by high smectite content (montmorillonite 80-90 wt%) and
sourced from the El Cortijo de Archidona site [11]. In their previous
work on FEBEX bentonite, Morales-Hidalgo et al. [12] examined the
impact of the relevant GDF conditions on the total bentonite microbial
communities, emphasizing the adverse effects of gamma radiation on
bacterial diversity and viability. To replicate the conditions of a GDF
during the early post-closure phase, FEBEX bentonite was compacted to
a dry density of 1.6 g/cm®, where a pure copper disk simulating the
canister was placed in the center of the block. To simulate the radiation
environment [13], the bentonite blocks were exposed to varying cu-
mulative gamma radiation doses representative of first decades of re-
pository operation after closure in the oxidizing period over different
exposure times, followed by distinct incubation periods. Some treat-
ments included a SRB bacterial consortium to enhance and accelerate
microbial activity within the blocks and better appreciate their
behavior. While previous studies have provided valuable insights into
the strong associations between bentonite bacterial communities and
environmental factors relevant to GDF conditions, several key questions
remain unanswered. To the best of our knowledge, this is the first study
to investigate the dynamics of copper corrosion under GDF-relevant
coupled conditions, specifically bentonite compaction and gamma ra-
diation. Building upon earlier findings, the present study aimed to
further address these knowledge gaps by assessing how the same re-
pository relevant conditions influence copper corrosion and exploring
their potential link to MIC, particularly that caused by SRB. Given the
critical role of copper canisters in ensuring the long-term safety of nu-
clear waste storage, understanding the influence of microbial activity,
under these challenging repository conditions is essential.

While previous studies have investigated some of these factors
separately, this work is the first to consider them jointly. For instance,
Martinez-Moreno et al. [8,9] examined the effects of native microor-
ganisms from FEBEX bentonite on copper corrosion under compacted
conditions, however, the impact of gamma radiation was not consid-
ered. Bartak et al. [14] investigated the impact of gamma radiation at a
dose rate of 0.4 Gy/h on BCV and MX-80 bentonites under anaerobic
conditions. Nevertheless, due to the lack of compaction and the con-
current use of elevated temperature, the individual influence of radia-
tion remained unclear, and no analysis of corrosion processes was
carried out. Similarly, Bartak et al. [15] exposed BCV bentonite to
cobalt-60 gamma radiation at 147 Gy/min, applying accumulated doses
of 10, 30, 70, 100, and 140 kGy, but the study focused solely on the
effect of radiation as a sterilization method and did not assess its effect
on SRB or corrosion. The only previous work linking gamma radiation
and the microbiology of FEBEX bentonite, conducted by Haynes et al.
[10], was also performed under uncompacted conditions and did not
include any analysis of corrosion. In light of these gaps, the present work
introduces two major innovations in the investigation of GDF. To the
best of our knowledge, this is the first work to combine gamma radiation
exposure with compacted FEBEX bentonite at a dry density of 1.6 g/cm?,
a threshold value considered in several national repository concepts,
while simultaneously assessing both microbiological and corrosion
processes. The approach integrates both cultivability assays and
DNA-based molecular analyses to investigate SRB — the main contrib-
utors to biotic corrosion — alongside advanced microscopic and spec-
troscopic characterization of copper surfaces.

By combining these critical factors into a unified experimental
framework, the present study provides the first comprehensive evidence
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of the interactions between gamma radiation, microbiology, and
corrosion under repository-relevant conditions. The multidisciplinary
approach adopted in this work strengthens the scientific basis for un-
derstanding coupled and complex processes in GDFs, offering new in-
sights relevant to the long-term safety of nuclear waste disposal.

2. Materials and methods

Experimental procedures related to the bentonite assembly and
compaction have been previously described in detail in Morales-Hidalgo
et al. [12]. A brief summary is provided below, while additional details
regarding the methodology and analytical conditions are available in the
Supplementary material.

2.1. Experimental setup

The study focuses on the Spanish bentonite FEBEX from the
geological deposit of ‘Cortijo de Archidona’ in Almeria, Spain.
Composed of 90 % montmorillonite, it belongs to the calcium-
magnesium-sodium montmorillonite type, with trace amounts of other
minerals [16,17]. The experimental batch used, referenced as FEBEX
70-IMA-3-4-0, was sieved to a grain size of < 0.5 mm.

The samples consisted of FEBEX Ca-Mg bentonite cylindrical blocks
(38 x 25 mm in diameter and height) compacted to a dry density of
1.6 g/cm>. Before compaction, bentonite powder was fully saturated
with synthetic pore water (100 %), prepared following the composition
detailed in Fernandez & Rivas [18], and inoculated either with a bac-
terial consortium (referred to as “B”, described below) or its filtered
culture medium, that is, the medium in which the bacteria had grown,
subsequently passed through 0.22 pym pore-size filters to remove bac-
terial biomass. Sodium acetate (1.5 mM) was also supplemented to the
bentonite powder as an electron donor source. Each bentonite block
contained in its core a pure copper disk to evaluate corrosion.
Oxygen-free pure copper (Cu) disks from Goodfellow Cambridge Ltd.
Company (UNS number C10100; https://www.goodfellow.com) were
used as representative of the future metal canisters. The elemental
composition of each disk 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 %). Each Cu disk was designed with a diameter of
10 + 0.5 mm and a thickness of 4 + 10 % mm. The average weight was
2.8 g/disk. Prior to use, each disk was chemically cleaned to remove
impurities and organic traces following the protocol outlined by Guo, M.
[19].

Regarding the bentonite blocks inoculated with a bacterial con-
sortium (“B”), they included five genera (Desulfosporosinus acidiphilus
DSMZ 22704, Desulfotomaculum reducens DSMZ 100696, Desulfuromonas
sp. DSMZ 101009, Desulfovibrio desulfuricans DSMZ 642, and the iron-
reducing bacterium Geobacter metallireducens DSMZ 7210), previously
identified in FEBEX bentonite [8,20,21], and purchased from the Leibniz
Institute DSMZ collection (https://www.dsmz.de/). The strains were
grown under anoxic conditions in their respective culture media (name
between brackets) following the manufacturer’s conditions. Each strain
was added to the bentonite in its corresponding culture medium. The
volumes added from each strain were as follows: 0.5 mL of D. acidiphilus
[DSMZ 1250], 0.3 mL of D. reducens [DSMZ 63], 0.3 mL of Desulfur-
omonas sp. [DSMZ 1041], 0.5 mL of D. desulfuricans [DSMZ 63] and
0.2 mL of G. metallireducens [DSMZ 579]. As mentioned above, to avoid
decompensation of the compounds available in the bentonite blocks, the
same volumes of culture medium, but filtered through sterile 0.22 ym
nitrocellulose filters, were added to the non-consortium treatments.

It was calculated that a final volume of 5 mL was required to achieve
100 % saturation. This final volume included 3.2 mL of artificial pore
water, a total of 1.8 mL of the different bacterial consortium strains in
their culture media (filtered or not) and 150 pl of sodium acetate
(1.5 mM). Reference pore water and the bacterial consortium were
prepared separately and stored in a laminar flow cabinet. A 3.2 mL
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aliquot of pore water and 150 pL of sodium acetate (1.5 mM) were added
to 51.28 g powdered FEBEX bentonite. At this step, if required, the
bacterial consortium (1.8 mL) was inoculated. Non-consortium samples
were traced with 1.8 mL of filtered culture media. The moistened clay
was gently mixed under sterilized conditions with a spatula until the
sample was homogenized.

The required bentonite powder for each block was measured in a
porcelain crucible, along with a cleaned Cu coupon. The volume of the
Cu disk (0.31 cm3) was subtracted from the clay mass calculations to
ensure the desired dry density. Each sample had an average clay mass of
51.28 + 0.001 g at a density of 1.6 g/cm®, with the 5 mL of volume
required for full saturation. The compaction procedure consisted of
pouring 25.64 g of the wet bentonite mixture into an aseptic stainless-
steel mold, placing the copper disk in the center, and subsequently
adding another 25.64 g of wet bentonite on the top. Finally, the blocks
were compacted to the desired density of 1.6 g/cm® using a press. Each
block was then placed in a polyethylene vessel filled with Ny, sealed with
parafilm and afterwards stored in an anaerobic jar with anaerobiosis
generator sachets (AnaeroGen™, Thermo Scientific) to ensure anoxic
conditions throughout the incubation period. All the blocks were incu-
bated at 30 °C and kept in the dark. All equipment was sterilized with
analytical grade ethanol (70 %) throughout the process. The bentonite
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block assembly and compaction were carried out at the Phys-
icochemistry of Actinides and Fission Products Unit (CIEMAT, Madrid,
Spain). As a starting point, non-incubated natural bentonite powder was
analyzed under two conditions: non-irradiated (T.ON) and after gamma
irradiation with 14 kGy (T.0IR) (Fig. 1).

Various irradiation treatments were applied to the samples, classified
according to the number of irradiation cycles and cumulative dose: R
(single cycle of 14 kGy) and 2R (two cycles of 14 kGy, resulting in a
cumulative dose of 28 kGy) (Fig. 1). Single-irradiated samples (R) were
further subdivided based on the timing of irradiation: early radiation
(e_R) applied prior to incubation, and late radiation (I_R) applied after 6
months of anoxic incubation. In the case of double-irradiated treatments
(2R), the first cycle was applied before incubation, with the second cycle
following 6 months of incubation, after which the samples were further
incubated for an additional 6 months. Irradiation was carried out at the
CIEMAT Nayade 80co gamma irradiation facility (https://rdgroups.cie
mat.es/en/web/materiales/radioactive-laboratory), where samples
were irradiated for 8 days and 19 h at a dose rate of 66 Gy/h, resulting in
a total accumulated dose of 14 kGy. The irradiation was conducted in a
cylindrical chamber specifically designed to provide uniform exposure
of the samples to the radiation field. Twelve cylindrical cobalt-60 (®°Co)
sources, each 15 mm in diameter and 135 mm in length, are arranged
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The same procedure was performed for samples with SRB consortium denoted as “B”
(CB6, CB12,e_RB6,2RB12,1 R12)

Fig. 1. Schematic representation of the experimental set-up of the different FEBEX bentonite treatments. The same procedure was repeated with SRB consortium
inoculation (denoted as "B"). Figure modified from Morales-Hidalgo et al. [12]. T.ON: non-incubated nor irradiated powdered bentonite; T.0IR: non-incubated
irradiated powdered bentonite (14 kGy); C: non-irradiated compacted controls; B: SRB consortium; e_R: treatments irradiated once before the start of incubation,
as early exposure (14 kGy); 1_R: treatments irradiated once in the middle of the incubation time as late exposure (14 kGy); 2R: two-times irradiated treatments

(28 kGy); 6: six months of anoxic incubation; 12: one year of anoxic incubation.
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around the outer part of the chamber in a circular configuration. This
arrangement creates an inner cylindrical irradiation volume where the
samples are placed. Dosimetry was carried out, before irradiation, using
eight Fricke chemical dosimeters, positioned at representative locations,
in order to determine the absorbed dose and verify the uniformity of
irradiation within the cylindrical chamber. The requested dose rate was
applied according to the necessary experimental conditions. Absorbance
readings were obtained using the standard molar extinction coefficient
of 2181 L-mol }.cm™, and the absorbed dose was calculated following
the established Fricke dosimetry procedure. This setup ensured accurate
dose determination and allowed assessment of the dose distribution
within the irradiated region. The standard deviation of dose measure-
ments provided by 8 different dosimeters, located at different positions
within the chamber, was lower than 3 %. According to this, radiation
cylindrical configuration ensures homogeneous dose distribution within
the whole irradiated volume inside the chamber, and therefore within
all irradiated samples.

Additionally, non-irradiated controls (referred to as “C”) were
treated in the same manner but without irradiation. All treatments were
prepared in triplicates, except for the double-irradiated treatments
(2R12 and 2RB12), which were prepared in duplicates due to technical
limitations. The incubation of all samples was performed at 30 °C under
anoxic conditions. Further sample details and experimental conditions
are provided in Supplementary Table S1.

2.2. Microbiological studies

The bentonite blocks were stored at —20 °C for molecular analyses
and at 4 °C for culture-dependent viability studies. Prior to each anal-
ysis, the blocks were ground into a powder ensuring a uniform consis-
tency by using a porcelain mortar sterilized with ethanol (70 %).

2.2.1. Molecular microbial analyses: DNA extraction and quantitative PCR

To quantify the presence of SRB in the different treatments using
qPCR, total DNA was extracted from each bentonite block sample. The
standard phenol-chloroform extraction protocol [22] was followed,
incorporating the optimization steps for compacted bentonite samples as
detailed in reference [12]. Subsequently, quantitative polymerase chain
reaction (qPCR) targeting adenosine 5-phosphosulfate reductase gene
(apsA) and the dissimilatory sulfate reductase gene (dsrA) markers, was
employed to assess the changes in SRB abundance across different
treatments and incubation periods. All reactions were performed using a
LightCycler 480 instrument (Roche, Switzerland). The quantification of
relative gene copy numbers was based on the calculation of relative
abundance of non-template controls (NTCs), which only amplified
background signal, using the ACq calculation method as described in
Shrestha et al. [23]. Each sample was run in duplicate, ensuring the
difference between Cq values was less than 0.5. Due to the complexity of
environmental samples, as explained in [23], absolute quantification
without a standardized calibration curve would yield unreliable results.
Therefore, relative quantification (RQ) was used to determine the rela-
tive abundance of SRB genes. The delta Cq method was employed to
calculate RQ, which is the magnitude of the difference in Cq values
between samples, using the formula RQ = efficiency (—ACq) [24,25].
This method accounts for primer amplification efficiency, determined
from standard curves generated by serial dilutions of template DNA from
five internal environmental standards. qPCR conditions and data anal-
ysis were conducted according to the methodology previously described
[12], with more details available in section 1.1 of the Supplementary
material.

2.2.2. Microbial viability analysis: most probable number of sulfate-
reducing bacteria

The abundance of cultivable SRB was estimated using the Most
Probable Number (MPN) method (Biotechnology Solutions, Houston,
USA). Bentonite samples from each treatment (mixed from three
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biological replicates) were processed under anoxic conditions in a
nitrogen-filled glove box. A 0.5 g of treated bentonite was suspended in
sterile N2-degassed PBS, and serial dilutions (107! to 107%) were prepared
in triplicate using Postgate’s medium (DSMZ Medium 63, www.dsmz.
de/). Cultures were incubated for 30 days at 30 °C in dark, under
static conditions. After incubation, the appearance of black precipitates
indicated the presence of FeS resulting from active sulfate reduction.
MPN values were determined according to standard reference tables.
DNA from selected positive cultures was extracted using Qiagen DNeasy
PowerSoil Pro Kit and sequenced targeting the 16S rRNA gene to eval-
uate SRB diversity. Further methodological details and bioinformatic
procedures are available in section 1.2 of the Supplementary material.

2.3. Copper disks corrosion studies

The surfaces and corrosion products of Cu disks disassembled from
the compacted bentonite blocks subjected to the above-mentioned
treatments were analyzed using variable pressure field emission scan-
ning electron microscopy (VP-FESEM) and X-ray photoelectron spec-
troscopy (XPS), following previously described procedures [8]. Briefly,
disks were fixed in a 2.5 % glutaraldehyde solution prepared in 0.1 M
cacodylate buffer (pH 7.4) for 24 h at 4 °C. The disks were then dehy-
drated using an increasing ethanol gradient (30 to 100 %), followed by
drying using the critical point drying (CPD) method [26] with CO; in a
Leica EM CPD300. Finally, the dried samples were coated with carbon
by evaporation using an EMITECH K975X Carbon Evaporator.

XPS analyses were performed on non-fixed Cu disks, following the
procedure of Martinez-Moreno et al. [8]. The XPS system used was a
Kratos AXIS Supra Photoelectron Spectrometer equipped with a mono-
chromatic Al Ka X-ray source (1486.6 eV), with an X-ray emission cur-
rent set to 20 mA and the anode high tension at 15 kV. The take-off
angle was fixed at 90° with respect to the sample plane, and data were
collected from three randomly selected points on each sample. Each area
analyzed had an approximate size of 110 pm x 110 pm (FOV2 lens).
Both broad survey scans (step energy of 160 eV, step size of 1.0 eV) and
high-resolution scans (step energy of 20 eV, step size of 0.1 eV) were
conducted for chemical state analysis. A Kratos integral charge
neutralizer was employed to prevent surface charging. Calibration of the
binding energy scale was performed using the Au 4fs/» (83.9 eV), Cu
2ps3/2 (932.7 eV), and Ag 3ds/2 (368.27 eV) lines from standard gold,
copper, and silver samples provided by the National Physical Laboratory
(NPL), UK. XPS spectra were processed and analyzed using CasaXPS
version 2.3.22 software [27]. Binding energies were referenced to the
Cls adventitious carbon peak at 284.8 eV to correct for surface
charging effect.

3. Results and discussion

This study examined the effects of bentonite compaction and gamma
radiation on SRB viability and copper corrosion. FEBEX bentonite was
first fully saturated with pore water and subsequently compacted to a
dry density of 1.6 g/cm®. To evaluate the stability of the compaction
over time, the dimensions of the blocks were recorded after 6 and 12
months of incubation. The measurements confirmed that all samples
remained at their original size (38 x 25 mm), thereby maintaining a
constant dry density of 1.6 g/cm® throughout the duration of the
experiment. Additionally, no cracks or signs of high amount of gas
production were observed that could compromise the stability of the
compacted density.

3.1. Changes in sulfate-reducing bacteria abundance over time by qPCR

The relative SRB abundance compared to non-template controls
(NTCs) was determined by quantifying two key genes involved in sulfate
reduction from the total extracted DNA, adenosine 5'-phosphosulfate
reductase gene (apsA) and the dissimilatory sulfate reductase gene
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(dsrA). This analysis allowed the assessment of changes in abundance of
this bacterial group across treatments and over the incubation period.
Based on this approach, the qPCR analyses were performed on the
samples, at time 0 and after 6 months and 1 year of incubation (Fig. 2).

The abundance of autochthonous SRB in raw FEBEX bentonite was
very low, as confirmed in non-treated, non-incubated powdered
bentonite (T.ON), where the signal for both genes was undetectable.
However, the presence of native bentonite SRB was confirmed by
detectable gene signals in treatments involving non-irradiated com-
pacted blocks without the consortium but incubated for 6 months (C6)
and 1 year (C12). The bentonite used in this study had been stored for
years without water or nutrients, resulting in an undetectable abun-
dance of this bacterial group in non-treated non-irradiated time
0 (T.ON). However, in samples fully saturated with pore water, amended
with sodium acetate, and incubated for 6 months or 1 year, a detectable
signal for both genes was observed, albeit at low relative abundance
(Fig. 2). This increase in abundance indicated that bacterial activity
occurred during these incubation periods, leading to cell proliferation,
as reflected in the increased number of gene copies.

Exposure to a total radiation dose of 14 kGy, whether applied early
(T.OIR, e_R6) or late (1_R12), was sufficient to render the signal for both
genes, apsA and dsrA, undetectable in non-consortium treatments.
Similarly, no gen signal was observed following a double dose of irra-
diation (2R12). This suggests that radiation may have suppressed the
proliferation of indigenous SRB throughout the incubation period.
Nevertheless, both genes were detectable to varying degrees in all
consortium-inoculated treatments (B), including the irradiated ones,
where the SRB load was higher (CB6, e RB6, CB12, 1 RB12, 2RB12).
Despite this, the consortium treatments followed a consistent trend
reflecting the negative impact of gamma radiation on SRB. As shown in
Fig. 2, the relative quantification of SRB genes was lower in the irradi-
ated samples e RB6 and 2RB12 compared to their non-irradiated
counterparts CB6 and CB12. An exception was observed in sample
1. RB12, which exhibited gene abundance levels comparable to those of
the non-irradiated control CB12, in agreement with the patterns of this
treatment observed across the other analyses. The presence of such DNA
in the qPCR analysis and the quantification of the genes under study did
not imply the survival of these genera. In any case, it provides a useful
reference for understanding shifts in the bacterial communities, as an
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increase in the number of gene copies is likely indicative of bacterial cell
proliferation.

To date, limited information is available on the quantification of SRB
genes in bentonite samples, and to our knowledge, this is the first study
to report such findings specifically in compacted FEBEX bentonite. An
interesting study performed by Shrestha et al. [23] quantified the dsr
gene in bentonite suspensions with and without concrete and concluded
that the presence of concrete inhibited SRB growth. This outcome was
somewhat unexpected, considering that the concrete environment was
rich in sulfate, which would typically support SRB activity. However, the
elevated pH in the concrete-containing samples likely caused the
observed inhibition. Most bentonite-related studies involving SRB ana-
lyses rely on culture-dependent methods [8,10,20,28,29] or 16S rRNA
gene quantification [14], as also reported for these samples in the pre-
vious study by Morales-Hidalgo et al. [12]. Our data demonstrates the
importance of incorporating gene-targeted molecular approaches to
progressively build a more comprehensive understanding of the
behavior of this key microbial group. Given the significant role of SRB in
long-term anaerobic corrosion of copper containers [30], it is crucial to
further investigate their behavior under different scenarios, even
considering their low abundance in the samples and limited viability
under harsh conditions such as those expected in future GDFs (e.g. ra-
diation, bentonite compaction). To address this, the analysis of this
bacterial group was complemented with cell viability assessments to
determine whether viable SRB cells capable of thriving under favorable
conditions persist after each treatment.

3.2. Estimation of SRB viability and survival: quantification by most
probable number method

The presence of viable SRB cells was estimated after the different
treatments and at different incubation times, using quantification by the
most probable number (MPN) per gram of bentonite in Postgate medium
(Table 1). No black precipitates were observed throughout the study in
the negative control, corresponding to Postgate medium without inoc-
ulated bentonite, confirming the sterility of culture sample preparation.
Positive SRB MPN evidence was found in unincubated, untreated natural
bentonite (T.ON) as well as in the non-spiked and compacted treatments
(C6 and C12), as indicated by the formation of black precipitates. This
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Fig. 2. Relative quantification of sulfate-reducing bacteria (detected by apsA and dsrA) in 1.6 g/cm® bentonite blocks in triplicate (except 2R12 and 2RB12 in
duplicate) at time O (non-incubated) and after six months and one year of anoxic incubation.
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Table 1

Most probable number (MPN) of SRB per gram of dry bentonite (MPN/g) in
Postgate medium. All the values were calculated considering the initial sus-
pension for cell’s dispersion (1 g of bentonite in 9 mL of PBS). XYZ pattern:
number of positive bottles after 3PB dilution; MPN value: MPN data from the
reference table; 3PB dilution: dilution with 3 positive bottles prior to XYZ
pattern.

Sample XYZ pattern MPN value 3PB dilution MPN g/bentonite
T.ON 321 15 107! 1.50 x 10*
T.0IR 000 <3 - <3

c6 333 + 140 1072 >1.40 x 10°
CB6 333 + 140 1072 >1.40 x 10°
eR6 000 <3 - <3

e_RB6 320 9.5 10° 9.50 x 10!
c12 300 2.5 10° 2.25 x 10!
CB12 320 9.5 10° 8.55 x 10'
1R12 000 <3 - <0.3

1.RB12 000 <3 - <0.3

2R12 000 <3 - <0.3

2RB12 100 0.4 10° 0.4

finding confirmed the presence of native, viable SRB cells in the FEBEX
bentonite. As previously mentioned, neither of the two sulfate-reducing
genes (apsA nor dsrA) was detected in the T.ON sample, initially sug-
gesting the absence of this group. However, cultivation under more
favorable conditions, including the use of a selective medium, the
initially low abundance of SRB appeared to proliferate, indicating their
viability and enabling detection. Furthermore, the positive culture re-
sults in the C6 and C12 treatments confirmed that SRB cells can survive
compaction conditions over extended periods of up to one year.
Nevertheless, the values after 1 year of incubation C12 (2.25 x 10!
MPN/g bentonite) were lower than those at T.ON and C6 (1.5 x 10* and
> 1.4 x 10° MPN/g bentonite, respectively). As previously mentioned,
the decrease in cell viability cannot be attributed to a single factor, as
multiple variables, such as nutrient availability, water content and
compaction, may have affected their persistence. At time 0, the natural
bentonite had no added nutrients and, as naturally dry material, con-
taining only minimal water availability (14 % humidity at atmospheric
laboratory conditions); however, non-compacting conditions were
tested. After 6 months, nutrient and water levels were presumed to be
higher than at 1 year, due to the initial addition of 1.5 mM sodium ac-
etate and the full saturation of the blocks with pore water at the start of
the incubation. After 1 year, these resources were likely significantly
depleted. Hence, by comparing SRB viability under conditions of water
and nutrient limitation combined with compaction (C12) to that in
untreated, non-compacted bentonite at time 0 (T.ON), it was suggested
that this combination of compaction and resource limitation severely
affected SRB survival. Similar results about the presence and viability of
this bacterial group in the same bentonite type were discussed in pre-
vious studies [8,9]. Specifically, Martinez-Moreno et al. [8] reported on
the viability of SRB after one year of incubation in anoxic conditions at
bentonite density 1.7 g/cm®. Consistent with our data, they observed a
decrease in the SRB viability, measured by MPN/g bentonite, under
compaction conditions after one year of incubation compared to the
initial bentonite. Moreover, they reported a slight increase in SRB
viability in bentonite blocks amended with a combination of electron
donors.

Interestingly, no evidence of SRB growth was detected in the irra-
diated samples at time O (T.OIR, 14 kGy), 6 months (e_R6, early 14 kGy),
nor 1 year (1.R12, 1 RB12, late 14 kGy; or 2R12). Only a few bottles
tested positive in the early irradiated, SRB-spiked treatment at 6 months
(e_RB6), and just one in the double-irradiated, SRB-spiked treatment at
12 months (2RB12), suggesting that these isolated cases were not
representative of SRB viability under such conditions. Therefore, these
data imply a negative effect of gamma radiation exposure, at cumulative
doses of 14 kGy or 28 kGy (radiation rate of 66 Gy/h), on the viability of
this bacterial group, which can play a crucial inhibiting role in the biotic
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corrosion of copper.

To further identify the main viable SRB genera, 16S rRNA gene next-
generation sequencing was performed on the positive bottles from MPN
experiment from each treatment (Fig. 3). It is important to note that
Postgate medium can also support the growth of microorganisms other
than SRB, as some may utilize alternative substrates such as yeast extract
and lactate. However, only bacteria capable of reducing sulfate to sul-
fide produce the characteristic black precipitate, indicating a positive
bottle culture. The relative abundances of viable genera are shown in
Fig. 3, and Supplementary Table S2. Only the viable SRB genera present
in each of the positive treatments are represented in Supplementary
Figure S1. The results revealed that the predominant SRB genera across
all samples were Desulfosporosinus (10.53 %), Desulfotomaculum
(8.67 %) and Desulfofarcimen (7.98 %). Other SRB genera were present
in lower relative abundance, such as Desulfallas-sporotomaculum
(0.61 %), Desulfohalotomaculum (0.53 %), and Desulfurispora (0.02 %).
All of these genera are native to the FEBEX bentonite, as they have also
been identified in samples that were not inoculated with the consortium.
Only two of the five strains included in the bacterial consortium were
identified as viable: Desulfosporosinus and Desulfotomaculum. The
remaining three, Desulfuromonas, Desulfovibrio, and Geobacter, may have
failed to adapt to the initial post-inoculation conditions or may not have
survived the experimental parameters.

Desulfosporosinus emerged as the most abundant viable SRB genus.
This is a well-known genus forming part of the native FEBEX bentonite
microbial community [8,20,31]. In this study, both its native presence
and viability are confirmed, as it was identified in the natural,
non-treated, non-incubated bentonite sample (T.ON, 44.61 %), as well as
in the compacted samples without the consortium, incubated for 6
months (C6, 5.51 %) and 1 year (C12, 0.57 %) (Fig. 3, Supplementary
Table S2). However, in the treatments inoculated with the consortium
(CB6, CB12, and e RB6), it is not possible to determine whether the
Desulfosporosinus genus detected corresponds to the inoculated strain,
the indigenous population, or a combination of both. Nevertheless, this
distinction is not of critical importance, as the key factor is the response
of this SRB genus to experimental conditions, regardless of its origin.
Notably, the presence of this bacterium in the treatment irradiated early
with 14 kGy and incubated for 6 months (e_RB6, 21 %) indicated a
potential intrinsic resistance to radiation, as its viability was maintained
despite the exposure. In fact, Desulfosporosinus has also demonstrated
remarkable versatility in surviving harsh conditions, as it remained
viable after a long-term incubation of three years in FEBEX bentonite
microcosms in the presence of uranium [20]. Moreover, these findings
align with those previously reported by Haynes et al. [10], who inves-
tigated the impact of a total gamma radiation dose of 1kGy
(24.17 Gy/min) on the microbiota of different bentonite types,
including FEBEX. They demonstrated that after FEBEX bentonite radi-
ation exposure, only Desulfosporosinus, Bacillus, and Clostridium were
detected in Postgate medium. Similarly, in the present study, Bacillus
(79 %) was the other most abundant genus, as shown in Fig. 3.

The second most abundant viable SRB genus was Desulfotomaculum,
which is also known to be native to FEBEX bentonite [8,20]. It was
particularly prominent in the compacted treatments without the con-
sortium, with a relative abundance of 25.45 % in C6 and 29.42 % in C12
(Supplementary Table S2). However, this genus was not detected in any
of the positive irradiated treatments, not even in those with the added
consortium, suggesting a higher sensitivity to gamma radiation. The
FEBEX bentonite-indigenous SRB genera Desulfofarcimen, Desulfohalo-
tomaculum, and Desulfallas-sporotomaculum, formerly belonging to the
genus Desulfotomaculum, were reclassified by Watanabe et al. [32] as
novel genera. Therefore, despite being identified separately, they share
very similar characteristics, remaining both Desulfofarcimen and Desul-
fallas-sporotomaculum viable in the doubly irradiated treatment
(2RB12). However, the quantification of SRB by MPN (Table 1) indi-
cated a very low cell load. Consequently, it is uncertain to conclude that
these genera are truly resistant to gamma radiation, as their presence
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Fig. 3. OTU relative abundance at genus level for viable genera enriched in Postgate medium from positive treatments in MPN experiment. The selected cut off

is > 0.02 %.

could instead result from a small number of resistant cells that managed
to proliferate under favorable conditions. Nevertheless, further research
on these genera would be valuable to gain a deeper understanding of
their behavior in response to gamma radiation.

Although Clostridium is not traditionally classified as a SRB, it was
among the most abundant genera identified in positive SRB cultures
(Fig. 3). Notably, existing literature reports that certain species within
this genus possess the ability to reduce sulfate to sulfide [33]. Addi-
tionally, Clostridium can ferment lactate, present in the Postgate me-
dium, producing acetate as a metabolic byproduct [34].

In conclusion, assessing the viability and identifying the native SRB
genera in bentonite is essential for understanding their potential
behavior under various conditions in a GDF. Since this group of bacteria
is the main contributor to copper corrosion, this knowledge is essential
for predicting and mitigating long-term risks on the integrity of nuclear
waste storage systems.

3.3. Copper surface characterization along the incubation time

In the present study, the copper disks from the different treatments
were analyzed both macroscopically by visual inspection and micro-
scopically by variable pressure field emission scanning electron micro-
scopy (VP-FESEM) and energy dispersive X-ray (EDX) microanalysis
after 6 months and 1 year of incubation (Figs. 4 and 5). In general, the
disks that exhibited a more damaged appearance upon visual inspection
had not undergone irradiation, as shown in Supplementary Figure S2
(Ce, CB6, C12, CB12).

The ESEM and EDX analyses of samples incubated for both 6 months
and 1 year revealed consistent trends across treatments. The only dif-
ference was the higher amount of corrosion products observed in the 1-

year treatments. The surface of each Cu disk was scanned by ESEM,
resulting in a montage that integrated images from the entire disk sur-
face to identify the principal corrosion products and their distribution.
(Supplementary Figure S3). A variety of precipitates composed of Cu-O
of differing morphologies were detected on all samples at both six-
month and one-year incubation times (Figs. 4 and 5). These likely cop-
per oxides (CuyO) were particularly prevalent in the non-irradiated
samples, which exhibited more pronounced surface damage both with
(CB6, CB12) and without SRB consortium (C6, C12). Consistent with the
lack of differences observed in the microbiological analyses previously
reported by Morales-Hidalgo et al. [12], the copper disks from the late
irradiated treatments after 6 months of incubation (1_.R12, 1. RB12)
showed corrosion features comparable to those of the non-irradiated
1-year treatments (C12, CB12).

One of the principal biocorrosion products of concern in relation to
microbially influenced copper corrosion is copper sulfide [30]. For this
reason, the sulfur (S) signal was investigated in these Cu disks to identify
Cu-S compounds. Nevertheless, microscopy and EDX techniques do not
allow for an accurate differentiation between copper sulfide and copper
sulfate salt. S signal was detected in all treatments with SRB consortium,
both at 6 months and 1 year of incubation (CB6, CB12, e RB6, ] RB12,
2RB12). In addition to these inoculated samples, it was also detected in
all irradiated treatments, regardless of incubation time and total radia-
tion dose received (e_R6, e RB6, 1 R12, ] RB12, 2R12, 2RB12). Upon
closer examination of the zones on each disk exhibiting sulfur signals,
the following observations were made: in the non-irradiated treatments
(CB6, CB12) together with early irradiated (e_RB6) and late-irradiated
treatments (I_RB12), all containing the SRB consortium, small Cu-S
precipitates were observed, located exclusively within bentonite layers
(Figs. 4B, 4D, 5B). However, in the treatment with double doses of
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Fig. 4. Environmental scanning electron microscopy (ESEM) and energy dispersive X-ray (EDX) analysis of the copper disks corresponding to the 6-month incubation
treatments. EDX spectra detail the signal of the elements that correspond to the main corrosion products together with Cu signal. Cu is represented in green, O in
orange, S in yellow, and Cl in dark blue. A. C6 sample with Cu surface mainly covered by CuyO of different morphologies. B. CB6 sample showing small Cu-S
precipitates within bentonite traces. EPS filaments are indicated with red arrows. C. e_R6 sample exhibiting copper chlorides precipitated between bentonite. D.

e_RB6 sample exhibiting small Cu-S precipitates within bentonite traces.

radiation amended with SRB consortium (2RB12), these sulfur pre-
cipitates were not detected in the bentonite.

On the other hand, in all irradiated samples, regardless of consortium
presence, Cu-S precipitates were observed to be located directly on the
copper surface. These precipitates exhibited a distinct morphology and
were larger in size compared to those observed in the bentonite
(Fig. 5C). Additionally, copper chloride salts, which mainly precipitated
between bentonite layers, were also found in almost all samples. The
presence of chloride precipitates is likely attributable to the composition
of the FEBEX pore water [12]. Fig. 4C showed the morphologies of these
precipitated copper chlorides together with their EDX spectrum. In
general, no bacterial cells were observed as biofilms on the copper
surface. However, filamentous structures resembling extracellular
polymeric substances (EPS) were detected in the unirradiated SRB

consortium-amended samples at both 6 months and 1 year (CB6, CB12).
An example of such EPS filaments (indicated by red arrows) found in
CB6 copper disk sample is shown in Fig. 4B.

Furthermore, it should be noted that the Cu disks exhibiting minimal
alterations based on surface corrosion products were those early irra-
diated with a dose of 14 kGy (e_R6, e_RB6) and those subjected to two
irradiation exposure, accumulating a total dose of 28 kGy (2R12,
2RB12), as illustrated in Supplementary Figure S2. Interestingly, ESEM
analysis confirmed the minimal alteration of these disks’ surfaces,
revealing certain areas with precipitates of Cu-O and Cu-S, as well as
copper chlorides and traces of bentonite. In comparison to non-
irradiated samples or those late irradiated, the presence of these
corrosion products was greatly limited on most of the copper surface
remaining unaltered. Supplementary Figure S4 illustrates the surfaces of
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Fig. 5. Environmental scanning electron microscopy (ESEM) and energy dispersive X-ray (EDX) analysis of the copper disks corresponding to C12, CB12, 1 RB12 and
2RB12 treatments after 1 year of incubation. A. C12 sample with Cu surface mainly covered by CuxO of different morphologies. B. CB12 and 1 RB12 samples showing
small Cu-S precipitates within bentonite traces. C. 2RB12 surface showing bigger Cu-S precipitates directly deposited on copper surface.

the Cu disks corresponding to the treatments after 6 months of incuba-
tion, showing a clear disparity in the amount of precipitated corrosion
products.

To further assess and compare the surface composition of each Cu
disk, X-ray photoelectron spectroscopy (XPS) analysis was performed.
XPS spectra enabled identification of Cu-O and Cu-S precipitates

previously observed by electron microscopy. Wide scans of the sample’s
surfaces revealed the presence of Cu, C, O, Si, Na, Fe, Mg and Al. Apart
from copper, these elements most likely corresponded to bentonite
adhering to the surface of the disks.

High-resolution scans conducted in the Cu 2p region (922-977 eV)
for the untreated Cu control (Fig. 6) revealed a peak around 932.6 eV,
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Fig. 6. High-resolution XPS spectra of the Cu 2p (977 eV — 922 eV) and S 2p (176 eV - 158 eV) regions of the Cu surface before experimental set-up (non-treated)

and after 6 months of incubation.
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consistent with reported values for elemental copper [35]. Conversely,
CuO was found on all samples represented by satellite peaks around
939-942 eV (see Fig. 6 and Fig. 7)[35]. Furthermore, according to the
literature, the peaks observed at 943.49 eV and 962.89 eV, and the
distance between Cu 2p;,2 and Cu 2ps,» peaks (19.96 eV) support the
identification of CuO [36]. These peaks were not present in the un-
treated Cu control. Alongside this, area 2 on sample C6 (Fig. 6)
demonstrated peaks at around 932.5 and 952.5 eV, which are commonly
attributed to CupO oxides [35]. Weak satellite peaks between
~939-948 eV and 957-965 eV suggest the presence of CuO on the
surface, however less prominent than Cuy0. After 12 months incubation,
this treatment (C12) demonstrated strong satellite peaks representative
of CuO, suggesting an oxidation of this area [35]. Under the anoxic in-
cubation conditions presented in this study, it is expected that a Cu
()-oxide should be the dominant species in the passive layer [37]. The
indication of CuO by XPS, due to its highly surface sensitive nature, may
only relate to a thin surface layer and not necessarily suggest the absence
of Cu(I)-oxides. In addition to this, the overlap of Cu 2p3,, peaks from Cu
(0) and Cu(I) (932.6 + 0.2 eV and 932.4 + 0.2 eV, respectively) makes
the distinction between Cu(0) and Cu(l) species from Cu 2p spectra
uncertain [35]. This problem is further exacerbated as neither species
(unlike CuO) demonstrate strong satellite peaks in the region around
939-945 eV.

The presence of Cu-S compounds in some of the Cu disks has been
previously noted, highlighting small precipitates found within bentonite
layers when the SRB consortium was present (CB6, e RB6, CB12,
1.RB12), and larger precipitates directly on the copper surface in all
irradiated treatments (e_R6, e RB6, 1_.R12, . RB12, 2R12, 2RB12). XPS
analyses of the Cu 2p spectra would elude identification of sulfur com-
pounds present on copper surfaces. Krylova & Andrulevicius [38] re-
ported that peaks corresponding to CuS typically appear at around
932.2 eV in high-resolution Cu 2p scans. However, if CuS were present,
its peak would overlap with the copper oxides Cu 2ps3,» peak, thereby
making its presence unable to be confirmed solely through the Cu 2p
high-resolution spectrum. Therefore, in this study, high-resolution scans
were also conducted in the S 2p region, within the range of 158-176 eV
(Figs. 6 and 7). These XPS scans revealed the presence of sulfur on
samples CB6, e RB6, C12, CB12, 2R12 and 2RB12. More specifically,
these samples showed peaks around 163 eV, which are related to the
presence of CuyS [8,39]. Additionally, the peak observed at 161.4 eV
was attributed to CuS according to Kutty [40]. In the irradiated samples,
e_R6, 2R12 and 2RB12, a smooth peak was observed around 168.9 eV,
which was attributed to the presence of sulfate [41], a compound pre-
sent in the pore water.

In future facilities for nuclear waste emplaced 400-500 m in depth in
geological formations, oxygen will only be present during the initial
years after closure. Its availability will be gradually diminished due to
predominant reducing conditions, bacterial activity and mineral
oxidation [3]. Accordingly, in the present study, the assembly of the
blocks was conducted in the presence of oxygen, but the incubation
period was conducted under anoxic conditions. During the oxidizing
period, it was possible that the copper may have undergone a sponta-
neous passivation process to protect its surface. Furthermore, Burzan
et al. [29] reported the presence of oxygen molecules absorbed to
bentonite mineral surfaces, thus creating microaerophilic environments.
This, combined with the presence of pore water containing oxygen
molecules in the samples, likely facilitated the formation of copper (II)
oxides. In future highly compacted bentonite barriers, an initial degree
of water saturation will be present, allowing some oxygen to persist as
dissolved species. The most plausible reaction to be expected is the
formation of copper(l) oxide, as described by the following equation 4Cu
+ O2 — 2Cuy0, reported by Hall et al. [42]. The copper oxides could
continue to oxidize, resulting in the formation of copper(Il) oxides, as
evidenced by the XPS analysis (Figs. 6 and 7). This process could occur
in a similar reaction as the one described by Mahmoodi et al. [43]:
2Cuz0 + Oz — 4CuO.
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On the other hand, one of the most critical sources of corrosion
would be the production of sulfide by SRB. These microorganisms
couple the oxidation of electron donors with the reduction of sulfate as
the terminal electron acceptor [44,45] and are often responsible for MIC
damage through the production of HS’, which, when combined with H,
forms H5S. In future GDFs, bacteria would obtain electron donors from
organic matter present in groundwater seepage, bentonite, or host rock,
as well as from neighboring minerals. They may even utilize molecular
hydrogen produced by the corrosion processes themselves. The viability
of SRB was confirmed by the MPN results, while their proliferation
during the incubation period was inferred from gPCR analysis. As
mentioned above, SRB were generally present and viable in the
non-irradiated treatments over time and were negatively affected by
gamma irradiation. According to ESEM observations, bacterial cells
were consistently associated with bentonite material adhering to the
copper. Hall et al. [42] reported that microbial activity would mainly
happen within the bentonite. The small S-containing precipitates
localized between the bentonite layers in non-irradiated treatments
inoculated with SRB consortium may have a biotic origin. This suggests
that copper corrosion resulted from biogenic sulfide production, leading
to the formation of copper sulfides, following the reaction: 2Cu + HS’
+ H" - Cu,S (s) + Hy (g) [46]. These precipitates were observed only in
treatments where SRB viability was confirmed, except for ] RB12. In this
case, the sample was irradiated after 6 months of incubation, implying
that sulfides formation likely occurred during the initial, nonirradiated
phase, while subsequent radiation exposure reduced bacterial viability.
Nevertheless, the presence of sulfides in this treatment could not be
confirmed by XPS (Fig. 7).

On the other hand, XPS results did confirm the presence of CuyS in all
those treatments corresponding to 6 months (CB6, e RB6) and 1 year
(CB12, 2RB12) of anoxic incubation. Since all these treatments involved
SRB consortium, these results support the ability of such bacteria to form
copper sulfides under conditions relevant to GDFs. Surprisingly, the
treatment 2R12, which was not inoculated with the SRB consortium,
also displayed sulfide peaks in the XPS spectra (Fig. 7). However, based
on the microbiological results reported by Morales-Hidalgo et al. [12]
and in the present study, no bacterial viability or activity was detected in
this double-irradiated treatment, suggesting that the observed sulfide
formation likely resulted from an abiotic process. Furthermore, the Cu
disk samples from 2R12 and 2RB12 treatments were the only ones
exposed to the highest accumulated radiation dose of 28 kGy. In both
cases, this elevated radiation level may have had a dual effect: on one
hand, effectively reducing biotic corrosion by eliminating microbial
activity; on the other, potentially enhancing abiotic corrosion processes.
Although the exact mechanism remains unclear, previous studies under
different conditions suggest that gamma radiation can induce the for-
mation of sulfur-based radicals from sulfate compounds, which may
subsequently be reduced to HyS [47,48]. The resulting HyS could then
react with copper or its oxides, leading to the precipitation of copper
sulfides such as CuS or Cu,S.

Additionally, larger S-containing precipitates were also detected
directly on the copper surface in all irradiated treatments, regardless of
the presence of the SRB consortium. Li et al. [49] reported that y-radi-
ation induced synthesis involving redox reactions between water radi-
olysis products, radicals and active species, and dissolved metal salt
precursors, resulting in the precipitation of low-solubility compounds.
Moreover, as noted by Hall et al. [42], groundwater in a GDF environ-
ment is expected to contain various anions resulting from host rock
mineral dissolution, particularly chloride, sulfate, and carbonate.
Therefore, the present work suggests the formation of copper salts
incorporating these anions, such as the observed copper sulfate and
copper chloride, is likely under such conditions.

The formation of these copper sulfides is expected to occur during
the early stages of dominant reducing conditions, once available oxygen
has been fully depleted and the oxic corrosion phase has ended. At that
point, sulfide production by SRB under anaerobic conditions is likely to
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Fig. 7. High-resolution XPS spectra of the Cu 2p (977 eV — 922 eV) and S 2p (176 eV — 158 €V) regions of the Cu surface after 1 year of incubation.
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result in interactions with copper surfaces already coated with
corrosion-derived oxide layers. The transformation of Cug0 to CusS has
been documented by Smith et al. [50]. Accordingly, these oxide layers
may serve as a protective barrier against sulfide-induced corrosion, as
the sulfides would primarily react with existing corrosion products
rather than with metallic copper itself [42].

Ensuring the long-term safety of future nuclear repositories is
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essential for the protection of the biosphere. Consequently, every
component of the multisystem must be carefully designed and rigorously
evaluated to guarantee the stability of the GDFs over timescales as long
as the estimated 100,000 years. A critical component of this system is
the metallic canister that contains radioactive waste, which must remain
as intact as possible throughout this extended period. This study focused
on the alteration of copper, a candidate material for canisters in

Initial scenario - construction and operation phase

Scenario A - high y-radiation exposure

0.1 10 100

Abiotic formation of passivation layer — copper
oxides precipitation (brown layer)

©  4Cu+0,°>2Cu,0(»)

O, sources — molecules trapped between bentonite
pores and pore water (100% saturation)

1,000 10,000 >100,000
T I 1

Very high y-radiation (28 kGy)
Abiotic corrosion continues
* 2Cu,0+0,>4CuO (9)

No MIC - full suppression of bacterial activity
(including SRB)

y-radiation induces radiolysis — ROS (-OH, H,0,)

y-radiation induces SO,* reduction — S-radicals
— H,S — abiotic Cu,S (X) precipitation

Scenario B - radiation levels begin to decline — transition scenario

1,000 10,000 >100,000
]

0.1 10 100
Y .
Scenario C —no radiation
10

0.1
L

High y-radiation (14 kGy) — transition scenario
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y-radiation induces radiolysis — ROS (-OH, H,0,)
— Cu interaction — Cu-salt () (chlorides,
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I
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“—*
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« 2Cu+HS +H" > Cu,S () +H,
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Fig. 8. Conceptual scheme illustrating the hypothetical mechanisms of copper corrosion product formation and transformation across the successive stages of a GDF
lifetime. ROS: reactive oxygen species; MIC: microbially influenced corrosion; CMIC: chemical MIC.
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countries such as Finland and Sweden [5]. In general, copper can be
altered by a variety of physical, chemical, and biological factors,
including the presence of water, radiation exposure, and microbial ac-
tivity, among others. The results presented here have important impli-
cations for the environmental safety of GDFs. Gamma radiation was
found to significantly reduce the viability of SRB, which are major
contributors to microbially influenced corrosion of copper canisters.
This implies that during the early stages of repository operation, when
radiation levels are highest, biotic corrosion of copper is likely to be
minimal, thereby lowering the risk of early canister alteration. In
addition, the study showed that copper corrosion under the tested
conditions primarily led to the formation of copper oxides, and that
radiation may delay microbial corrosion mechanisms. These findings
underscore the importance of thoroughly understanding the interplay
between radiation, microbial activity, and bentonite compaction in
shaping the long-term performance and environmental safety of nuclear
waste storage systems.

3.4. Hypothetical Cu corrosion mechanisms over GDF timescales: a
schematic approach

The findings obtained in this study have enabled the development of
a conceptual model describing how MIC may occur at the cop-
per—compacted bentonite interface under irradiated repository
conditions.

Based on the results obtained and supported by existing knowledge
on copper corrosion in repository-relevant environments [42], a sche-
matic model has been developed to illustrate the potential mechanisms
of copper corrosion within a GDF (Fig. 8). The proposed model de-
lineates four sequential phases consistent with the established timeline
of a GDF lifetime [3,51]. The first phase represents the initial scenario, a
stage common to all experimental conditions examined. This phase
corresponds to the early operational years of the repository, during
which oxic conditions prevail. Over this period, the repository will be
gradually filled until completion and definitive closure is achieved. In
the context of the present experiment, this stage reflects the period when
the copper disks were predominantly exposed to oxic conditions during
block assembly. Oxygen molecules may also have been trapped within
the bentonite pore network and adsorbed onto clay minerals [29].
Together with the added pore water, this contributed to the persistence
of oxygen at the Cu-bentonite interface. Consequently, an early
passivation layer was formed on the copper surfaces during the initial
incubation period across all Cu samples. This layer was initially
composed of Cu(I) oxides, which gradually oxidizes to Cu(II) oxides over
time.

The subsequent phase, referred to as Scenario A, corresponds to
conditions of high gamma radiation exposure (samples subjected to
double irradiation, with a total accumulated dose of 28 kGy). This sce-
nario represents the first decades of repository operation, during which
radiation emitted by the waste is expected to reach its maximum in-
tensity [51]. In the doubly irradiated treatments, only the copper oxide
passivation layer was formed, which would continue to develop over
time due to abiotic corrosion processes. Furthermore, gamma radiation
exposure is known to induce water radiolysis, generating reactive oxy-
gen species (ROS) such as hydroxyl radicals (-OH) and hydrogen
peroxide (H203). These oxidizing agents can additionally enhance the
oxidative dissolution of metallic copper (Cu® = cut - cu®h), thereby
promoting the transformation of the Cu(I)-dominated passive layer into
Cu(Il) oxides. In addition, ROS may interact with copper at the
Cu-bentonite interface, potentially leading to the precipitation of cop-
per salts, including sulfates and chlorides (e.g., CuSO4 - xH20 and CuCl,
- xH20), which were detected in all irradiated samples. The presence of
moisture from the added pore water would facilitate ion mobility and
precipitation-dissolution processes, enabling these reactions. At this
stage, microbial activity, including that of SRB, is assumed to be
completely suppressed, meaning that all corrosion processes are
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considered to proceed via abiotic mechanisms. This statement is sup-
ported by the viability data (Table 1) presented in this study, where no
SRB viability was observed in most irradiated treatments. Considering
that MIC processes are inhibited under these conditions, it is hypothe-
sized that gamma radiation may generate sulfur-based radicals through
the radiolysis of sulfate species present in the pore water [47,48]. These
radicals could subsequently yield reduced hydrogen sulfide (H2S), which
may react with copper or copper oxides, potentially leading to the for-
mation of copper sulfides (CuyS). Such sulfide precipitates were identi-
fied by XPS in the 28 kGy-irradiated samples (2R12, 2RB12).

As a transitional phase, Scenario B corresponds to treatments exposed
to 14 kGy — a high radiation dose, though lower than that of Scenario A.
This scenario represents a later stage in the repository’s lifetime (hun-
dreds of years), during which radiation levels are expected to begin to
decline [51]. At this dose, SRB activity is assumed to remain suppressed,
and consequently, MIC processes are not expected to affect the copper
material or surface. Consistent with the previous scenario, the corrosion
product layer is assumed to consist of a passivation layer accompanied
by copper oxides precipitated through abiotic corrosion. However, for
these disks, corrosion layer growth is anticipated to be minimal, and
surface damage is predicted to remain limited. At this dose of 14 kGy,
the reduced radiation leads to a lower steady-state concentration of ROS;
nonetheless, ROS generation would still occur, potentially contributing
to abiotic copper oxidation reactions and the precipitation of copper
salts, thereby reinforcing the passive barrier. Mechanistically, Scenario B
can be interpreted as a quasi-steady-state regime in which the corrosion
kinetics transition from radiation-enhanced oxidation toward
diffusion-controlled passive behavior.

The final phase, Scenario C, represents the most advanced stage of the
repository, in which radiation has fully decayed and no residual radia-
tion remains [51]. Representative samples for this scenario are the
non-irradiated controls: C6, CB6, C12, and CB12. Under these condi-
tions, microbial activity could be restored, and MIC processes are ex-
pected to take place. The formation of both Cu(I) and Cu(II) oxides can
occur due to pore water acting as an electrolyte and microbial meta-
bolism altering local redox conditions, thereby favoring copper oxida-
tion and precipitation. Specifically, SRB would reduce sulfate present in
the pore water to sulfide, which can react with copper, leading to the
precipitation of copper sulfides. This is supported by the XPS spectra of
samples CB6 and CB12, in which the SRB consortium was present, and
the activity of these bacteria was predominantly reflected, resulting in
the detection of biogenic copper sulfides. Sulfate reduction may be
further enhanced by the metabolic by-products of other viable microbial
groups, such as Clostridium. This genus, present as a native member of
FEBEX and viable in most SRB-positive treatments (Fig. 3), can produce
hydrogen (Hj) and other metabolites such as acetate through microbial
fermentation, serving as additional electron donors and promoting
bacterial sulfate reduction. These processes are envisaged to occur under
compacted bentonite conditions (1.6 g/cm3), where molecular diffusion
is strongly hindered but not completely prevented. Under these cir-
cumstances, a cathodic depolarization mechanism may also operate,
since hydrogen generated at the copper surface during proton reduction
could be removed from the bulk by SRB located within the bentonite
matrix. As no biofilm is formed directly on the copper surface, MIC
would proceed heterogeneously, with copper sulfide precipitation
restricted to areas where reduced sulfur species (HS™ or H,S), produced
by SRB activity, are able to diffuse and reach the metal interface. Since
sulfide species are relatively small, their diffusion capacity through the
compacted bentonite to the canister surface is expected to be limited but
achievable [52]. Furthermore, although these engineering barriers will
restrict the amount of “free” pore water, this will be still available within
bentonite pores, as well as through microchannels and small fractures
within the bentonite blocks, providing pathways for both reduced sulfur
species and possibly hydrogen to migrate within the compacted clay and
influence copper corrosion.

In the conceptual model proposed here, direct electron uptake by
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SRB is not considered. Instead, the mechanism corresponds to a chem-
ical MIC (CMIC), in which corrosion is indirectly driven by the action of
microbial metabolic by-products. In this case, reduced sulfur species
produced during SRB metabolism diffuse through the compacted
bentonite and chemically react with copper at the interface, resulting in
copper sulfide precipitation. In contrast, electrical MIC (EMIC) involves
the direct uptake of electrons from the metal by bacterial cells. This
mechanism is commonly associated with other microorganisms, such as
iron-reducing bacteria, and with metals such as carbon steel. Moreover,
EMIC typically requires the formation of a biofilm directly attached to
the metal surface, a condition excluded from this model due to the
inherent toxicity of copper to bacteria.

4. Conclusions and future scope

This study provides the first combined assessment of microbiology
and copper corrosion under gamma radiation exposure in compacted
bentonite systems, directly addressing conditions relevant to GDFs. This
integrative approach is novel, as previous research has typically
considered microbial activity, corrosion processes, or radiation effects
separately.

These results showed that gamma radiation at cumulative doses
> 14 kGy (0.66 Gy/h) substantially reduces SRB viability, indicating
that these microorganisms are unlikely to contribute to MIC during the
initial centuries of GDF operation, when radiation fields are at their
maximum. Copper corrosion was instead dominated by oxide formation
(mainly CuO), with oxygen sources attributed to bentonite compaction
procedure, adsorbed molecules, or pore water. Radiation further
delayed biotic corrosion by suppressing microbial populations and
promoting the precipitation of salts, including potential copper sulfates.
In later repository stages, when radiation decays, SRB activity may
resume, producing biogenic copper sulfides. Importantly, this work
confirmed that SRB activity would be restricted to bentonite-containing
zones, which narrows the spatial domain of potential MIC.

Overall, these findings significantly advance current understanding
by clarifying both the temporal and spatial interplay of radiation,
bentonite, and microbial processes. The results demonstrated that (i)
gamma radiation initially protects copper canisters by suppressing SRB
activity, (ii) microbial contributions to corrosion are more relevant in
the long-term evolution of the repository, and (iii) SRB-driven corrosion
is confined to bentonite environments. By integrating microbiological,
radiological, and geochemical perspectives under repository-relevant
conditions, this study strengthens the scientific basis for assessing
canister durability and the safety functions of GDF design.
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