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• Unlike previously thought, the deep
groundwater may change in their chemi-
cal and biological composition over time

• These changes induced changes in corro-
sion rate of stainless steels

• The observed corrosion was a result of
combined biological and abiotic reactions

• Fluctuation in deep groundwater environ-
ment can have implications on long-term
behaviour of underground repositories
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Low and intermediate level radioactive waste produced during the operation and decommissioning of nuclear power
plants is disposed of in an underground geological repository. The majority of metallic waste is made of various
stainless-steels and carbon steel. Microbial communities and groundwater composition in deep bedrock at repository
sites were believed to stay stable over time, allowing the prediction of evolution of the repository environment. How-
ever, a two-year survey of chemical components andmicrobial community composition within deep bedrock revealed
changes in both. An in situ corrosion monitoring system was developed to monitor real-time corrosion rates of two
stainless-steel grades (AISI 304 and 316) to study the evolution of corrosion, and correlation between environmental
changes and corrosion rate. Surprisingly, higher corrosion rates of steel coupons were detected in the higher alloyed
stainless-steel grade 316 compared to the lower alloyed grade 304. Pitting was the main corrosion form. Sulphate re-
ducing bacteria and methanogenic archaea were enriched on surfaces of both types of steel coupons. These microbes
likely have a role in the corrosion of stainless-steel in this environment. The changes in groundwater conditions and
microbial communities within deep bedrock groundwater at this repository site may have implications for the nuclide
release and transport of radioactive material and the long-term evolution and safety of this repository and continental
repositories in general and thus needs to be thoroughly understood.
Keywords:
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Fennoscandian shield
1. Introduction

Deep terrestrial subsurface hydrogeochemistry, microbiology and their
effect on corrosion and material performance have been a target of interest
er B.V. This is an open access artic
in recent years due to the use of deep geological sites for long-term storage
of hazardous wastes such as nuclear waste or capturing CO2, mining activ-
ities, geothermal energy, and oil and hydrocarbon recovery and storage
(Pedersen, 1999; Morozova et al., 2011; Neria-González et al., 2006;
Carpén et al., 2015; Huttunen-Saarivirta et al., 2017; Ramírez et al.,
2016). The corrosion research in deep groundwaters in the Fennoscandian
shield area has largely focused on the long-term effects on nuclear waste
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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storage. Since 1992, low and intermediate level radioactive waste (LLW/
ILW) has been disposed of in a geological repository, located at the depth
of 60 to 95m below the surface of Olkiluoto, Finland, in a repository system
that is required to last for hundreds of years. This LLW/ILW comprises a
wide range of materials, the metallic waste comprising mainly stainless-
steels and carbon steel. Understanding the evolution and changes that
occur in the repository environment are crucial when estimating the long-
term performance of the repository. The assessment of microbially induced
corrosion (MIC) of waste material in the deep bedrock environment is one
important aspect in evaluating the long-term safety of the geological dis-
posal of LLW/ILW. Changes in microbial population and chemical pro-
cesses resulting from, or affecting, the degradation of waste placed in the
repository may significantly influence radionuclide migration (Small
et al., 2008). Previously the deep groundwater in crystalline bedrock was
believed to remain stable, but recent reports indicate that chemical compo-
sition and microbial community change in groundwater drillholes over
time (Rajala et al., 2017a).

Stainless-steels in general have good corrosion resistance due to the for-
mation of a protective passive layer. Various chemical parameters such as
alkalinity, conductivity and high chloride concentration, however, affect
corrosion tendency of stainless-steels (Winston Revie, 2011). In addition,
the microbial community that is native to groundwater (bacteria, archaea,
and fungi), may influence the surface processes of the stainless-steel waste
materials and accelerate corrosion in an environment where corrosion
would not otherwise be favourable (Carpén et al., 2013; Carpén et al.,
2014; Rajala et al., 2014; Rajala et al., 2017b). Especially the attachment
of micro-organisms and development of biofilm may induce localized cor-
rosion (i.e., pitting corrosion) of passivemetals including stainless-steel. Mi-
crobial activity and produced metabolites within the formed biofilms may
modify the kinetics of cathodic and/or anodic corrosion reactions as well
as the chemistry of the protective layer (Landoulsi et al., 2008).

The deep biosphere is largely unknown, and its microbial diversity and
activity are poorly understood. These gaps in our knowledge present a great
challenge in estimating the importance of MIC in these environments. To
bridge this gap, we designed and deployed an in-situ monitoring system to
assess real-time corrosion rates of two stainless-steel grades (AISI 304 and
316) in a borehole within the geological repository at Olkiluoto, Finland.
This system also allowed us to monitor long-term (2 years) changes in
groundwater chemistry in the context of discrete sample collection, which
also served to characterize the groundwater microbial communities. In ad-
dition, at the end of the monitoring term, the biofilm forming microbial
communities were examined. This study aims to increase the understand-
ing of MIC within the context of groundwater conditions in a deep conti-
nental setting.

2. Materials and methods

2.1. Experimental setup

An in situ corrosion monitoring system suitable for long-term usage in-
side a drillhole was developed to monitor open circuit potential and corro-
sion rates of two stainless-steel grades in real-time; AISI 304 (EN 1.4301)
and AISI 316 (EN 1.4404) (Table 1, Fig. 1A). Each monitoring system had
three square-shaped specimens with exposed area of 10 mm × 10 mm (1
cm2) for electrochemical measurements and six rectangular coupons
(71 mm × 27 mm × 1.5 mm) for gravimetric measurements and
surface and microbiological characterization (Fig. 1B). Specimens for
Table 1
Composition of stainless-steel grades used for the experiment (w%) with Fe to balance.

Alloy C Si Mn S P Cr Ni

AISI/SAE 304
EN 1.4301

0.035 0.44 1.54 0.003 0.021 18.2 8.38

AISI/SAE 316
EN 1.4404

0.030 0.54 1.47 0.002 0.026 16.8 10.4
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electrochemical measurements were ground to 600 grit finish and the
edges and the back side of the specimens were protected using a non-
conductive epoxy-tar paint after the electrical connection was established
via a conductive plastic-covered wire. All, the surfaces of other coupons
were in as-received surface condition corresponding to cold-rolled surface
finish 2B. Prior to the experiments, all specimens were cleaned with dis-
tilled water and ethanol prior to being dried in a aseptic hood. The coupons
for gravimetric measurements were weighed to the accuracy of 0.01 mg
(Mettler AT261 delta range), after which they were sterilized at 160 °C
for 3 h in hot oven. For the electrochemical measurements two platinum
electrodes were assembled in each monitoring system to work as a counter
electrode and for monitoring the redox-potential of the environment. A
commercial Ag/AgCl (sat. KCL) electrode (TF0221, Metal Samples Com-
pany) was used as a reference electrode for the open circuit potential mon-
itoring. Electrochemical coupons and reference and counter electrodes
were sterilized in 70% ethanol prior installing. Monitoring racks as well
as racks for gravimetric and microbiological coupons were deployed and
sealed in two drillholes (Drillhole A and B) at the active disposal site of
ILW and LLW (Teollisuuden Voima Oyj, VLJ-cave, Olkiluoto, western
Finland, 61°14′13′′N 21°26′27′′E) for 714 days (two years).

At the end of the experiment the sealing packers were removed from
drillholes, themonitoring racks were removed from the drillholes and spec-
imens were detached immediately at the site using aseptic methods.

2.2. Groundwater chemistry monitoring

To analyse changes in chemical composition of the groundwater
during the experiment, long-term osmotically pumped fluid samplers
(OsmoSamplers, TLR Inc.) (Jannasch et al., 2004) were installed in the
each drillhole (Fig. 1D). Osmotic pumps consist of fixed semipermeable
membrane separating two chambers, one with distilled water and the
other with a saturated NaCl salt solution. The osmotic pressure generated
by these two fluids results in fluid transport across the membrane at a
rate that is dependent on themembrane type and surface area, the chemical
gradient, and temperature (Jannasch et al., 2004). TheOsmoSamplers were
designed to add acid to the primary sample stream in situ, thus keeping trace
elements in solution (Wheat et al., 2011). The primary sample pump col-
lected three times the volume than the secondary acid-delivery pump,
which diluted the in situ samples by one third and lowering the pH to 1.8.
The secondary sample coil (Fig. 1D and E) collected unaltered groundwa-
ter, providing a measure of acid dilution and an unaltered sample for se-
lected analyses. Samplers were also equipped with bags to collect the salt-
saturated fluid that was released from osmotic pumps, preventing chloride
contamination of the groundwater in drillholes. For comparison, ground-
water samples were also collected from the drillholes manually at the be-
ginning of the deployment (day 0) and after 180, 360, and 714 days. The
chemical compositions of continuous and discrete samples were analysed
using standardized methods: chloride and sulphate concentrations by ion
chromatography (IC); pH and alkalinity by potentiometric titration with
HCl; nitrate and ammonium by colorimetry; and other solutes by induc-
tively coupled plasma (ICP)-optical emission spectroscopy (OES) and ICP-
mass spectroscopy (ICP-MS).

2.3. Real time electrochemical monitoring

Open circuit potential (OCP) of one electrochemical coupon of each steel
grade and platinum were recorded hourly. The second electrochemical
Mo Cu Al W V Ti Co B/Nb

0.09 0.17 <0.003 0.02 0.055 0.002 0.16 /0.005

2.54 0.24 0.003 0.03 0.050 0.022 0.16 /0.005



Fig. 1. A) Schematic illustration of in situmonitor system inside drillhole, B) Packer with wire connections C) setup for for electrochemical monitoring, D) Sample holder for
coupon specimens, E) Design for continuous in situ water sampling system (OsmoSampler).

P. Rajala et al. Science of the Total Environment 824 (2022) 153965
couponwas used as aworking electrode and third coupon as a reference elec-
trode for the linear polarization measurements (LPR). LPR measurements
were performed from ±20 mV with respect to EOCP using the scan rate of
0.167 mV s−1. Polarization resistance, Rp, is inversely proportional to the
corrosion current as follows:

Rp ¼ B
icorr

(1)

where icorr is the corrosion current and B is the proportionality constant ob-
tained by:

B ¼ βaβc
2:3 βa þ βcð Þ (2)

All of the measurements were performed with a Reference 600TM
potentiostat (Gamry Instruments) using DC105 DC Corrosion software,
with platinum (Pt) as counter electrode.

2.4. Gravimetric corrosion measurements

Upon recovery the gravimetric coupons were immersed quickly in eth-
anol, air dried and stored in a desiccator before weight measurements. For
the gravimetric analysis the specimens were weighed, cleanedwith a brush
and chemically cleaned according to the standard EN ISO 8407:2021 (EN
ISO 8407:2021, 2021). To determine the mass loss of the base metal
when removing the corrosion products, a replicate non-exposed control
specimen was cleaned using the same procedure. Mass losses were deter-
mined and from themass losses the average corrosion rates were calculated
(μm a−1).

2.5. Surface characterization

All coupons were photographed and selected coupons were examined
using field emission scanning electron microscopy (FE-SEM) and energy-
dispersive spectroscopy (EDS) or stereomicroscopy to verify the form of
corrosion. Coupons for FE-SEM analysis to detect biofilms were immersed
in phosphate (0.1 M, pH 7.2) buffered 2.5% glutaraldehyde for fixation of
presumed biofilms. After 16 h coupons were rinsed with phosphate buffer
3

three times. Dehydration was carried out with a series of ethanol rinses,
followed by final dehydration with hexamethyldisilane as described
(Rajala et al., 2016a).

2.6. Microbial community characterization

The microbial biomass in groundwater was determined by filtering an-
aerobically collected groundwater (two 500 mL subsamples) through 0.22
μm cellulose acetate-filters (Corning), Samples were collected at the start of
the experiment, after 1 year and 1.5 years. The DNA from the biofilm
formed on steel surfaces was extracted by first bead beating the coupons
in 10 mL sterile phosphate buffered saline (PBS) solution and Tween20
(Merck) (1 μL of Tween20 per 1 mL PBS) for 20 min at 150 rpm agitation,
followed by ultra-sonication for 3 min. The detached biomass was then col-
lected on 0.22 μm pore-size cellulose acetate membrane filtration units
(Corning) for DNA extraction. In both cases, membranes were cut out of
the filtration units with sterile scalpels and transferred to sterile 50 mL
test tubes (Falckon) and stored at −80 °C until DNA extraction. DNA was
extracted from the thawed filters using the PowerWater DNA Isolation kit
(MoBio Laboratories) in accordance with the manufacturer's protocol and
eluted into 50 μL of the elution buffer supplied by the manufacturer. No-
sample negative extraction control reactions were prepared alongside the
samples.

As a proxy for microbial biomass on the steel surface and in groundwa-
ter, quantitative PCR (qPCR) was used to determine the amount of 16S
rRNA gene copies of bacteria and archaea, and fungal 5.8S rRNA gene cop-
ies, in each sample. Sulphate reducing bacteria (SRB) andmethanogenic ar-
chaea community sizes were determined by quantifying the number of
genes of the β-subunit of the dissimilatory sulfite reductase (dsrB) and the
α-subunit of methyl coenzyme-M reductase (mcrA) genes, respectively.
Bacterial 16S rRNA gene qPCR was performed in accordance with Rajala
et al. (Rajala et al., 2016b) using primers Bact0341F and Bact805R
(Herlemann et al., 2011). Archaeal 16S rRNA gene and fungal 5.8S rRNA
gene qPCR were performed as described in Rajala (Rajala et al., 2016b)
using primers A344F (Bano et al., 2004) and A744R (5′-CCC GGG TAT
CTA ATC C-3′) modified from 744RA (Barns et al., 1994) for archaea and
primers 5.8F1 and 5.8R1 and probe 5.8P1 for fungi (Haugland and Vespe,
2001). The primers DSRp2060F and DSR4R were used to detect dsrB
gene (Geets et al., 2006; Wagner et al., 1998), and primers ME1 and ME3
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for themcrA gene (Hales et al., 1996). An external standard was used to es-
timate the number of bacterial or archaeal 16S rRNA gene copies or fungal
5.8S rRNA copies in each sample. A 10-fold dilution series of plasmids con-
taining 101 to 108 copies of either bacterial 16S rRNA (Escherichia coli
ATCC 31608), dsrB (Desulfobulbus propionicus DSM 2554) or mcrA
(Methanothermobacter thermautotrophicus DSM 1053) gene insert per reac-
tion was used. For archaeal 16S rRNA gene, a 10-fold dilution series of ge-
nomic DNA (Halobacterium salinarum VTT E-103154T) corresponding to of
100–107 halobacterial cells μl−1 was used. For fungi a dilution series of
Aspergillus versicolor VTT D-96667 genomic DNA was used (corresponding
to 101–106 spores μl−1).

Amplicon libraries of bacterial and archaeal 16S rRNA genes and fungal
ITS1 gene region for high throughput sequencing on the Ion Torrent PGM
platform (Thermo Fisher Scientific) were prepared by PCR from the
DNA samples. Bacterial 16S rDNA genes were amplified with primers
Bact_0341F/Bact_805R (Herlemann et al., 2011), targeting the variable
region V3-V4 of the 16S rDNA gene. Archaeal 16S rDNA genes were
amplified with primers S-D-Arch-0349-a-S-17/S-D-Arch-0787-a-A-20
(Klindworth et al., 2013), targeting the V4 region of the gene. In addition,
fungal ITS1 gene region was amplified with primers ITS1f/ITS2 (White
et al., 1990). PCR amplification was performed in parallel 25 μL reactions
for every sample containing 1× MyTaq™ Red Mix (Bioline), 20 pmol of
each primer, up to 25 μL nuclease-free water (Sigma) and 2 μL of template.
The PCR program consisted of an initial denaturation step at 95 °C for 3
min, 35 cycles for bacteria and 40 cycles for archaea and fungi consisting
of 15 s at 95 °C, 15 s at 50 °C, and 15 s at 72 °C. A final elongation step
was performed at 72 °C for 30 s. PCR product size and quality was verified
using agarose gel electrophoresis. Amplicons were sequenced on the Ion
Torrent PGM platform (Bioser, Oulu, Finland), purified, and size selected
to include only 400–600 bp amplicons on a capillary electrophoresis unit
(Shimadzu) prior to sequencing. Sequence reads were analysed with
Mothur software v 1.40.5 (Schloss et al., 2009), using the Silva version
138 reference alignment for bacteria and archaea (Pruesse et al., 2007).
Un-aligned fungal sequence reads were compared against UNITEv8
database reference sequences (Nilsson et al., 2019). Sequences were
clustered into operational taxonomic units (OTUs) sharing a 97% sequence
homology.

The (dis)similarity of the microbial communities between the different
treatments was tested by principal coordinate analysis (PCoA) using ordi-
nate function in phyloseq package in R (McMurdie and Holmes, 2015;
RStudio Team, 2020). The analysis was performed using relative OTU
abundance data with the Bray-Curtis distancemodel. The graphical display
of PCoA was produced with ggplot2 package (Wickham, 2016). The alpha
diversity measures for microbial communities, including diversity (Shan-
non) and richness (Chao1, ACE), were analysed using non-normalized
data and estimate richness function included in phyloseq. The microbial
Fig. 2.A)OpenCircuit Potentials (OCP) of two stainless-steels 304 and 316 and platinum
drillholes.
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community composition for bacteria, archaea and fungi was analysed and
visualized in R with packages phyloseq and ggplot2.

The sequences have been submitted to the European Nucleotide
Archive under project number PRJEB49170.

3. Results

3.1. Electrochemical measurements

The OCP (vs Ag/AgCl) of both steel grades in both drillholes decreased
during the first 20 days of exposure, from −430 to −460 mV (drillhole
A) and from−475 to−500mV (drillhole B) (Fig. 2A). After that the poten-
tials increased shortly in both drillholes 50 mV after which the potentials
stabilized to relatively stable values of −450 mV. In drillhole A, sudden
drop after 300 days of exposure was detected, after a month the potentials
stabilized again at the level of −450 mV. After 550 days all the potentials
dropped again for the remaining experimental observation, the lowest
values being around−550 mV. In drillhole B, the potentials of both grades
of stainless-steels as well as that of platinumwere more stable and closer to
each other during the two-year exposure period and the potentials stayed
within the range of −430 to −450 mV during the experiment after the
first 150 days. There was a peak (30 mV) in potentials after 600 days expo-
sure but the potentials returned back to the previous levels (Fig. 2A).

The polarization resistance, Rp, is inversely proportional to the corro-
sion current was recorded in real-time during the experiment (Fig. 2B) to
study differences between materials and environments and to detect tem-
poral changes in corrosion behaviour of materials. For the first 200 days
of the experiment the Rp remained high (200–800 kΩ) for both materials
in both drillholes reflecting generally low corrosion current. However,
after 200 days of exposure the Rp of all materials dropped, but especially
Rp of grade 316 steel decreased in both drillholes. A peak in Rp in Drillhole
A for both steel grades was observed at 450 days. Second notable event oc-
curred after 600 days of exposure in drillhole A where Rp of both grades
dropped simultaneously (Fig. 2B).

The cumulative corrosion rates were determined by weight loss of cou-
pons. The weight losses of both types of stainless-steels were below the de-
tection limit, i.e., within the detection limit. This coincides well with the
electrochemical results where even though there were changes in instanta-
neous corrosion rates, the corrosion rates were low (below 9 μm a−1)
during the entire exposure time.

3.2. Surface characterization

The deposit layer formed on surface of stainless-steel coupons was thin
and the deposit could be visually detected only occasionally on small areas.
Despite being seemingly unreacted after exposure, the SEM examination
(Pt). B) Polarization resistancemeasurements of stainless steels 304 and 316 in both
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revealed biofilm on the steel surfaces (Fig. 3). Biofilm formed unevenly dis-
tributed patches on surfaces of both stainless-steel grades. Microbial coloni-
zation was detected especially on grain boundaries and other areas were
the surface was discontinuous. The weight loss coupons were also exam-
ined with SEM to detect possible indications of pitting. Since these
specimens had “as-received” surface conditions, it is rather difficult to
distinguish small pits from the small defects that naturally occur in “as-re-
ceived” surfaces. However, some indications of incipient possible pits
were detected especially in grade 316 stainless-steel in both drillholes
(Fig. 4). In polished samples used for electrochemicalmeasurements pitting
was detected as well (Fig. 4). Both steel grades in both drillholes also expe-
rienced slight corrosion along grain boundaries (Fig. 3).

EDS analysis (Supplemental material, Table S1) revealed high
amounts of sulphur (S, up to 24.2 w-%) on the surface of stainless-
steel grade 316 immersed in drillhole B. In drillhole B, grade 304 spec-
imen contained sulphur concentrations up to 4.9 w-%. Sulphur concen-
trations were lower in samples from drillhole A (below 2 w-%).
Occasionally manganese (Mn) was enriched in deposits of grade 316
Fig. 3. Biofilm formation on surface of stainle
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(up to 4.3 w-% in drillhole B and 6.5 w-% in A). Carbon (C) was detected
on sample surfaces from both drillholes and both grades.

3.3. Groundwater Chemistry

The chemical composition of groundwaters differed between the
drillholes during the two-year survey despite their close proximity
(~15 m) (Fig. 5). Water chemistry of drillhole A remained more stable
and contained lower anion/cation content but higher pH/alkalinity.
Water chemistry in drillhole B changed over the experiment period hav-
ing a peak in the beginning of survey period and after 200 days of survey.
Drillhole B water contained more chloride (30–50 mmol L−1) compared
to drillhole A (10–15 mmol L−1) sulphate (2–3 mmol L−1 vs. 1.5 mmol
L−1) and calcium (2–10 mmol L−1 vs. 1.5–2 mmol L−1) (Fig. 5, Supple-
mental material, Fig. S1). Control water samples were also manually col-
lected to verify the functionality of OsmoSampler results; these water
samples supported the chemical results obtained from OsmoSampler.
The temperature of drillhole groundwater remained stable 12 °C
ss-steel 304 and 316 in drillholes A and B.



Fig. 4. Pits in stainless-steel grade 316 detected in both drillholes, figures above from “as-received” surface, figures below from polished samples used for electrochemistry.
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throughout the experiment period without any seasonal changes.
Conductivity was measured manually and was 19.3–2.74 mS cm−2 in
Drillhole A and 3.11–4.30 mS cm−2 in Drillhole B.

3.4. Microbial community

Quantitative PCR analysis was used to determine the copy number of
bacterial and archaeal 16S rRNA gene copies, fungal 5.8S rRNA gene copies
as well as dsrB marker gene to enumerate SRB and mcrA marker gene to
enumerate methanogenic archaea (Fig. 6). The abundance of gene copies
in microbial communities was very similar on both steel grades in each
drillhole.

Bacterial and archaeal 16S rRNA gene copies were more abundant on
stainless-steel (SS) surfaces in drillhole B (1.2 × 105 cm−2 SS 304, 1.5 ×
105 cm−2 SS 316 and 1.5×104 cm−2 SS 304, 1.2×104 cm−2 SS316, bac-
teria and archaea respectively) compared to the drillhole A (5.6 × 104

cm−2 SS 304, 7.0 × 104 cm−2 SS 316 and 3.5 × 103 cm−2 SS 304, 7.7
× 103 cm−2 SS 316 cm−2, bacteria and archaea, respectively). SRB were
numerous (2.0–3.2 × 105 cm−2) on surfaces of both steel grades in both
drillholes according to the observed dsrB gene copy numbers. Numbers of
mcrA gene copies used for detecting methanogenic archaea and fungal
5.8S rRNA were low (101 cm−2), close to the detection limit of the assay.

The microbial diversity in the biofilms and in the groundwater was de-
termined using amplicon sequencing of the bacterial, archaeal, and fungal
communities. Biofilm forming communities (bacteria, archaea, fungi) dif-
fered from that of planktic communities detected in groundwater (Figs. 7-
9). Sulphate reducing Desulfobacterales was the most abundant bacterial
order on surfaces of both steel grades in drillhole A and Campylobacterales
(genus Sulfuricurvum) along with Desulfobacterales dominated steel sur-
faces in drillhole B (Fig. 7). The Archaeal biofilm forming community re-
sembled that of groundwater and was different between drillholes
(Fig. 8). Woesearcheia and Methanosarcinales were the most abundant or-
ders in drillhole A on both steel grades and Methanomicrobiales,
Methanobacteriales andMethanosarcinales were the most abundant orders
in drillhole B on both steel grades.
6

The groundwater microbial community was surveyed at the beginning,
after 1 year and after 1.5 years of experiment time (Fig. 7–9). The commu-
nity changed over time. Campylobacterales genus Sulfuricurvum was the
single most dominant order in groundwater in both drillholes, being the
most abundant at the beginning and after 1.5 years of exposure (Fig. 7)
(Supplemental material, Fig. S2). After one year, the bacterial community
in groundwater was more diverse (Fig. 7) than during other sampling
points, Omnitrophicaeota and Mollicutes were the largest phyla in both
drillholes at that time. The change was more consistent, yet continual, for
the archaeal community (Fig. 8), Woesearchaeia was the most abundant
in the beginning in both drillholes and Methanosarcinales became more
abundant over time in drillhole A and Methanomicrobiales and
Methanosarcinales in drillhole B. Fungal community consisted mostly of
unclassified Fungi and Ascomycota (Fig. 9).

The bacterial and archaeal communities in groundwater and on
stainless-steel surfaces in both drillholes grouped separately in PCoA analy-
sis, indicating dissimilarity between them (Supplemental material,
Fig. S3A). Bacterial communities detected on both stainless-steel grade sur-
faces grouped close together, indicating high similarity, especially in
drillhole A. PCoA for bacterial and archaeal community demonstrated a
clear shift in community composition and dissimilarities increased during
the experiment period in groundwater from both drillholes (Supplemental
material, Fig. S4A). PCoA for fungal communities in drillhole A groundwa-
ter showed increasing dissimilarity according to sampling time, whereas in
drillhole B the fungal communities after 1.5 years resemble the original
sampling point more than samples taken after one year (Supplemental ma-
terial, Fig. S5A). In drillhole A, most replicate samples grouped closely to-
gether, indicating similarity in fungal communities. High similarities in
fungal communities between all stainless-steel samples were observed;
however, fungal communities on steel surfaces differed between drillholes,
indicating that both drillholes supported unique fungal communities.

The observed number of bacterial OTUs varied from 52 to 1591 in all
samples (Supplemental material, Fig. S3B). Chao1 and ACE richness esti-
mates indicate a high level of bacterial OTUs and that the total amount of
OTUs was not reached. The lowest amount of OTUs was obtained from



Fig. 5. Chemical parameters of drillhole water during the experiment, obtained using OsmoSampler continuous water samplers. Red marks refer to results obtained by
manual sampling of drillhole water.

Fig. 6.Microbial community numbers (bacteria, archaea, fungi sulphate reducing bacteria and methanogenic archaea) determined using qPCR in A) Groundwater (mL−1),
B) On surface of stainless-steel (cm−2).
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Fig. 7. The relative abundance of bacterial order detected on the surface of stainless-steel 304 and 316 surfaces or in drillhole water. All order present at less than 0.1%
relative abundance are merged as group “All under 0.1%”.
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water samples at the 1.5-year sampling point. Similarly, the lowest bacte-
rial community diversity was detected in water samples collected at the
1.5-year sampling point. The Shannon diversity indices for bacterial com-
munities varied between 0.2 and 5.7. Stainless-steel samples hosted the
lowest level of observed OTUs for the archaea, ranging between 2 and
35 in drillhole A and between 18 and 393 in drillhole B (Supplemental
material, Fig. S4B). In water samples, the observed OTUs varied be-
tween 772 and 5858. In a similar manner, Chao1 and ACE estimates re-
mained lowest for stainless-steel samples. Shannon indices show that
archaeal community diversity was highest in groundwater samples in
the beginning of the experiment and lowest in the stainless-steel sam-
ples. The level of observed fungal OTUs varied between 4 and 110 (Sup-
plemental material, Fig. S5B). The lowest level of fungal OTUs, richness
(Chao1, ACE) and diversity indices (Shannon) was detected in ground-
water from drillhole A at the 1.5-year sampling point (Supplemental
material, Fig. S5B). In bacterial communities the highest diversity is
linked to stainless-steel samples, whereas the groundwater hosted the
more diverse archaea community (Supplemental material, Fig. S3B
and 4B). In fungi, these associations are more difficult to interpret as
community diversity and richness estimates varies between both envi-
ronments (Supplemental material, Fig. S5B). This may indicate that fun-
gal communities host more similar levels of attaching and planktic
species compared to bacteria and archaea.

4. Discussion

An in situ corrosion monitoring system suitable for deep groundwater
systems was developed to monitor open circuit potential and corrosion
rates of two stainless-steel grades (304 and 316) in real-time. The corrosion
and groundwater chemistry monitoring devices were deployed for two
years in two drillholes in crystalline bedrock at the depth of approximately
100mbelow the surface. Changes inwater chemistry and inmicrobial com-
munity composition in drillholes are likely linked to the flux of water to or
from the drillholes. In general, the crystalline bedrock has isolated aquifers
that can be connected through permeable zones. The dynamic nature of
groundwater conditions and microbial communities within deep bedrock
8

groundwater at this repository site may have implications on predictions
of the long-term evolution and safety of this repository and continental re-
positories in general.

In drillhole B, changes in the groundwater chemistry (increase in Ca,
Mn, Mg, Na, Cl, SO4) were detected after approximately 180–200 days
and simultaneously drop in polarization resistance was recorded. In
drillhole A, increase in chloride concentration and decrease in pH and alka-
linity were detected after 300 days. Higher chloride simultaneously with
lower alkalinity is often linked to increase in corrosion rate through purely
abiotic mechanisms. Decrease in polarization resistance was detected in
drillhole A especially for grade 316 after 300 days. A slight increase in chlo-
ride content around 600 days can be linked to the drop in polarization resis-
tance of both steel grades in drillhole A. It is likely that corrosion is a
combined result of chemical abiotic factors and microbial biofilm forma-
tion in both. Microorganisms in deep groundwaters have generally slow
turnover time (Jørgensen, 2011), thus it is assumed that biofilm formation
is slow in groundwaters of deep bedrock. Estimations for biofilm formation
in deep bedrock groundwaters differ between months (Nuppunen-Puputti
et al., 2021) and decades (Amano et al., 2017). However, these studies con-
centrated on initiation of biofilm formation on rock surface and biofilm for-
mation on steel surface could be remarkably faster if steel provides more
beneficial conditions than rock surfaces, for example in form of hydrogen
released in abiotic corrosion process. SEM analysis of coupons revealed
patchy but locally remarkably thick biofilm and areas where biofilm was
thin with only concentrated biofilms on grain boundaries. Biofilm such as
this grain boundary observation is locally driving corrosion. The corrosion
rate increased over time, which is consistent withmicrobially-driven corro-
sion. SEM also revealed extracellular structures such as bacterial stalks, ca-
bles, and wires. EDS results show higher sulphur concentrations on the
surface of samples from drillhole B, especially on grade 316 steel. In
drillhole A the microbial community that formed biofilm was dominated
by sulphate reducing Desulfobacterales, whereas in drillhole B the biofilm
was dominated by reduced sulphur oxidizing species (Sulfuricurvum) and
sulphate reducing species (Desulfobacterales). Also, sulphate concentra-
tions were higher in drillhole B groundwater. It appears that the sulphur de-
position on steel surface in drillhole B can be linked to the metabolisms of



Fig. 8.The relative abundance of archaeal order detected on the surface of stainless-steel 304 and 316 surfaces or in drillholewater. All order present at less than 0.1% relative
abundance are merged as group “All under 0.1%”.
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sulphate reducing bacteria and sulphur oxidizing bacteria or possibly their
joint processes (Cron et al., 2019; An et al., 2016). It has been reported that
Sulfuricurvum are able to produce extracellular S0 mineral deposits but also
linked to steel corrosion in case where they were suggested to oxidize S0 to
Fig. 9. The relative abundance of fungal order detected on the surface of stainless-steel 3
abundance are merged as group “All under 0.1%”.
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HS− that further reacts with Fe (Cron et al., 2019; An et al., 2016).Whereas
sulphate reducing bacteriawouldmetabolize sulphate from groundwater to
hydrogen sulphide that reacts with surface deposits on steel surfaces creat-
ing sulphur rich areas on surface.
04 and 316 surfaces or in drillhole water. All order present at less than 0.1% relative
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Changes in groundwater chemistry also are reflected in the microbial
community, showing a change in community composition after one-year
exposure time. However, as the chemical composition of the groundwater
returned to the original composition, the bacterial and fungal communities
also reverted to resemble those communities that were detected at the be-
ginning of the experiment. The microbial community enriched on the
steel surfaces was linked to the drillhole environment rather than the
steel grade. Increase in chloride concentration was reflected as increase in
corrosion rate simultaneous with decrease in pH/alkalinity (drillhole A).

Surprisingly, the instantaneous corrosion rates, indicated bu. polariza-
tion resistance, of higher alloyed stainless-steel 316 were higher than
those of grade 304. Incipient pitting corrosion and dissolution at grain
boundaries was observed in stainless-steel grade 316 coupons. Pitting resis-
tance number (PREN) of 316 grade used here is 25.2 (calculated Cr +
3.3Mo+ 16 N), whereas PREN of 304 is 18.5, indicating higher pitting re-
sistance of 316. However, the 316 grade experiencedmore intensive corro-
sion according to LPR measurements and also verified by microscopy to be
incipient pitting corrosion and dissolution at grain boundaries. This is in
line with previous findings in seawater environment where it is stated
that PREN is not a suitable indication for pitting resistance in case of MIC
(Huttunen-Saarivirta et al., 2018). Additionally, the anoxic conditions in
deep groundwater might have weaken the passive layer on stainless-steels
surfaces. These observations correspond well with our earlier results
obtained from shorter, one-year, laboratory-scale experiments simulating
the drillhole conditions where more numerous biofilm forming microbial
community was formed on stainless-steel 316 surface than 304 surface
and 316 faced more severe localized corrosion than 304 (Rajala et al.,
2017b). Grade 304 has higher Cr content (18.2 in 304 and 16.8 w% in
316) that could have provided better resistance to localized corrosion com-
pared to 316. Increased stability of passive layer could be the most impor-
tant factor for attack by thiosulphates or other sulphur compounds,
formed by synergistic action of SRBs and Sulfuricurvum. Additionally, it
has been suggested that at least certain SRB have affinity towards Mo, an
alloying element in grade 316, and they would promote dissolution of Mo
and thus reduce pitting corrosion resistance of grade 316 (Chen et al.,
1998).

Dissolution at grain boundaries, as observed here on both grades, due to
microbial activity has been reported (Ringas and Robinson, 1988; Gouda
et al., 1993). It was suggested that the chromium depleted zones at grain
boundaries could be more susceptible to microbial attack along with chem-
ical corrosion attack (Ibars et al., 1992; Moreno et al., 2000) Another expla-
nation is that the microbial accumulation, especially along grain
boundaries, and their local metabolisms caused passive film disruption on
these areas as reported in (Chen and Clayton, 1997). Due to anoxic condi-
tions the passive film does not recover rapidly after microbial destabilising
(Lopes et al., 2006) andmetabolites such as sulphides are shown to enhance
localized detrimental effect of Cl− or OH− (Chen andClayton, 1997). How-
ever, it is notable that instantaneous corrosion rates were low despite the
occasional peaks and the cumulative corrosion rates calculated from the
weight loss coupons were below the detection limit in all cases. This is
likely due to the localized nature of the corrosion.

5. Conclusions

The groundwater chemistry changed during the survey period and these
changes were reflected in the composition of the microbial community that
resides in these groundwaters. Some chemical parameters, chloride (in-
crease) and alkalinity (decrease), correlated with increase in instantaneous
corrosion rates detected using LPR.

The general corrosion rate was low, but slight pitting corrosion and dis-
solution at grain boundaries were occasionally detected on sample surfaces.
Higher alloyed grade 316 stainless-steel was more prone to corrosion. Mi-
crobes were more abundant on SS 316 surfaces and surface deposits were
rich in sulphur. Sulphate reducing and sulphur oxidizing microbes are sug-
gested to have disrupted the passivefilm locally,making itmore susceptible
to chloride attack from groundwater.
10
The deep groundwaters have been believed to remain stable in relation
to their chemical composition andmicrobial community. The present work
reveals the dynamic nature of deep groundwaters and its implications to
material behaviour. It remains to be studied how frequent these changes
are and what allows the flow of water to boreholes. The changes in ground-
water conditions and microbial communities within deep bedrock ground-
water at this repository site may have implications for the nuclide release
and transport of radioactive material and the long-term evolution and
safety of this repository and continental repositories in general.
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