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Abstract Microbiological studies related to the geological
disposal of radioactive waste have been conducted at the
Mont Terri rock laboratory in Opalinus Clay, a potential
host rock for a deep geologic repository, since 2002. The
metabolic potential of microorganisms and their response
to excavation-induced effects have been investigated in
undisturbed and disturbed claystone cores and in pore-
(borehole) water. Results from nearly 15 years of research
at the Mont Terri rock laboratory have shown that
microorganisms can potentially affect the environment of a
repository by influencing redox conditions, metal corrosion
and gas production and consumption under favourable
conditions. However, the activity of microorganisms in
undisturbed Opalinus Clay is limited by the very low
porosity, the low water activity, and the largely recalcitrant
nature of organic matter in the claystone formation. The
presence of microorganisms in numerous experiments at
the Mont Terri rock laboratory has suggested that exca-
vation activities and perturbation of the host rock combined
with additional contamination during the installation of
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experiments in boreholes create favourable conditions for
microbial activity by providing increased space, water and
substrates. Thus effects resulting from microbial activity
might be expected in the proximity of a geological repos-
itory i.e., in the excavation damaged zone, the engineered
barriers, and first containments (the containers).
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Water activity - Hydrogen and nitrate amendments

1 Introduction

The concept of deep geological disposal of high level
nuclear waste (HLW) is common to most national nuclear
energy programs. The radioactive waste will be encapsu-
lated in corrosion-resistant metal containers (e.g., steel,
copper, titanium) and buried several hundred meters below
ground in a deep geologic repository (DGR), excavated in a
stable geological rock formation. Clays are a crucially
important part of many DGR designs. On the one hand,
clay deposits are being considered as a potential host rock
for DGRs in several countries because of the advantageous
physical and hydrogeochemical properties of such deposits.
On the other hand, bentonite-based barriers and seals are
essential components of many DGR designs for a variety of
host rocks where they would fulfil multiple specific roles,
such as hydraulic, mechanical, thermal, and chemical
protection of the containers and ensuring a diffusion-con-
trolled hydrologic environment (e.g., Stroes-Gascoyne
et al. 1997; Stroes-Gascoyne and West 1997).

To date, in Europe, four claystone formations have been
studied in detail to assess their potential suitability as a host
rock for long-lived HLW disposal in a DGR. These are
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Opalinus Clay in Switzerland, Boom- and Ypresian Clay in
Belgium and the Callovo-Oxfordian formation and Toar-
cian argillite, both in France. To investigate engineering-,
science-, and safety-relevant issues associated with HLW
deep subsurface disposal, underground research laborato-
ries and facilities (URLs and URFs) were established for
each of these four clay types (reviewed by Birkholzer et al.
2012). In recent years, a fifth European clay type, Boda
Claystone, in Hungary, is being studied for its potential as a
host rock for HLW disposal (Lazar and Mathé 2012). Non-
clay stable geological formations such as granite, tuff,
shale, limestone and salt have also been considered as host
rocks for HLW repositories (Delay et al. 2014). In total, 26
URLSs/URFs were built worldwide (Blechschmidt and
Vomvoris 2012).

Opalinus Clay is the candidate host rock for the safe
disposal of radioactive waste in Switzerland. It has been
studied mainly at the international Mont Terri Under-
ground Research Laboratory (URL) in Switzerland over the
past two decades. As for other host rocks, the integrity of
the waste and its containment is critical for the safety of its
geological disposal in Opalinus Clay. Thus, in addition to
chemical and physical disturbances in the repository, it is
important to also consider the possible impact of
microorganisms on repository engineered barrier integrity.

This paper reviews the current state of knowledge
gleaned from microbiological studies at the Mont Terri
rock laboratory, which include explorations of the presence
and activity of microorganisms in undisturbed and dis-
turbed claystone, both in solid clay cores and in clay pore-
(borehole) water. These types of investigations, character-
izing the occurrence of microorganisms in Opalinus Clay,
their metabolic potential, and their response to repository-
induced effects, were started at the Mont Terri rock labo-
ratory shortly after its inception 20 years ago.

Particularly, the potential for microbial activity in the
immediate vicinity of waste containers in a HLW reposi-
tory is of interest for the containers’ long-term integrity
(e.g., Stroes-Gascoyne et al. 2007). Microbiological
activity in the near-field (which includes the Engineered
Barrier System (EBS) and those parts of the host rock in
contact with, or near, the EBS whose properties have been
affected by the presence of the repository) may result in:

e Microbially-influenced corrosion (MIC), which could
reduce the longevity of the waste containers. MIC
would occur through the formation of corrosion-induc-
ing aggressive environments under biofilms or through
the production of corrosive metabolites. For the latter,
sulphate-reducing bacteria (SRB), that produce sul-
phide, are of specific concern.

e Microbial gas production (mainly CO, and CH,4) may
contribute to the build-up of a gas phase in a repository,

potentially reducing the effectiveness of the bentonite-
based barriers and/or natural barriers.

e Microbial activity may lead to dissolution of minerals
in the clay, or leaching of specific elements from those
minerals, with possible deleterious effects on the
integrity and the effectiveness of this barrier.

e Microbes may adsorb radionuclides released from
breached containers and either immobilize these in
biofilms; or (motile) microbes may act as colloids to
enhance radionuclide migration through unsealed (or
incompletely sealed) fractures in the near-field.

e Microbial activity could reduce the gas pressure build-
up resulting from anoxic corrosion of the waste
containers by oxidizing H, gas anaerobically, or
possibly by the formation of CH, from H, and CO,
which would reduce the volume of gas up to four-fold.

There are several ways for microorganisms to become
part of a DGR environment. By far, the most likely way is
(unavoidable) external contamination, i.e., introduction of
microorganisms as a result of anthropogenic activities rela-
ted to DGR construction. In addition, physico-chemical
changes may occur during construction and operation that
could stimulate any microorganisms that managed to survive
in niches of the geological host rock or engineered barriers.

An extensive study was carried out to investigate the
occurrence of indigenous microbes and their community
size and structure in an Opalinus Clay core (Mauclaire
et al. 2007; Stroes-Gascoyne et al. 2007; Poulain et al.
2008). This core was drilled while applying stringent
aseptic techniques to avoid or at least severely minimize
external contamination. The aseptic measures employed
included (a) steam- and ethanol-cleaned drilling equip-
ment; (b) handling of all equipment with ethanol-treated
gloves; and (c) cooling with filtered air and nitrogen (in-
stead of drill water) during drilling. Additionally, latex
microspheres (in the size range of microbes) were placed
near the drill bit to assess the extent of their intrusion into
the core, mimicking possible intrusion of microbes (from
the air or nitrogen gas used for cooling) into the core. The
results from this study provided limited evidence that a
small, viable but most likely largely dormant, microbial
community may be present in Opalinus Clay, which was
corroborated by a second, more limited set of analyses
(Stroes-Gascoyne et al. 2008), on large diameter Opalinus
Clay cores, drilled using air-cooling.

Although the earlier microbial characterization of Opal-
inus Clay (Stroes-Gascoyne et al. 2007, 2008) suggested that
unperturbed Opalinus Clay appeared to contain only a small
viable microbial community (that is probably metabolically
inactive (i.e., dormant cells and spores), due to water, space
and nutrient restrictions), it has not been resolved how old
such surviving microorganisms might be. The Opalinus Clay
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formation was deposited 174 Ma ago, but survival of
microbes (in spore or dormant form) beyond 0.6-3 Ma in
ancient geological formations has been disputed (e.g., Susina
et al. 2004; Johnson et al. 2007; Takeuchi et al. 2009).
Another possible source of indigenous microbes, therefore,
could be a much more recent (<3 Ma) intrusion of water
along fractures in the Opalinus Clay formation, although
studies by Mazurek et al. (2007, 2009) have suggested that
diffusion alone can explain the hydrogeological features of
the Opalinus Clay formation, without having to invoke
advective flow. Intrusion of microbes along existing but
sealed (i.e., through mineral precipitation) fractures could be
another possibility as such mineral-filled fractures could
have a slightly higher porosity than the intact clay matrix.
Stroes-Gascoyne et al. (2008) discuss these possibilities in
more detail.

This review summarizes results from studies that
addressed the question of microbial presence and activity in
the Opalinus Clay host rock, in borehole water, and in
experiments mimicking repository-relevant conditions.
First, factors affecting microbial activity in Opalinus Clay in
general will be considered followed by microbial detection
and activity findings in what is considered as undisturbed
Opalinus Clay core and un-amended borehole water. Finally
experiments will be reviewed in which borehole water was
amended with compounds able to stimulate microbial
activity that, depending on the type of radioactive waste, may
be unavoidable in a DGR (e.g., organics, H,, nitrate).

2 General factors restricting microbial activity
in Opalinus Clay

Even if bacteria that would have been trapped during the
sedimentation of Opalinus Clay 174 Ma ago had survived,
there would be several more reasons why Opalinus Clay is
not a favourable environment for microorganisms to thrive.

First, the low porosity of this rock formation is likely to
seriously restrict microbial replication and mobility. It has
been suggested (Chapelle 1993) that in aquifers, the most
consistent predictor of microbial abundance is sediment
texture. The diversity of bacteria seems to correlate with
sediment type, with the greatest diversity being found in
the sandiest sediments. There are probably many mecha-
nisms that contribute to this effect, but the most important
factor is the small size of pore throats in clays relative to
sands (Chapelle 1993). The average pore throat diameter in
clays, as measured by mercury injection porosimetry
(MIP), is less than 0.05 um. A recent study performed by
Hemes et al. (2015) determined, with a combination of
X-ray, micro Computer Tomography (u-CT), two dimen-
sional broad ion beam- and focused ion beam scanning
electron microscopy (BIB- and FIB-SEM), that the average

size of pore throats in Boom Clay is smaller than 0.01 pm.
Senger et al. (2013) reported that most pores in Opalinus
Clay are in the meso-pore range (0.001-0.025 pm). In
sand, on the other hand, average pore throat diameters are
much greater, in the 2-20 um range (Chapelle 1993).
Because bacteria in general have diameters ranging from
0.1 to several pm, the small pore throats in clay will make
it physically impossible for bacteria to move freely. Sim-
ilarly, MIP analysis of sediments has shown that 90-95%
of the porosity in sands is interconnected, whereas this
percentage is much lower in clays. Again, this low pore
interconnectivity will additionally restrict the transport of
substrates by diffusion to, and the removal of waste prod-
ucts from metabolically active cells. Additionally, the pore
size distribution likely also impacts the ability of organisms
to proliferate.

Second, the very low amount of available water in
Opalinus Clay is another major impediment to microbial
life. The free water available to microbes is reduced by
interactions with solute molecules (the osmotic effect) and
by adsorption to the surface of solids (the matrix effect)
(Brown 1990). Microbiologists generally use the term
water activity (ay) to express quantitatively the degree of
water availability. The water activity of a solution (or a
material containing water) is 0.01 times the relative
humidity (in %) of air in equilibrium with that solution (or
material). This corresponds to the ratio of the solution’s (or
material’s) vapour pressure (Py,) to that of pure water
(Pyater) at a fixed temperature:

Ady = Psol/ Pwater

Low a,, values are well-known deterrents for bacterial
growth in the food industry (e.g., drying, high sugar, or salt
concentrations) and the relationship between a,, and micro-
bial growth limits is well established (Brown 1990). Most
Gram-negative bacteria are not able to grow below a,, values
of 0.96, and most Gram-positive bacteria are not able to grow
below ay, values of 0.90. Select, specialized osmotolerant
and halophilic organisms can grow at lower ay,. With the
exception of bacterial endospores, most prokaryotes cannot
survive at a,, < 0.6, but a few can survive at extremely low
a,, (a,, as low as 0.30) (Lin et al. 2007).

Water activity in clays is determined by the salt content
of the pore-water but also by the suction potential, espe-
cially in expanding (smectite) clays such as bentonites,
which are often part of the EBS in DGR designs. Opalinus
Clay contains 40-80% clay minerals, is a mixture of
kaolinite, chlorite, illite and illite/smectite mixed layer
phases, and is expected to have significant swelling
capacity (swelling pressure perpendicular to stratification is
0.8-1.4 MPa) and suction potential (Ferrari et al. 2014).
The latter causes the clay to take up water until it is sat-
urated, at which point the suction potential is zero. The
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water activity measured in an Opalinus Clay core sample
with a water content of 8.6% was 0.962 (Stroes-Gascoyne
et al. 2011) and for Opalinus Clay samples with water
contents of 7.93 and 7.90%, a,, values were 0.946 and
0.931, respectively (Stroes-Gascoyne et al. 2008).

Third, the apparent lack of easily accessible and easily
degradable energy sources in Opalinus Clay may further
restrict microbial activity. Opalinus Clay contains organic
matter (~1.5% w/w (Courdouan et al. 2007 and Cour-
douan-Metz 2008)) and this carbon could serve potentially
as a carbon source and/or electron donor to microorgan-
isms. However, the fact that this organic carbon is present
in the rock may indicate that microbes either: (a) are not
present in undisturbed Opalinus Clay, (b) are present but
not active due to lack of space and available water, or
(c) are present but not active due to the inaccessible and/or
recalcitrant nature of the organic matter available.

Courdouan et al. (2007) and Courdouan-Metz (2008)
concluded that most of the total organic matter in Opalinus
Clay is very strongly attached to the mineral phases. They
also concluded that synthetic or artificial pore-water
(APW) represented the most suitable extractant and yielded
extracts most similar to borehole water with respect to low
molecular weight organic acids content as well as the size
distribution of the hydrophilic dissolved organic matter
(DOM). They further found that strictly anoxic conditions
during rock sampling, sample storage and analysis (after
anoxic extraction) were required to properly evaluate the
nature and reactivity of DOM in Opalinus Clay under as
close to in situ conditions as possible. Only a very small
fraction (about 0.5%) of the total organic carbon (TOC)
could be extracted into APW under anoxic conditions and
about two-thirds of the dissolved organic carbon (DOC)
exhibited hydrophilic properties with a molecular size of
less than 500 Da. About half of the extracted hydrophilic
DOC consisted of low molecular weight organic acids such
as acetate, propionate, lactate and formate; the other half
consisted of higher molecular weight organic matter, while
the rest consisted of unknown hydrophobic matter. It is
expected that most of the hydrophilic organic matter in
Opalinus Clay can be respired or fermented under suit-
able conditions for microbial activity, i.e., in borehole
water where low porosity and low water activity would not
be limiting. Whether the extracted hydrophobic matter and
the large fraction (>99%) of non-extractable TOC can be
respired or fermented is not clear.

3 Microbes in solid Opalinus Clay cores
Mauclaire et al. (2007) reported that phospholipid fatty

acid (PLFA) extracts from Opalinus Clay core samples
yielded on average 64 ng of PLFA per g of dry claystone

which, using a standard conversion factor, would translate
to the presence of 5 x 10° microbial cells per gram of clay.
The PLFA profiles obtained clearly revealed lipid
biomarkers specific for anaerobic Gram-negative bacteria
and SRB, with lipid profiles indicative of Desulfobulbus
and Desulfovibrio.

Stroes-Gascoyne et al. (2007) also studied the occur-
rence of indigenous microbes, and their population size,
community structure and metabolic activity, in Opalinus
Clay core from the Mont Terri rock laboratory. A clay core
was recovered from a 15 m long borehole drilled asepti-
cally (as discussed in the introduction) in the exploration
gallery of the Mont Terri rock laboratory in early 2004
(known as the PP niche borehole, or BPP-1). Subsamples
of this clay core were sent to various microbial laboratories
in Europe where the samples were probed for microbial
presence using various types of microscopy, molecular
biology techniques (PLFA, ¢-PCR, PCR-DGGE), and
cultivation (MPN and enrichment culturing). However, no
microbial cells could be identified using acridine orange
direct counting (AODC), or fluorescence in situ
hybridization (FISH). All attempts to extract PCR-ampli-
fiable DNA from the clay samples failed, and the vast
majority of lipids detected by PLFA analysis was indica-
tive of cell debris, rather than viable cells. Cultivation
attempts were slightly more successful with a single posi-
tive enrichment result for SRB and a few other successful
enrichment cultures for aerobic and anaerobic heterotrophs.
Stroes-Gascoyne et al. (2007) concluded from these results
that the unperturbed Opalinus Clay environment thus may
harbour - if at all - a very limited viable microbial popu-
lation. Renewed efforts to directly extract DNA from the
aforementioned samples remained unsuccessful (Poulain
et al. 2008). Nonetheless, the limited number of successful
enrichment cultures resulted in the isolation and charac-
terization of seven strains, two of which could be identified
at genus level, i.e., belonging to Sphingomonas and Ali-
cyclobacillus (Poulain et al. 2008). No further analysis of
these strains was performed.

More recently, further attempts to characterize the
microbial community in undisturbed Opalinus Clay were
made. In particular, a multi-investigator, international
round-robin study, in which samples from a single core
drilled 50 m into the rock formation were distributed to
four laboratories, was intended to conclusively settle the
question of whether viable indigenous microorganisms
could be found in Opalinus Clay (Bagnoud et al. 2015b).
The study showed that, in some cases, DNA extraction was
successful and pointed to a diverse community including
Sphingomonas, Procabacteriaceae, Bdellovibrio, Ralstonia,
Methylophilaceae, and Rhizobiales. However, there was
only limited overlap between the results of the four labo-
ratories despite using the same protocols, suggesting the
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possibility of extensive heterogeneity in biomass distribu-
tion and/or contamination in the samples. Finally, the
microbial community uncovered from a core ((Stroes-
Gascoyne et al. 2007, 2008) from the HT borehole at the
Mont Terri rock laboratory revealed the presence of Fir-
micutes (Moll et al. 2013). More studies are needed to
provide irrefutable proof and representative composition of
indigenous microorganisms in the undisturbed rock.

4 Microbes in water from un-amended boreholes
in Opalinus Clay

Because of the very tight nature and low content of water in
the Opalinus Clay formation, it would take a long time
(months or even years) for a borehole to naturally fill with
rock formation- (i.e., pore-) water. Therefore, in most but
not all experiments at the Mont Terri rock laboratory,
boreholes were filled with artificial pore-water (APW).
This section reviews experiments in boreholes that were
filled naturally with Opalinus Clay formation water or that
were filled with APW, to which subsequently no other
microbial substrates were added (other than any contami-
nation introduced into the borehole during the drilling
process, or organics leaching from the clay formation into
the borehole water).

An experiment (IC-A) carried out at the Mont Terri rock
laboratory, originally intended to investigate the corrosion of
iron under repository-relevant conditions, inadvertently
revealed that providing space is a sufficient condition for
bacterial activity in Opalinus Clay. The space created (i.e.,
the borehole) filled up with Opalinus Clay formation water,
creating a propitious environment for microbial activity. The
experiment involved a borehole drilled under anoxic but
non-sterile conditions that was closed for 10 months prior to
the deployment of the module for the corrosion experiment.
A borehole water sample was obtained after that time and the
sulphide concentration found to be 7.4 uM, while there was
no detectable sulphide upon drilling. This finding suggested
the presence of active microorganisms in the borehole water
that can reduce sulphate. Subsequently, the microbial com-
munity was characterized through metagenomic sequencing
and genome-binning. The results revealed a remarkably
simple heterotrophic microbial community, mainly com-
posed of two organisms: (1) a Pseudomonas sp., hypothe-
sized to ferment organic macromolecules (either leached
from the clay or contributed as contamination during the
drilling process) while releasing organic acids and H,; and
(2) a sulphate-reducing member of the Peptococcaceae,
hypothesized to oxidize the organic acids to carbon dioxide
while reducing sulphate (Bagnoud et al. 2015a).

Additionally, a survey of the microbial communities in
23 water samples from 8 boreholes across the Mont Terri

rock laboratory was conducted which identified 13 organ-
isms that were present in all boreholes (Bagnoud et al.
2016a). Table 1 shows the contribution of each of the 13
microorganisms ubiquitous in Mont Terri rock laboratory
borehole waters to the microbial communities in four
anoxic boreholes (BIC-A1, BPC-2, BDR-T1/1 and BDR-
T1/2). For instance, ubiquitous microbes represented more
than 92% of the microbial community in BIC-Al, the
borehole in which the IC-A experiment was conducted.

5 Microbes in water from amended boreholes
in Opalinus Clay

This section considers studies in boreholes filled with APW
to which amendments were made, either deliberately or
inadvertently, affecting microbial activity. Amendments
included an organic compound, hydrogen gas or nitrate.

5.1 Organic compound: Glycerol

Early (2003-2006) microbial investigations of Opalinus
Clay borehole water from the in situ Porewater Chemistry
(PC) experiment using DAPI (4',6-diamidino-2-phenylin-
dole) staining, revealed total cell counts that varied from
6 x 10°to 2 x 10° cells/mL (Battaglia and Gaucher 2003;
Ishii 2004; Mauclaire and McKenzie 2006a, b; Mauclaire
et al. 2006). Subsequent cultivation and molecular studies
of clay and water samples from the PC experiment indi-
cated a diverse and active microbial community in PC
borehole water and adjacent clay (accessible in the over-
core of the PC experiment) (Stroes-Gascoyne et al. 2011).
Sulphate reduction in this experiment was evident with a
distinct smell, blackening and visually observable pyrite
(and mackinawite) precipitation in sample lines as con-
firmed by X-Ray Diffraction analysis (Stroes-Gascoyne
et al. 2008). Cell counts and quantitative cultivation results
were as high as 7 x 10® cells mL™" in these samples. Most
probable number (MPN) and agar plate cultivation allowed
the enumeration of various physiological groups of
microorganisms, including aerobic and anaerobic hetero-
trophs, sulphate-reducing bacteria, nitrate-utilizing and
nitrate-reducing bacteria, iron-reducing bacteria, anaerobic
lithotrophs, and methanogens. DNA extractions from PC
water, agar plate pure cultures, and enrichment cultures
were subjected to quantitative real-time PCR using uni-
versal primers for the bacterial and archaeal 16S rRNA
genes. The amplicons were separated by DGGE, isolated
from the electrophoresis matrix, re-amplified, and
sequenced. In addition, SRB were quantified by targeting
the dissimilatory sulphite reductase (dsrA) gene, while
methanogenic Archaea were quantified by targeting the
methyl coenzyme M reductase gene (mcrA). Using a 97%
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Table 1 Contribution of ubiquitous Operational Taxonomic Units
(OTUs) to the microbial communities from borehole water collected
from four anoxic boreholes in the Opalinus Clay at the Mont Terri
rock laboratory. Taxonomic affiliation and expected metabolism type

Proportion in samples

are indicated. Total contribution of the 13 ubiquitous OTU’s to each
borehole community is indicated for each sample (last row). Colours
indicate the fraction of the OTU’s in each borehole (green 0.5-1.0;
yellow 0.01-0.5; red 0-0.01) (Modified from Bagnoud (2015))

OTU# BIC-A1/1 BPC-2/1 BDR-T1/1 BDR-T1/2 Taxonomic affiliation Metabolism type Reference
0 0 5124 Desulfocapsa Sulfate-reducing bacteria Kuever et al. , 2005
1 Novispirillum 0, and NO 3~ respiring bacteria Yoon et al., 2007
2 0 2594 0 0056 Pseudomonas 0, and NO ;" respiring bacteria Moore et al., 2006
3 Rhodobacteraceae Metabolically diverse Garrity et al., 2005
4 Xanthomonadaceae O, respiring bacteria Saddler and Bradbury, 2005
5 0.5258 Pleomomhomonas 0, respiring or fermenting bacteria  Xie and Yokota, 2005
6 0.0416 0.0095 0.2667 0.2824 Desulfosporosinus Sulfate-reducing bacteria Spring and Rosenzweig, 2006
7 0.0165 - - - Desulfotomaculum Sulfate-reducing bacteria Auello etal., 2013
9 0.5717 0 0184 0.0083 0.0079 Desulfotomaculum Sulfate-reducing bacteria Auello etal., 2013
color scale 13 Methyloversatilis Metabolically diverse Kalyuzhnaya etal., 2006
15 00033 Pseudomonas 0, and NO 5~ respiring bacteria Moore et al., 2006
17 0 0018 Thiobacillus 0O, and NO 3~ respiring bacteria Kelly et al., 2005
36 0.0317 0.1268 Desulfosporosinus Sulfate-reducing bacteria Spring and Rosenzweig, 2006
SUM 0.9213 0.6781 | 0.8175

cut-off level of 16S rRNA sequence identity against data-
base references, PC borehole water included Pseudomonas
stutzeri, Bacillus licheniformis, Desulfosporosinus sp., and
Hyphomonas, while overcore samples included Pseu-
domonas stutzeri, three species of Trichococcus, Nosto-
coida limicola, Caldanaerocella colombiensis,
Geosporobacter subterrenus, Kocuria palustris, and De-
sulfosporosinus sp.

Although the origin of the observed microorganisms in
the PC experiment is unknown, it is likely that at least a
fraction was introduced for instance through the use of
non-sterilized APW during the course of the experiment,
despite strict precautions taken during the actual drilling of
the PC borehole to avoid microbial contamination (as
discussed by Stroes-Gascoyne et al. 2007). The PC-ex-
periment also differed from other experiments by the vir-
tual absence of metal construction parts (to avoid the
influence of metals on redox conditions in the borehole)
and the use instead of many different kinds of plastic and
polymer materials. After a careful study of the possible
leaching of organic carbon into the PC water from these
materials, De Canniére et al. (2011) concluded from their
analysis results, as well as from geochemical modelling
calculations, that the most likely primary organic C source
fueling the microbial activity in the PC experiment was
glycerol released from the polymeric gel filling in the
reference electrodes used. De Canniére et al. (2011) further
concluded that other sources, such as acetone used to clean
some equipment, may also have contributed to microbial
processes, but only to a minor extent.

Similarly, the microbial activity observed during an
in situ diffusion experiment at the Mont Terri rock

laboratory that was not designed to stimulate the microbial
community (the DR experiment; Leupin et al. 2012),
prompted an investigation into the source of carbon sup-
porting the microbial biomass. One of the possible carbon
sources suspected in this experiment was again glycerol
leaking from an online pH-probe. The experiment was
designed to study the diffusion of tracers into the Opalinus
Clay formation and the probe was used to monitor the pH
of the circulating borehole water in the experiment (Leupin
et al. 2012). Laboratory incubations with borehole water
from the DR experiment and glycerol amendments were
performed to investigate the hypothesis that glycerol was
fuelling the microbial community (Frutschi and Bernier-
Latmani 2010a, b). Clear stimulation of microbial activity
was observed in the presence of glycerol. Sulphate con-
centrations were not analysed, but a sulphide smell was
associated with the cultures, suggesting that glycerol was
an electron donor in sulphate reduction (Frutschi and
Bernier-Latmani (2010a, b)).The compound served either
as an electron donor for respiration or as a fermentative
substrate.

A detailed microscopic analysis of the laboratory
enrichment cultures with glycerol evidenced that the
microbes stimulated by glycerol included endospore
formers (Frutschi and Bernier-Latmani 2010a, b). Cells
were efficiently stained with DAPI, suggesting the pres-
ence of cytoplasmic DNA. The 16S rRNA gene clone
library that was obtained from the laboratory enrichment
cultures with glycerol was remarkable in its lack of
diversity. Essentially, all the clones sequenced from the
clone library were representatives of the genus Desulfos-
porosinus, a Gram positive bacterium known to form
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endospores. The Desulfosporosinus species from this
experiment corresponds to OTU 6 (Operational Taxonomic
Unit 6) in Table 1 (Bagnoud 2015). The type strains of the
species Desulfosporosinus lacus, one of the best matches
from the clone library, has indeed been reported to use
glycerol as a carbon source and electron donor in the
presence of sulphate (Ramamoorthy et al. (2006)). How-
ever, it can also grow autotrophically with H, and CO,,
which is of relevance for DGR safety considering that H,
and CO, gases will be produced in a DGR by anaerobic
corrosion of steel and degradation of organics, respec-
tively. Thus, Desulfosporosinus species were predominant
in the microbial community from the DR experiment
borehole water, further stimulated by the addition of
glycerol in the laboratory. Therefore, it was concluded that
Desulfosporosinus species were most likely the main SRB
able to utilize glycerol as an electron donor for sulphate
reduction in the DR experiment. In fact, Desulfosporosinus
strains (corresponding to OTU 6 in Table 1) were also
identified in the PC experiment discussed above and
repeatedly identified in various borehole water samples of
the Bitumen-Nitrate (BN) experiment.

5.2 Hydrogen

An experiment (MA) was devised to investigate the impact
of H, on the microbial community in Opalinus Clay (see
Fig. 1). In particular, the salient question was whether the
microbial community would be complex enough to allow
carbon biogeochemical cycling. MA entailed the repeated
(approximately weekly) injection of H,(g) into the BRC-3
borehole filled with sterile APW at the Mont Terri rock
laboratory over a period of 500 days (Bagnoud 2015;
Bagnoud et al. 2016a, b). While the borehole was initially
aerobic, dissolved oxygen (DO) quickly decreased after
initiation of the H, injection and, after approximately a
month, DO had fallen below the detection limit. Subse-
quently, the concentration of ferrous iron [Fe(ID)]
increased, followed by a rapid decrease and the establish-
ment of steady sulphate-reducing conditions starting
approximately at day 50. Several approaches were used for
the detailed study of the microbial community. First,
amplification of the 16S rRNA gene followed by
sequencing of 60 samples taken over 500 days yielded a
detailed view of the evolution of the microbial community
as a function of time and chemical conditions (Bagnoud
et al. 2016a). During the oxygen-reducing phase, more than
50% of the microbial community was represented by
Gamma-proteobacteria pertaining to the genus Pseu-
domonas and the family Xanthomonadaceae, while the rest
were mostly Alpha-proteobacteria such as species from the
genus Novispirillum and the family Rhodobacteraceae.
The latter two persisted throughout the 500 days of the

experiment. While these organisms clearly were instru-
mental in consuming oxygen by reduction with H,, they are
unlikely to be relevant for repository conditions as anoxic
conditions are expected to be established rapidly. Inter-
estingly, the composition of the microbial community
during the Fe(Il) production phase (presumed to be a
microbial iron-reduction phase) was very similar to that of
the sulphate-reducing phase, suggesting that the sulphate-
reducing bacteria may have reduced Fe(III) before sulphate
reduction occurred. Fe(IIl) was presumably derived from
the oxidation of pyrite in the borehole while it was open to
the atmosphere for several years. For the majority of the
duration of the experiment, a Gram-negative Delta-pro-
teobacterium, belonging to the order Desulfobacterales and
identified by 16S rRNA sequencing to belong to the genus
Desulfocapsa, was the most abundant microorganism
identified. In addition, Gram-positive SRB were also pre-
sent throughout.

In order to better unravel the role of the various
microorganisms in the oxidation of H, and the reduction of
sulphate, as well as to attempt the reconstruction of the
metabolic web in the borehole, a combined metagenomic
and metaproteomic study was carried out (Bagnoud 2015;
Bagnoud et al. 2016a). After assembly of the sequencing
data for 16 samples, a binning approach was used for
assembled contigs, and individual genomes were recon-
structed in silico. In particular, seven organisms were
identified with sufficient protein to infer their actual
metabolic activity in the borehole water. Two autotrophic
microorganisms were identified: a member of the Desul-
fobulbaceae family (corresponding to Desulfocapsa from
the 16S rRNA gene sequencing) and a member of the
Rhodospirillaceae family (corresponding to Novispirillum
from the 16S rRNA gene sequencing). Metaproteomic data
showed clearly that the Desulfobulbaceae strain actively
oxidized H,, reduced sulphate and fixed CO, while the
Rhodospirillaceae strain appeared to also use H, as an
electron donor while fixing CO,, but the electron acceptor
remained elusive. The former uses the reductive acetyl-
CoA pathway for CO, fixation, while the latter uses the
Calvin-Benson-Bassham cycle for CO, fixation.

Further, a Hyphomonas species was identified and
interpreted to be a fermentative organism, utilizing, most
likely, microbial necromass as a source of carbon and
energy, and releasing fatty acid intermediates (e.g., acetate)
that could be used by other heterotrophic microorganisms
in the community (note that Hyphomonas sp. was also
identified in the PC experiment, Stroes-Gascoyne et al.
(2011)). In particular, four heterotrophic SRB were iden-
tified and exhibited active sulphate reduction, presumably
fuelled by the oxidative acetyl-CoA pathway utilizing
acetate (and potentially other organic acids). Three of the
four SRB were Firmicutes, while one was a species from
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Fig. 1 Schematic of the setup of the MA experiment at the Mont Terri Research Laboratory

the genus Desulfatitalea, a Deltaproteobacterium. Overall,
the metabolic web reconstructed in the borehole water
(Bagnoud et al. 2016a) comprised autotophic growth
dependent on H; as a source of energy for CO, fixation,
(suspected) fermentation of necromass, and the oxidation
of organic acids back to CO,, closing the carbon loop.
From the experiment, it was evident that H, consumption
was rapid and that the presence of this energy source would
support a thriving and active sulphate-reducing microbial
community (Bagnoud et al. 2016a, b).

Both autotrophic organisms, the Desulfobulbaceae
(which correspond to OTU 0 in Table 1) and the Rho-
dospirillaceae (which correspond to OTU 1 in Table 1)
members, as well as a heterotrophic SRB, a Desulfo-
tomaculum member (which corresponds to OTU 7 in
Table 1), were identified in the water of all eight boreholes
investigated by Bagnoud (2015). Moreover, the fermenta-
tive organism belonging to Hyphomonas genus, was
detected in seven of the eight boreholes investigated by
Bagnoud (2015).

5.3 Nitrate

The Bitumen-Nitrate-Clay interaction (BN) experiment
was installed in situ in the Opalinus Clay at the Mont Terri
rock laboratory, with the aim to clarify the (bio)chemical
impact of a spreading nitrate and organic plume on the
properties and safety of a potential DGR in clay host rock
(Bleyen et al. 2017). In the BN-experiment, the transport
and reactivity of nitrate is studied inside saturated packed-
off and anoxic intervals, filled with APW, constructed in a
borehole drilled in the Opalinus Clay. The current BN-
experiment set-up does not take any backfill or cement
matrix into account but investigates first a purely aquatic
environment in the form of a water-filled borehole. As
such, the current BN-experimental setup allows free
movement of dissolved macro- and micro-nutrients, elec-
tron donors and acceptors, and provides microorganisms a
physically non-restricted environment (e.g., open space,
maximal a,). The in situ microbial reduction of added
nitrate and/or nitrite is being investigated, in the absence
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and/or presence of added electron donors relevant for the
disposal concept of nitrate-containing bituminized inter-
mediate level radioactive waste (ILW). The results of the
BN tests indicate that microbiological nitrate reduction can
occur with electron donors naturally present in Opalinus
Clay (e.g., pyrite, DOM, fermentation products, microbi-
ological necromass), but that the rate of nitrate reduction
can increase by a factor of 20-70 when an additional
electron donor (acetate or hydrogen) is added to the
borehole.

The observed evolution of the chemical composition of
the borehole water correlated well with the detected shifts
in the microbiological populations (analysed by 16S rRNA
gene sequencing) observed in the borehole solution. The
addition of nitrate inhibited the naturally slowly ongoing
in situ microbiological sulphate reduction and induced a
shift in the microbial community, with nitrate- and nitrite-
reducing microorganism becoming more dominant. These
nitrate- and nitrite-reducing microorganism included
strains from the genera Pseudomonas, Cupriavidus, Pelo-
monas, Undibacterium, Acidovorax, Phenylobacterium,
Brevundimonas and Corynebacterium. Once nitrate (and/or
nitrite) was completely reduced, the chemical composition
and the microbiological community of the interval solution
gradually shifted back towards their original state of slow
sulphate reduction, showing strains from the genera Pseu-
domonas (Table 2, OTU 2), Gracillibacter, and Desulfos-
porosinus (Table 2, OTU 6). This evolution is in agreement
with thermodynamic succession in usage of dissolved
electron acceptors: nitrate is a more favourable electron
acceptor than sulphate, and when nitrate is present it will
be used preferentially until depletion, after which sulphate
is again next in line to be used as electron acceptor. More
details of the BN experiment and specifics of the genomic
analysis of the microbial communities encountered during
this multi-year, on-going experiment are reported in Bleyen
et al. (2017) and by Moors et al. (2012, 2013, 2015).

6 Conclusion from almost 15 years of microbial
investigations in Opalinus Clay

It has been considered that a microbial community poten-
tially indigenous to the host rock may become part of a
DGR environment. An indigenous community is not nec-
essarily a community that is as ancient as the host rock
deposit itself. Natural geological processes such as geo-
logical movement, landslides, the formation of cracks and
fissures, infiltration of foreign water from aquifers or as a
result of flooding, are just a few of the normal processes
that can introduce microorganisms into rock formations,
and be the source of a more recent or present day indige-
nous community. However, it has been impossible so far to

demonstrate unambiguously the existence of a viable
microbial community originating from the Opalinus Clay
itself at the Mont Terri rock laboratory. In addition, phy-
sico-chemical evidence rather suggests that the ancient
undisturbed Opalinus Clay is far too restrictive (in pore
size and water activity) to host microbiological life, except
perhaps in areas where those restricting factors are less
severe (e.g., fractures). Nevertheless, there is the undis-
putable involvement of microorganisms in almost every
experiment or borehole in the Mont Terri rock laboratory.
This indicates that there are, besides possibly the claystone
itself, likely many other sources that could introduce
microbes in the Mont Terri rock laboratory. The most
likely way is the unavoidable external contamination or
introduction of microorganisms as a result of anthro-
pogenic activities related to the Mont Terri rock laboratory
construction and/or experiment installation. The Mont
Terri rock laboratory consists of tunnels drilled and con-
structed over an extended period of time. During con-
struction, no precautions were taken to avoid
microbiological contaminations or the use of (petro)-
chemicals or materials beneficial to microbial life. As a
result, ubiquitous contamination, resulting in colonization
of omnipresent aerobic and/or facultative anaerobic species
(such as, for example, Pseudomonas or even Pleomor-
phomonas spores), of the tunnel surface is likely. Fur-
thermore, constructing an underground rock laboratory
implies anthropogenic activities that may induce physico-
chemical changes in the rock environment that might
stimulate dormant microorganisms that managed to survive
in certain niches of the rock or engineered barriers. Simply
drilling a borehole opens up space and, even if no water is
used during drilling, drainage of pore-water into that space
is sufficient to initiate the establishment of an active
microbiological community (c.f., the borehole of the cor-
rosion experiment). In addition, the use of non-sterilized
APW in many experiments may have enhanced microbial
communities. Microbial metabolic activity can be further
enhanced by the presence of exogenous electron donors
such as H, (from anaerobic corrosion of metals), organics
such as glycerol (leaked from electrodes used for moni-
toring pH), and electron acceptors such as nitrate, in
addition to naturally present electron donors, acceptors and
organics in the Opalinus Clay. The diversity of the
observed microbial communities present in Opalinus Clay
borehole water can be surprisingly rich and a specific group
of microorganisms is found ubiquitously within the whole
Mont Terri rock laboratory, as shown in Table 1 (modified
from Bagnoud 2015).

The impact of microbial activity on repository evolution
remains incompletely constrained but the considerable
research effort that has been invested in this topic has borne
fruit. First, it is clear that H,, produced by anaerobic
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corrosion in a HLW DGR, can be readily consumed by
bacteria, provided that space and water are present. For
repositories that would contain other types of waste, such
as bituminized nitrate-containing ILW or abundant organic
matter-containing low level radioactive waste (LLW), the
availability of additional electron donors and acceptors in
these wastes is a further factor that can enhance microbial
activity. While this activity can have both positive and
negative effects, the full impact is not completely under-
stood and requires considerably more study in the future.

Overall, the results collected to date and discussed here
lead to the hypothesis that microorganisms will most likely
have an impact on the environment in a repository in
Opalinus Clay. Whether this microbial impact is detri-
mental or beneficial for a given DGR concept for HLW,
ILW or LLW, has to be investigated further.

7 Future investigations

Safety assessments for future DGRs disposing of a variety
of nuclear waste types will require a clearer understanding
of the potential role of microbial communities in a HLW
repository. In particular, quantification of microbial effects
is needed in order to estimate, for instance, the actual
contribution of MIC to the overall corrosion rates of con-
tainers in a DGR.

Much remains to be learned about the capacity of
microorganisms to alter the minerals that make up the
engineered barriers (i.e., those contained in Opalinus Clay
and bentonite). Biofilm dwellers are the most likely can-
didates to catalyse such processes, which almost certainly
would take place at interface regions because of the
restrictive nature of the intact clay matrix. Nakano and
Kawamura (2010) estimated the extent of corrosion of
compacted bentonite by microbes in a biofilm on the sur-
face of the bentonite through a conceptual model based on
microbial growth dynamics. The model used energy con-
servation between the Gibbs free energy of formation of
products from the elements of bentonite and the energy
required for growth and maintenance of micro-organisms.
This model predicted a mean population of micro-organ-
isms of 10°~107 cells/cm’on the bentonite surface, with a
biofilm thickness of 5-10 pm. The microbial corrosion
depth was estimated to be in the range of less than
0.2-5.3 mm per 100,000 years, provided the bentonite
density was 1600 kg/m® while the corrosion depth varied
inversely with bentonite density.

In addition, investigations of the potential for
methanogenesis in a DGR are needed in order to evaluate
whether methane could be produced by biological means
from the degradation of organic compounds present in ILW

and LLW that will also be placed in a specially designed
geological repository.

From a purely scientific point of view, further microbial
investigations to unambiguously prove or disprove the
existence of an indigenous, viable microbial community in
Opalinus Clay should focus on obtaining DNA from pris-
tine cores. Although such studies would, in principle, not
add to the understanding of microbial effects in a DGR, not
finding an indigenous population would corroborate
strongly the unsuitability of the intact Opalinus Clay matrix
to support a viable community, while finding an indigenous
viable population may shed further light on possible geo-
logical events that could have introduced such a commu-
nity in Opalinus Clay.
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