8= Newcastle
University

Engineered Barriers for Geological Disposal of Radioactive Waste - Microbial interactions
and their limits with Thermo-Hydro-Mechanical-Chemical Processes at the Waste
Canister/Bentonite Interface

Student: Katie Gilmour

Supervisors: Dr Colin Davie (SoE), Professor Neil Gray (SNES)

Doctor of Philosophy

School of Engineering

June 2021






Abstract

Nuclear waste is a global problem, with many countries in the process of creating deep
geological repositories to store this waste. In proposed repository designs MX80 bentonite
clay has been selected as the buffer and backfill. Extensive studies have been carried out on
the geomechanical properties of the clay; however, the role of microbes has not been fully
investigated. Specifically, in the UK, iron-reducing bacteria are a concern as carbon steel
waste canisters will contribute iron oxides and rust products to the immediate environment.
Iron-reducing bacteria can reduce Fe(lll) to Fe(ll) and some species are adapted to high
temperatures and low water availability, in keeping with conditions within the repository.
Iron-interacting bacteria were found to be indigenous to MX80 bentonite and microbially-
influenced iron-reduction was observed up to groundwater salinities of 0.45 M NaCl. The
limits of this community at different temperatures and pressure were investigated through a
series of batch experiments and subsequent enrichments, where necessary. Fe(ll), Fe(Total)
and pH were measured throughout the respective experiments and substrates were collected
and analysed by XRD, SEM and EDX. The indigenous iron-reducing community and various
iron substrates were used to investigate indirect interactions through a series of agar plate
experiments. The potential bacterial production of H, and silica-solubilising ability was also
investigated. In some experiments steel was included to represent the waste canister, results
from these experiments suggest that bacteria play a role in passive protection of steel against
corrosion. Significant differences in plasticity and mineralogy of MX80 were seen in all biotic
experiments. Additionally, silica release coupled to metal / microbe interactions was
observed. Transformation of clay minerals through iron reduction or release of silica to
groundwater could significantly impact the geomechanical properties of MX80, and thus

negatively affect the function of the barrier.
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Chapter 1. Introduction

1.1 Nuclear Industry and Waste Overview

The nuclear energy industry is predicted to continue to provide energy for the foreseeable future,
continuing into the next century. This continuation is due to the high efficiency of nuclear fission
compared to fossil fuels and the lack of greenhouse gases produced at the point of generation,
making it a more environmental option. Although estimates vary, the carbon footprint of nuclear
power in electricity generation has been reported to be as low as 25 gCO,/kwh on average
(Warner & Heath, 2012), compared to renewable energy which is between 10-50 gCO2/kwh
(Nugent & Sovacool, 2014), and coal which is reported to generate 786 gCO2/kwh minimum (Nie
et al., 2011). In 2017, 31 countries operated a total of 403 nuclear reactors with a 1.4% increase
in power generated compared to 2016 (Schneider et al., 2017). The most notable increase was in
China, which had a 23% increase in nuclear energy generated and construction beginning on
twenty new reactors (Schneider et al., 2017). In 2018, nuclear power accounted for 10% of the
global energy output (IEA, 2019). This usage has led to 22,000 m? of high-level waste (HLW) from
spent fuel in storage (IAEA, 2018a).

Hospitals, among other industries such as academia, are also generating an increasing volume of
nuclear waste with radioisotopes being used more frequently as therapeutic and diagnostic tools.
The waste generated is largely liquid and mainly contains the following isotopes: Technetium-
99m (Tc-99m), lodine-131(l-131), lodine-125 (I-125), lodine-123(l-123), Flourine-18(F-18),
Tritium (H-3) and Carbon-14(C-14) (ICRP, 1995). Some solid waste, such as from equipment that

has come into contact with liquid waste is also generated by these industries.

Therefore, the question of a disposal method is of high priority for the 31 countries which are
involved in the industry and in most cases, disposal has been considered since the 1970s (Sellin
& Leupin, 2013). There is currently a large proportion of nuclear waste which has been
accumulating since the 1950s. Therefore, no matter the future of the industry, there will still

need to be a disposal or storage solution.



The nuclear fuel industry in the United Kingdom is long established, starting in 1954 with Calder
Hall, the first nuclear power station, opening in 1956. Since then, there have been several nuclear
power plants built providing energy and munitions among other purposes. There are currently
fifteen nuclear reactors at seven power plants still in operation in the UK, and eleven plants which
have been closed and decommissioned. It is estimated that the nuclear waste industry in the UK

will generate a total of 4.9 million tonnes of nuclear waste over 200 years to 2150 (NDA, 2016).

Waste is generated during almost every stage of the nuclear energy process, especially during
the reprocessing of spent fuel (SF). Reprocessing allows uranium and plutonium to be recovered
from spent fuel rods and reused through a process called PUREX (Plutonium Uranium Redox
EXtraction) which utilises a liquid-liquid ion exchange method. Spent fuel is mainly composed of
U-238, but also contains plutonium, and fission products such as caesium, strontium and other
uranium isotopes. Through the PUREX process, a residual acidic, radioactive liquid is produced,
which is a component of High-Level Waste (HLW). HLW and spent fuel generates 1000-2000 W
of heat during the decay process (Sellin & Leupin, 2013). For safer and easier storage purposes,
HLW is converted into a stable solid form through a process called vitrification (Bradbury et al.,
2014). In this process the liquid waste is mixed with borosilicate glass and sealed in steel
canisters. Currently a high proportion of HLW generated by the UK is stored at Sellafield above
ground, a nuclear decommissioning and waste storage facility owned by the Nuclear
Decommissioning Authority (NDA) in Cumbria, UK. Other waste generated by the nuclear
industry is referred to as Intermediate Level Waste (ILW) (this includes cladding and filters), Low
Level Waste (LLW), and spent fuel (SF). This waste can also be generated from mining, generating

electricity, and decommissioning nuclear plants.

Currently, the UK LLW and short-lived ILW wastes are stored in an above ground repository at
Sellafield, with a number of other countries also storing their LLW and ILW in similar facilities.
Alternatively, some waste generated by reprocessing plants is released to the sea, due to its very
low radioactive levels and short period of radioactive decay (IAEA, 2018). Additionally, gases
produced by LLW waste are released to the atmosphere. This includes the inert gases krypton-

85 and xenon-131 (Banerjee et al., 2015).



Calder Hall, at the Sellafield site was opened in 1956 as a nuclear power plant and became a
reprocessing site in the 1970s and 80s. The Thermal Oxide Reprocessing Plant (THORP) was built
and the PUREX method of extraction was employed in the 1990s (Leafe, 2017). It is currently the
only facility in the UK able to manage all types of nuclear waste: LLW, ILW, HLW and SF. The long-
term storage of this waste has been an issue since 1976. A practical long-term solution which is
being adopted by several countries is the storage of nuclear waste in underground repositories.
This concept has been extensively studied in Sweden at thein situ Aspd Hard Rock
Laboratory and in other countries, which many, including the UK, are preparing to adopt as a

solution to their own nuclear waste storage problems.

SF, in the form of irradiated fuel rods, contain pellets of uranium and plutonium compounds
encased in zircaloy (Bradbury et al., 2017). The waste is currently stored in stainless steel
canisters which are thought to remain a safe storage vessel for 500 years, after which point there
is a risk of radionuclides entering the environment, and a new or alternative method of storage
will have to be employed. Considering the half-life of selenium-79 is 65,000 years, and the half-

life of plutonium-239 is 24,000 years, a longer-term solution is essential (IAEA, 1999).

LLW accounts for 90% of the volume of radioactive waste generated, despite only equalling 1%
of the total radioactivity of all waste. Therefore, this waste is suitable for near-surface disposal.
ILW, although more radioactive than LLW, does not require specially designed storage units to
last thousands of years. It is generated from chemical sludge and requires more shielding than
LLW but does not produce as much heat as HLW and has a shorter radioactive half-life. HLW and
SF have long-decay periods and are heat-emitting, these types of waste therefore require the

most shielding and must be stored for longer (Sellin & Leupin, 2013).
1.2 Deep geological storage of nuclear waste:

The OECD-NEA (Organisation for Economic Co-Operation and Development — Nuclear Energy
Agency) includes 31 countries across Europe, Asia and America, and aims to promote
international co-operation to determine solutions to nuclear waste. Most current concepts utilise

a multibarrier design in mined repositories to shield the environment from the nuclear waste.
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Briefly, these repositories could house low heat generating waste such as LLW and ILW; and high
heat generating waste (HLW) at increasing depths. According to these current designs, HLW will
be stored at 400-1000 m below ground in metal canisters surrounded by a highly plastic clay with
a high swelling ability, such as bentonite (figure 1.1). These designs rely heavily on local geology
and geochemistry to ensure the host rock and groundwater will allow the waste canister to
remain encased for 10,000-100,000 years (Sellin & Leupin, 2013). Fractures in host rock, or
pollutants and highly saline groundwaters could decrease the lifespan of the repository by
allowing more access to the geosphere or increasing the corrosion of the waste canister. The
ability of the clay buffer to swell and contract with changing water contents and temperatures is
also important. The buffer must swell enough to seal all gaps around the canister and ensure it
does not sink. The pore spaces in this clay will limit any movement of radionuclides, but this
would not be possible if any cracks occur during dryer periods of enclosure (Sellin & Leupin,

2013).

An Example Multi-barrier System An Example Multi-barrier System
for Low Heat Generating Waste for High Heat Generating Waste

Cemented Solid Glass
Wasteform Wasteform
Stainless Steel Durable Metal
Waste Container Waste Container
Cement Buffer Clay Buffer
Rock Rock

Figure 1.1: Multi-barrier design for UK nuclear waste storage (NDA, 2010)
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An alternative to mined repositories is boreholes which are drilled into rock to a depth of up to
5 km. Waste canisters are then stored in the deeper sections (> 2000 m) and the shallower 3000
m is backfilled and sealed. Whilst this method has been considered by several countries, the
economic cost relative to that of mined repositories makes it an unfavourable option (Freeze et

al., 2019).

Currently, in the US, several boreholes are used for near surface storage of LLW at depths of
under 20m (IAEA, 2009) with plans to install more boreholes of greater depths to store a wider
variety of nuclear waste. Similar to mined repositories, the location of boreholes is of great
importance to the safety of the storage. Sites with low levels of groundwater and limited

geochemical activity are favoured.

1.3 Role of microbes in nuclear waste repositories

There are numerous concerns over the potential impact of microbial activity within nuclear waste
repositories. Although some arguments have been made that microbes will not survive in the
repository (West et al., 2002), there is strong counter arguments to suggest that some microbes

will be present and active during repository closure (Chi Fru & Athar, 2008).

There are several sources of microbes; from the local environment (the host rock and
groundwater) (Masurat et al., 2010); the engineered environment (the clay barriers, and any
introduced during construction) (Lopez-Fernandez et al. 2014, RWM, 2016); and microbes
introduced during manufacturing of, for example, compacted clay rings to be used as a barrier
(Motamedi et al., 1996). The biggest concern is that microbes will contribute to an increased rate
of corrosion of the waste canister through microbially-induced corrosion (MIC) (Leupin et al.,
2017). Indeed, there is evidence that species known to be involved in MIC will be present in the
groundwater at some repository sites and in the clay buffers. For example, sulfate-reducing
bacteria (SRBs) are known to increase corrosion through hydrogen sulphide production, and
several species have been isolated from groundwater samples at the proposed nuclear repository
site in Sweden (Kotelnikova and Pedersen, 1998; Haveman & Pedersen, 2002; Masurat et al.,
2010). Iron-reducing bacteria are also a concern as they may also increase the rate of corrosion

of the steel canisters (Necib et al., 2017) and may reduce iron present in the clay barrier causing
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mineralogical changes to the clay resulting in a change in the performance of the barrier (Wersin
et al., 2008). These changes could result in transformation to non-swelling Fe(ll) minerals,
resulting in disadvantageous geomechanical changes to the properties of the clay (RWM, 2016;
Bradbury et al., 2014). These changes could by influenced by microbes, either by directly reducing
metals present within clay minerals, or indirectly through acid secretions (Kim & Gadd, 2008;
Gadd, 2010). Therefore, there is a possibility that these changes could be widespread throughout
the clay barrier, and as a result, decrease the swelling ability of the clay, ultimately limiting its

effectiveness as a barrier.

Conversely, Videla & Herrera (2009) suggests that microbial activity could lead to a further barrier
via formation of a biofilm. Moreover, it is possible that the microbial community may inhibit MIC
by consuming corrosive substances such as reactive oxygen species; or some species may out

compete MIC-causing bacteria (Kip & Veen, 2015).

Of further concern is the potential interactions between microbes and radionuclides; however,
it is thought more likely that microbes will die on exposure to such high doses of radiation, or, as
evidenced in Shukla et al. (2007), will survive and may contribute to immobilising radionuclides

such as selenium and uranium (Newsome et al., 2014; Hua et al., 2006).

A final concern is microbial gas production, such as carbon dioxide which could increase the
pressure in the repository (Leupin et al.,, 2017; Stroes-Gascoyne & West, 1997). However,
microbial gas consumption of oxygen and hydrogen would be beneficial as this would decrease
pressure and oxygen consumption would aid in reducing the rate of corrosion of the waste

canister (West et al., 2002).

It is therefore not clear what the impact of microbial activity will be on nuclear waste storage.
The outcome of microbial presence will depend on local microbial communities and

geochemistry as well as the specific design materials.
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1.4 Research Questions

Unlike SRBs not much is known about the potential role of iron interacting bacteria that might be
associated with clay buffers or the wider repository environment. In this study we have focused
on MX80 bentonite as this is likely to be the clay used in the UK concept, and so the potential for
microbially mediated transformation of iron linked to the canister bentonite assemblage has

been investigated. The project will aim to address the following research questions:

e Does MX80 bentonite (and by implication other bentonite clays which will be likely used
in a wide range of nuclear waste repository projects around the world) have an indigenous

and viable microbial community associated with it?

e In particular, how does the microbial community interact with iron?

e If present how does this community interact with the clay and canister components of
the multi barrier system under the different geochemical and physical conditions relevant

to the evolution of a GDF with time?

e What are geomechanical implications of this microbial activity with respect to the canister

and clay components of the multi barrier concept?

e What is the likelihood that such a microbial community will be active and survive the
different stages of the GDF evolution (which likely encompass changes in salinity, pressure

and temperature)?

1.5 Aims and Objectives

The main aim of this project is to investigate the presence and survivability of iron-interacting
bacteria and determine what effect their activity may have on the geomechanical properties of
MX80 bentonite in reference to the proposed design for UK nuclear waste repositories. This

overarching aim will be supported by shorter term specific objectives including;
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To identify the indigenous microbial community of MX80 bentonite and assess whether
indigenous microbes could influence iron minerals in the clay and corrosion of the carbon

steel canister

To determine whether secreted products from indigenous microbes can interact with
spatially distant iron minerals thus investigating if microbes in isolated pockets can cause
widespread mineralogical changes to the clay. And, alternatively, if microbes situated

further from the canister can still cause corrosion.

To determine whether the indigenous microbial community could affect clay properties,
namely geomechanical properties which aid in its ability to function as a barrier such as

plasticity.

To assess how the microbial community changes and survives harsh conditions relevant

to the repository including high temperatures, changing salinities and pressure.

1.6 Hypotheses

a) Several species of different microbes displaying different functions and metabolisms will be

identified in MX80 bentonite.

Indications in the literature support the hypothesis that at least some of these species will be

thermophilic.

b) These microbes will have the potential to interact with iron in bentonite under certain

conditions, but whether it will be destructive or constructive is not clear and will depend on which

species are identified.

c) In the absence of microbes, geochemical reactions resulting in clay alteration and canister

corrosion will be limited.
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d) Microbial activity under conditions relevant to the repository environment will lead to
alterations to the structural and chemical properties of the bentonite which will impact on its

role in the multi barrier system.

1.7 Thesis Structure

This section explains the arrangement of this thesis and concludes Chapter 1 which set out the
main aims and hypotheses of this project as well as giving a brief overview of nuclear energy and
waste generation. The current UK considerations for nuclear waste disposal were also described.
Chapter 2 reports on the future of nuclear energy, explores international nuclear waste
repository designs including material compositions, and finally explains knowledge already
gathered on microbial presence in the proposed repository environment and what speculations
have been made about how this activity could affect the integrity of the repository to safely

house nuclear waste.

A general methods chapter, Chapter 3, explains the experiments and general laboratory
techniques used to answer the research questions outlined above. There are then 4 experimental
chapters. Chapter 4 presents the indigenous microbial community of MX80 bentonite under
different microbial enrichments conditions including iron-reducing, anaerobic, aerobic and highly
saline. The iron-reducing ability of these communities is also presented and a comprehensive
discussion on the metabolic activities of the communities is included. This chapter was used to
inform the experiments presented in further chapters, and the iron-reducing community
presented is used in all subsequent experiments. Chapter 5 further investigates the activities of
the indigenous iron-reducing microbial community, beginning with its capacity to colonise MX80
bentonite and its ability to indirectly interact with a range of iron substrates. The H; produced by
the microbial community over 10 months is also discussed, as is its silica solubilising abilities. The
possible effects of these activities on the integrity of MX80 bentonite to act as a barrier are
discussed in detail. Chapter 6 focusses on a longer-term incubation which aimed to test the
survivability of the indigenous microbial community in MX80 bentonite under conditions relevant
to nuclear waste repositories: namely, high temperature and low water. These experiments

included steel and compacted MX80 bentonite and the changes to these materials after
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incubation with microbes is assessed and discussed. The surviving microbial communities are also
characterised and fully analysed. The final experimental chapter, Chapter 7, details experiments
which replicated repository conditions to a greater extent than previous experiments present in
this thesis. These experiments were carried out in confined test cells under high pressure with
steel, compact MX80 bentonite and the indigenous iron-reducing microbial community — this is
compared to an abiotic control experiment which was also carried out. The resulting corrosion
products, steel surface corrosion and changes to the geomechanical properties to MX80
bentonite are described and the implications for the repository are discussed. The iron-reducing
ability and metabolic activity of the microbial community after test cell incubation is measured,
and a new microbial community was characterised and presented here. Finally, Chapter 8

summarises the key findings of this project and highlights areas for future work.
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Chapter 2. Literature Review

This section outlines what radioactivity is, the current and future production of nuclear power —
resulting in nuclear waste - and gives examples of different high-level nuclear waste disposal
strategies. By considering research from different countries, particularly those with more
extensive and definite repository designs, experiments relevant to the UK disposal concept can

be informed.

Additionally, this section describes the materials proposed for use in the repository with a
particular focus on their useful characteristics and outlines how they are suited to the repository
at different phases of closure. Notably the use of MX80 bentonite and carbon-steel canisters is

relevant to the UK design.

The remainder of this section will summarise published research to date which has investigated
the role of microbes within a repository system, as well as describing the mechanisms of this
bacterial activity more generally. This review includes which microbes have been found to be
present, and what experiments have been carried out using model organisms. Through this
critical review, and with reference to the repository conditions and materials selected for use in
the repository, significant research gaps have been identified. The information from this
literature review, further understanding of microbial activities, and previous work has been used
to inform experimental design and methods (see Ch 3) to answer the research questions outlined

in Chapter 1.

2.1 Radioactivity

There are three main types of ionising radiation arising from radioactive atoms; alpha, beta and
gamma. Alpha radiation is the least penetrating, it occurs when an unstable atom emits an alpha
particle (two protons and two neutrons — the same as a helium particle) in an effort to stabilise
(Peirce et al., 1998). Beta radiation consists of high energy electrons arising from neutrons
splitting into a proton and an electron in the nucleus of the atom (NRC, 2017). Gamma radiation
is somewhat dissimilar to alpha and beta radiation in that it is short wavelength and high

frequency electromagnetic waves which can travel long distances. Gamma is more penetrating
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than alpha or beta radiation and requires lead or a thick layer of concrete (or similar) to be

stopped (NRC, 2017).

Additionally, another type of ionising radiation specific to nuclear power generation is neutrons.
Neutrons are even more penetrating than gamma radiation and require a thick layer of hydrogen-
containing material such as concrete or water to encapsulate them. Neutrons are generated in
nuclear reactors but are also widely used in the medical industry for radioactive treatments and

equipment (Barschall, 1976).

There are multiple units for measuring radiation; however, the System Internationale is the most
widely used and arose from the metric system. In this system, the radiation absorbed by an
organism is measured in grays (Gy), and the risk of exposure to radiation is measured in sieverts
(Sv) (NRC, 2017a). For context, one year of exposure to natural radiation is equal to 2.4-3 mSv
(Hendry et al., 2009; Lin, 2010), and the average dose of radiation from a routine abdominal CT

scan on the skin is 3.3 mGy (Mauri et al., 2011).

The biological effects of exposure and absorbance of radiation are profound. Higher doses will
kill cells, while lower doses can chemically alter cells such as altering DNA. In humans, this leads
to radiation sickness as well as a range of health impacts including cancer. In bacteria, radiation
can cause changes to the cell, such as an increase in reactive oxygen species, a change in
environmental response or cell death (Reisz et al., 2014). However, some bacteria have evolved
mechanisms to combat exposure to radiation (this is further discussed in section 2.8.2)

(Newsome et al., 2014).

In the conceptual design of deep geological disposal of HLW, the predicted dose of radiation
released from the waste canister varies greatly in the literature. Allard & Calas (2009) predict 72
Gy per hour for the first 1000 years; however, this will not diffuse through the buffer at a fast
rate and so levels of radiation at the host rock are likely to be much lower. However, Jonsson
(2012) predicts a total dose of 40-200 kGy gamma-radiation. Predictions for total alpha radiation
are much higher, usually around 8 MGy or higher (Sellin & Leupin, 2013; Jonsson, 2012).

However, the biological and environmental risk of this radiation, and the risk of this radiation
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escaping the confines of the repository are low, rather the possibility of radionuclides escaping
the repository through breaches in the containment remains a concern. Therefore a multibarrier

approach has been employed to contain HLW.

2.2 Current production and future production of nuclear waste

Although the original purpose of the early nuclear reactor plants developed in the UK was for the
weapons industry, the nuclear industry now supplies a significant proportion of the energy
contributed to the national grid in the UK. This increase is due to the efficiency of nuclear fission
over fossil fuels, and the lower volume of greenhouse gases produced. It is primarily for this
reason that the nuclear fuel industry is still growing and will continue to be an important part of
the World’s energy supply in the future. Although it is likely that countries within the OECD will
have decreasing nuclear powder due to decommissioning of nuclear reactors, and little
investment in new reactors, countries outside the OECD, in particular China are predicted to

increase their nuclear power outputs over the coming decades (figure 2.1) (BP, 2019).
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Figure 2.1: Predictions of global nuclear power output (BP, 2019)

2.3 Country-specific examples of nuclear waste repository concepts

A number of these countries, including Finland, Switzerland, Sweden, and Germany have, and
are currently, developing concepts for nuclear waste disposal that have shaped the UK model,
taking into consideration all geological and hydrogeological diversities relating to local settings.
Although some countries, such as France, are considering a storage solution rather than disposal,
in which the waste is retrievable from the repository after a period of containment. The timescale
required for containment raises several additional challenges besides ensuring the longevity of
the materials used. For instance, linguists and artists are currently being consulted to ensure that
as language evolves, the meaning and information surrounding repositories is maintained. In

France, several artists have been invited to submit designs for symbols for nuclear waste
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repositories which could be understood in 10,000 years even if language changes. Further
challenges are present in that the storage length is longer than that of any interval between wars
—i.e., the repository is likely to experience several international conflicts and as such, the safety

of these repositories is of further importance.

Most of the designs for HLW and SF currently being investigated use a multi-barrier approach
and a storage depth between 400-1000 m below ground, with waste stored in metal canisters.
The integrity of the multi-barrier approach should be stable for a period of 100,000 years against
high pressures (4-15 MPa), provide a barrier to reduce corrosion, and withstand a shear load such
as that caused by an earthquake. Additionally, the canisters must be heat and chemical resistant
and have a high mechanical strength (Raiko et al., 2010). In the event of a breach of the multi-
barrier system, radioactive waste in the form of SF or HLW and the radionuclides present will
interact with water under reducing conditions allowing radioactive particles to enter the exterior

environment and in addition radiolysis will occur.

Case studies reported on below give an outline of the various concepts and local differences
between designs in different countries. These examples also highlight the different stages of

planning each country is in.

2.3.1: Swedish nuclear waste concept (SKB):

The SKB began official planning in 2011 to build a repository 500 m below ground in granitic
crystalline rock. The design proposed consists of three layers of barriers —a copper clad canister
with an iron insert (Raiko et al., 2010); 35 cm thick MX80 bentonite of 75-90% wt.
montmorillonite (SKB, 2010); and the rock face itself (figure 2.2). After vertical emplacement of
the canisters encased in compacted bentonite rings, the repository will also be backfilled with

bentonite and then the repository will be sealed (SKB, 2016).
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Figure 2.2: SKB design concept for the repository at Séderviken (SKB, 2015)

The 5cm thick copper canister is thought to provide a barrier to the corrosion of iron, although
copper is still subject to corrosion at a slower rate. The iron insert has the purpose of protecting
the copper from radioactive interaction and embrittlement. It is expected that the copper will
corrode at a rate of 1 um/yr, and so should remain stable for 50,000 years, with the total
containment period being 100,000 years. These materials, along with steel can provide the
strength needed for this storage and can withstand the high temperatures and pressures which
they will be exposed to (Landolt et al., 2009). However, copper is susceptible to corrosion. It can
corrode to form tenorite (CuO) or cuprite (Cu20) under oxidising conditions and chalcocite (Cu;S)
and covellite (CuS) depending on reducing or oxidising conditions and the concentration of HS
(Amcoff & Holenyi, 1996). Corrosion of any degree will make the canister more susceptible to
mechanical stress. In some cases, a patina will form on copper, providing a physical barrier to the
outside environment, thus protecting the copper surface from corrosion; however, in the
underground environment it is unlikely that a patina will form to give any level of significant

protection.

The groundwater associated with the Soderviken site has 5.2 mM sulfate (Aunqué et al., 2006).
Sulfate is considered to pose a threat to increasing the rate of corrosion of the waste canister

through iron sulfide production (discussed in detail in section 2.8.4) (Valencia-Cantero et al.,
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2014). The presence of sulfate and iron in Swedish groundwaters (table 2) suggests anoxic

reduced conditions.

2.3.2: Swiss Nuclear storage (NAGRA):

NAGRA is a national collective of Switzerland aiming to design a suitable repository for the
storage of nuclear waste. In 2002, following studies carried out at the Mont Terri Rock laboratory,
a concept named “Entsorgungsnchweis” was submitted to government, proposing a repository
built in Northern Switzerland. The region chosen would provide a host rock of Argillaceous
Opalinus clay 110 m thick (NAGRA, 2016) and would allow storage up to 1000 m below ground
(Landolt et al., 2009).

The Swiss design also uses bentonite, but stores fuel canisters made of carbon steel in horizontal
tunnels. The length of each canister is 5.35 m x 1 m. The containment period with no breach in
any barrier is estimated to be between 1000 and 10,000 years (Bradbury et al., 2014). Studies
carried out by Patel et al. (2012) determined that 150 mm thick carbon steel canisters would be
durable and strong enough to withstand the forecasted stress and corrosion that may occur
during the period of storage. Table 2.1 shows the composition of the carbon steel proposed for
nuclear waste canisters. This material will improve on the strength of the copper alternative and
will be less susceptible to some kinds of corrosion, but, like copper, could be corroded as a result

of abiotic reactions, particularly by sulfides, and anaerobic respiration of microbes.

However, the level of corrosion is linked to the elemental content of the steel (e.g., a steel with
higher levels of chromium is more resistant to sulfidation). Further studies suggest that steel,
when heated at intervals, is less likely to crack, which is beneficial as it will be exposed to heat
emitted from the waste as it decays, and cracking would cause an unwanted breach in the

canister (RWM, 2016).

Table 2.1: Composition of 516 grade 70 carbon steel plate, exact composition is dependent on

grade (Bradbury, 2014)
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Element % wt.

Carbon 0.27-0.31
Manganese 0.79-1.3
Phosphorus 0.035
Sulfur 0.035
Silicon 0.13-0.45

The design uses steel arches to reinforce the tunnels during construction, these arches will fail
due to corrosion during containment and allow a secondary creep of the host rock. This process
should provide further sealing to the repositories. Compared to crystalline granitic rock, as used
in the SKB concept, Argillaceous Opalinus clay is better suited to provide a barrier for
radionuclides due to its hydraulic and geochemical properties. Therefore, the NAGRA concept is
less dependent on compacted bentonite. The rock type proposed by NAGRA also indicates that
in the event of a canister or buffer failure, the rock will still provide a suitable barrier, which

explains why the canister containment period is less than that of the SKB design.

2.3.3: Finnish Nuclear Storage (Posiva):

The Finnish disposal concept is similar to the SKB, KBS-3 design. The location of the final
repository will benefit from crystalline host rock located 400m underground (ldiart et al., 2013).
Boreholes within the repository will allow for vertical storage (figure 2.3) of copper canisters with
iron inserts (Hella et al., 2014). Posiva is continuing to monitor borehole geochemical and
geomechanical changes having selected a location in 1980s, to ensure the long-term integrity of

the repository (Quiquet et al., 2016).
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Figure 2.3: Posiva nuclear storage concept based on the KBS-3V design utilising metal, watertight
canisters surrounded by swelling clay in vertical emplacement tunnels housed in a crystalline host

rock (Helld, 2016)

2.3.4: French nuclear storage (Andra):

Andra has conducted research at the French national Underground Rock Laboratory for over 20
years, as well as at the Aspd Hard Rock Laboratory. According to publications from Andra since
2005 argillaceous clay is the most likely host rock to be utilised for HLW storage in France. The
current design concept uses unalloyed steel canisters to encase the waste packages which are
then stored horizontally in deposition tunnels with a canister containment period of at least
10,000 years (Andra, 2005). In likeness to the NAGRA concept, this design utilises not only the
bentonite to act as a barrier but relies heavily on the host rock to slow down the migration of

radionuclides to the external environment.

2.3.5 USA nuclear storage (NRC)

The US currently has 4 active near-ground repositories which have been receiving LLW for over
20 years including the WIPP (Waste Isolation Pilot Plant) in New Mexico. There were plans in
place for a deep geological repository to permanently house HLW in the Yucca Mountain,

Nevada. Nuclear waste disposal is currently managed by the US Nuclear Regulatory Commission
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(NRC, 2017). However, the project has met with challenges that suggest the site may no longer
be used. There are currently no alternatives sites for the long-term storage of waste in the US,
and so plans for the Yucca Mountain site are described below to demonstrate the varied

approaches taken by different countries in keeping with different local geological challenges.

Measurements taken at the Aspd Hard Rock Laboratory in Sweden and boreholes in Finland, as
well as in Switzerland, suggest that the groundwater at a 500m depth is of very low salinity
(Posiva, 2000; SKB, 2006) (table 2.2). However, in North America the groundwater close to the
Yucca site has a much higher salinity (up to 5 M) (Kang & Jackson, 2016) which could drastically
increase the rate of corrosion of the steel canisters. Therefore, the disposal strategy differs

slightly to the European models (figure 2.4).

Table 2.2: Groundwater composition from several sites relevant to nuclear waste repositories. All
measurements shown in mol/L unless otherwise stated. (After Sheppard et al., 1995; Bath et al.,

2006; Auqué et al., 2006)

FORSMARK ASPO GRIMSEL UK CANADA
(SWEDEN) (SWEDEN) (SWITZERLAND)
pH 7.2 7.7 9.6 7.1-9 7.1-7.7
Na 0.089 0.091 0.00069 0.0078 0.053
Ca 0.023 0.047 0.00014 0.00033 0.031
Mg 0.0093 0.0017 0.0000006 0.000087  0.001
K 0.0009 0.0002 0.000005 0.00013 0.00022
Fe 0.000033 0.000004  3x10-9 - -
HCOs" 0.0022 0.00016  0.00045 0.0046 0.0012
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Yucca Mountain

1. Canisters of waste, sealed in special casks, are shipped to the site by truck or train.

2. Shipping casks are removed, and the inner tubes with the waste are placed in steel, multi-

layered storage containers.

3. An automated system sends storage containers underground to the tunnels.

4. Containers are stored along the tunnels, on their sides.

Figure 2.4: USA HLW repository design, NRC 2018

The US repository will sit 365 m (1200 ft) below the highest point of Yucca Mountain, above the
water table, making the repository a largely dry environment (NRC, 2018) which acts to prevent
increased corrosion from highly saline groundwaters. Several large eruptions from a caldera
volcano contributed to the composition and formation of Yucca Mountain (World Nuclear
Association, 2018). The resulting geology consists of alternating layers of ignimbrite (welded tuff),

non-welded tuff, and semi-welded tuff. This composition is expected to be an important
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component of the barrier system as it physically inhibits the movement of radionuclides (US
department of Energy, 2002). A significant difference in the US design compared to those
described previously is the lack of a backfill or buffer. Instead, air will be able to circulate and the
double cased waste containers and host rock will be the only barrier. The entrances to the
repository will be protected by titanium shields which will act as a water lock to prevent water

entering the repository (US department of Energy, 2002).

2.3.6 Canada nuclear storage (NWMO)

In Canada, the Nuclear Waste Management Organisation (NWMO) and the Canadian Nuclear
Safety Commission (CNSC) are responsible for finding a long-term storage solution for HLW and
SF. As with other countries deep geological disposal is the favoured method with designs
currently being devised (CNSC, 2006; NWMO, 2016). As with the US, groundwater in Canada has
a much higher salinity (table 2.2) (Department of Environment and Climate Change, 2013) than
those in Europe and so the design must reflect that (figure 2.5). The high salinity of deep
groundwaters in North America is attributed to sea intrusions and is reflected in the high

abundance of salt lakes (Last & Ginn, 2005; Barlow & Reichard, 2010).

Figure 2.5: Canada conceptual design of nuclear repository, NWMO
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The exact location of the repository has not been determined but it is likely to have a crystalline
or sedimentary host rock. SF bundles will be encased in steel for structural strength and then clad
in 3 mm thick copper to improve corrosion resistance. The buffer will be compacted bentonite

and the backfill will be a mix of concrete and bentonite clay (NWMO, 2016).

2.3.7 Russian nuclear storage concept (NO ROA)

Russia has recently opened its first repository for LLW and ILW and is now focussing on finalising
the design for a deep geological repository for HLW. The design is very similar to the KBS-3 design;
however, steel will replace copper as the waste canister material. The host rock is also granitic,
as is the SKB model but the location of the repository is in Yeniseisky, which is a site of high
tectonic activity. As such multiple concerns have been raised relating to earthquakes which could

increase the possibility of repository failure (Laverov et al., 2016).

The waste in Russia differs from elsewhere as it is the only country which generates HLW in the
form of phosphate glass instead of borosilicate (Laverov et al., 2016). This variance leads to
different rates of dissolution of the waste package. It is possible that this design may cause an
increased rate of transformation of radionuclides to the aqueous phase and so further study is

currently being undertaken to assess this risk (Laverov et al., 2016).

2.3.8 South Korea nuclear storage concept (KORAD)

South Korea has already begun construction on a nuclear repository for LLW and ILW and is
looking towards a deep geological repository for direct disposal of HLW. Experiments are
currently being carried out and a public engagement campaign is underway. However, currently

all waste is in interim storage is managed under a “wait and see” policy (KORAD, 2018).

2.4 Host rock types

Evaporite deposits, or salt rocks, have a very low moisture content and are considered self-
sealing — both these characteristics suggest this rock type would be favourable for waste
repositories. Additionally, this rock type is the most suited to thermal conduction, which is
favourable in the repository as it will allow heat to diffuse away from the canister

surface. However, only a minority of countries are considering exploiting this rock type in their
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designs, including USA and Germany. Salt rocks are also present in the UK. The nature of salt
rocks has been shown to be less suitable for repositories due to increased risk of dissolution.
There are large variations between salt deposits which greatly affect the permeability and
stability, meaning that only some would be suitable for nuclear waste repositories. Furthermore,
salt-groundwater interactions are not favourable in the repository environment, as it could
disrupt the integrity of the host rock and / or cause migration of highly saline water to the canister
surface resulting in an increased rate of corrosion. Although salt deposits are usually dry
environments, many repository designs rely on groundwater to induce the swelling of the clay

buffer.

Argillaceous rock encompasses a wide range of sedimentary deposits including clays, shale and
mudstones. Notably, the mineralogy of argillaceous rocks can alter
groundwater geochemistry, and this could interfere with repositories, either by causing
interactions with bentonite or corrosion of the canister i.e., via sulfides. However, argillaceous
rocks are naturally of very low permeability so the possibility of large volumes groundwater
entering the repository is less likely than with other rock types. However, due to the stiffness of
this rock type, it is likely that stress fractures will be present or occur during construction as a
result of stress relief, or over time due to changes in expansion and contraction caused by the
waste package heating and cooling. These fractures could allow contaminants such as microbes,
or aggressive minerals carried in groundwater, to enter the repository and have adverse effects

on the multi-barrier system (Hagdu et al., 2017).

Igneous rocks are globally widespread and favoured by several countries for nuclear waste
repositories. Specifically, crystalline granitic rock which is primarily comprised of quartz, feldspars
and micas (Hedin et al., 2016). The conductivity of this rock type has also been tested and
deemed suitable for repositories due to the high silica content (Roxburgh, 1987) — it is important
that the host rock is able to conduct heat away from the canister into the biosphere so heat does
not build within the repository. This rock type is considered strong enough not to require
additional supports, a property which would be advantageous for repositories, especially during

construction. Conversely, a concern has also been raised over the possibility of radionuclides
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migrating out of the repository through fractures in the rock face of this type; however, if the
rock face were > 350 m thick (as is the case for most countries considering granitic rock) (Hedin
et al., 2016) it is likely that radionuclides would decay to safe levels as they diffuse through the
rock face and thus pose a reduced threat (Roxburgh, 1987). Another point which makes this rock
type favourable is the knowledge accumulated through the mining industry. Throughout the
World granitic rock has been explored to recover precious metals and as such there is significant
knowledge collected in reference to engineering structures to build and reinforce tunnels in this

rock type.

2.5 Disposal strategy overview for UK

The Swedish KBS-3 nuclear waste repository design has shaped nuclear waste storage concepts
across the world including the current working model for the UK. The UK nuclear waste program

is currently managed by the RWM (Radioactive Waste Management, a subsidiary of NDA).

In the UK, the host rock has not yet been chosen, and the diverse geology of the UK means that
the options are not limited. One possibility is clay (argillaceous rocks) or a granitic crystalline rock.
Part of this decision may depend on which local community agrees to host the waste. The UK is
using a strategy reliant on effective public engagement to source a suitable location for the
repository in which a council or local area will volunteer to host the nuclear waste (RWM, 2020).
It works by publicising the prospect of generation of a number of jobs in the local area and the
safety measures which will be put in place to ensure secure and safe storage. Several surveys will
be carried out to ensure the site is suitable for nuclear storage (figure 2.6). One council, Cumbria,
had indicated interest and initial non-invasive evaluations were carried out, using only above
ground exploration and pre-existing surveys. During this time, more public engagement activities
were carried out to ensure public support for the repository was present in the local area.
However, following four years of involvement, and significant investment from the government
of over £3million, the local authorities pulled out of the selection process (RWM, 2020). At the
time of writing, two more sites are being considered for the repository — Hartlepool and
Theddlethorpe, however, both are in the early stages of the site selection process. Therefore, as

yet, no sites have been determined for the location of the repositories and so most studies

33



carried out for the NDA have used data from the most closely related system (KBS-V3) to
demonstrate likely outcomes and scenarios. This data includes values pertaining to the rock-
buffer-canister interfaces (e.g., swelling pressure, density, heat conduction); however, these will
vary slightly between locations. Also important is the groundwater movements and composition
at the location selected, as these could cause leakage of radionuclides; influx of ions or microbes;
or interfere with bentonite structure (Bath et al., 2006). As seen in table 2.2 the pH of
groundwater varies in the UK, and so it is important to fully analyse the local groundwater at

appropriate depths at any proposed site.

Latest
point for
Test of
Public
Start of Investment Funding Support

Launch
Start of Engagement Funding

Working Group

Community Partnership - with investment funding

Significant Additional
Investment for
Host Community
Raise awareness, build understanding and wider support for programme )

Site evaluation Site Characterisation Construction and operation )

10-15 years duration* 100 years plus duration*

Environmental permitting )

KEY:
@ Siting process decisions Land use planning )

@ RWM activities

. Stah‘tory - regulatory
requirements

*Based on estimated
timeframe
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Figure 2.6: Timeline of stages involved in UK site-selection for nuclear waste repository (RWM,

2020)

2.5.1 Canister and storage strategy
In the current model adopted by the UK, vitrified waste will likely be encased in a borosilicate
glass matrix within a steel canister (NDA, 2010) (figure 1.1). The container may be stainless steel,

or carbon steel, and may have a copper or lead cladding (NDA, 2017). The current design uses
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vertical emplacement of the canisters and does not allow for recovery of the canisters following

repository closure (NDA, 2010).

2.6 MX80 Bentonite mineralogy and geomechanical properties

In almost all designs across the OECD-NEA bentonite clay plays a key role in the multi barrier
containment concept. As such, this material has been extensively studied for this use (Karnland,
1998; Carlson, 2004; Gaudin et al., 2009; Milodowski et al., 2009; Wilson et al., 2010; Kiviranta &
Kumpulainen, 2011; Muurinen et al., 2013; Keller et al., 2014; Savage, 2012). Although there are
a variety of bentonite clays, Na-rich bentonite is widely accepted as the most suitable due to its

high swelling ability and low hydraulic conductivity (Lee, 2012).

Bentonites are highly plastic montmorillonite clays. The mineral montmorillonite is a subclass of
smectite and is made up of tetrahedral and octahedral sheets — T-O-T (figure 2.7). An aluminium
sits centrally in the octahedral sheet, which can be replaced with magnesium primarily, or iron.
Silicon is the central atom of the tetrahedral sheets and can be replaced with aluminium. The
overall surface charge of the clay is always negative, but substitution of the silicon or aluminium
ions can change the charge of the clay to be more or less negative. This change in charge must
be balanced by cations in the interlayer space. When the clay swells, water will flow into the
interlayer space and cause the distance between layers to increase (Newman and Brown, 1987),
this swelling is an important property for the repository. However, loss of silicon due to

substitution or clay dissolution could have a significant impact on the geomechanical properties

of the clay.
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Figure 2.7: Edge view of montmorillonite layers based on description by Newman and Brown

1987 (SKB 2010)

Spain has selected FEBEX bentonite clay (table 2.3) to use as a buffer in that country’s repository
concept (Villar, 2015). Whereas, the UK and Sweden have selected Wyoming MX80 bentonite. A
Full-scale Engineered Barrier EXperiment (FEBEX), at the Grimsel Test Site in the Swiss Alps was
set up in 1997, to mimic the Spanish repository concept (Grimsel Test Site). Three steel canisters
were inserted into the host rock and filled with FEBEX bentonite, the tunnel was then sealed with
concrete and a total of 632 sensors were used to monitor the site. This experiment is the longest
running of its kind. The canisters were heated to, and maintained at a temperature of 100°C. Two
of the three canisters were recovered after 15 years and will be analysed to determine the
feasibility of SF disposal according to the current design; to inform models of the geomechanical
changes to the bentonite and to analyse samples to investigate their microbial populations and

distributions. The third canister will be recovered in the future for further testing.

Shorter term experiments have aimed to compare FEBEX bentonite and Wyoming MX80
bentonite. It was found that MX80 bentonite has a higher swelling pressure and a slightly higher
hydraulic conductivity (Villar, 2005). There are therefore pros and cons to using each clay. The
high swelling pressure is advantageous because it will seal all the gaps between the canister and
the host rock and it is predicted that pressures of 2 MPa and higher will eliminate all microbial
activity (SKB, 2010) and therefore remove microbes as a risk to the integrity of the repository.
However, the lower conductivity of FEBEX is potentially advantageous in a repository setting
because it will decrease groundwater inflow from the host rock and limit the movement of any

radionuclides.

Another advantage of MX80 bentonite is that it has a low concentration of soluble minerals
compared to other Na-rich bentonites such as Ibeco-RWC (Karnland et al.,, 2010). Na-rich
indicates that sodium is the dominating cation in the interlayer space. By having a low
concentration of other soluble minerals, MX80 bentonite will have a higher degree of
homogeneity and will be more stable in terms of density and permeability. Table 2.3 shows the

mineral composition of MX80 bentonite. Due to the mineralogy of bentonite, particularly the
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concentration of quartz, it is hoped that the thermal conductivity will be high enough to ensure
the heat generated from the SF will dissipate. Therefore, the UK, like Sweden and many other
countries globally, has selected MX80 bentonite as the buffer and backfill in its nuclear repository

design.

One concern with bentonite clays, and smectite clays in general, is the risk of illitisation. This
process involves alteration of the clay matrix from montmorillonite to illite through substitution
of aluminium for silicon in the tetrahedral sheets, leading to silica release, and uptake of
potassium in the interlayers. The result is that swelling montmorillonite clay has become non-
swelling illite clay, which would be hugely disadvantageous for the repository as the clay would
not be able to adjust to changes in moisture content due to temperature and groundwater

changes and would be more prone to cracking.

The process of illitisation requires time, which is not limited in terms of the repository lifespan,
but also requires substantial volumes of K*. At the Aspd Hard Rock Laboratory, it was estimated
that for all the bentonite in one deposition hole to undergo illitisation, all the potassium in the
surrounding 9m?3 of host rock would have to be utilised (Wilson et al., 2011). This calculation
obviously does not account for potassium carried in the groundwater but does suggest that
during site evaluations potassium content in host rocks and concentration in groundwater should
be considered. Additionally, microbes have been implicated in illitisation, both as catalysts for
the release of silica (Kim, 2012), and also by introducing potassium to the pore waters of the clay
by releasing potassium from their cells as they move from saline groundwaters or seawater, to
less saline waters within the clay (Aubineau et al., 2019). Therefore, groundwater salinity should
also be considered when assessing potential repository sites, not only because of the risk of
increased corrosion, but also because of the risk of increased K* release from bacteria leading to

illitisation.

Table 2.3: Mineralogical composition of MX80 Bentonite and bulk composition of FEBEX (NAGRA,

after Miller-Vonmoos & Kahr, 1983; Semenkova et al., 2018)

37



MINERALOGY MX80 (%WT.) FEBEX (%WT.)
SMECTITE 75 86.6
CALCITE 0.7 2
SIDERITE 0.7 -
QUARTZ 15.2 1.9
PYRITE 0.3 -
FELDSPAR 5.8 8.5
MICA <1 )
KAOLINITE <1 -
ORGANIC CARBON 0.4 -
NACL 0.007 -
CASO, 0.34 -
KCL - 0.8

Another important feature of the clay buffer is that it will not shrink away from the canister or
the host rock on drying (Shariatmadari & Saeidijam, 2012). This swelling also ensures that the
canisters will be supported and will not sink into the clay (Pedersen & Karlsson, 1995; Bradbury
et al., 2014). The swelling and hydraulic properties of the clay are related to the montmorillonite
content (SKB, 2010). For use in the repositories, it will be compacted into blocks with a dry density

of 1.25 Mg/m3 (Pusch & Kasbohm, 2002) prior to being installed.

Furthermore, bentonite in this environment is somewhat anti-microbial, which is largely due to
the swelling pressure and low porosity. The pore spaces in swollen MX80 bentonite are 0.02 um

(Rattdo & ltavaara, 2012) which is 100x times smaller than the average bacteria. Therefore,
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bacteria will not be able to freely move around the buffer, and therefore, may not be able to
access groundwater or nutrients. This limited pore size is also important to limit the movement
of radionuclides to the external environment. Although larger than some ions, radionuclides may

also be able to move through pore spaces at a slower rate (West et al., 2002).

However, MX80 bentonite also contains 0.19-0.4% organic carbon, which is sufficient to support
microbial metabolism during the initial stages of closure, after which time it is thought that
carbon availability will not be a limiting factor to microbial proliferation (Pedrial et al., 2009) due
to other carbon sources such as carbon from groundwater, products of fermenting bacteria or
carbon fixation from inorganic sources. In fact, some soil fungal species can survive on silica gel
with no additional carbon source (Parkinson et al., 1989) and so low carbon is not a factor
contributing to microbial death for many species. There is also, although not thought to be highly
bioavailable, a source of iron, magnesium, potassium and phosphorus in bentonite. The
elemental composition of MX80 bentonite is presented in table 2.4. Microbes pose a threat to
the integrity of the canisters as they may release metabolic acids that could interact with the
metal ions or minerals present in the clay, thus disrupting the reducing environment within the

canister and changing the porosity.

Table 2.4: chemical composition of Wyoming MX80 bentonite, as an average across samples

taken from different locations at different time points (SKB, 2010)

CHEMICAL % WT.
SILICON DIOXIDE 67.4
ALUMINIUM OXIDE 21.2
IRON(I11) OXIDE 4.14
MAGNESIUM OXIDE 2.61
CALCIUM OXIDE 1.46

39



SODIUM OXIDE 2.25

POTASSIUM OXIDE 0.55

TITANIUM DIOXIDE 0.17

PHOSPHORUS PENTOXIDE 0.05

CARBON 0.36

SULFUR 0.34

Mined repositories may need to be reinforced with additional structures such as a low-pH
concrete liner. This type of liner might be used during construction but will not provide any long-
term function. However, it is possible that the cement-clay interface will be the site of sharp
gradients in pH and CO; generation, which could ultimately lead to precipitation of carbonates
and hydroxides (Birkle et al., 2010), and a decrease in the porosity of bentonite. In fact, some
predictions suggest that the exchange of Na* and K* between concrete and bentonite will lead to
reduced swelling in the bentonite, and therefore, it is more desirable to utilise a rock type and
location in which no extra support is needed during construction, which is the approached

adopted by the UK.

2.7 Stages of repository lifespan

Multiple predictions have been made about the temperature of the internal environment of the
repository. NAGRA (Swiss) predict temperatures of up to 150°C, but the NDA (UK) currently

predict the temperature of the canister surface will not exceed 100°C (figure 2.8).
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Figure 2.8: the typical temperature evolution predicted for a waste package in a

deep geological repository (RWM, 2016)

During phase 1 the construction and installation of the canisters will likely increase the oxygen
levels in the area, as well as the oxygen present in the bentonite, so the initial environment will
be aerobic, which is not ideal as the metal canisters can begin to corrode. The level of oxygen is
likely to decrease due to its reduction within the repository (Arlinger et al., 2013). These
reduction reactions are linked to the corrosion of the canister and in some cases corrosion of
steel mesh used to support tunnels (Landolt et al., 2009); however, there is some disagreement
over whether the environment will become completely anaerobic as it is likely that oxygen will
be continuously introduced by groundwater inflows. This oxygen ingress could allow bacteria to
respire aerobically (Merkel & Planer-Freidrich, 2008), but nonetheless, the environment will most
likely be described as micro aerobic. In the initial phase-(the first 20-30 years) the temperature
is estimated to reach 50-80°C (with a maximum of 90°C (Keith-Roach & Livens, 2002)) - and thus,
in addition to removal of oxygen, the water content will be reduced to less than 5% (Keith-Roach
& Livens, 2002; Landolt et al., 2009). Additionally, there is some concern over whether high
temperatures will accelerate abiotic reactions resulting in increased corrosion
by sulfur containing compounds liberated from minerals within the bentonite (NAGRA, after

Miller-Vonmoos & Kahr, 1983). Such reactions will produce iron sulfide at variable rates
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throughout the full duration of the storage. The bentonite will also experience some changes;

the porosity will decrease as the temperature increases and the water content drops.

The preceding paragraph describes the changes that will occur initially. Phase 2 is defined as the
period of cooling, in which groundwater begins to re-saturate the bentonite. This phase is
predicted to last 20-30 years (Landolt et al., 2009). However, if groundwater has a high
concentration of NaCl, the non-expanding mineral sodium illite (brammallite) may be produced
from the montmorillonite (Pusch & Kasbohm, 2002) through illitisation. This mineralogical
change would have negative effects on the buffer because it would decrease the ability of the
clay to swell and increase the risk of cracking. The associated pore size at this stage is 0.02 um. In

this phase the swelling reaches a pressure of 7-8 MPa (Ratto et al., 2012).

By phase 3, it is envisaged that all oxidation reactions will have ceased, and the environment will
be truly anaerobic, signalling that the interior environment is now reducing. This phase is
predicted to last for approximately 50 years. These timescales are in-keeping with other
predictions which estimate a reducing state to start around 100 years after the repository is
sealed (Landolt et al., 2009). During this time, the moisture content across the buffer will
equilibrate and thus the swelling pressure will be uniform. The uniformity of water distribution
may cause increased migration of ions, compounds or microbes across the buffer to and from
the canister surface. As time proceeds, the liquid limit of the bentonite decreases in correlation
with the Na/Ca ratio. The liquid limit is a component part of clay plasticity and indicates an upper
moisture content limit. For the repository, a high liquid limit is favourable to ensure clay does not
lose its structure during periods of high groundwater inflow. During clay swelling and increasing
moisture content, the Na* cation in the clay has a larger radius as it is surrounded by water rather

than Ca* (Liu, 2010). Therefore, a high Na* cation concentration will result in a higher liquid limit.

During phase 4, corrosion of the carbon steel canister will have started and at this stage the only
oxidant available is water. Therefore, corrosion during this stage will produce hydrogen gas
through reduction of water and oxidation of iron (Landolt et al., 2009). MIC is also a concern at
this stage. If sulphide is present in the groundwater, large amounts of

hydrogen sulfide (produced by SRBs) can be produced which contributes to the corrosion of the
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canister and the production of hydrogen gas (figure 2.9) which can diffuse slowly through the
buffer and increase internal pressure. The overall reaction for this type of MIC is shown below

(equation 1) (Enning & Garrelfs, 2014). SRBs are discussed further in section 2.8.4.

Fe + HoS = FeS + H (1]

Initially the environment will be around neutral pH, but it is thought that this will slowly increase
and become more alkaline after closure due to deprotonation of water in corrosion processes
(Williamson et al., 2013). The elevated pH of the environment will cause corrosion to increase,
and it is likely that Fe cations will migrate through the bentonite and interact with minerals or
small molecules or ions to form compounds (Leupin et al., 2017). This phase is due to last at least

1000 years and up to and even over 10,000 years.

20H- H,
2H,0 H,S > FeS
2+
IH* H, Fe

Canister surface

Fe0
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Figure 2.9: Reaction at the canister-bentonite interface causing corrosion of carbon steel and
production of hydrogen gas, occurring in deep geological nuclear waste storage under a

hypothetical sulphate reducing system.

Phase 4 will be the last phase, only followed by canister breeching and subsequent migration of
radionuclides into the buffer and host rock. It is predicted that canisters will fail 1000 years after
sealing the repository (Landolt et al., 2009). The temperatures having been cooling since phase 2

it is thought they will have reached 35-50°C.

2.8 Microbes in the repository environment

Microbes have been implicated as a potential problem for the long-term sustainability of HLW
canisters. Multiple microbial species have been isolated from raw and commercially
homogenised and compacted bentonite, and groundwater samples from Sweden (Arlinger et al.,
2013), Spain (Lépez-Fernandez et al., 2014), Finland and the Czech Republic. Concerns have been
raised over the possibility of MIC and changes to clay properties due to microbial presence in
repositories, as well as impacts on gas production and consumption and interactions with
radionuclides (Leupin et al., 2017). Microbial presence alone is not thought to be an important
threat, but, for instance, the production of metabolites such as organic acids and sulfides is being
evaluated. Organic acids and other metabolic products can interact with metals, and minerals
through H* ions (Konhauser, 2007; Reitner & Thiel, 2011), and this could disrupt the reducing
environment (Ratté & ltdvaara, 2012) and thus cause negative effects to the integrity of the
bentonite and possibly cause accelerated corrosion of the waste canister. However, there are
some possible advantages of bacterial presence, as there are some aerobic bacteria present
which will thus respire oxygen causing an acceleration to an anaerobic environment, which would

be beneficial as high concentrations of oxygen would increase canister corrosion.

Whilst there is evidence of microbial presence in the clay, host rock and groundwater (Lopez-
fernandez et al., 2014; Masurat et al., 2010), there are, however, several factors that will limit
microbial proliferation including low water content, high pressure, low carbon availability and a
lack of physical space (pore sizes). The internal environment of the repository is highly

pressurised, and the compaction and swelling of bentonite greatly limits the oxygen availability.
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This, combined with high temperatures, which will cause water evaporation (liquid water is
essential for all forms of biological life), suggests that the environment is somewhat inhospitable
to microbes (Wilson et al., 2010). However, these factors are largely transient or subject to

changes by microbial activity and so the possible effects of microbes must be investigated.

2.8.1 Factors limiting microbial survival in repository environments

Studies have shown that a water activity (aw) of 0.96 is too low for microbial liFe(Motamedi et
al., 1996) which is a similar water content to the repository during high temperatures. This value
is of high relevance to the US concept which by design is likely to remain a very dry environment
throughout the repository lifespan (US department of Energy, 2002). Further to this, the swelling
and compaction greatly lower the porosity of the clay, to a size thought to be smaller than the
average bacteria (Chi Fru & Athar, 2008), 0.02 um, therefore limiting the movement of microbes
through the buffer (Sellin & Leupin, 2013; Rattd & ltdvaara, 2012; Kieft, 2000). However, this
swelling must be somewhat limited to avoid damage to the host rock and canister (Sellin Leupin,

2013).

It has been recorded that as density or swelling of bentonite increases, bacterial activity within
the bentonite decreases (Masurat et al., 2010). This study also predicted that compaction of 1.6
g/cm? is sufficient to inhibit bacteria within the bentonite to a point where the rate of microbial
activity is below that needed to corrode through the copper or steel capsule in under 10,000
years (Masurat et al., 2010). This finding is in keeping with data which shows that prokaryotic
cells can withstand turgor pressures up to 2.02 MPa but survive at lowered activity (Masurat et
al, 2010). This pressure threshold is much lower than the pressures predicted to develop within
the canister buffer (Ratto & Itdvaara, 2012) but does suggest that pressure may not be the main

limiting factor to microbial survival.

Several microbes have an optimum temperature of 30°C (+/- 10), and so the temperature alone
limits how many bacteria will be able to thrive during the hottest periods of the repository
lifespan when the canister surface is around 100°C and the host rock / clay interface is around
70°C (RWM, 2016); however, this is well below the temperature limit for microbial life - 121°C

(Kashefi & Lovley, 2003). It is thought that during the initial phases of the repository, the
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temperatures around the canister will be so high that microbes will not be able to survive in the
desiccated buffer, which would penetrate tens of centimetres into the bentonite (West et al.,
2002). However, during the latter stages, as the repository cools, the lowest expected
temperature is 40°C which will be maintained for most of the post-closure period and may allow
for some microbial life. Experiments investigating microbial activity in clays at this temperature

are currently limited, with most research considering survival at higher temperatures.

Furthermore, there is a concern that the high temperatures within the canister may cause a
moisture cycle (figure 2.10) which could influence the bacteria to move to the canister-bentonite
interface, where they could cause most damage by corrosion (Salas et al., 2014). In this case,
corrosion of a copper canister was predicted to occur at a rate of 2 mm to 25 mm over 100,000
years, depending on substrate availability (Liu et al., 2006), which may be an issue for designs
using 5 cm thick copper canisters such as SKB, KBS-3 design. No similar predictions have yet been
made for carbon-steel canisters, but it can be predicted that the steel would corrode at a faster

rate than copper.
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Sketch of a KBS-3 Repository
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Figure 2.10: Condensation and evaporation cycle which may occur in clay buffer during

repository closure (Salas et al., 2014)

A more obvious obstacle to microbial survival is the exposure to radiation. Several microbes have
developed ways to adapt to exposure to ionizing radionuclides, such as increasing genome copy
number; increasing rate of DNA and enzyme repair; and rearranging nucleoids (Reitner & Thiel,
2011). It is obvious that radiation will penetrate the buffer at some point during the repository
lifespan. This radiation will also limit microbial life; however, some microbes have been known
to recover from exposure of up to 15 x 103 Sv (Shukla et al., 2007). The ability of sediment bacteria
to survive gamma radiation has been tested at continuous exposure to 30 Gy for 8 weeks, but
these bacteria may be able to withstand higher doses (Brown et al., 2015). There is therefore a
strong argument that radiation released from the canister will not destroy all microbial life but
will become a strong selective pressure and shape the microbial community. The resulting
community of radiation tolerant microbes would then be able to thrive with less competition for
water, space and energy sources, however, the effect of the microbial community activity on

radiation is not clear.
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2.8.2 Opportunities for microbial survival in the repository environment

Despite the adverse conditions within the repository, the microbes present can increase the rate
of reduction of Fe(lll) (RWM, 2017) through direct or indirect mechanisms. Some thermophilic
and piezophilic bacteria which exist within the bentonite could survive the high temperatures
and pressures of the repository (Arlinger et al., 2013) and proliferate during the latter stages of
closure. Interestingly, certain bacteria have higher survival rates in the repository environment
than in the laboratory (Pedrial et al., 2009). Moreover, there are survival mechanisms which
bacteria can employ to withstand inhospitable conditions until the environment becomes more
favourable. For example, some bacteria (e.g., Bacillus sp.) can form spores which can remain
dormant for hundreds of years. While these spores can recover from low water availability and
temperatures above 50°C (Lindsay et al., 2006), only some species will produce spores that can

survive up to 100°C as would be the situation at the canister surface.

As previously mentioned, reduced pore size is another obstacle to microbial activity, however,
the pore size is not small enough to exclude the transport of any metabolite. Therefore, even if
the bacteria are only able to survive in small pockets within the bentonite, there is still a method
by which their secreted by-products can migrate across and through the buffer to the host rock

and canister.

Other types of microbes may form biofilms or multi-species biofilms which may also aid the
survival of bacteria. Biofilms are formed as a response to stress (e.g., low nutrient or water
availability, high temperature, antibiotics) and can allow bacteria to share DNA, nutrients and
information between one another. A biofilm also acts as a physical barrier between the bacteria
and the external environment and has been very effective at withstanding external stresses such
as antibiotic attacks (Bakar et al., 2018). Whilst biofilms are a survival mechanism, they are not
as robust as spore formation (although they can occur at the same time) (Lindsay et al., 2006). It
is also worth considering whether biofilm formation on the canister surface would create an extra

barrier to corrosion and may aid in the multi-barrier design (Herrera & Videla, 2009).

Another possibility is that microbes could exist on the outer surface of the bentonite, at the

bentonite/rock interface. This exploitation of the environment would be beneficial to microbes
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due to greater groundwater availability and slightly lower temperatures, as well as the potential
space which could exist either in fractures in the host rock (RWM, 2017a), or areas where the
bentonite has not swelled efficiently to completely fill every gap. Additionally, voids within the
buffer are thought to host large numbers of microbes, however, their movement is reduced by
hydrogen bonding which fixes the microbes to clay gels thus inhibiting the breakdown of gel
bonds (Wilson et al., 2010). Whole rock XRD revealed that pore spaces were increased or created
by cell lyses and conversely, bacterial precipitates sealed other pore spaces. This is likely due to
specific bacterial secretions. Additionally, microbial activity affected the overall swelling and pH
of the bentonite (Pedrial et al., 2009), although the exact mechanism which caused these changes

is not discussed.

2.8.3 General concerns about the impact of microbial activity in the repository

Whilst biofilm formation is a survival mechanism, there is a risk that biofilm formation prior to
rising temperatures could speed up corrosion during phase 2 of repository closure in an uneven
manner (West et al., 2002) because biofilms allow a microbial population to control how many
metal ions or how much of a metal surface they are exposed to. Biofilms also protect the bacterial
cells for years at a time by providing a physical barrier to the external environment and allowing
easy nutrient exchange between individuals. Current assumptions and safeguards presume that
the canister surface will corrode evenly (West et al., 2002), so the effects of uneven corrosion
have not been addressed. Bacteria known to form biofilms (e.g., Pseudomonas and Bacillus) have
been isolated from FEBEX bentonite samples in Spain (Lépez-Fernandez et al., 2014).
Additionally, filamentous bacteria may cause micropitting on the surface of the clay, copper or
steel which has the potential to cause changes in internal pressure, density and swelling. This
type of microbial structure has been observed in some hydrothermal clay deposits, where a
network of microtubules has been created by filamentous Fe(ll)-oxidising bacteria (Konhauser,

2007). There is also a risk of illitisation by silicate solubilising bacteria.

One of the biggest concerns about microbial presence in the repository is the possibility of MIC.
This risk is of most concern for the concepts that use steel canisters rather than copper as steel

is likely to corrode at a faster rate (Cleary & Greene, 1967). Additionally, Cu®* ions are highly toxic
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to most bacteria (Dupont et al., 2011) and so MIC is of less concern in these designs. The main
bacterial species known to increase corrosion are SRBs (Enning & Garrelfs, 2014). Though, steel
canisters may also be attacked by iron-interacting bacteria (Valencia-Cantero & Pefia-Cabriales,

2014).

Microbes will be favoured for utilising oxygen in the early stages of closure, as this will decrease
the time taken for anaerobic conditions to be reached, and thus slow corrosion. Microbes may
also utilise hydrogen produced during corrosion (Leupin et al., 2017; Hultquist et al., 2011;
Arango & Schlegel, 1981; Williamson et al., 2013). However, a study by Stroes-Gascoyne (2002)
found that gas consumption in an in-situ environment with bentonite did not increase with an
increase in microbial presence. In fact, there was no significant differences to gas compositions
between the starting composition and the composition after 6.5 years incubation with various
concentrations of microbes (Stroes-Gascoyne et al., 2000). Therefore, the bacterial population
may have been inactive, or the carbon sources in the bentonite may not have been bioavailable.
Conversely, there are fears that microbes may produce other gases that could increase pressure
within the repository, namely, H, and CO; There is also evidence to suggest that methane may
be produced from the carbon dioxide and hydrogen (Stroes-Gascoyne & West, 1997). An increase
in pressure in the clay barrier through gas production could be harmful as it could damage the
host rock or canister (Sellin & Leupin, 2013). Although microbes will be present in the clay barrier,
microbial gas production and consumption is thought to be greatest in the backfill (NDA, 2016).
This is likely because the backfill will be cooler and have more space for microbial movement

leading to increased microbial activity.

SRBs can promote corrosion of steel by promoting the depolarisation of its surface (Valencia-
Cantero & Pefia-Cabriales, 2014), through interactions with excreted compounds, namely, the
by-products of metabolism. They are released to the extracellular environment and for this
reason, the rate of corrosion is correlated to the rate of metabolism of the SRBs. In the case of
nuclear waste canisters, these compounds have been observed to interact with copper ions to

form copper sulfide, carbonates and rusts (Konhauser, 2007) and therefore could contribute to

50



the corrosion of the canister (Guan et al., 2016). However, the formation of FeS could also reduce

corrosion by creating a protective coating (Kim & Gadd, 2008).

Additionally, iron-reducing bacteria (IRBs), which are most active at a neutral pH such as in the
repository (Herrera & Videla, 2009), can increase corrosion and act on the iron rich minerals in
bentonite, which could reduce the swelling pressure and compaction of the buffer (Pedrial et al.,
2009). Reduction of Fe(lll) present in the montmorillonite in the bentonite would result in a
disadvantageous effect on the integrity of the buffer. Mass balance calculations suggested that
if all the iron in the canister reacted with the bentonite, 10-30% of the montmorillonite would be
converted to non-swelling Fe(ll) (Wersin et al., 2008) caused by a change in lattice structure and

dehydration.

A research question which is beginning to be explored is how bacteria associated with
underground nuclear waste storage would interact with radionuclides in the unlikely event that
a breach happened much earlier than expected. The presence of IRBs in groundwater at Sellafield
suggests that the bacteria could be able to survive and can reduce uranium (U (VI) to U (IV))
(Newsome et al., 2014; Wilkins et al., 2010), although the exact mechanism is not discussed.
However, this is only possible when bioavailable Fe(lll) is present to encourage and select for
Fe(lll)-reducing bacteria. This would suggest a possible solution for microbially removing
radionuclide contaminants from groundwater (Lovely, 1991) as U (IV) is insoluble and so would
not be able to enter the aqueous phase, therefore, this bacterial activity would be advantageous
in the repository environment as it would prevent radionuclides being able to contaminate the

groundwater.

2.8.4 SRBs in the repository

SRBs have been found largely in methane and sulfide-rich areas, such as in the deep marine
sediments and hot ocean currents. They belong mainly to the phylum firmicutes and
proteobacteria and include spore-forming and nonsporulating species and can be facultative
anaerobes, or obligate anaerobes. One commonality is that they are all able to reduce sulfate to

produce hydrogen sulfide (Ehrlich & Newman, 2009).
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Although bentonite clays contain some sulfur-containing minerals, the main source of sulfate is
from groundwater. Therefore, MIC caused by SRBs is of most concern at sites where the local
groundwater is sulfate rich, such as the Swedish site (table 2.2). Sulfur could also be released
from dead biomass (RWM, 2017). SRBs can utilise this sulfate to form H,S (Ehrlich & Newman,
2009) which is the main driver of MIC by SRBs, as it can oxidise iron in the steel producing H2 (via
reduction of H*) and FeS (Enning, 2014). Members of this group include Desulfotomaculum,
Desulfosporosinus, and Thermoacetogenium. Additionally, some SRBs can be described as
piezophiles as they are able to tolerate high pressures (Ratté & Itdvaara, 2012) and some

(Desulfosporosinus sp.) have an optimum temperature of up to 65°C (Rosnes et al., 1991).

SRBs were identified by 16S rRNA gene sequencing of microbial samples from bentonite (Masurat
et al., 2010; Lopez-Fernandez et al., 2014) and groundwater from the Swedish site at a variety of
depths between 65-586m (Kotelnikova and Pedersen, 1998; Haveman & Pedersen, 2002;
Masurat et al., 2010). Further experiments found that increased density and swelling of clay,
respectively, decreased sulfide production (Masurat et al., 2010). Through community fingerprint
analysis via denaturing gel electrophoresis (DGGE) differences were found between SRB
communities in bentonite and communities in the groundwater (Chi Fru & Athar, 2008),
therefore indicating that these environments can provide a stable habitat for a variety of SRBs.
However, groundwater SRBs may not be suited to conditions within the buffer. Some species,
Sedimentibacter and Desulfosporosinus, can survive in both environments (Chi Fru & Athar,

2008).

Most SRBs do not survive the extremely high temperatures and there are no reports of SRB
activity above 100°C+, but several viable spores (Liu et al., 2006; Rosnes et al., 1991) have been
recovered from elevated temperatures that could then produce fully functioning SRBs (Feofilova
et al., 2012). The maximum temperature in which sulfur reduction has been recorded is 80°C
(Holting & Coldewey, 2019), which is within the range of the initial phase of the repository and
the highest predicted temperature of the outer surface of the bentonite. Philip et al. (1991), have
shown that while water availability (and the salinity of the groundwater) dictates the survival of

microbial life, the limiting step of SRBs proliferation in a repository setting is the availability of
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sulfate, hydrogen or organics such as acetate or lactate, which must be present for the
microorganisms to anaerobically metabolise. The concentrations of sulfate in groundwater vary
depending on location, but it is generally seen to be high enough to support microbial
liFe(Pedersen, 2012; Kotelnikova & Pedersen, 1998). However, over the period of 100,000 years,
the landscape is forecasted to be subject to several conditions that have unknown effects on the

concentration of sulfate and methane concentrations.

A theory to explain the survival of SRBs at such high temperatures (such as 120°C for 15 h) which
has not been fully investigated, is that the cells are desiccated. This is the process by which
bacterial or microbial cells have been dried out and are able to survive in this state until they are
rehydrated (Reitner & Thiel, 2011). In the canister environment, the water content is predicted
to decrease to ~5% in the bentonite buffer and a study in which SRBs were able to survive 120°C
began with an environment of ~10% water in bentonite (O’Sullivan et al., 2015). This theory could
explain why sulfide production by SRBs is observed even after extreme heat treatment in
bentonite but not in culture where the maximum temperature activity was recorded at 80°C. This
could also impact findings in which low water content effectively killed SRBs, because there were
no experiments in which the water content slowly decreased to a supposedly lethal
concentration and then increased again. This would allow conclusions to be made about whether
the cells were dead or if the bacteria are able to tolerate a desiccated state for a long period of

time.

Desiccation-tolerance is possible for spore-forming SRBs such as Desulfosporosinus, as the spores
can survive in a dormant state at high temperatures, or adverse conditions, for a prolonged
period, until the environment becomes favourable for growth (Rosnes et al., 1991). This is in
keeping with findings that suggest most SRBs are unlikely to survive in the bentonite. However,
spore-forming SRBs were most likely to persist in pressures of 1.09 g/cm? with limited water and

nutrient availability (Pedersen et al., 2000).

The mechanism by which SRBs reduce sulfate is complex (figure 2.11) and is coupled to ATP
production. At stage 5 in figure 2.10, sulfite is reduced to S* by sulfite reductase. This last step,

also the last step in the electron transport chain, is the same as for the bacterial reduction of
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elemental sulfur, whereby a hydrogen ion and S forms first sulfide, and then hydrogen sulfide
on addition of a second hydrogen ion. This is then released from the cell (Cypionka, 2006; Rabus,
2013). It is well documented that SRBs can utilise hydrogen as the sole electron donor.
Alternative electron donors include organic compounds such as lactate, and one study by Dinh
et al. (2004) even found that some species of SRB, Desulfovibrio, can use metallic iron as the sole

electron donor.

) (N v
1 (2-x+yV4
807 80,%
X ATP
4H, § PP, — 2P,

APS

2e 244
g H eH,0 + AMP
gHt " \¥
e~ SO ATP
(e
..*Va.x.-,n-

- 81 oapp
3,0\ ADP
|-S:J } ‘ p,
lf‘“'H-

Hs:&t H,S

Figure 2.11: Steps in dissimilatory sulfate reduction and energy production with H; as the electron
donor. (1) Uptake of sufate (2) ATP sulfurylase (3) pyrophosphotase (4) APS reductase (5) sulfite
reductase (6) hydrogenase (7) Cytochrome C (8) ATP synthase (Cypionka, 2006)

However, the transport chains and pathways used by sulfur-reducing organisms can vary from
species to species: e.g., the reductive citric acid cycle is active during sulfur reduction in
Thermoproteus neutrophilus, whilst the hydroxypropionate pathway was active in Acidianus
species (Rabus, 2013). Although the pathways differ, the overall equation to produce H;S by SRBs
from elemental sulfur is shown in equation 2. In Desulfovibrio hydrogen sulfide is produced via a

different reaction (equation 3).
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4H; + 4 S° > 4H,S 2]

4H; + H2504 = H2S + 4H,0 [3]

In both these examples, organic matter, such as a carbon source is utilised by the bacteria and
through a series of reactions coupled to reduction to form hydrogen sulfide. Energy in the form
of ATP is also produced (Welch, 1980). It has been noted that the activity and spores from SRBs
are present in all samples of bentonite so far tested, and that as a result, sulfides migrate through
the buffer (Keith-Roach & Livens, 2002). This would increase corrosion rates, and in the case that
microbes are located on the outer edge of the buffer, this would further increase migration of
sulfides through the buffer to the canister surface, and thus corrosion would increase by a

predicted rate of 2 mm in 105 years (Liu, 2006).

2.8.5 Iron-interacting bacteria in the repository

Iron-interacting bacteria can also cause an increase in the rate of corrosion of steel through both
iron-oxidising bacteria and IRBs. However, despite their abundance in materials and sites related
to nuclear waste disposal, in comparison to SRBs, there has been little research carried out on

what the outcomes of their activity in the repository could be.

IRBs, among other bacteria and archaea were also isolated from the groundwater and bentonites
indigenous to Spain, and bentonite used in Finland, using 16S rRNA Illumina sequencing (Lépez-
Ferndndez et al., 2014; Chi Fru & Athar, 2008). They were also identified in samples from the
near-field (an area geographically close - in the vicinity of the repository) and far-field (an area
geographically distant such as the surrounding geosphere (1 x 25 x 25 km3)) subsurface
environment at Sellafield (Wilins et al., 2010), as well as being present in uranium-contaminated

groundwater samples from Finland and Gabon (Haveman & Pedersen, 2002).

Similarly, bentonite samples collected in the Czech Republic were found to contain a few bacteria
belonging to the Gallionella and Nitrosomonas families which were able to oxidise iron and sulfur
as well as ammonia and manganese. G. ferruginea is largely considered the most active iron

oxidiser, achieving theoretical rates of 1.1 x 107'* mol Fe(lll) per cell per year (Konhauser, 2007).
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The bacterium has also been implicated in several clogging issues in draining systems due to its

high precipitation of iron, suggesting that it is geographically widely present in groundwater.

Iron-interacting bacteria could also interact with iron, and iron-containing minerals, in the clay
buffer. MX80 bentonite has ~4% wt. iron present (SKB, 2010) and interaction with this iron could
lead to changes in the clays geomechanical properties leading to a less stable barrier system and
possible illitisation (Bradbury et al., 2014; Sellin & Leupin, 2013). For example, iron could be
transformed to non-swelling iron minerals such as hematite or magnetite which in high

concentrations would increase the hydraulic conductivity of the buffer (SKB, 2010).

While oxidation of Fe(ll) to ferric hydroxide (Fe(OH)s) can occur in any environment where Fe(ll)
in solution encounters oxygen, bacteria provide the correct nucleation site for this to occur in
anaerobic conditions (Konhauser, 2007). The ferric hydroxide serves as a precursor to more
stable iron oxides such as goethite and hematite (Konhauser, 2007). It is the transformation of
iron in the canister to these minerals which would increase corrosion and the reason why iron-

interacting bacteria are a concern.

Whilst iron-oxidising bacteria can promote the oxidation of Fe(ll) to Fe(lll), IRBs can reduce Fe(lll)
to Fe(ll) intracellularly and on the inner cell membrane (Ehrlich & Newman, 2009), due to a low
affinity for Fe(ll), the reduced product is then released from the cell. These bacteria must be
specialised to recognise and attach to a surface which contains iron, and to produce proteins
which are able to interact with the iron present in the extracellular environment. (Knoll et al.,

2012).

Several Gram-negative IRBs have been characterised (such as Geobacter (figure 2.12) and
Shewanella), and while there are some Gram-positive bacteria that are able to reduce iron, the
mechanism is not fully understood. It has been observed, using cryo-TEM (three-dimensional
cryogenic transmission electron microscopy), that Geobacter carries aggregates of Fe(lll) oxides
on its outer membrane. A theory has been proposed that Gram-negative IRBs collect and store
Fe(lll) sources on their outer membrane in preparation for a time when they do not have access

to an external iron source (Luef et al., 2012). This theory would allow the iron to be stored near
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the OmcS cytochrome as shown in the schematic in figure 2.11, ready for reduction. Further to
this, there is evidence to suggest that Geobacter can not only store iron but can transfer it to
other bacteria through pili (Reguera et al., 2005). This transfer is likely to be a cooperative
method to sustain a microbial population, such as in a biofilm, to tackle starvation. E-pili are also
employed to reach iron that is geographically distant from the bacteria. As e-pili are 3 nm in
diameter (Lovely & Walker, 2019), they are not restricted by the small pore size of MX80
bentonite and so if this bacterium is found to be present, widespread iron-reduction could occur

throughout the MX80 bentonite.

Due to the lack of an outer membrane, Gram positive bacteria do not have cytochrome C present
in the periplasm which plays a key role in Gram-negative iron reduction as it acts as an electron
reservoir for electrons destined for the outer surface (Morgado et al., 2012). This is of particular
importance in the reduction of Fe(lll) via acetate metabolism as acetate is metabolised in the
periplasm and requires electrons to be carried across the periplasmic space (Lloyd et al., 2003).
Therefore, it is possible that other types of cytochromes may play this role, however, the

periplasm is an obstacle to this process (Williamson et al., 2013).

Figure 2.12: Proposed model of Fe(lll) reduction by Geobacter sulfurreducens. The white
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pathway represents the electron transfer pathway. Electrons from oxidation of NADH to
NAD™* are transferred across the periplasm by MacA and cytochrome C, then
subsequently transferred across the outer membrane by a series of cytochromes (OmcB/E). In

this species, OmcS is present on the pili and is the site of iron reduction. (Morgado et al., 2012).

Thermophilic IRBs (such as those species which would survive the high temperatures of the
repository) are less able to biomineralise Fe(lll) from smectite structures, than mesophilic Fe(lll)-
reducers (Kashefi et al., 2008). Studies showed that illite structures were formed from smectites
in the presence of mesophilic bacteria (RWM, 2016), but not thermophilic IRBs. These mesophilic
bacteria are anaerobic and are often found naturally to be involved in bioremediation of metal
and mineral contaminants in marine environments (Kim & Gadd, 2008). It is therefore possible
that these microorganisms will have adverse effects on the iron inserts, used in some designs to

reinforce tunnels, or steel components within the canisters.

Certain IRBs have been extensively studied including species from the genus Shewanella.
However, although numerous species within the Shewanella genera are competent iron-reducers
they are not found to be indigenous to deep ground environments (Erbs & Spain, 2002) and have
not been isolated from groundwater or bentonite samples. Regardless, experiments have been
carried out with Shewanella and bentonite, using constant volume titanium test cells with Fe(lll)-
adapted cultures. This adaptation occurred through anaerobic incubation with Fe(lll) citrate as
the terminal electron acceptor, and formate as the carbon source. The results after a minimum
of 3 weeks of enclosure in the test cells showed that no mineralogical changes occurred but the
water content of the bentonite did change (Pedrial et al., 2009). This indicates that the
microstructure of the bentonite was altered to allow more water storage in the interlayers of the
clay when bacteria were present. A 3-week incubation is a relatively short incubation period
when the lifespan of the repository is considered. Therefore, as significant changes were
observed in a short time span, there is likely to be greater changes during the lifespan of the
repository. This experiment also did not consider which other microbes may be present which
could work syntrophically with Shewanella to potentially cause changes to the MX80.

Furthermore, formate is not necessarily the carbon source likely to be available for microbial use.
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S. putrefaciens is a Gram-negative bacterium which metabolises anaerobically (Kim & Gadd,
2008). S. putrefaciens has been used in studies to see the effects of IRBs on MX80 bentonite. It
was found that the bacteria grew better on nontronite-rich clay than on smectite-rich bentonite
due to the difference in Ca and Fe(lll) concentrations. The study found that in both the presence
and absence of Shewanella pyrite oxidation occurred, leading to precipitation of Fe(lll)
hydroxides and subsequently iron carbonates. The oxidation of pyrite can therefore be attributed
to abiotic reactions. However, the bacteria had to be present for lepidocrocite formation from
reactions of Fe(ll) on the surface of calcite which caused changes to the pH of the internal
environment (Pedrial et al., 2009) and could influence the reducing state of the canister (Kashefi
et al., 2008). Furthermore, as lepidocrocite is a non-swelling iron mineral, this formation would
also be detrimental to the geomechanical properties of the clay which make it an effective
barrier. Whilst these experiments are useful, S. putrefaciens has never been identified in
indigenous communities of MX80 bentonite. As with previous experiments outlined here, it
would be more beneficial to understand the interaction of the entire indigenous microbial

community with iron within MX80 bentonite, rather than with non-native model IRBs.

There is some disagreement over the extent IRBs contribute to corrosion of steel. While some
studies show that IRBs enhance corrosion or accelerate the corrosion rates of steel, others
suggest that mineral precipitates of IRBs are protective against corrosion (Herrera & Videla, 2009)
depending on pH, ion distribution and oxygen concentration. Studies carried out by Schiitz et al.
(2015) showed that hydrogenotrophic IRBs did contribute to corrosion of carbon steel in the
presence of Fe(lll) and H,, but to a limited effect that was thought to be negligible in terms of
nuclear waste storage. The rate of corrosion by IRBs is inhibited by sulfide and siderite
precipitation by abiotic reactions and magnetite dissolution (Dong et al., 2000) causing a
protective mineral layer to form and block the bacteria from accessing the canister surface.
Alternatively, it is believed that IRBs can form biofilms on the surface of steel which can support
SRBs by providing a hospitable environment with direct access to the canister surface (Herrera &
Videla, 2009). This would speed up corrosion of the canister due to the proximity to SRBs and the
potential H,S produced. It seems that whether biofilm formation occurs at the canister surface is

dependent on whether the bacteria can colonise the area before mineral precipitates create a
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protective layer. In anaerobic conditions, electrons from the carbon steel surface reduce protons,
forming hydrogen and creating a protective layer over the metal (Wolzogen, 1934). IRBs among
other bacteria can interact with this coating and exploit fractures in the steel caused by hydrogen
embrittlement. An understanding of how this process could progress in the nuclear waste
repository with microbial presence is therefore vital to accurately predict how the waste canister

may corrode.

It is also noteworthy, that most IRBs are also able to reduce oxidised forms of manganese, which
is present in the carbon steel canister and, to a limited extent in bentonite (Erbs & Spain, 2002).
There is also evidence to support the statement that IRBs will likely use up the gas produced in
the repository by their respiration (Williamson et al., 2013). This would be beneficial as it is
thought that a build-up of gas in the repository could have adverse effects on the ability of the
bentonite to function as a barrier due to an increase in pressure. Furthermore, less hydrogen gas

would lessen the risk of hydrogen embrittlement of the steel and by extension corrosion.

2.8.6 Silicate solubilising bacteria in the repository

Chemical or mineralogical changes to bentonite will affect its geomechanical properties and
change its ability to function as an effective barrier. Silica is an important component of all clays,
and the silica content of clays is linked to the swelling ability and plasticity index of the clay. Loss
of silica through silicate weathering in clays can lead to illitisation as previously mentioned (see
section 2.6). In sediments loss of silica is coupled to release of nutrients to plants and bacteria
as well as cations such as Mg?* and Ca?* which are involved in CO; sequestration. In fact, all silicate
mobilisation is accompanied by release of micro and macro nutrients. Silicate-solubilising
bacteria (SSB) act on silicates in clays and sediments to cause this weathering. SSB include both
Gram-negative bacteria and Gram-positive bacteria, most notably, Bacillus sp. and Pseudomonas
sp. (Vasanthi et al., 2016). Both these bacteria have been found to be indigenous to clays involved
in nuclear waste disposal (Lopez-Fernandez et al., 2014), but investigation into their silica-

solubilising activity with regards to nuclear waste repositories, has not been carried out.

There are several mechanisms which are thought to be involved in silicate solubilisation by

bacteria. Firstly, hydration of CO; during respiration results in formation of carbonic acid. This
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acid when released can act on silicates. For instance, it was observed that carbonic acid can cause
weathering of orthoclase (KAISisOs) to kaolinite (Al,Si20s(OH)4) (Vasanthi et al., 2016). Similarly,
feldspar can undergo chemical weathering to form muscovite (equations 3 & 4). In this example
the dissolution of feldspar results in dissolved ions and dissolved silicic acid (H4SiO4) which form
muscovite and so there is no overall yield in silicic acid, but the mineralogical change to a less
plastic mineral is still detrimental to the properties of the clay buffer. Other products of chemical
weathering include calcite and iron (hydr)oxides. However, it is unlikely that CO, will be present

or generated in nuclear waste repositories, unless by microbial respiration and fermentation.

KAISizOg + CaAl,Si;0s + 12H,CO3 + 4H,0 2 Ca** + 12HCOs + K* + 3AP* + 5H,Si04  [3]

3AB* + K* + 3H4SiOs = KAI3Sis010(OH); + 10H* [4]

Another bacterial mechanism that causes silicate solubilisation is secretion of metabolites
including amino acids, organic acids and phenolic compounds. Some of these metabolites have a
high affinity for metals including aluminium and iron (Konhauser, 2007; Reitner & Thiel, 2011).
By binding or reacting with metals in clays the associated silicates become soluble (Gadd, 2010).

This mechanism could occur in the repository and is common among Bacillus sp..

Ligand, siderophore and exopolysaccharide production and secretion can also contribute to
weathering in the same way as secreted metabolites — by binding metals through H* ions
(Konhauser, 2007; Reitner & Thiel, 2011). Furthermore, SRBs have also been implicated in silicate
weathering. Hydrogen sulfide production could react with iron and calcium in silicate minerals,
creating iron sulfide or calcium sulfide, respectively (Ehrlich & Newman, 2009). The silicate

component of the mineral would then be soluble.

Different clays and minerals have different propensities to weathering by microbes. For example,
magnesium trisilicate was more vulnerable to solubilisation than quartz or muscovite (Vasanthi
et al., 2018). There are also some instances in which microbes (e.g., Actinomyces) have become
coated in silica (Suaro et al., 2018). This is most likely linked to other processes such as nitrogen
fixation or iron-oxidisation and reduction (Suaro et al., 2018). It is probably used to support cell

walls and increase strength of cell integrity (Vasanthi et al., 2016). Bacterial cells are also
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immobilised by silica due to high adhesion. This is true for pure silica gels and silica found in clays
such as bentonite (Suaro et al., 2018). It is possible that microbes promote silica dissolution or
silicate solubilisation as a defence against cell immobilisation. This use of silica for structure and
integrity may be an important survival mechanism for microbes in the repository to withstand

high pressures and small pore sizes.

If there was a decrease in silica content of the MX80 bentonite, the effects would be detrimental
to the barrier system. It would decrease the ability of the MX80 bentonite to swell and respond
to changes in the environment without cracking. Despite these risks, there are not many specific

studies of silicate bacteria in reference to nuclear waste disposal.

2.8.7 Other bacteria likely to be present in nuclear waste repositories

In addition to the bacteria discussed, several bacterial, archaeal and fungal species have been
isolated and identified from clays and groundwater samples including nitrogen fixers, methane-
oxidising bacteria, olitrophic and extremophilic bacteria, and several Gram-positive aerobic
bacteria (Smart et al., 2017; Stroes-Gascoyne & West, 1997). Many of these bacteria have been
disregarded, as enough is known about the species to predict that they will not survive the high
temperatures, pressure or the anaerobic environment of the nuclear waste repository (West et

al., 2002).

Furthermore, highly metal and uranium tolerant yeast strains from the genus Rhodotorula were
isolated from the groundwater at the Aspé Hard Rock Laboratory. It was observed that certain
yeast strains, including Rhodotorula sp., can precipitate U (VI). In this study, the effects of yeast
under high temperatures and pressure were not tested, however, there are also a number of
fungal species recorded which are able to reduce radionuclides and have a high tolerance to toxic
environments. There is some concern that microbes which can tolerate and interact with
radionuclides would then become active radiocolloids and transport radioactive material through

groundwater movement out of the repository (West et al., 2002).

Interestingly, it was found that while bentonite is able to sustain microbial life, when

groundwater containing microbes was introduced, it was found that the survival rates of the
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bacteria indigenous to bentonite were much higher than that of the groundwater microbes. An
explanation for this was offered: it was observed that microbes found in the clay were largely
Gram positive, while soil microbes and other microbes from the groundwater were mainly Gram
negative (Chi Fru & Athar, 2008). This discrepancy is perhaps due to the structure of the outer

membrane on Gram negative bacteria, although no definitive explanation has been found.

2.9 Concluding statement

There are several studies surrounding the role of SRBs within the repository, however, the role
and effects of IRBs has so far been largely ignored, despite studies identifying IRBs as indigenous
to MX80 bentonite. Therefore, knowledge of the effects of these bacteria on corrosion,
mineralogical changes to the clay or metabolic contributions are not known. This understanding
is especially important for design concepts with the use of steel canisters as they will be subject
to a faster rate of corrosion. The survival capabilities of these organisms are also important in
understanding how they will survive in the repository, if at all. It is worth noting that due to the
prolonged timescales of the repository lifespan it is not possible to run real-time experiments to
accurately predict how 30 years of microbial activity will affect MX80 bentonite. Therefore, most
experiments that have been carried out, excluding in situ long-term experiments, have used
much higher concentrations of microbes than would be present in the repository. It is fair to
expect that the effects seen with a higher concentration of microbes over the course of a few
months, would likely be able to happen with a smaller concentration of microbes over the

timespan of each phase of the repository.

Additionally, effects associated to microbial presence in the repository such as gas production
and utilization, and silica solubilisation are not well understood at present. Reports of indigenous
MX80 bacteria have identified a range of bacteria with diverse metabolic activities which could
influence mineralogical changes to the clay. These fluctuations, amongst other changes to the
internal environment, could prove important in understanding the effect microbes will have on
the repository at different stages during containment. Also largely missing from the literature is
a link between the microbial survival, and activity as carried out by several studies, with any

measure of geotechnical changes to the clay. Indeed, many attempts to characterise the
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indigenous microbial population have been unsuccessful or have not differentiated between all
DNA and that of viable microbes within the clay. Aside from a limited number of isolated studies,
the link between microbial activity and changes to the geomechanical properties of the clay does
not appear to overlap in the literature. While some attempts have been made to indicate and
model microbial life based on engineering measurements and predictions such as pressure, or
some SEM, XRD techniques have been included in the analysis of some microbial studies, there
is a lack of clear consequences of microbial activity on the behaviour of the clay and its ability to

function as a barrier regarding its geotechnical properties.

Therefore, research gaps exist both in the understanding of which microbes can survive and
become active in compact MX80 bentonite, and what geomechanical changes might occur due
to the activity of these microbes. This project aims to fill these research gaps with a particular

focus of iron-interactions and IRBs to complement the current UK design concept.
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Chapter 3. Experimental Methods

3.1 Introduction and safety

Following an extensive literature review, the experiments designed for this project combined
classical microbiology techniques and geotechnical testing to answer the research questions
outlined in chapter 1 and fill the research gaps identified in section 2.9. These experiments
followed a logical plan to first characterise the viable microbial community, then establish the
potential activities and survival limits of this community, and finally to understand how these
activities could influence the geomechanical properties of MX80 bentonite (figure 3.1). As
explained previously, the UK design for a nuclear waste repository will utilise carbon steel waste
canisters. As such, these experiments have a particular focus on the iron-reducing capabilities of
the indigenous microbial communities. Experiments relating to characterisation of the
indigenous microbial community of MX80 bentonite are described in section 3.4, 3.6 and 3.7.
Those experiments which investigated the putative activities of the indigenous community are
outlined in sections 3.4 — 3.7, and those with a focus on understanding potential geomechanical

changes to MX80 bentonite are explained in section 3.6 and 3.7.
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Figure 3.1: Flow chart of experiments

All microbes were handled in restricted card access labs with appropriate personal protective
equipment. All biological wastes from enrichments and microcosms were autoclaved before
disposal. All hazardous chemicals were handled in a fume hood, and all media stock solutions and
buffers made were stored in sealed glass bottles.

3.2 Details of MX80 bentonite

Two different sources of Wyoming MX80 bentonite were used in this project: MX80 bentonite powder
(known as Bentonex WB, supplied by RS minerals®) and compacted Wyoming MX80 bentonite blocks

were sourced from SKB’s (Svensk Karnbranslehantering AB - Swedish nuclear waste management

organisation) supplier (ClayTech AB®). Further information on these materials is presented in section 4.1.
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3.3 Preliminary experiments and groundwater choice

Preliminary analyses and reagent synthesis were carried out prior to any experiments, such as
determination of the moisture content of the compacted MX80 bentonite; identifying an
appropriate water:MX80 ratio; selecting a groundwater composition; and synthesising poorly
crystalline Fe(lll) oxide according to Lovley (2013).

Anaerobic conditions refer to those created in the Coy Anaerobic Hood - 95% nitrogen:5%
hydrogen —unless otherwise stated. Routine maintenance of the Coy Anaerobic Hood was carried
out weekly — palladium catalysts were reactivated by heating to 125°C for 4 hours and then

placing in the hood.

3.3.1 %moisture content of MX80 bentonite and MX80:water ratio:
Water content was determined according to British Standards BS1377-2:1990 (equation 5) in

which clay was weighed, dried at 105°C in an oven for 24 hours and reweighed.

mass of water
mass of dry soil

%moisture content = 100 [5]

Water: clay ratio tests were carried out to ensure that the swelling of the MX80 bentonite clay
would still allow for routine liquid subsampling. 4g, 6g, 82 and 10g of MX80 bentonite powder
were added to 100ml of deionised water. The flasks were then left overnight to allow swelling to
occur. The volume of free water was then measured by slowly pouring and filtering the samples

into measuring cylinders.

3.3.2 Groundwater composition choice:

A suitable Sellafield-like groundwater was identified from literature (Wilkins et al, 2007) for use
in microcosm-based studies. The composition is shown in table 3.1. This groundwater was
considered suitable for these experiments as it is representative of a typical UK groundwater with
similar salinity to that associated with international repository sites (see table 2.2).

Table 3.1: Sellafield-like groundwater design (Wilkins, 2007)

REAGENT CONCENTRATION (g/I)
KCL ‘ 0.0066
MgS04-7H,0 ‘ 0.0976
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MgCl,-6H,0 0.081

CaCO; 0.1672
NaNO; 0.0275
NaCl 0.0094
NaHCOs 0.2424

An organic substrate mixture was also used in many experiments as a source of energy and

nutrients for microbial growth. The range of different carbon sources minimized the selective

pressure on the microbial community. The composition of this mix is shown in table 3.2.

Table 3.2: Organic substrate mixture components added to groundwater, where the final

concentration indicates the concentration in the media.

REAGENT

CONCENTRATION (g/1)

TRYPTIC SOY BROTH
BUTYRIC ACID
PROPIONIC ACID
SODIUM LACTATE
SODIUM ACETATE
GLUCOSE

3
270 i/l
220 i/l
3.36x10™
0.18
0.54

3.4 Indigenous microbial communities and their basal activity in relation to iron-reduction

A series of enrichment experiments were set up to characterize the indigenous iron-reducing

community of MX80 bentonite at different salinities. Table 3.3 displays a summary of these

experiments and the associated control experiments.

Table 3.3: Summary of indigenous microbial community enrichments

EXPERIMENT CONTROLS REPLICATES
Anaerobic iron-reducing 1. No MX80

All experiments and controls
MX80 microbial 2. Sterile MX80

run in triplicate
enrichments 3. With S. oneidensis
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1. No MX80
Aerobic MX80 microbial 2. Sterile MX80 All experiments and controls
enrichments 3. No organic substrate runin triplicate
mix

Anaerobic iron-reducing 1. No MX80

All experiments and controls
MX80 microbial 2. Sterile MX80

run in triplicate
enrichments at 0.45m NacCl 3. With S. oneidensis
Iron-reducing MX80 1. No MX80

All experiments and controls
microbial enrichments at 2. Sterile MX80

run in triplicate
2.5m NacCl 3. With S. oneidensis

3.4.1 Setup of anaerobic iron-reducing enrichments with MX80 bentonite:

All solutions and flasks for the preparation of iron-reducing anaerobic enrichments were left
inside an anaerobic cabinet overnight (see section 3.3) prior to the setup of anaerobic microbial
enrichments. Then, under these anaerobic conditions, 100 ml aliquots of synthetic groundwater
(previously degassed with N2) amended with the organic substrate mixture was added to 120 ml
serum flasks. To each of these serum flasks 6 g of MX80 bentonite powder was added with poorly
crystalline iron (l11) oxide (PCFeO, ferrihydrite — see section 3.8.1) to reach a concentration of 20
mM Fe(lll). The flasks were then sealed with butyl stoppers and 20 mm aluminium crimps and
left in the anaerobic cabinet. This set-up (figure 3.2) was run in triplicate and then repeated with
no MX80 bentonite powder; or sterile MX80 bentonite powder (dried in oven at 105°C for 48
hours) controls. Every 7 days 5 ml samples of each flask were taken and filtered through sterile
25 mm 0.2 um syringe filters (Sartorius™ Minisart™). In each of the removed samples the
pH, Fe(ll) soluble concentration, Fe(ll) total (dissolved + suspended) concentration, and Fe(total)
(i.e., Fe(ll) and Fe(lll)) (dissolved + suspended) concentration was measured and recorded
(Stookey, 1970) (see section 3.8.3) and volatile fatty acid (VFA) analysis was also carried out (see
section 3.8.4). These initial enrichment experiments were then stopped on day 42 as iron

reduction had taken place, this was indicated by a plateau in Fe(ll) production. In addition, 1 ml
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of the removed sample was centrifuged at 1500 xg for 10 mins and the pellet was frozen at -80°C
for storage for DNA extraction. DNA isolation and subsequent 16S rRNA lllumina sequencing was
carried out on all samples, including frozen pellets, the methods are described in section 3.9.

Crimped
butyl stopper

N /H flushed
2 2 ]

headspace 80ml Synthetic Sellafield-
like groundwater + organic
<+ substrate mixture

+/- S. oneidensis

+/- 20 mM PCFeO— +/- 6g MX80
u bentonite powder
/ compacted OR

sterile

Figure 3.2: Schematic of anaerobic iron-reducing enrichments experiments. This set-up was

repeated at higher salinities.

This experiment was also carried out with compacted MX80 bentonite in place of MX80
bentonite powder with the addition of a positive control in the form of Shewanella oneidensis.
Negative controls were also used. These flasks were sampled weekly as before for 6 weeks, and
eventual DNA extraction and sequencing was carried out (see section 3.9).

On day 21, 3 100 ul samples from both live and sterile experiments were spread on Fe-reducing
1.5% agar plates (see section 3.8.2) and incubated for 3 days under anaerobic conditions. The
resulting colonies were then washed into 500 ul 50% glycerol stocks with 500 pul LB medium and
stored at -80°C. This agar plate test also confirmed no growth in sterile flasks.

In the original iron-reducing enrichments at low salinity, it was also noticed that as the

experiments progressed, a black precipitate started to form. This material was collected when

70



the experiments ended and was dried in an anaerobic cabinet, crushed, and analysed by X-ray

diffraction (XRD) (see section 3.10.1).

3.4.2 Aerobic enrichments

Additionally, aerobic clay enrichment experiments were set up in 250 ml conical flasks and sealed
with cotton wool bungs topped with tin foil. These flasks had a similar compositional set up to
the anaerobic iron-reducing enrichments with experimental flasks containing 100 ml Sellafield-
like groundwater with organic substrate mixture and 6 g of either MX80 bentonite powder or
compacted MX80 bentonite. Controls for this experiment included flasks excluding MX80
bentonite; excluding the organic substrate mixture; and a control comprising sterile MX80
bentonite powder or sterile compacted MX80 bentonite (figure 3.3). 5 ml samples were taken
every 6 days for 30 days and the pH was measured throughout the incubation period. VFA
analysis was carried out with samples filtered through sterile 25 mm 0.2 um syringe filters
(Sartorius™ Minisart™). DNA isolation was carried out using a PowerSoil DNA Isolation kit and the

samples were sequenced using 16S rRNA gene sequencing (see section 3.9).

<+—— Cotton bung covered
with tinfoil

80 ml Sellafield-
like groundwater
+/- organic
substrate mixture

+/ - 6g MX80
powder/compact OR
sterile

Figure 3.3: Schematic of aerobic enrichments.

3.4.3 High salinity enrichments
Anaerobic iron-reducing enrichment experiments were repeated with highly saline groundwater
(2.5 M NaCl, mimicking the higher salinities of groundwaters considered likely in repository
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location selections, such as those in North America) and seawater-level saline groundwater (0.45
M NacCl, which corresponds to the highest salinity predicted for UK groundwaters at possible
repository sites). All other groundwater components and organic substrate mixture remained the
same. Furthermore, these salinity experiments also included the same controls as previously
described and were incubated under anaerobic conditions. Liquid samples were taken every 7
days for 6 weeks and analysed as previously described in section 3.4.1. These samples were also
sequenced following DNA extraction which occurred on day 42, at the termination of the
enrichment (see section 3.9).

3.5 microbial activities of the indigenous-iron reducing community of MX80 in relation to
obstacles in the repository environment

3.5.1 Solid media indirect microbial interactions

In order to determine whether microbes need to interact directly with iron in order to reduce it,
or if the microbial secretions can interact with the iron alone, a series of agar plate experiments

was carried out.

3.5.1.1 Indirect interaction agar plates

2% agar plates were made-up with the synthetic Sellafield-like groundwater (Wilkins et al, 2007)
with organic substrate mixture added. The agar media were then mixed with either 2% (w/v) iron
powder (Sigma Aldrich), 2% (w/v) PCFeO, or 2% (w/v) MX80 bentonite powder, all of which were
previously sterilised in a dry oven at 105°C for 48 hours. 6 plates with each substrate were poured
and 6 more plates with no added iron powder were poured to act as controls. Plates were then
dried under anaerobic conditions for 48 hours. Sterile cellulose acetate 0.2 um membranes
(Sartorius) (hence impermeable to bacterial cells) were placed on the surface of agar and 200 pl
of 6x10° cells/ml of iron-reducing MX80 bentonite community (see section 4.1) were added to 3
of each plate. Cells were previously grown in groundwater media with organic substrate mix from

MX80 bentonite iron-reducing community glycerol stocks and counted using SYBRGold.

3 experimental and 3 un-inoculated control plates were generated for each enrichment condition
(figure 3.4). Plates were incubated under anaerobic conditions at room temperature. Growth was

monitored by visual inspection and changes observed over 1 month.
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like groundwater, with
2% (w/v) PCFeO, Fe
Indigenous microbial powder or MX80
community powder

Figure 3.4: Schematic of solid media indirect interaction experiments: agar mixed with 2% (w/v)
Fe(ll) oxide, poorly crystalline iron oxide, or bentonite powder. Inoculated with MX80 community

microbes. Abiotic controls had the same set-up but were not inoculated.

3.5.1.2 Post-experiment analysis

After 1 month of growth in an anaerobic cabinet, biomass was removed from the surface of
membranes and dried in an oven at 105°C for 24 hours and weighed. Biomass was calculated as
a percentage of the material removable from the membrane on the surface of the control plate
with no iron substrate. The pH of membrane covered plate surface was also measured in 5
locations and the mean value calculated. Mineral recovery (see section 3.8.5) was carried out
and the collected precipitates were analysed using EDX, SEM and XRD analysis using the methods
described in 3.10.1-2.

3.5.2 Solid media recolonisation on compacted MX80

Recolonisation experiments were used as an indication of whether or not microbes are able to
live on the MX80 bentonite, or indeed, breach the surface of the clay, which when swollen has
0.02 um pore spaces available that would greatly limit microbial movement. The enriched
microbial population used in these experiments is indigenous to the clay so should be able to
recolonise it, similar to Koch’s postulate which states “When a pure culture of the suspected
causal agent is inoculated into a healthy susceptible host (plant), the host must reproduce the

specific disease.”.

3.5.2.1 Recolonisation agar plates
Six 2% (w/v) agar plates with synthetic Sellafield-like groundwater (Wilkins et al, 2007) with

added organic substrate mixture were poured and left to dry in an anaerobic cabinet for 48 hours.
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A 20 x 20 mm square was cut out the centre of the plates and a block of compacted MX80
bentonite (sterilised at 105°C for 48 hours) measuring 20 X 20 X 10 mm was placed in each plate.
The agar was then inoculated with 200 pl of 6x10° cells/ml iron-reducing MX80 bentonite
community stock (see section 4.1) at a location spatially distant from the MX80 bentonite (figure
3.5). All plates were incubated for 1 month under anaerobic conditions at room temperature
(21°C).

Indigenous ———»——,
microbial '_ ’ <«——2% agar with Sellafield-

community ' like groundwater

Compacted
MX80 bentonite
Figure 3.5: Schematics of solid media recolonisation experiments: 4cm? area of agar cut out and
compacted bentonite inserted so flush with agar. MX80 bentonite community microbes
introduced close to bentonite surface. Abiotic controls had the same set-up, but were not

inoculated.

3.5.2.2 Post experiment analysis

The pH of each plate surface and the surface of the compacted MX80 bentonite block was
measured in 5 different locations and the average calculated. The MX80 bentonite blocks were
removed, and small amount of each block was cut off and dried for XRD, EDX and SEM analyses
using the methods descried in 3.10.1 and 3.10.2. In these experiments samples for SEM analysis
were not ground to allow for observation of pitting and microstructural changes to the surface
of the MX80 bentonite block. The plastic limit of the remaining clay was then measured (see

section 3.9.3).

3.5.3 Silica solubilisation

It was noticed in cell counts using fluorescence microscopy that bacterial cells from MX80
bentonite microbial community required extra washing prior to staining and counting to ensure
SYBRGold was able to adhere to the cell surface. One possible explanation was silica released
from the clay had coated the cells and was blocking the adherence of this fluorescent dye. There

was also evidence of clay dissolution in some of the SEM images from enrichment studies.
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Therefore, simple microcosms were set up to measure the concentration of dissolved silica over

time.

3.5.3.1 Silica agar plate clearing experiments

Plate clearing experiments, like those describe in Vasanthi et al. (2018) were used as a visual
measure of silica solubilising activity. In these experiments, agar mixed with silicate substrates
appears cloudy and will clear if silica is removed, leaving a clear ring around bacteria colonies

which are actively involved in solubilising silica.

3.5.3.1.1 Mineral clearing in agar plates

Kaolinite (Al,SiOs(0OH)4) or magnesium trisilicate (Mg20sSi3) was sterilised at 105°C for 48 hours
and added to 2% (w/v) agar with Sellafield-like water (Wilkins et al, 2007) to achieve a
concentration of 2% (w/v) kaolinite or magnesium trisilicate. 12 culture plates were poured and
dried for 48 hours — 6 were dried under anaerobic conditions and 6 were dried under aerobic
conditions. 3 plates from each environment were inoculated with 200 ul of iron-reducing MX80
bentonite microbial community at 6x10° cells/ml and left to grow for 1 month under the same
respective anaerobic and aerobic conditions as they were prepared under. The other plates acted

as abiotic controls.

Colonies showing evidence of plate clearing after one month were transferred to new mineral
plates and incubated for a further month — other experimental plates were discarded.
Subsequently, mineral recovery was carried out (see section 3.8.5). Minerals from experimental
and control plates were then analysed with SEM and EDX according to methods described in

3.10.1 and 3.10.2.

3.5.3.2 Silica Liquid Experiments

0.2% (w/v) MX80 bentonite powder was sterilized at 105°C for 48 hours and then added to 100
ml Sellafield-like groundwater amended with 12 mg/L acetate under anaerobic conditions. Flasks
were inoculated with 100 ul of iron-reducing MX80 bentonite microbial community (see section
4.1) at 6x10° cells/ml and sealed with butyl stoppers and aluminium crimps. 5 ml liquid samples
were taken weekly for 10 weeks and filtered through 0.2 um filters. The dissolved silica

concentration was measured using a colorimetric method Silica Test Kit (HI-38067, Hanna
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Instruments) according to manufacturer's instructions. This experiment was set up in triplicate
with three control flasks containing no bacteria. A small amount of clay was dried at the end of
the experiment and analysed using SEM by mounting the sample on carbon tape and coating

with gold.

3.5.4 Biotic H; production in anaerobic conditions 40°C with MX80 bentonite and steel

It is known that hydrogen gas will build up in the repository due to steel corrosion and this will
contribute to the overall pressure build. There are hydrogen-producing fermentative bacteria
present in the indigenous microbial community of MX80 bentonite (see section 4.1) as well as

bacteria which utilise hydrogen for energy and growth.

3.5.4.1 Microbial hydrogen production microcosms

Under anaerobic conditions 71 g of S275 steel was added to a 100 ml serum bottle divided into
small coupons (12 mm diameter) with 31 g of compacted MX80 bentonite cut into cubes (10 x 10
mm) and sterilised for 48 hours at 105°C. 11 ml of sterile Sellafield-like groundwater (Wilkins et
al., 2007) with 12 mg/L acetate (in the form of sodium acetate) was added to the flask as a carbon
source. The flask was then inoculated with 50 pl of MX80 bentonite mixed culture community
stocks (6x10° cells/ml), prepared from iron-reducing MX80 bentonite enrichments community
glycerol stocks grown in groundwater media with organic substrate mix. The flasks were then
sealed with butyl stoppers and aluminium crimps. This experiment was repeated in triplicate and

abiotic controls were included.

Hydrogen measurements were taken on day O using a GC (Valco helium ionization pulsed
discharged detector) using helium as the carrier gas with a flow rate of 10 ml/min. 1 ml of gas
from the headspace of each sample was taken using a 1 ml gas-tight syringe (Hamilton) which
was then over-pressured by compression to a 250 pl volume for injection. This over pressuring
reduces the risk of contamination from the air. The temperature of the injection port was 110°C
and the column was held at 60°C. A constant temp program was used so no temperature ramping
was needed; H, has a retention time of approximately 55 seconds under these conditions.

Calibration was carried out using 100 ppm H», and Excalibur was used to process the data.
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After 10 months incubation at 20°C hydrogen measurements were taken again. Due to
equipment availability and unexpectedly high hydrogen production, a different GC was used at
this time point (Shimandzu, GC-2014). As previously, however, 1 ml of headspace was taken and
over pressured by compression to 250 pl prior to injection. The carrier gas was nitrogen with a
flow rate of 25 ml/min and temperatures of 100°C, 50°C, 100 °C for the injection loop, column,
and thermal conductivity detector (TCD), respectively. Samples were run against 0.1 - 10% H,

standards prepared as a serial dilution.

3.6 Desiccation tolerance of the indigenous iron-reducing community of MX80 bentonite and
interactions at the MX80 bentonite / steel interface

In order to replicate the temperature at the clay/rock interface at different phases throughout
the repository lifespan a series of batch experiments were set up. This format allowed for the
microbial community at each temperature to be characterised and allowed for an understanding
if any bacteria are causing changes through microbial activity at higher temperatures, or if they

are inactive due to entering dormancy or not able to survive.

These experiments also allowed for observations to be made about how microbes at different
temperatures affect the clay in terms of mineralogy and plasticity. Sterile controls allowed

specific changes to be attributed to microbial activity.

3.6.1 Desiccation tolerance experiment set-up

Bentonite disks measuring 60 x 15 mm were heated at 40°C for 48 hours to prevent cracks
developing during rapid drying and then at 105°C for 48 hours for sterilisation. S275 carbon steel
disks measuring 60 x 5 mm were also sterilised in a dry oven at 105°C for 48 hours. The steel and
bentonite were then put into sterile Nalgene jars (figure 3.6) along with anaerobic indicator strips
(BBL ™ Gaspak ™) which change from blue to colourless in anaerobic conditions. 8 ml Sellafield-
like groundwater was added (equal to 100% saturation of MX80 bentonite at 27% moisture
content). After 24 hours experimental flasks were inoculated with 50 pl of iron-reducing MX80
bentonite microbial community stocks (6x10° cells/ml) (see section 4.1). Control flasks were not

inoculated.
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Figure 3.6: Desiccation tolerance experiments were set up with compacted MX80, S275 carbon
steel coupons, Sellafield-like groundwater and indigenous microbes at 70°C, 40°C or dual

temperatures (see text)

3 experimental and 3 control flasks were incubated at 70°C for 4 months and 3 experimental and
3 control flasks were incubated at 40°C for 4 months. A further 3 flasks and 3 controls were
incubated at 70°C for 2 months and then cooled slowly to 40°C over 1 month and maintained at

40°C for 1 month.

3.6.2 Analysis of desiccation tolerance experiments

At the end of the experiment, scrapings from the steel surface, clay/steel interface and bentonite
were dried and analysed by XRD as described in 3.10.2. MX80 bentonite was also air dried
anaerobically for SEM analysis as described in 3.10.1 with observations of biological presence
and changes to clay surface observed. The total area of the steel surface at the clay/steel
interface was photographed. 0.5 g of clay from the steel/ bentonite interface was then used for
DNA extraction. The method for extraction and analysis is described in section 3.9. Clay was also
recovered to determine the plasticity index (PI) by calculating plastic and liquid limits (see section

3.10.3) and the % moisture content (see section 3.3.1).
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3.7 Biotic clay / steel interface test cells to simulate repository pressure

Test cells were used to replicate pressures and temperature of the repositories during the
envisaged later stage of geological storage after an initial heating to 100°C and then gradual
cooling. The experimental design was adapted from Davies (2017) and allowed for observation
of changes at the clay/steel interface and effluent analysis to determine if iron redox state is
changing or if iron is entering the aqueous phase and being lost from the system. Mdssbauer
spectroscopy was due to be used to identify iron speciation; however, delays due to COVID-19

meant this was not possible.

3.7.1 Experimental set-up

All equipment, including steel and clay, was sterilized by heating, autoclaving or ethanol washing.
Compact MX80 bentonite coupons, measuring 11 x 80 mm diameter, and S275 carbon steel,
measuring 9 x 80 mm, were put into stainless steel test cells (figure 3.7) with a PTFE lining to
prevent interactions between the steel cell and the experiment. To ensure a watertight seal,
ThreeBond® (Type TB1207B) was used between the PTFE lining and the test cells. The steel
coupon had a 1 mm deep 2 mm wide cross cut into the bottom side and extending up the edges
to allow sufficient movement of water around the steel. Test cells were inoculated with 100 pl of
iron-reducing MX80 microbial community stocks (6x10° cells/ml) isolated from iron-reducing
MX80 enrichments (see section 4.1). Sellafield-like groundwater (Wilkins et al., 2007) with 12
mg/L acetate (from sodium acetate) was used for this experiment. A cell pressure of 700 kPa was
applied for 48 hours to allow clay to swell using pressure controllers (GDS). Pressure was then
readjusted to 1 MPa with a back pressure of 700 kPa to create a water gradient across the sample.
The test cell set-up was run in triplicate and repeated for abiotic controls, and finally, repeated

with inoculation but without steel —in this set up the clay measured 20 mm thickness.
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Figure 3.7: Experimental design for test cell experiments. Carbon steel and MX80 bentonite were
placed inside a stainless steel test cell, an induced water gradient was created, indicated by blue

dashed arrows. Yellow arrows indicate constrictive swelling area.

3.7.2 Post experiment analysis
At the end of the experiment pH, Fe(ll)aq, Fe(ll) total and Fe(total) concentrations of the effluent
were measured (see section 3.8.3) and VFA analysis was carried out as described in section 3.8.4.

The test cells were dismantled under anaerobic conditions (100% N3, Glovebox Systemtechnik
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GS040113 (<1 ppm 02)) and photographs taken to allow for measurements of the rust diffusion
into the clay using Imagel. Clay subsamples were air-dried anaerobically for analysis using XRD
according to methods described in 3.10.2 with the exception that samples were run for 7 hours
instead of 5. Whole pieces of MX80 bentonite from the top of the test cell and bottom of the test
cell (closest to the steel) were also dried for SEM and EDX analysis (see section 3.10.1) along with
1 cm?3 steel samples from the center of the steel coupon and the outer edge. Additionally, small
volumes of MX80 were recovered and stored between two pieces of Kapton tape to avoid contact
with oxygen for subsequent Mdossbauer spectroscopy.
Additionally, iron-reducing enrichments using MX80 bentonite from closest to the steel/clay
interface (“bottom”) and furthest from the clay/steel interface (“top”) were set up in triplicate
and followed the same methodology as the original enrichment experiments described in section
3.4. The remaining clay recovered from the test cells was used to determine the PI (see section

3.10.3).

3.7.3 DNA sequencing and analysis

DNA extractions were carried out on samples of MX80 bentonite closest to the steel/clay
interface (“bottom”) and furthest from the clay/steel interface (“top”) using the method
described in 3.9. Due to low DNA concentrations, the extracts were amplified using a nested PCR
approach whereby wide-set primers (Edwards et al., 1989) which encompass the whole 16S rRNA
gene were used for the first round of PCR and then Golay barcoded primers (see section 3.9),
were used for a second round of PCR amplification. Amplification was confirmed on a 1% agarose
gel and samples from both the original enrichment and the nested PCR product were sequenced
at NU-OMICS, Northumbria University by Illumina 16S rRNA gene sequencing, along with DNA

extractions from iron-reducing enrichments with clay recovered from test cells.

Sequence library analysis was carried out using the methods described in 3.9. Significance testing
was carried out using R to determine p-values for iron concentrations, pH and Pl through ANOVAs

(see section 3.9).
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3.8 Experimental methods and assays

3.8.1 Synthesis of poorly crystalline Fe(lll) oxide (PCFeO):

500 ml stock slurry of 1 M poorly crystalline Fe(lll) oxide was made according to Lovley, 2013. 0.4
M FeCls-6H,0 was neutralised with 10 M NaOH to pH 7. The slurry was stirred constantly using a
magnetic stirring rod for 30 minutes and then washed 6 times in distilled water, with
centrifugation and decantation between washes.

3.8.2 Fe(lll) agar plates:

Fe-reducing plates were set up by adding 1.5% (w/v) agar and 2% (w/v) PCFeO to 500 ml
groundwater containing the organic substrate mixture. This medium was then autoclaved and
poured into 9 cm plastic petri dishes. Half of the petri dishes were dried in an anaerobic chamber,
and the other half air-dried on a bench.

3.8.3 Fe concentration measurements (Ferrozine assay):

3.8.3.1 Fe(ll) soluble measurements

Measurements of Fe(ll) concentrations in enrichment samples were conducted on 1 ml of 0.2 um
filtered aliquots using the ferrozine assay (Stookey, 1970) which briefly entails acidifying the
sample in HCl and then adding a ferrozine buffer, a colour change from colourless to purple
occurs when Fe(ll) is present. The absorbance of light was then measured (562 nm) using a
spectrophotometer (Jenway 6305) and Fe(ll) concentrations were calculated from a standard
curve. This curve was calculated using concentrations of iron (from FeCls) in a series dilution
between 0.1 mM to 100 mM. Each point on the standard curve was measured 3 times and the
average taken, provided there was no more than 5% difference between repetitions.

3.8.3.2 Fe(ll) total measurements

Unfiltered enrichment samples (1 ml) were acidified and then centrifuged at 1000 rpm for 5
minutes. The sample was then filtered through sterile 25 mm 0.2 um syringe filters (Sartorius™
Minisart™) and absorbance measured using a spectrophotometer at 562 nm as described by
Stookey (1970) (see section 3.8.3.1).

3.8.3.3 Fe(total) measurements

Using the same Ferrozine colorimetric method detailed above (see section 3.8.3.1), 1 ml of

unfiltered enrichment liquid subsample was acidified. The iron content was then fully reduced by
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adding hydroxylamine hydrochloride and incubating in the dark according to the method
by Stookey (1970). Samples were subsequently filtered through a 0.2 um membrane and the light

absorbance (562 nm) measured using a spectrophotometer.

3.8.4 VFA analysis

1ml of filtered sample was added to 1 ml of octane sulfonic acid (OSA) and left in a sonication
bath for 30 mins in order to remove any carbonate that would co-elute with propionic. lon-
chromatography (Aquion 2) was then used to measure VFA concentrations, including acetate,
butyrate and formate. A calibration curve was calculated for each VFA using 5, 10 and 100 PPM
standards. The run time was 35 mins per sample. A guard column and main column were used
(lon Pac ICE-ASI). The guard column has dimensions 4 x 50mm and the main columns is 4 x 250
mm. The flow rate was 0.16 ml/min, with a Dionex suppressor (ACRS-ICE 500) and a conductivity
detector. The eluent used was heptafluorobutyric acid and the regenerant was tetrabutyl
ammonium hydroxide

3.8.5 Mineral recovery from agar plates

The minerals and precipitates were recovered from the underlying agar by adding deionised
water to the agar followed by heating the mixture to approximately 70°C in a crystallizing dish
over a Bunsen burner. The liquid was then pipetted off and discarded. Minerals were then
washed and heated 3 times with deionised water before being collected and dried in
microcentrifuge tubes under anaerobic conditions.

3.8.6 Significance testing:

ANOVAs were carried out on measured variables from comparisons between live and control
experiments using RStudio (RStudio, 2020) to determine the significance of the difference in
means according to P-values. Additionally, Stamp (Mahony & Benos, 2007; Mahony et al., 2007)

was used to construct box plots and PCA plots using QIIME2 outputs.

3.9 Molecular techniques and 16S rRNA sequencing

DNA from frozen pellets derived from MX80 bentonite iron-reducing enrichments (see 3.4.1) was
extracted by thawing the samples and heating to 95°C for 10 minutes. Samples were then
incubated on ice for 10 minutes and centrifuged at 3000 rpm for 5 minutes. The supernatant,

containing the DNA, was collected and stored in clean Eppendorf tubes at -20°C.
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Further DNA extractions were carried out using 750 ul of slurry from enrichment experiments
(including those conducted under anaerobic and aerobic conditions, with and without powder
and compacted MX80 and the Shewanella inoculated control). DNA was extracted using
a PowerSoil DNA lIsolation Kit (MoBio) according to manufacturer’s instructions. Briefly, a bead
beating method is used to homogenise the soil sample; the cells are then lysed, and DNA
precipitated by adding a series of chemical reagents; finally, the DNA was precipitated and
purified by washing on a silica membrane. The final step was amended from the manufacturer’s
instructions by eluting the DNA in 50 ul of the final solution (C6) instead of 100 pl to increase the
DNA concentration.

DNA extraction success was confirmed and, concentrations quantified, using QuBit. A PCR
amplification was then carried out using Golay barcoded primers which target the V4 variable
region of the 16S gene (515-926) (Caporaso et al. 2010). Amplification was confirmed on a 1%
agarose gel stained with ethidium bromide. Samples were then sent for lllumina 16S rRNA
sequencing at NU-OMICS, Northumbria University.

Illumina 16S rRNA gene sequencing outputs were received as demultiplexed .fastq files and were
analysed using the QIIME2 pipeline which included amplicon sequence variant (ASV) selection
using DADA2 (Casporaso et al., 2010; Callahan et al., 2016), community barplots for each
taxonomic level and heatmaps were also generated from this pipeline. Further analysis was
carried out through construction of phylogenic trees using BLAST (Altschul et al., 1990) to identify
highly similar sequences from environmental and cultured isolate sources, and then using Muscle
to align sequences. Finally, trees were constructed using the neighbour-joining method (Saitou
and Nei, 1987) and bootstrap values were determined according to Felsenstein (1985).

3.10 Further analysis techniques:

3.10.1 XRD:

XRD is commonly used to analyse mineralogical composition of soils and clays among other
substances. Figure 3.8, shows a simplified diagram of this method whereby x-rays diffract off
crystal planes resulting in diffracted waves. By applying the Bragg’s law for powder diffraction,
the distance between the crystal planes can be measured and subsequent mineral identification

can be conducted (Moore and Reynolds, 1997) (equation 6).
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nAd = 2dp, Sin 6 (6]

Where: d = d-spacing (A)
20 = beam deviation (9)
h,lk = dimensional components for the lattice planes

n = an integer that represents higher order scattering (for MX80, this is assumed to equal

1)
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Incident x-rays Diffracied x-rays
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Atomic-scale crystal lattice planes

Figure 3.8: A simplified schematic of XRD. The distance between paths ABC and A’B’C’ differs by

an integer number of wavelengths (Henry et al., 2018)

Bulk powder scans enabled the principle mineral identification including silicates and oxides.
Samples were ground with a pestle and mortar after air-drying under anaerobic conditions.
Samples were then run (PANalytical X'Pert Pro Multipurpose Diffractometer) using Cu as the
target metal, as standard, (A = 0.154nm) for 5 hours.

Spectra were obtained as .raw files and analysis including mineral identification and spectrum
fitting was run using HighScore Plus. As part of this analysis peaks were characterised using a
mineral database (ICDD 1999 and COD 2016). Reitvald refinement was run in HighScore Plus to

ensure a good fit (Chi Square <8).
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3.10.2 SEM and EDX

Samples ground with pestle and mortar were also analysed by scanning electron microscopy
(SEM) (Tescan Vega 3LMU) and electron dispersive X-ray spectroscopy (EDX) (Bruker XFlash® 6 |
30 detector). Samples were mounted on carbon tape for EDX analysis whereby X-rays and an
incident beam are aimed at the sample. The resulting electron scatter allows for elemental
identification and quantification. Samples were then coated with gold for SEM imaging by
Electron Microscopy Research Services (Newcastle University) and analysed to observe

mineralogical changes and biological forms and colonisation.

3.10.3 Plasticity index

The PI of the MX80 bentonite was calculated as the difference between the liquid limit and the
plastic limit, as described in British Standards, BS:1377: 1990: Part 2, section 3.4, 3.5. Briefly, the
calculation of the plastic limit entails determining the moisture content (see section 3.3.1) of the
clay when it begins cracking (shears longitudinally and transversely) at a diameter of 3 mm. This
diameter is achieved by hand-rolling the clay on a glass sheet. The process must use at least 10 g
of sample and be repeated to ensure consistent results (consistency is defined as within 2%
moisture content). The liquid limit is determined by the moisture content (see section 3.3.1) of
the clay at the point which a cone of defined dimensions penetrates 20 mm into the clay over 5
seconds (in a container measuring 55 mm diameter, 40 mm depth). This is done by measuring
the cone penetration at 4 moisture contents and plotting them on a graph. To ensure consistent
results, the cone penetration must be repeated for each moisture content and the results must

be within 0.5 mm of the first test.
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Chapter 4. Indigenous microbial communities and their basal activity in

relation to iron-reduction

This chapter details the results of a series of microbial enrichments of MX80 bentonite and the
characterisation of the resulting microbial community. A research gap identified in the literature review
was the lack of knowledge of the indigenous iron-reducing community. There had previously been few
attempts to characterize the viable microbial community of MX80 bentonite. Without this information, it
is not possible to infer what the potential microbially-induced mineralogical alterations could occur in the

MX80 bentonite or what the possible rate of MIC of carbon steel canisters could be in the repository.

The associated methods are presented in section 3.4. Briefly, anaerobic microcosms with MX80 bentonite
were set up using Sellafield-like groundwater enriched with carbon. PCFeO provided selective pressure
for iron-reducers. The Fe (ll), pH and volatile fatty acids were measured and the resulting microbial
community was analysed. This was then repeated in aerobic conditions and with higher salinity

groundwaters.

4.1 Publication: An indigenous iron-reducing microbial community from MX80 bentonite - A
study in the framework of nuclear waste disposal

The following paper presents the results and discussion for the anaerobic iron-reducing
enrichments and the resulting microbial community. The iron-reducing activity of these microbes

is also discussed. All experimental work and analysis were carried out by the first author. DOI:

https://doi.org/10.1016/j.clay.2021.106039
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Highly compacted MY80 bentonite has been selected an the enginesred buffer and backfill material in several
proposed concepts for long-term deep geological storage of nuclear waste. Iron-reducing bacteria reduce Pe (111}
to Fe (1) and some are adapted to high temperatures and degiccated environments, in keeping with periods of
leas habitable conditions within the repository. In one potential UK repository concept, iron from carbon ateel
canisters may contribute to an iron-rich environment at the clay-canister interface. This could lead to changes in
the mineralogy and iron-content of MX30 bentonite due to variation of the redox state and colubility, which in
turn could alter the geomechanical propertien of the clay. To investizate the potential role of iron-reducing
bacteria in this process enrichments were carried out with both commercially available MX30 bentonite powe-
der and compacted MXED bentonite to identify the presence of an indigenous iron-interacting community in the
clay. Throughout these entichments Fe (I} soluble, Pe (II) total, and pH were meagured, and the snrichments
were subjected to 165 rRNA community analyzis. Concentrations of Pe (II) total peaked at day 28 in all en-
richments; bowewer, the concentration was overall higher when accompanied by bacterial growth. Pe (1) soluble
remained low throughout. 165 rRNA gene sequencing revealed the presence of several putative iron-interacting
bacteria, az well 2z thermotolerant and spore-forming species. The indigenous community was largely comprised
of firmicutes, including iron-reducers and spore-forming bacteria such an Demulfosporosinus. Therefore, MXa0
bentonite inherently carries a viable microbial community which could potentially interact with stuctural iron
preaent within MX80 bentomite or other mineral components, ouch as a carbon oteel waste canister. Various
research has chown that microbial activity iz unlikely within the bulk bentonite provided high compaction iz
maintained. The importance of this high compaction iz highlighted by the finding here of a viable, robust and
fonctiomally diverse commumnity within the clay and activity may be possible anyway at edge zites and interfaces
where, locally, swelling pregsures might not fully develop.

1. Introductlon

2018). Thiz clay, which will alzo be uzed az a backfill to zeal the entry to
repository tunnels, has been selected due to itz high swelling ability; low

Several countries across Eorope, Asia and Morth America are
considering nuclear waste dizposal by deep geological storage, including
the UK (Arlinger et al., 2013; [AEA, 2018; NDA, 2010). Mozt dezigns for
high level waste include a compacted clay infill to create a barrier be-
tween durable metal waste canisters and the host rock (Fig. 1).

In the UE, thiz method could consist of encazing vitrifled nuclear
waste in a carbon steel container at a depth of up to 1000 m below the
surface (MDA, 2016). The clay widely propozed for use in nuclear re-
pository multi-barrier dezigns iz compacted Wyoming MXEB0 bentonite
(MDA, 2016; Jonsson et al., 2009; Bradbury et al., 2014; Kiviranta et al.,
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poroeity; low hydraulic conduetivity; and high thermal conduoctivity
(Sellin and Leupin, 2013; Wilzon et al., 20100

Seweral smudies have previously been carried out to aszess and predict
any changes to the geomechanical properties of MXED bentonite
throughout the lifezpan of the repasitory (Wilzon et al, 2010; Leupin
et al., 2017; Davies et al., 2018; Jonsson et al, 2009; Karnland, 2010).
Aszide from exposure to radiation and changes in meoisture content,
temperature, and pressure, another potential threat o the integricy and
longevity of the repository iz microbial activity; namely, microbially
influenced eorrozion (MIC) whereby microbes or secreted by-products
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Fig. 1. Schematic of proposed method of geological disposal of ouclear waste
{adapted from SEB, 2005].

(Hip and Veen, 2015) could increaze the rate of corrosion of the waste
canister. Certainly concerns have been raized relating to microbial micro
pitting (Philp et al., 1991) of the steel and biofilmz may provide a
favourable environment for MIC via the creation of multiple nucleation
pointz for iron- or sulfate-redoction (FKonhavser, 2007; Eonhawzer,
1997). Additionally, microbial activity might cauze clay dizzolution or
clay mineral ransformation (Leupin et al., 20017) that might impact the
aeffectiveness of MXE0 bentonite az a barrier. Converszely, the formation
of biofilmz could be beneficial to the multi-barrier system by creating
another phyzical barrier between the canizter zurface and hydrosphere
(Jayaraman et al., 1997) .

The repository lifezpan iz predicted to be 10,000-100,000 years
(Yang et al., 2019) and microbial prezence and activity during thiz time
iz thought possible either from communities intreduced during re-
pository construction, or during the proceszing of MXB0 bentonite into
compacted bricks (Stroes-Gascoyne and West, 1997; Motamedi et al.,
1996) or introduced from later groundwater and the host rock in-
teractions (Pederzen, 2000; Chi and Athar, 2002). However, it iz alzo
expected that throughout the lifezpan of the repository the environment
will change which could have an impact on the composition of the mi-
crobial community and the properties they will possess to survive long
pericds of unfavourable conditions — either in an active or dormant state.
For inztance, it iz likely to take 10z of yvears to fill and seal the repository
(e.g. MAGRA Swisz nuclear waste management organization, Landolt
et al, 2009} Pest-closure, the repozitory environment will likely in-
crease in temperature, from 40 “C to 70 °C at the host rock / clay
interface, and up to 100 *C at the canister surface (FWH, 2016), before
decreazing again, and slowly develop to anmaerobic conditions. Any
bacteria prezent would alzo be subject to developing high pressure, high
temperature and low water availability (Landolt et al., 2009).

Thiz progreszive change, together with the fact that the average
micro (intra-aggregate) pore size of compacted saturated bentonite iz
< 0.02 pm when compacted at a range of dry denzities (dry density = >
1.6 Hp’ms.'] (Wang et al, 2013; Jaligue et al., 2016) hugely limits the
habitability of the barrier (Stroez-Gascoyne et al , 20011) ag pore zize iz
smaller than the average bacteria. However, areas in the backfill and at
the host rock / bentonite interface, az well as fractures in the host rock,
may allow for limived microbial growth and survival These areas will
not only be cooler but swelling bentonite may not have zealed all gaps
and zo zpace may be available for microbial life to proliferate (VWilzon
et al., 2010; Jaligue et al., 2016; Stroes-Gascoyne et al., 2011L

With respect to the chemisiry of the MXEQD bentonite, it containz
0.11-0.4% wit. organic carbon, the upper limit of which iz conzidered
adequate to srupport microbial life (Sauzeat et al., 2001); however, it iz
considered likely that the majority of the carbon present iz recaleitrant
(Marshall ec al., 2015) and therefore not available for microbial growth.
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It iz also composed of several iron-containing minerals and in total
containg ~4% wt iron (Karnland, 2000) with ~20% of thiz iron esti-
mated to be Fe (11} and the remainder Fe (III). Carbon steel canisters, and
their subzequent rust products, would alzo contribute iron to the re-
pository environment (Bradbury et al., 2014; Necib et al., 2017; Davies
et al., 2012). These various zources of iron could allow growth of iron-
interacting bacteria to interact with the clay barrier material. Such in-
teractions could result in chemical changes to the mineralogy, and hence
the properties of the clay barrier, including through changes to iron
redox state and zolubility leading to converzion of smectite to non-
gwelling Fe (I} rich phyllozilicate minerals (Bradbury et al., 20140
Several mineralogical changes could occur by direct or indirect bacterial
interactions (FKonhauzer, 1997), which in the repository would allow
izolated bacteria to impact a wider area of the clay barrier or canizter
surface. Thiz impact could include pitting due to microbial excretion of
H*, organic acids and other metabaolites (Uroz et al, 2009) which conld
result in an inecreasze (Sahin et al | 2011) or decrease in the hydrawlic
condoctivity {Glatztein and Francizea, 2014) of the elay barrier. There
are alzo zeveral bacteria that either oxidize elemental iron or Fe (11} to Fe
(I} (Eonhanzer, 2007) az an electron donor or reduce Fe (1) to Fe (11
(Morgado et al., 2012). Such effects conld modify the performanece of the
MXED bentonite to function as an effective barrier and it iz therefore
important to understand if any iron-interacting bacteria are naturally
present in MXEQ bentonite, and if 30, what their long-term survival
prospects are. For instance, it is important to know how the process of
homogenizsing and compacting the clay may facilitate or inhibit miero-

The ability of microbes to grow in MXB0 bentonite iz well docu-
mented. A number of microbial zpeciez have previously been izolated
from raw and commercial bentonites, and further studies have shown
that non-indigenows model organizms have been able to proliferate in
MXB0 bentonite under in vitro conditions (EWR, 2017; Masurat et al_,
2010; Lépez-Ferndndez et al., 201 4; Jalique et al., 2016; Pederzen, 2000;
Chi and Athar, 2008). However, indigenous iron-interacting bacteria,
and their activity within the buffer, have not been extensively smdied
becanze many international designs, notably EBE-3 (Bengtzzon et al,
2015) include copper camizters for high level radicactive waste
containment instead of carbon steel. In such dezigns sulfate reduction by
sulfate-reducing bacteria (5RBz) has been considered a more significant
safety risk. Howewver, both SRBz (Evdal et al., 2009) and iron-reducing
bacteria (IRBz) have been izolated from groundwater at the repository
sites in Sweden and Switzerland {(Svemar et al., 2016). Furthermore, a
study by Svenszon et al. (2011) did identify the presence of [RBz in MXED
bentonite; howewver, only 5 species are reported in the sequencing results
(all of which belong to Clestridium sp. or Desulfotomaculum 3p.). The
prezence of IRB2 iz important even in the absence of a sweel waste
canizster, as struetural iron will 2eill be present within the clay. The redox
state and zolubility of thiz iron is an important factor in the behawviour of
the clay and itz ability to perform as a barrier.

The purpose of thiz study was to identify the presence and potential
iren-reducing ability of an indigenous microbial community azzociated
with MX80 bentonite. Previouzly, studies to determine the indigenous
microbial community of bentonite have been unsueceszful due o low
DMA yields arizing from sparze cell numbers or the clay interfered with
DMA extraction methods (Stone et al., 2016; Poulain et al., 2008; Urios
et al, 2012). Our own attempts to extract and PCR amplify DMNA from
the unenriched clay were also unsuccessful neceszitating an enrichment
approach. These experiments, therefore, did not mimic the conditions
within the repository in terms of preszure, temperature or carbon
availability. Enrichmentz were made with the specific intention of
evaluating the diverzity and function of the indigenous iron-reducing
bacteria in a clay sourced, stored and transported without any at-
tempts at sterilization or acclimatization to in zitu anaerobic growmnd-
water conditions. By using thiz method, the effects of the compaection
process on the introduction of new species, or limitation of the exizting
iren-reducing community in the clay could be azsessed. Unlike previous
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studies, thiz method alzo allows us to characterize the activated micro-
bial community as opposed to the dormant DMA present in the MXEQ
bentonite. To determine the role of the clay more generally in sustaining
and carrying viable iron-reducing bacteria, enrichment microcosms
were carried out with and without the provizion of an exogenous iron-
reducer. The nature of the enriched organizms and their rezponses and
tolerances to different environmental conditions, such as those experi-
enced during compaction into MXE0 bentonite rings, transport and
storage and the general ability of a microbe to become active in MXEQ
bentonite, will provide a predictive framework for consideration of real-
world zettings.

2. Methods

2.1. Details of MX80 bentonite

Wyoming MX80 bentonite powder (known az Bentonex WB, supplied
by RE minerals®) was sourced with a bulk composition of 87% mont-
morillonite, < 1% gypsum, < 4% feldspars, < 2% guartz (ASEMinerals,
2017). Compacted Wyoming MXE20 bentonite blocks were sourced from
SEB's (Svensk Kimbrinslehantering AB - Swedizh nuclear waste man-
agement organization) supplier (ClayTech ABE) (27% wi. water = 974
saturation, 1.56 ]n.'lg_.n“]:ua dry density, corresponding to a swelling pres-
sure of 4-5 MPa (Borjeszon, 2010)). The mineralogical composition of
thiz bentonite (averaged from 6 samples, (Karnland, 2010)) contained
81.4% montmorillonite, 0.9% gypsum, 3% quartz, 3.50: plagioclaze,
and 11.2% other. The compacted blocks were stored in zealed bags in at
20 G for 3.5 years before thiz experiment. It was envizaged that the
compaction process could introduce different mirrobial taxa (including
iron-reducers) through water mixing and handling in addition to thoze
already associated with the “as received’ bentonite. Alternatively, mi-
crobial species could be lost.

2.2 Compasition of synthetic groundwater for use in microcosms

The UK has not yet selected a location for itz nuclear waste repository
and zo for this enrichment study a Sellafield-like groundwater was used
az a proxy in enrichment microcosms because it iz reprezentative of UK
groundwaters, and hasz been uwzed in other studiez in connection with
nuclear waste dizposal in the UK. Synthetic Sellafield-like groundwater
(Wilkins et al, 2007) composed of (g/L) KCL 0.0066; MgS0,47H:0,
0.0976; MgCly.6H;D, 0.081; CaCly, 0.1672; Nay5i0,, 0.0829; NaNDy,
0.0275; NaCL, 0.0094; MaHCOs, 0.2424 waz enriched with a carbon mix
to give total concentrations (g/L) of tryptic soy broth, 3; butyric acid,
0.27; zodium acetate, 0.18; and zodium lactate, 0.336. The carbon
sources chosen are suited to most bacterial metabolisms, allowing the
added iron (zee next section) to provide the selective pressure on the
commumity.

2.3, Preporation of poorly crystalline Fe (M) oxide (PCFaQ)

In order to favour and encourage proliferation of iron-reducing
bacteria an exogencus iron oxide was added to enrichment micro-
cosms. Poorly crystalline Fe (111) oxide (PCFe() iz a highly bicavailable
form of ferrihydribe (Lovley, 2013) and zo was considered moast suitable
for thiz study. Briefly, a 1 M zolution of PCFeD was produced according
to Lovley (2013) in which 0.4 M FeCls-6H2D was neutralized o pH 7
with 10 M MaOH and then stirred constantly for 30 min before being
repeatedly washed and resuspended in diztilled water.

2.4, Preparation of Shewanello oneidensis

Shewanella oneidensis MR-1 (NCIMB 14063) iz a known iron-reducer
and heavy-metal tolerant species which can respire anaercbically and
thuz thrive in theze enrichments and act az a positive control for iron-
reduction. A starter culture was grown aercbically in 10 ml
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Luria-Bertani-=0 mM (LB) medium at 20 + 2 *C until the required cell
density {given in section 2.5) was achiewved; a cell count using SybrGold
was uzed to confirm. An abiotic control wasz also included to ensure no
contamination had occcurred.

2.5, Iron-reducing enrichments

Under anaerobic conditions (using a vinyl anaerobic chamber, Coy
Llab Products) - 95% nitrogen: 5% hydrogen, 4 g of unsterilized
bentonite powder (as received) and PCFeQ (equivalent to 20 mM dis-
solved Fe (II1)) was added to 100 mL synthetic groundwater in 120 mL
serum bottles (x 3 replicates) zealed with butyl stoppers and aluminium
crimps. All enrichments were incubated at 20 £+ 2 °C for 7 weeks under
anaercbic conditions. &= a control to attribute iron-reduction to micro-
bial activity rather than gecchemical activity (Sterile MX80 Powder],
bentonite waz sterilized in a dry oven at 105 *C for 48 h and vzed in place
of the unsterilized bentonite in set of replicated (x3) miercecosms. Ste-
rility was confirmed by spreading the clay on a 1.5% LB agar plate to
identify growth, plates were incubated at 20 £ 2 °C for 1 week under
anaercbic conditions. No growth was obzerved on agar plates. There-
fore, it iz inferred that no microbial growth or activity occurred in the
sterile controls.

An additional replicated control was included which excluded
bentonite (Mo MX80) to ensure that any Fe (II) detected in the sterile
control ariginated from the clay and was not due to abiotic interactions
with the groundwater or carbon mix. In addition to the bentonite
powder enrichments another set of microcosms were et up using 4 g of
compacted bentonite (taken from a compacted block uszing a sterilized
dry band zaw) along with a zet of sterile compacted bentonite controls
and an additional control set in which 100 pL of a cell suspension (2 =
107 cells;mL) 5. oneidensis was added. Sub-sampling was taken weekly
for 7 weeks by shaking samples and then sampling 5 mL of reprezenta-
tive glurry. pH was recorded and Fe (11} zoluble, and Fe (II) total were
measured uzing the Ferrozine method, (Lovely and Phillips, 1986). In
order to zeparate Fe (II) zoluble, zamples were filtered (0.2 pm filters)
prior to the aszay.

2.6, DNA extraction and microcozm commumily structure analysis

The enrichment method adopted in the current study, combined with
165 rRMNA gene zequence analyzis, focuzed on a subset of the microbial
community able to catabolize the added organic matter under anaerobic
(zpecifically iron-reducing) conditions

After 7 weeks of incubation DMA extraction was performed on all the
replicates of the microcosm enrichments comprizing the compacted and
powdered MXED bentonite. A PowerSoil DNA izolation kit {(MoBio) waz
uzed with 750 pl of MXE0 bentonite/groundwater slurry according to
the manufacturer’s instructions, except that the final DMA elution step
was performed with 50 pL instead of 100 pl elution buffer. DNA ex-
tractions were confirmed and quantified wsing QuBit and PCR amplifi-
cation was carried out using Golay barcoded primers that target the V4-
V5 region (position 515-926) of the 163 rBNA gene (Caporazo et al.,
2010) which iz widely used for characterization of microbial commu-
nitiez. PCR amplification waz confirmed on 1% agaroze gel with
ethidium bromide.

Following confirmation of amplification, DMNA extract: from both
powder and compact experiments were sent to NU-OMICS, Northumbria
Univerzity for 165 rRNA Mumina sequencing. Raw segquencing data
(Fazt() files) obtained from the Numina sequencing platform were then
demultiplexed and analyzed az part of the QIIME 2 pipeline (Caporaso
et al, 2010; Callahan et al., 2016). Additionally, DADAZ was used for
ASV (amplicon sequence variant) selection within QIIMEZ. Phylogenic
analyziz of reprezentative sequences of dominant taxonomic groups
were produced by using BLASTN (Zhang et al., 2000) to identify nearast
neighbour and subzequently alignment and similarity values were par-
formed using MEGA7Y wia the neighbour-joining method of Saitow and
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Mei (1987) and bootstraps valuez were determined according to Fel-
senstein (1987

2.7, Statistical analysis of pH and Fe (I} dobe

Analyziz of variance (ANOVAz) were carried out between unsteri-
lized and sterile experiments using Rstudio. The significance of the pH
and concentration of Fe (II) was determined between the time-points
that reflected the greatest increaze of Fe (II) soluble and Fe (II) total in
each experiment.

3. Reszults
3.1. Chemical analysiz of the Fe-reducing enrichment microcosms

The pH in all unsterilized bottles decreased to acidic conditions
{Fig. 2} in the fArst week of the incobation period. The pH drop in the
unsterilized experiments, with or without the addition of 5. oneddensis,
was significantly greater (P« 0.05) when compared to the sterile bottles
on dayz 7-21 (zee zection 4.1). However, the pH recoverad to greater
than pH 7 in theze unsterilized experiments in the zecond half of the
incubation period.

In all the microcosm enrichments, regardless of experiment compao-
sition and sherility, Fe (11} soluble remained low (< 0.1 mM) throughout
the duration of the experiment; howewer Fe (I} total coneentrations did
increasze in both the powder and compacted MX80 bentonite amended
experiments {Fig. 3). The increaze in Fe (II) total in the compacted MXE0
bentonite enrichmentz was similar to that observed in the positive
control enrichments which included the bacterium 5. oneidemnsis.

Furthermore, the concentration of Fe(II) soluble and Fe(II) total were
significantly higher in the unsterilized powder enrichmentz when
compared with the corresponding sterile control where the greabest
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increase in concentration was obeserved (P-values of 0.012 and 0,021,
respectively). Likewize, for the compacted experiment the accumulation
of Fe (II} zoluble was =zignificantly greater in the unsterilized MXYZ0
bentonite than in the sterile control; P-value = 0.015. Thiz was the zame
for the concentration of Fe(ll) total (P-value = 0.014). Therefore, in both
ypes of MXE0 bentonite, bacterial prezence was an important factor in
Fe (11 production.

3.2. Community enalysiz of the enrichment microcosms amended with
unsterilizsed powdered and compacted MXS0 bentonite

Gix 165 rBNA PCR amplicon libraries were prepared representng
each of the individual replicate iron-reducing enrichments amended
with powder or compacted MXBO bentonite These library sequences
hawve been deposited in the MNCBI's Sequence Read Archive (SRA)
available under BioProject PRINAS24313. An average total number of
sequence reads per library of 65,000 (compact MXEB0 bentonite repli-
cates) and 48,000 (powdered MXZ20 bentonite replicates) was obtained
at an average length of 227 bases. From theze libraries an average of 60
(compact MXB80 bentonite replicatez) and 110 ASVz (powder MXBO
bentonite replicates) per library were identified by the QIME 2 analysiz
pipeline. The diverzity between samples was low in relation to other
studiez of bentonite community analyszes (Ldpez-Fernindez et al., 2014),
which iz likely because these communities were derived from enrich-
ments. The activated microbial community of both the powder and
compacted MXB0 bentonite was largely composed of taxa assigned to
the phylum firmicutes, in particular taxa related to the genera Bocillus
and Clostridium, as well az a large population of Sedimentibacter (Figz. 4
and 5). However, there was alzo a small population of Protecbacterial
FPreudomonas species which were found to be most clozely related to the
species Pieudomonas stutseri (Fig. 5). Speciez lesz than 0.5% relative
abundance within the libraries include Shewanella, Grocilibacter, Anae-
rocolumna, and Angerssinus. The compacted MXED bentonite commumity
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atacked bars and the most abundant species have been annotated.

was less diverse than the powder community; however, neither showed
high diverzity when compared to other microbial communities izolated
from similar clays (Engel et al., Z0019). It is therefore unlikely that the
commercial compaction process has led to an introduction of new spe-
cies, at least not species which are able to thrive under theze enrichment
conditons; but rather that the compaction haz limived the diversity of
the cultivable microbial community. Several of the organizmes identified
by the 163 rBMA zequencing are putatively thermotolerant (Desuilfo-
sporosinus); iron-interacting (Pelosinus (Brown et al, 2012)); or spore-
forming (Bacilluz sp.). In zome instances, species are both putatively
spore-forming and iron-interacting, or in the caze of Desulfosporosinus
thermotolerant and sulfate-reducing microbes putatively capable of
reducing iron (Eunapuli et al., 2000). In fact, spore-formers made up an
average of 74.2% relative abundance of the microbial community of the
compacted zamples, compared to 56.2% relative abundance amongst
the powder zamples. However, there were more individual species of
spore-former prezent in the powder zamples.

4. Discuszlon and concluzlons

There are several concluzions to be drawn from these enrichment
studies related to the intrinsic and wiable prezence of anaerobie, hy-
drolytic, and fermentative bacteria and bacteria capable of iron redue-
tion likely linked to oxidation of wolatile fatty acids (VFAsz). Theze
conclusions are principally supported by the chemical data from the
microcosm implying the growth and activation of anaerobic bacteria
and further supported by the putative function: of zuch organizms
identified by the community.

There may have been a maotility issue with iron measurements in that
the iron was not evenly diztributed and may have been trapped in
localized areaz by swollen MXED bentonite dezpite regular shaking,
therefore, the resultz may underestimate the iron present. It iz also not
clear what percentage of iron reduced was structural iron in the clay as
oppoced to external PCFe( iron. These results suggest there iz no soluble
iron pregent at any stage which leads to the question of how much iron
reduction iz due to direct reduction by bacteria, or indirect by bacterial
sulfate reduction or through reduction by secreted VFA:z and

metabolites.

4. 1. Indigenous fermentative and tron reducing bacteria in the MXE0
bentomite

Az briefly described in the rezults, and indicated by both pH, and iron
data - and further supported by species identification — it iz likely that
the majority of the enargy for growth available from the organic matter
added to the experimental mierocosmes iz initially utilized by fermenta-
tive bacteria. This iz likely because the initial carbon mix added to the
microcosms contained various carbon sourcesz, largely composzed of
amino acids and welatile fatty acids including lactate (eq. 1) which are
readily fermentable to acetate and hydrogen. Thizs variety allowed for a
large range of organizms to grow without zelective pressure from the
carbon source or availability. These fermentation products can then be
readily utilized by iron-reducing bacteria (eqs. 2 and 3). Such a requence
iz evidenced by an increaze in pH on day 14 after an initial decreaze to
acid conditionz coincident with an increaze in measured biotic iron-
reduction, suggesting that during days 0~14, hydrolytic and acido-
genic fermentation dominated as a proton generating process, resulting
in VFA production and the pH drop (eq. 1). Subzequently, the dominant
metabolizm shifted to a consumption of acetate and hydrogen, which are
the end products of mived acid fermentation, coupled to iron-redoction
(eq. 2 and 3) which are reactions that consume protons.

CH:CH(OH|COOH + H:0 = CH;COOH + CO; + 2H; (1
BFe(0O0H) + 16H* + CH,CO0H = 200, + WFe™ + 14H.0 (3]
We(OOH) + H: + 4H' = 2Fe™ £+ 4H,0 3

In support of thiz theory, several speciez of fermentative bacteria
including those that putatively utilise VFA: and amino acids, were
identified in the enrichment sequence libraries. Theze fermenting bac-
teria include Fonticella and Anegrovorax; both non-spore forming, ther-
mophilic anaerobes that can metabolise aminge acids (Fraj et al., 2013;
Matthies et al., Z000). Interestingly, Pelosinus has also been clazzed az a
fermentative bacterium that utilizez Fe (III} az an electron acceptor
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(Shelobolina et al., 2007). Furthermore, whilst Romboutsia can also present can metabolise and remove VFAs from soil (Orcutt et al  2013;

ferment amino acids, the genus additionally includes species that can
utilize a wide variety of forms of carbon including fructose, glucose and
maltose as sole carbon sources (Gerritzen et al., 2017) in addition to
utilizsing VFA=s such as acetate.

The other major VFAs produced by bacteria are butyrate and pro-
pionate. Studies carried out with sediment cores show that the bacteria

Burdige, 1993). It is likely that a similar cycle of generation of VFAs by
some of the firmicutes to sustain both firmicutes and other bacteria
present in MX80 bentonite is occurring in the microcosms (Fig. 6).
Also, of interest, Sedimentibacter is a strictly anaerobic gram-positive,
spore-forming, genus. These bacteria utilize several amino acids and can
perform a Stickland-like reaction by degrading glycine and lysine to
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produce organic acids (Bristenstein et al | 2002; Zhang et al., 1994). In
additon to amino acids, pyruvate is a commeon energy source for the
growth of thiz genus. Most notably, many members of Bacillus, which
has an average relative abundancy of 55% in the compacted enrich-
ments and 25% in the powder enrichments, are fermenting bacteria.
Interestingly, with respect to the uze of MXEZ0 bentonite in the geclogical
disposal of radicactive waste one enriched ASV was found to be 100%%
similar to a Bacillus species identified in a radicactive spring cave (Fig. 5)
which may indicate a tolerance to radiation. It iz likely that the high
percentage of Becillus sp. in the compacted MXB0 bentonite samples iz
responsible for the high relative abundance of zpore-formers in these
samples compared to powder samples. Spore-formers were expected in
the compacted samples az zpore formation likely allowed samples to
withstand storage in the compacted MXYXE0 bentonite, the challenges of
which were not matched in the powder samples. However, az there wasz
a larger variety of zpore-forming bacteria in the powder MXEOQ, it sug-
gests that spore-formation alone iz not sufficient to survive in compacted
MX80 bentonite.

Other species identified have putative characteristicz which may aid
them in surviving the repository environment, including endospore
formation, and facultatively anaercbic rezpiration (allowing the organ-
ism to survive changes in oxygen concentration). For instance, Poemi-
baeillus iz widespread across the enrichments with an average relative
abundance of 0.88%. Thiz genus contain: anaerobie, endospore-forming
bacteria. Lutispore, found mainly in the powder enrichments but iden-
tifted in all libraries iz 2 moderately thermophilic and anaerobic bacte-
rial genuz which haz alzo been clazzed az a chemo-organotroph
(Shiratori et al., 2008)

Addidonally, iron-reduction within eclays was observed in both
unsterilized and sterile experiments. 5. oneidensis, a model organism for
iron-reduction (Ruebuszh et al., 2006; Arango and Schlegel, 1951) was
uzed as a poszitive control but was alzo found to be indigenousz to the
MXED bentonite; howeser, the compact MXE0 bentonite only contained
very low concentrations of 5. eneidensiz. It is therefore zignificant that
the powder MXB80 bentonite had a higher concentration of reduced iron
than the positive control, and the compact MX80 bentonite had a zimilar

concentration despite the lack of 5. oneidensis - this indicatez a high iron-
reducing capability of the indigenous microbial community. However,
sequences related to Exiguebacterium aestuarii were prezent in all powder
enrichments (6.380 relative abundance), but were absent from com-
pacted zamplez, most likely becauze it iz non-spore forming (Fasana and
Padney, 2017} and therefore was an unlikely candidate to survive in the
compacted clay barrier. Thiz species iz a facultatively anaerobic bacte-
rium that has been linked to iron-reduction through other enrichment
studies, such az Sawayvama (2006) which identifled Exiguobacterium sp.
in an anoxic flow-through reactor containing anaercbically digested
waste treatment sludge.

There were alzo several iron-interacting bacteria that were indige-
nous to both the powdered and compacted MXE0D bentonite that are able
to reduce Fe (1II) under favourable conditions (Fig. 6) such as Desulfo-
sporesinus (Kunapuli et al, 2010). Interestingly, a sudy by MNixon et al.
(2017) found that in addition to Desulfosporosinus, other bacteria pre-
sented here were alzo present in iron-reducing enrichments, i.e., Pelo-
zinus, Glostridivm, Anserosinus and Desulfitobocterium. There iz therefore
strong evidence to implicate these bacteria, as iron-reducers, and az
species involved in the iron-reduction obzerved in these experiments.
However, whilst Desulfosporosinus was present in all enrichments (3.62%
relative abundance in compact samples and 0.64% in powder samples),
Desulfirobacterivum was only prezent above 0.1%: relative abundance in
the powder samples. Therefore, it iz not neceszarily the ability to form
spores which allowed survival in the compacted bentonite. In thiz caze
the bacterial survival could be due to differences in metabolism; Desul-
fosporosinus iz able tor survive autotrophically with Hi; ferment lactate;
and utilize butyrate az an electron donor; whereas, Desulfitobacterizem
does not uze these metabolic processes (Spring and Rosenzweig, 2006).
Similarly, Anaerosinus was alzo only prezent in the powder enrichments;
however, its lack of spore formation (Strompl et al., 1999) may account
for itz inability to survive in the compacted bentonite. It iz alzo pozzible
that these minor differences between the compacted and powder mi-
crobial communities are not due to survival but relate to the specific
sample of bentonite — ie. the microbial community iz unlikely to be
homogenous throughout the compacted block. Further to this, Engsl
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er al. (2019) found that the microbial community differed between
batches of commercial MXEB0 bentonite, let alone local community
wvariations within one compacted block.

The prezence of theze bacteria putatively capable of iron reduction iz
consiztent with the measured reduction of the added PCFe( and
potentially some of the gouctural iron present within the clay, to the
zame concentration achieved by the added 5. oneidensiz, a known iron
reducer. The increaze in the difference in Fe (1) total between sterile and
unsterile samples coincided with the increasze in pH, which iz likely
when fermentation no longer dominated the syztem and biological iron-
reduction via a combination of acetate and hydrogen oxidation began;
therefore, acting as further evidence of the role of VFAz in iron
reduction.

Some abiotic iron reduction did alzo apparently accur, which was not
an unexpected finding for these eclay-amended enrichments. For
instanece, the abiotic reduction of structural iron within a clay iz known
to oocur at edge sites becausze the redox-reactivity of structural Fe (111} in
clay iz greatly increased in the presence of Fe (II). Studies show that
addition of Fe (II) can also catalyse iron reduction ([lgen et al., 20197,
but no Fe (II) was added to the MX30 bentonibe microcosm enrichments
presentad here. Howewver, there iz some Fe (II) present in the clay

Sander et al., 2014) which could hawve either influenced the reduction
reaction, or may itzelf have been reprezented in the iron measurements
in addition to Fe (II) which has resulted from the reduction of Fe (III),
therefore giving a higher concentration of Fe (II). The low concentration
of zoluble Fe (I} compared to Fe (II) total can be explained by Fe (1)
precipitation. It iz presumed that if not formed directly bound onto
mineral surfaces, that any soluble Fe (II) which was dizzolved then
rapidly precipitated, co-precipitated (e g. iron-rich ealeite, or, although
to a wery limited extent, iron sulphide) or was adsorbed onto available
clay and PCFe( surfaces. A proportionately amall concentration of Fe
(I} waz alzo obzerved in the “No MX80" control flasks (< 1 mM) which
may have been due to limited interactions with reagentz in the
groundwater and azsociated carbon mix.

4.2 Other putative metabolic capabilities of the indigenous MXE0
bentomite commumnity

Apart from fron-reduction, other bacterial activitiez could impact the
ability of MX20 bentonite to perform as an effective barrier in the re-
pository environment. Thiz includez: bacterial gaz prodoction, and
interaction with other mineralz within the clay.

Many iron-reducing bacteria such as those mentioned abose and
present in the MXB0 bentonite iron reducing enrichments are also able
to utilize several forms of sulfur e.g. elemental sulfur and sulfoxyanions.
Two such metabolically flexible iron and sulfur reducers organizms that
were identified in theze enrichments are Desulfosporosinues (Pester et al_|
2012) and Desulfttobocteriuvm (Villemur et al, 2006). SulfurSulphur
reduction in a repozitory environment has been heavily inwvestigated,
auch as studies in a simulated repository environment by Bengrzson et al.
(2015). Their indings show that MIC of copper canizters iz largely
cauged by SRBs through the production of hydrogen sulfide, which can
then react with copper to form copper sulfide releazing hydrogen gas to
the environment — the zame process iz applies to iron corrosion by SRBs
(Ehrlich and Mewman, 2009). On balance, it seem3s most likely that the
SREB:z identified here were enriched as a result of iron reduction rather
than zulfate reduction given the respective thermodynamics of [RBs
compared to 5RBs and the addition of Fe (1) (Stevenzon et al., 20200

Pauedomonas stutgeri, a denitrifying organizm, was prezent in both
compact and powder zamplez, but was more relatively abundant in the
MXED bentonite powder. Although heavy-metal tolerant and faculta-
tively anaerobic, it iz a non-spore forming bacterinm, which may have
led to a low zurvival rate in the compacted bentonite (Lalucat et al,
2006). P. stutzeri has been izolated from groundwater in Swiss boreholes
at 300 m depth (Bagnoud et al., 2016; Leupin et al., 2017) and Finnish
borehole: at 500 m depth (Bomberg et al, 2015) — so could be
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reintroduced to the repository environment through groundwaters or
the host-rock. In fact, Chi and Acthar (2008, identified P. shutseri in both
MXED bentonite and groundwater samples, identifying it az a candidate
for long-term survival in the repository. This bacterinm could contribute
to gaz production through My production and possibly indirectly
coniribute to iron-reduction. There haz been a recent study that impli-
cated Prolixvibacter sp. in Fe? oxidation as an initial step in denitrification
(lino et al, 2015); however, it iz important to note that in theze en-
richments only one sequence was matched to Prolixibocter and it was not
present in the compacted samples. Monetheleszz, iron could be oxidized
to ferrous iron, or further oxidized to ferric iron in thiz proces: (eq. 4 and
Bl

Fe" $ NOy + IH = Fe™ £ NO; + H,0 (4)

W™ £ NOT™ £+ 2H +—2FM £ NOy +H0 (5)

Theze electrons are then utilized in reduction of nitrate to nitrogen
gas (lino et al, 2015). In the unlikely event that microbes are able to
proliferate, thiz procesz could impact corrosion of the carbon stesl
container in the proposed design for nuclear waste dizposal in the UK;
howewver, it could alzo permit re-oxidation of Fe (I} to Fe (III) in the
MXE80 bentonite.

4 3. Spore-forming bacteria may be suited to long-term repository survbval

A key feature of the community analysis reported in thizs study is that
several spore-forming bacteria were identified in both types of MXED
bentonite zamples. For instance, Sporecetigenium iz a spore-forming
bacterium that was prezent in the majority of zamplez and haz been
recorded to grow at high temperatures (55 *C) with itz spores able to
withstand even higher temperatures (Chen et al, 2006). The large
number of zpore-forming species prezent in MX20 bentonite iz likely due
to selection pressures for persistence in the dry clay prior to
enrichments.

Multiple speciez of biofillm and spore-forming Baocillus sp, and
Desulfosporosinus zp. were also enriched. Bacillus is the most dominant
genus present in the enrichment: many of which are known in the
literature (Turnbull, 1994) to be obligate aerobe: and =0 it might be
speculated that these would remain dormant within the anaerobic clay
enrichmentz. However, zome Bacillus are known to be facultative an-
aerobes (Turnbull, 19946) and it can be concloded that the majority of
Bagillus species present in the enrichments are thus facultative anaer-
obes. In addition, Desulfosporosinus was enriched and, as discussed
abowve, theze zpore formers are prominent iron and suolfate reduocers
(Mixon et al, 2017) and hawve been izolated from high saline, high
pressure environments (Pester et al, 2012), making thiz genuz a
candidate for surviving the repository conditions.

Further support for the long-term survival of spores can be found in
Jaligue et al. (2016), who found that the mierobial community of MXED
was almost exclusively comprized of spore-forming Bacillus (the zame
dominant genus identified in the community presented abowve) and
Poenibacillu: species after clay was kept under confinement in fully
saturated conditions for 8 years. However, theze experiments did not
replicate the temperature or interactions with a metal canizter. More-
ower, Jalique ec al (2016] did not consider iron specifically, and =0 here
we prezent a mare selected mierobial community, which includes spore-
formers specific to iron-reduction (such az Desulfosporosinus) that were
not identified by Jaligue et al. (2016).

Apart from szpore-forming zpecies, several thermotolerant species
were alzo identified in both the powdered and compacted zamples.
Thermobacterales iz able to survive up to 70 °C and the growth of
Desulfitobacterivm has been recorded at 65 *C (Roznes eral ) 1991)

The powder bacterial community was wery similar to the compact
MXED bentonite community, which indicates that the compacting pro-
cezs does not hugely alter the mierobial community. There are several
similarities between thiz community composition and that of zimilar
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clayz, for example, Poulain et al. (2008) found that the microbial com-
munity of French argillacecus clayz were largely Armicutes with some
proteobacteria present. Likewise, P. stutzeri and Clostridia have been
isolated from numercus bentonites including FEBEX in Spain (Lopez-
Ferndndez et al., 201 4); howewer, Bacteriodetes were prevalent in FEBEX
samplez but were only prezent in limited numbers in powder MXEOQ
bentonite, so local microbiology does have some impact on the overall
community. Similarly, the enrichment conditions and carbon sources
uzed may have impacted the composition of the microbial community.

Regardles: of the prezence of thesze spore forming and thermotolerant
bacteria identified in thiz study, the enrichments did not replicate re-
pository conditions in terms of temperature, pressure, carbon and water
availability. It iz likely that under troe repository conditions, the bac-
terial community would be inhibited, and the variety of species present,
and overall number of bacteria would decrease. Additionally, the com-
pacted MXED bentonite was not confined during these experiments; it iz
likely that under repository conditions the confinement of the swollen
MXE80 bentonite would limit microbial growth doe to inhibition of
movement around the bentonite (Pashang and Lavrzen, 2020; Jaligue
et al, 2016). However, there may be pockets of microbial growth in
areas where swelling has not fully eceurred (Wilson et al., 2010; Jaligue
et al., 2016; Swroes-Gascoyne et al, 2011). Therefore theze results
highlight the importance of highly compacted MXB80 bentonite in the
repository to limit the growth of a viable, functionally diverse, indige-
nous microbial commumnity.

Therefore, as a preliminary finding it zeems= clear that with no special
effort to introduce or preserve existing communities or alternatively
exclode them, an indigenous microbial community, which iz able to
cooperatively interact with iron and iron-containing mineralz, iz present
in the MXB0 bentonite. It iz alzo possible that a selection of bacterial
species present in the bentonite remained dormant throughout this
enrichment and it iz therefore likely that the true microbial community
of the bentonite is more diverse.

4 4 Further understanding of microbial activity in the repository
environment s necessary

Further experiments should focus on long-term in zitu effects of theze
indigenouz bacteria. For instance, biogenically catalyzed zmectite to
non-swelling phyllogilicate tranaformations by IRBs (such az those
identified here) have been observed in bentonite clays at temperatures
below 100 ° G (FKim et al., 2004), this process, or illitization, may lead toa
decrease in swelling capacity and alter the sorption properties of the clay
(Bradbury et al., 2014; MDA, 2016a; Liu et al, 2012). However, these
microbial changes: may not occur under the pressure of the repository, as
Pedrial et al. (2009), found no smectite dizsolution cceurred in the
presence of a model IRB in confined volume experiments with com-
pacted MXB80 bentonite. But the simple svstem considered by Pedrial
et al. does not reflect the complex activities of the indigenous iron-
reducing microbial community presented here.

Furthermore, szeveral outstanding concerns also remain to be
addrezsed; namely, bacterial gas production (H:) and usage (COy)
(Fig. 6F, and whether iron reduction iz by direct or indirect bacterial
mechanizms. Owverall, it iz likely that microbes will be present in the
repository and that there will be periodz of activity and inactivity as the
internal environment changes. The indigenous community of powdered
MXE80 bentonite iz altered during the homogenizing and compacting
process, which impacts the functionality of the microbes. The effect of
barterial activity could alter the funetion of MX80 bentonite az a barrier
and could lead to increazes in corrozion of the waste canisters and
ransport across the MX80 bentonive.

4.5 Comnclusions

It can be concloded that all the bacteria identified in thiz study are
thoze that have been enriched through bacterial growth in the

Applied Clay Scisnce 205 (H121) 1060639

enrichment microcoems. Thiz concluzion iz justified because of our
failure to be able to extract enough DMNA from the indigenous microbial
community of the bentonite itself prior to enrichments. Furthermore,
speciez identified show adaptationz to harzh conditions wia spore-
formation and thermotolerance, some of which are likely alzo able to
reduce iron, which could alter the integrity of the barrier zyztem within
nuclear waste repositories. Differences between the indigenous, acti-
vated microbial community of the powder and compacted MXYEQ
bentonite zamples highlight the importance of zpore-formation and
adaptable metabolic processes in surviving in compacted clay such as
that propozed for uze as a barrier in the repository. VFAz have alzo been
implicated in both the long-term zurvival of the microbial community in
the clay barrier and in contributing to iron reduction. These Andings
Justify the need to ensure a fully swollen and compacted clay barrier to
limit microbial growth as the bentonite will carry a viable, robust and
metabolically flexible community into the system.
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4.1.1 Further results from anaerobic iron-reducing enrichments with MX80 bentonite

Further data and results not presented in the above publication are reported here. Over the
course of the experiment, iron-reduction occurred in all flasks that contained microbes. Some
reduction occurred in sterile controls, but at a much slower rate. Changes were identified by

obvious colour changes (figure 4.1).

Live \+ Shewanella = -MX80 \Sterile

. S — it

Figure 4.1: Compact MX80 iron-reducing enrichments on day 21, obvious colour differences
were seen between each flask. The biotic flasks were black, indicating iron reduction and the
precipitation of reduced iron minerals. The control flask which contained no MX80 remained

orange (the colour of PCFeO), and the sterilised flasks remained orange / grey.

4.1.1.2 VFA Analysis:

MX80 powder unsterilised experiments showed an initial decrease in all three VFAs (figure 4.2).
Acetic acid then increased from day 15 to 20 and remained at 850-1000 PPM until the end of the
experiment. Butyric acid remained low between days 5 and 35 but increased to 600 PPM by day
42. The concentration of propionic acid was the most changeable as it decreased to 0 at day 5,
increased to 440 PPM by day 20 and then decreased again from day 35 —42 to O PPM. There was
a slight increase in acetic acid levels in the sterile and “No MX80” controls. A similar increase
occurred in all “No MX80” experiments.

An organic carbon mix had been added to these enrichments. In the compacted MX80
experiments (figure 4.2) both the unsterilised and positive control (with S. oneidensis) increased

to 1000 PPM acetic acid by day 21, this was the highest detection of the IC instrument used. The
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propionic acid concentration of the live unsterilised experiments initially decreased and then
increased to 500 PPM by day 42. This trend was similar to the positive control. Likewise, the
concentration of butyric acid decreased to day 5 and slowly increased to the end of the
experiment. The sterile control showed some changes in acetic concentration throughout the
experiment and the concentration of butyric acid slowly decreased over the course of the
experiment. When compared to the sterile controls, acetic acid was significantly higher in the
unsterilised live experiments with P-values of 0.028 and 0.004 for the powder and compact

experiments, respectively. No other VFA measurements were found to be significant.
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Figure 4.2: VVFA analysis of anaerobic MX80 powder iron-reducing enrichments (A-C) and VFAs
in compacted MX80 iron-reducing enrichment experiments (D-F). Error bars show standard

error.
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4.1.1.3 XRD Analysis of black precipitate from anaerobic iron-reducing enrichments:

XRD analysis was carried out on the black precipitate which was observed in enrichment flasks
when microbes were present (figure 4.3). The XRD spectrum suggests this could be goethite, an
iron oxide-hydroxide (FeO(OH)). Another possibility was magnetite, a mixed iron oxide, or iron
sulfide; however, given the small concentration of sulfur present (< 1 mM sulfate if all gypsum
present in the clay dissolves with 0.02 mM from groundwater), and the associated

thermodynamics (Stevenson et al., 2020), the system is much more likely to favour iron

reduction.
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Figure 4.3: XRD pattern for sample of black precipitate taken from anaerobic iron-reducing

enrichments of MX80. Pattern matches spectra for clay minerals and goethite

4.2 Enriched aerobic indigenous bacterial community of MX80 bentonite

Further bacterial enrichments of MX80 bentonite were carried out under aerobic conditions.
During construction and the first 30 years post-closure, the repository environment is still aerobic
or microaerobic. Furthermore, the possibility of oxygenated groundwater may introduce oxygen

to the system throughout the repository lifespan. Therefore, a further understanding of the
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microbial communities present is important under aerobic conditions. As previously, both
powder MX80 and compacted MX80 bentonite were enriched, and the resulting bacterial DNA
was extracted and sequenced. These experiments also included a control without any organic
carbon added. No EDX, SEM or XRD was carried out on these samples as they were intended as
a direct comparison of microbial communities to the previous anaerobic iron-reducing MX80

bentonite community.
4.2.1 Results

Colour changes from grey to black were observed in aerobic enrichments by day 18 (figure 4.4).
This black mineral may be iron sulfide formation (or goethite as observed in anaerobic
enrichments — see section 4.1.3). It is believed that the swelling of compact MX80 created

anaerobic zones. No colour change was observed in any of the control flasks.

sterile comp

&

Figure 4.4: Aerobic enrichments of MX80 bentonite on day 18. The no carbon control shows no
precipitates and is uniformly grey. The sterile controls have a small concentration of black
precipitate present in small particles. The live experiments have an obvious colour change from

grey to black in localised anaerobic areas. The no MX80 control (-MX80) is colourless.

4.2.1.1 pH of aerobic enrichments of MX80 bentonite

All experiments were around pH 7-8 throughout the experiment, apart from the control with no
added carbon which had a higher pH. The pH of the unsterilised powder experiment (“live”) when
compared to the control without carbon across the second week of the experiment was

significant (P = 1.17x107). The pH of both live unsterilised powder and compacted MX80 (figure
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4.5) increased towards the end of the experiment to pH 8.59 and pH 8, respectively. The no
carbon control remained alkaline until day 12. The sterile powder experiment had a
circumneutral pH throughout the experiment and was found to be significantly lower when
compared to the unsterilised powder experiment (P=0.0198) across days 7-14. The “No MX80”
control had an acidic pH throughout the experiment.

The pH of the unsterilised compacted MX80 aerobic enrichment decreased from pH 8 to pH 6.8
before increasing back to ~ pH 8. When compared to the sterile control across the second week
of the experiment, the unsterilised compacted MX80 experiment was found to be significant
(P=7.6x10®). The pH of the unsterilised compact MX80 experiment was also significantly lower
when compared to the control without carbon (p= 6.59x10%) across days 7-14. The no carbon
control remained alkaline until day 12. The sterile experiment had a circumneutral pH throughout

the experiment.

Time (days) Time (days)

- Live —=~ Sterile control
No MX80 control MNo carbon control

Figure 4.5: pH of aerobic enrichments of MX80 powder (left) and pH of compacted MX80
aerobic enrichments (right). Error bars show standard error.
4.2.1.2 VFA analysis of aerobic enrichments of MX80 bentonite
VFA concentrations of aerobic enrichments with MX80 powder decreased to 0 with respect to
the acetic, butyric and propionic acids (figure 4.6). Acetic acid decreased to 0 from 600 PPM by
day 24, this was significant compared to the sterile control (P= 0.0199). Both the sterile powder
and “No MX80” controls remained constant at 50-120 PPM. The concentration of butyric acid

decreased from 314 to 0 PPM by day 12. The “No MX80” control remained constant at 200-250
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PPM whilst the sterile powder control decreased from 329 to 178 PPM by day 18 and then
increased to 292 PPM on day 30. The concentration of propionic acid followed a similar trend to
butyric acid, decreasing from 460 to near O PPM by day 18 in the unsterilised experiment. The
concentration of propionic acid in the “No MX80” control remained constant throughout the
experiment at 200-250 PPM. The sterile powder control decreased from 300 PPM on day O to
150 PPM on day 18 and then increased to 240 PPM by day 30. The no carbon control remained
at 0 throughout the experiment in all VFAs.

Similarly, the VFAs measured in unsterilised compact MX80 aerobic enrichments all decreased
(figure 4.6). Acetic acid decreased from 460 PPM to 65 PPM by day 6 and remained below 100
PPM for the rest of the experiment. As with the powder experiments, this result was significant
when compared to the sterile control, p=0.05. The “No MX80” control remained constant at 75-
80 PPM, whilst the sterile compacted control decreased from 364 to 81 PPM by day 12 and then
increased to 689 PPM by day 24. The concentration of butyric acid decreased from 166 to below
10 PPM by day 12 in the unsterilised compacted experiment and the “No MX80” control
remained constant at 200-250 PPM. The concentration of butyric acid in the sterile compacted
control decreased from 254 to 18 PPM by day 12 and then increased to 134 PPM on day 30. The
concentration of propionic acid decreased from 141 to 40 PPM by day 6 and remained below 100
PPM until day 30 in the unsterilised experiment. Whilst the concentration of propionic acid in the
“No MX80” control remained constant throughout the experiment at 200-250 PPM and the
sterile compacted control decreased from 219 PPM on day 0 to 37 PPM on day 12 and then
increased to 154 PPM by day 30.
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Figure 4.6: VFA concentrations of aerobic enrichments of MX80 bentonite powder (A-C) and
compact MX80 bentonite (D-F). Error bars show standard error.

4.2.1.3 The activated aerobic community of MX80 bentonite:

DNA sequencing of the aerobic samples showed a low species diversity (figure 4.7) dominated by
high numbers of sequences assigned to Pseudomonas stutzerias well as several firmicutes
including several facultatively anaerobic bacteria (figures 4.8 & 4.9). Following processing, a
mean total of 107,300 sequences were identified in libraries relating to MX80 powder aerobic
enrichments and a mean of 82,864 sequences were identified from libraries from compact MX80
aerobic experiments. The average sequence length was 227 bp. There were more ASVs identified

in the powder MX80 (481) than the compacted MX80 (324).
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Figure 4.7: Community structure of activated aerobic bacterial community of MX80 bentonite
from 16S rRNA sequencing of enrichments. The vast majority in all samples were firmicutes and

proteobacteria.
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Figure 4.8: Phylogenic tree of enriched aerobic bacteria population of MX80 powder constructed
from 16S rRNA sequencing data and related sequences identified by BLAST searches. % relative
abundances in combined libraries (from 3 replicates) for individual ASVs is shown at the end of

each leaf and bootstrap values are included on branches.
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Figure 4.9: Phylogenic tree of activated aerobic bacteria population of compact MX80

0.2

constructed from 16S rRNA sequencing data and BLAST sequences. % relative abundancy is

shown at the end of each leaf and bootstrap values are included on branches.

4.3 Comparison of activated anaerobic iron-reducing community of MX80 bentonite and
activated aerobic microbial community of MX80 bentonite

From analyses carried out using Stamp (figure 4.10), the aerobic powder community is distinct
from all other communities. The compact aerobic community is spread between an area close to
the powder aerobic community and the anaerobic communities, this could be because the
swelling of the compacted clay caused some areas of the flasks to become anaerobic with less
ability for oxygen to diffuse — this is supported by the abundance of facultative anaerobes in the
microbial community. It should be noted that samples were mixed prior to sampling for DNA
extraction to ensure homogeneity across samples. The anaerobic powder community is also
clustered suggesting there is a low diversity between replicates. However, the anaerobic
compacted samples are somewhat distant, it could be that the powder is more homogenous as
the microbes can freely move around, whereas in the compact clay the microbes cannot move

around so freely after processing and compaction. Additionally, the compaction process may
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have introduced new microbes and limited the survival of others. Therefore, different areas of

compacted blocks may have different indigenous microbial communities.
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Figure 4.10: PCA plot of anaerobic and aerobic iron-reducing enrichments constructed using

QIIME2 output from 16S rRNA Illlumina sequencing and Stamp (see section 3.8.6)

Further to this, boxplots were created using Stamp to investigate the significance of different
species present and associated abundance in each community (figure 4.11). Of particular
significance was Pseudomonaceae which was found to be present in higher abundance in aerobic
samples than in anaerobic. This refers to P. stutzeri which was dominant in the aerobic samples,
but as it is facultatively anaerobic, it was also identified in all anaerobic samples. This species has
also been identified in other bentonite samples and in groundwater from repository sites (see
section 4.1). Also significant was Clostridaceae 1 and Bacillaceae. Both these orders had a higher
relative abundance in anaerobic samples than in aerobic, with Clostridaceae 1 having a higher

relative abundance in powder and Bacillaceae in compact. This figure also illustrates the
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difference in range and diversity between powder and compact samples, whereby the boxes are

much longer for compacted samples, further suggesting there is more variation between

samples.
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Figure 4.11: Boxplots of bacteria families identified in 16S rRNA sequencing of anaerobic and

aerobic MX80 bentonite microbial enrichments were constructed using Stamp. The stars

indicate the mean and the p-value is presented in the top right of each graph; Pseudomonaceae

has a p-value of 0.012, Clostridaceae 1 is also significant as P=0.034; and Bacillaceae has a p-

value of 0.054 and so is not significant.
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4.4 0.45M NaCl iron-reducing microbial enrichments with MX80 bentonite

Having identified an indigenous iron-reducing community from MX80 bentonite under low saline
conditions, it was necessary to consider the range of groundwater salinities that may be present
at the repository site. Higher salinities would put different selective pressures on the microbial
community, and likely change the composition. 0.45M NaCl was chosen as it reflects sea-level
salinity which has known microbial activity and is within the range of groundwater salinities

observed at international repository sites (table 2.2).
4.4.1 Results

4.4.1.1 pH of 0.45 M NaCl enrichments with MX80 bentonite
In all experiments there was an initial slight decrease in pH (figure 4.12), but the pH returned to
circumneutral by the end of the experiment. There was no significant difference in pH between

the different experiments.
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Figure 4.12: pH measurements of 0.45M NaCl enrichments with compacted MX80 bentonite
were taken weekly. All flasks initially decreased to pH6-6.5 before returning to circumneutral.

Error bars show standard error.
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4.4.1.2 Concentration of Fe(ll) throughout 0.45 M NaCl enrichments with MX80 bentonite

Fe(ll)ag remained very low, below 0.1 mM, throughout the experiment. These concentrations are

like all other enrichments presented here and are likely because Fe(ll) does not stay in the

aqueous form, but rather spontaneously reacts with other compounds present, possibly

carbonates or sulfide (see section 4.1).

The Fe(ll) concentration of 0.45 M NaCl enrichments was measured weekly (figure 4.13). The

unsterilised experiments and S. oneidensis controls were very similar and increased from 0 mM

to 4.5 mM and 4.6 mM, respectively. The “No MX80” control remained below 0.2 mM throughout

the experiment, and the sterile control increased at a slow rate from 0 mM to 1.8 mM. The

concentration of Fe(ll) in the live unsterilised experiment was significant when compared to the

sterile and “No MX80” control (P=1.41x107 and P= 8.98x107*?, respectively) between day 14 and

21, these were the time points with the biggest increase in Fe(ll) concentration.
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Figure 4.13: The concentration of Fe(ll) in 0.45 M NaCl enrichment experiments with MX80
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bentonite. Error bars show standard error.



4.4.1.3 VFA analysis of 0.45 M NaCl enrichments with MX80 bentonite

VFA analysis (figure 4.14) of 0.45 M NaCl enrichments revealed a high concentration of acetic,
butyric and propionic acids in all samples. Formic acid was also present and trace amounts of
isobutyric and isovaleric acids. VFAs showed no significant differences between bacterial
presence and absence, apart from a couple of exceptions; the butyric acid concentration of the
“No MX80” control had a p-value of 0.0069 when compared to the live unsterilised experiment
between days 14-21. The sterile control was also significant; the concentration of propionic acid
between days 14-21 had a p-value of 0.0267 when compared to the live unsterilised experiment.
The acetic acid results are likely due to the continual production and use of secreted metabolic
acids by members of the microbial community that results in no clear trend and an increase in
variation between replicates. The concentration of both butyric and propionic acids decreased
throughout the experiment from ~300 PPM to 0 PPM and 100 PPM, respectively. The “No MX80”
control did not decrease to the same extent and reached a concentration of 137 PPM butyric acid
and 122 PPM propionic acid. The concentration of formic acid in the unsterilised experiment
initially increased to day 7 from 0 PPM and then decreased again to 0 PPM by day 21. The “No

MX80” control remained between 50-100 PPM throughout the experiment.
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Figure 4.14: VFAs of 0.45M NaCl enrichments with MX80 bentonite. Error bars show standard

error.

4.4.1.4 Indigenous activated iron-reducing community of MX80 bentonite at 0.45 M NaCl

After processing through QIIME 2, the 16S rRNA sequencing yielded an average of 96,477
sequences across the three sequencing libraries with an average length of 227 bases across 398
ASVs. The negative control returned 38 sequences which suggests there was no large-scale
contamination. Across all three samples, the most prevalent bacteria belonged to the orders
Bacillales and Clostridales (figure 4.15). This result is in keeping with results from previous
enrichments. There were also some halotolerant species identified, such as those belonging to
the order Haloplasmatales, which should thrive in the seawater-level salinity of these
enrichments. P. stutzeri was also present, as with previous enrichments and other microbial

community studies relevant to nuclear waste disposal (see section 4.1).
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Figure 4.15: Community structure of 0.45M NaCl enrichments with MX80 bentonite using data
from 16S rRNA sequencing. Data is presented at % relative abundance across a triplicated

experiment. The main three orders are Bacillales, Clostridales, and Haloplasmatales.
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A phylogenic tree was constructed using the most abundant ASVs and their nearest neighbour,
identified using BLASTN (Zhang et al., 2000) (figure 4.16). There are also several species of
putative IRB and SRB, such as Desulfitobacterium and Desulfosporosinus. Most of the community
are firmicutes, which is consistent with previous enrichments (presented in section 4.1);

however, in these enrichments, more halotolerant and alkali tolerant species are dominant, this

includes Alkalibaculum.
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Figure 4.16: Phylogenic tree of most dominant ASVs in the microbial community of compacted
MX80 constructed from 16S rRNA sequencing data and BLASTN sequences from 0.45M NaCl
enrichments. % relative abundancy is shown at the end of each leaf and bootstrap values are

included on branches.

4.4.1.5 SEM images of MX80 bentonite recovered from 0.45 M NaCl iron-reducing enrichments
Obvious bacterial hyphae were observed in all unsterilised experiments (figure 4.17). There was

no evidence of secondary mineralization resulting in the formation of crystalline mineral textures
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in the “No MX80” control, mainly PCFeO debris was observed, as added at the start of the

experiments. Limited PCFeO debris was also observed in the other samples which contained

PCFeO. Likewise, no specific structures were identified in the sterile control.
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Figure 4.17: SEM images of MX80 recovered from 0.45M NaCl enrichments. There was extensive

hyphae growth on the clay / iron in the experimental flask (A, arrows show the outer edge of

bacterial growth). No specific structures were seen in the No MX80 control (including hyphae

and secondary minerals) (B) or the sterile control (C). There was some bacterial growth on the

upper surface of powder collected from the unsterilised positive, S. oneidensis, control (D,
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4.4.1.6 EDX analysis of MX80 bentonite recovered from 0.45 M NaCl iron-reducing enrichments

Bulk EDX analysis of samples (figure 4.18) showed that all flasks contained silicon, aluminium,
sodium and oxygen apart from the “No MX80” control which only contained iron and oxygen.
The samples containing microbes had a much higher percentage of carbon than the sterile
control. The unsterilised experiment had relatively low iron, whereas samples from sterile flasks

and flasks containing S. oneidensis had higher levels of iron.
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Figure 4.18: Bulk EDX analysis of MX80 recovered from 0.45M NaCl iron-reducing enrichments
shows that the unsterilised experiment (A), the no MX80 control (B), the sterile control (C), and
the S. oneidensis control (D). Oxygen is shown in red (A-C) and in green (D). The unlabelled

peaks represent gold from gold coating the samples.

4.4.1.7 XRD analysis of MX80 recovered from 0.45 M NaCl iron-reducing enrichments

In order to identify any mineralogical changes to the MX80, XRD analysis was carried out (figure
4.19). The results indicate that when microbes are present magnetite (Fes0s) is formed, in
keeping with which flasks became black in colour and where iron-reduction was expected.
Magnetite is a mixed Fe(ll / Ill) mineral which is black in colour and a known product of biological
iron reduction coupled to oxidation of organic matter (Lovley, 1991). Magnesioferrite
(Mg(Fe3*),04) is also present in this sample, which could also be a product of iron-reduction and
indicates possible interaction with the magnesium in the groundwater. Both magnetite and
magnesioferrite can be attributed to the black precipitate observed in the enrichment flasks;
unlike previous enrichments, no goethite was observed. Halite (NaCl) is also, unsurprisingly,
present in all samples, as is quartz (SiO2) among other clay minerals. In the sterile and control
flasks, no magnesioferrite or magnetite is present; however, hematite is present. This result
suggests that reduction of hematite to magnetite is either much slower or not possible without

the facilitation of bacteria.
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Figure 4.19: XRD spectra of MX80 recovered from 0.45M NaCl iron-reducing enrichments
4.5 2.5 M NaCl iron-reducing microbial enrichments with compacted MX80 bentonite

As observed in 0.45 M NaCl enrichments, microbially-influenced iron-reduction was still possible
at seawater-level salinity and the microbial community was very similar to that of the initial
enrichment. However, groundwaters at potential repository sites may exceed seawater-level
salinity. Therefore, further enrichments at a higher salinity were carried out to see if the microbial
community could survive and iron-reduction continue under these more extreme conditions.
These experiments replicated the set-up of the 0.45 M NaCl enrichments with compact MX80

bentonite.

4.5.1 Results

4.5.1.1 pH of 2.5 M NaCl iron-reducing enrichments with MX80 bentonite

No colour change was observed in these experiments. pH was measured weekly, and the
averages calculated. The pH remained circumneutral across all experimental set-ups (figure 4.20)
which may be because there was limited microbial activity and therefore fewer acids secreted as
seen in previous enrichments. There was a slight but general increase in pH for all experiments

except the “No MX80” control.

120



—&- Live
8 -~ Sterile control
"No MX80" control
Shewanella

7.5+ l

—-E'—_"-.___:”j—-.__;:——:,. ,_~_____-t1/

pH
v
L

R

6.5+

6 T T T T T T T
0 5 10 15 20 25 30 35 40

Time (days)

Figure 4.20: pH was measured weekly throughout high saline enrichments. pH remained

between 6.7 and 7.5 throughout the experiment for all flasks. Error bars show standard error.

4.5.1.2 Concentration of Fe(ll) during 2.5 M NaCl iron-reducing enrichments with MX80 bentonite
Fe(ll)ag was not detected throughout the experiment. The concentration started at 0 mM and

remained at 0 mM until day 42, reasons for this are presented in section 4.1.

The concentration of total Fe(ll) was measured weekly (figure 4.21). The concentration remained
at 0 mM throughout the experiment for the “No MX80” control. However, for the sterile control
and S. oneidensis control total Fe(ll) increased until day 28 before decreasing until day 42. The
sterile control increased the most to 0.51 mM on day 28. The live unsterilised experiment
increased from 0 mM to 0.32 mM on day 35 before decreasing to 0.26 mM on day 42. When
compared to the “No MX80” control, the concentration of Fe(ll) in the live unsterilised
experiment between day 21 and 28 (the point at which Fe(ll) concentration increased the most)

was found to be significantly higher with a P-value of 0.00125.
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Figure 4.21: The total Fe(ll) in 2.5 M NaCl enrichments increased slightly in all flasks after day 7
except the No MX80 control which remained at 0 mM throughout the experiment. However, the
concentration remained below 1 mM. Error bars show standard error but are hidden by the

symbols.

4.5.1.3 VFA analysis of 2.5 M NaCl iron-reducing enrichments with MX80 bentonite

IC analysis detected only 4 VFAs present: acetic, butyric, propionic and formic acids. All VFAs
decreased over time with the unsterilised experiment decreasing at a slower rate than the
controls (figure 4.22). Acetic, butyric and propionic acids all decreased to 0 PPM and did not
increase thereafter. Formic acid did also decrease, although remained above 0 PPM in the
unsterilised and sterile experiments. In the positive control with S. oneidensis formic acid
decreased to 0 PPM and then increased to 50 PPM. The decrease towards OPPM was slower in

the “live” unsterilised experiments as the bacteria were both producing and consuming VFAs.

Formic acid was the only VFA which was found to have significantly different results between the
unsterilised experiment and the control. Between day 0 and day 7 the P-value for a comparison
of means of the “no MX80” control compared to the unsterilised experiment was 0.03, and

between the unsterilised experiment and S. oneidensis control, the P-value was 4.93x10*.
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Figure 4.22: VFA analysis of the 2.5 M NaCl iron-reducing enrichments showed that all VFAs
were depleted by day 7 for all controls and day 14 for the ‘live’ experimental flask. Formic acid
was the exception, as it did not follow this trend. There was a general decrease across all

experiments from 80 PPM on day 0 to below 50PPM on day 42. Error bars show standard error.

4.5.1.4 Indigenous iron-reducing bacterial community of the MX80 bentonite at 2.5 M NaCl
After QIIME2 analysis, an average of 47,558 sequences were identified across the three
sequencing libraries — the unsterilised live experiments. The average sequence length was 227

and there was just 184 unique ASVs. The control sample ensured that no contamination occurred

as only 23 sequences were returned.

Figure 4.23 shows the community structure as a bar plot. By far the most dominant order is
Bacillales, accounting for over 99.3% relative abundance in all samples. Like all previous
enrichments, Clostridales is also present and almost 100% of all samples are firmicutes. Since
attempts to extract DNA without enrichment were unsuccessful, the community presented is the
result of growth and enrichment under highly saline conditions. Using the data from 16S rRNA

Illumina sequencing, a phylogenic tree was constructed using the most abundant ASVs and their

nearest match found using BLASTN (Zhang et al., 2000) (figure 4.24).
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Figure 4.23: Barplot of the indiegnous microbial community of 2.5M NaCl enrichments with
MX80 bentonite presented at %relative abundance of orders of bacteria across three replicates.

Almost 100% of all replicates belong to the order Bacillales.
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Figure 4.24: A phylogenic tree constructed from 16S rRNA sequencing data of 2.5M NaCl iron-
reducing enrichments and BLASTN on NCBI database. Nearest neighbour-joining method was
used and trees were constructed using MEGA7. % relative abundancy is shown at the end of

each leaf and bootstrap values are included on branches.

4.5.1.5 SEM images of MX80 recovered from 2.5 M NaCl iron-reducing enrichments

SEM images of recovered substrate showed similar crystal growth in all flasks containing MX80
(figure 4.25). The observed crystal is likely halite polymorphs; however other possibilities include
aragonite needle structures (possibly an iron-rich polymorph), or gypsum. The “No MX80” control

contained only iron debris.
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Figure 4.25: SEM images of substrate recovered from 2.5 M NaCl iron-reducing enrichments.
Extensive crystal growth was observed in samples from the unsterilised experiment (A-C)

including likely halite polymorphs (arrows A, B) and calcite (C), no microbes were observed. No
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specific structures were observed in the No MX80 control (D). Similar crystals to that of the live

experiment were seen in the sterile (E) and S. oneidensis (F) controls.

4.5.1.6 EDX analysis of MX80 recovered from 2.5 M NaCl iron-reducing enrichments
Due to the high levels of NaCl, spectra from bulk EDX analysis were skewed, and most elemental
composition was masked. No carbon was detected in any experiment. Sodium was between 30-

50% of the elemental composition of each sample.

4.5.1.7 XRD analysis of MX80 recovered from 2.5 M NaCl iron-reducing enrichments

During these enrichments there was very little iron-reduction and, unlike in previous
experiments, very little black precipitate was produced. SEM images revealed the presence of
salt polymorph crystals. To further investigate these crystals, and if any mineralogical changes
had taken place the samples were further analysed using XRD (figure 4.26). There was little
difference between the controls, the sterile and the unsterilised experiments. These similarities
were expected as there were no notable changes between samples in terms of iron-reduction,
VFA concentration, or SEM images. All samples contained clay minerals such as quartz and
montmorillonite, and had below 2% hematite, and below 5% halite. Halite is a salt crystal, usually
cubic in structure and formed from NaCl. Hematite (Fe03) is black or red in colour and could
account for the small concentration of black precipitate observed. However, it may be the result
of abiotic transformation of PCFeO to a more stable compound (Letini et al., 2012) which is much
less readily reduced by microbes, rather than a secondary mineral product of biogenic iron-

reduction.
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Figure 4.26: XRD pattern after reitvald refinement using HighScore Plus of MX80 recovered from

2.5M NaCl iron-reducing enrichment

4.6 Comparison of anaerobic iron-reducing microbial communities at all salinities

In order to compare the microbial community of the original anaerobic compact iron-reducing
enrichments (0.0002 M NacCl), 0.45 M NaCl enrichments and 2.5 M NaCl enrichments, a PCA plot
was created using Stamp and data from QIIME2 (figure 4.27). The 0.45 M NaCl and 2.5 M NacCl
are both clearly distinct from one and another, with the 0.45 M a little more spread out, indicating
there are more differences between replicates. There is one outlier in the 2.5 M enrichments,
but otherwise, the samples are very tightly clustered. The 0.0002M NaCl samples are split
between two areas, suggesting that there are two distinct communities present, as discussed

earlier, this could be due to the bacteria not being able to move around the compacted block to

become homogenous.

128



|
02} oo :
[o) (]
0.1} |
|
I
B e e 4 - — = = = = = — — - = - = =
Ry ! °© o
S o |
Z =01} A
~N | A
b I
o
—0.2} !
|
|
-0.3}F |
|
|
-0.4 | A |
| ! | ] ] ]
-0.4 -0.2 0.0 0.2 0.4 0.6
PC1 (62.1%)

/3 o.0002M [ 045M [ 2.5M

Figure 4.27: PCA plot of bacterial communities from unsterilised iron-reducing enrichments at
different salinities, made using Stamp with data from QIIME2 outputs using 16S rRNA

sequencing.

Further analysis was carried out by comparing individual species (figure 4.28). It was found that
the abundance of some species in a particular salinity was significant, this included Alkalibacter,
Anaerocolumna, Desulfitobacterium and Lysinibacillus. All these species were found to be
significantly more abundant in 0.45 M NaCl enrichments. This result suggests that these bacteria
are only mildly halotolerant and so cannot survive or thrive in the higher salinities. Their lower
abundance in the 0.0002M enrichments suggests that there are other more dominant species

present in the community that can outcompete in the low saline conditions.
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Figure 4.28: Boxplots of significant geneses from 16S rRNA sequencing of different salinity iron-
reducing enrichments with MX80 bentonite were created using Stamp. Stars indicate the mean
abundance and P-values are included in each graph. Alkalibacter, Anaerocolumna,
Desulfitobacterium and Lysinibacillus were all significantly more abundant in 0.45 M NaCl

enrichments.

4.7 Discussion

There may have been an access issue for the added iron in the iron-reducing enrichments due to
the clay swelling and trapping of the added PCFeO (poorly crystalline iron oxide) at the bottom
of the flask. This swelling may have also caused the formation of pockets of anaerobic

environments in the aerobic enrichments. Shaking was introduced to try and homogenise the
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samples; but this was not effective, perhaps increasing the water:clay ratio would have limited

the trapping effect caused by swelling.

4.7.1 The indigenous microbial community of MX80 is putatively capable of iron reduction

Iron-reduction at the lower salinities (0.0002 M and 0.45 M NaCl) proceeded to the same extent
and along the same trend as positive controls containing S. oneidensis, a known iron-reducer
(Ruebush et al., 2006). Therefore, this is evidence that the indigenous community is capable of

significant iron-reduction, equal to or superseding that of model organisms for iron-reduction.

PCFeO was selected as the iron substrate because it is highly bioavailable (Lovley, 1987).
However, this substrate will not be present in the repository and so it cannot be concluded that
iron-reduction will occur as rapidly as observed in these enrichments. The highly compacted
MX80 will also decrease microbial activity due to the small pore size and confinement, limiting
bacterial activity to areas at the edge of the clay buffer where swelling may not have fully
occurred (Jalique et al., 2016). However, due to the long lifespan of the repository, it is likely that
at least some biogenic iron reduction may occur, it may just happen more slowly. The
concentration of Fe(ll)ag remained below 0.1 mM throughout all the experiments across all
salinities. This concentration likely appeared low because Fe(ll)aq had been adsorbed onto the
surface of the PCFeO to become involved in catalysing goethite or magnetite formation or it has

spontaneously reacted with sulfur or carbonates (see section 4.1).

Even at the sea-water level salinity (0.45 M NaCl) similar concentrations of microbially-mediated
iron reduction were observed compared to those found in the low salinity experiments.
Therefore, the microbes are somewhat salt-tolerant and if the groundwater in the repository is
of a similar salinity to seawater it can be concluded that this would not prohibit microbial activity
in terms of iron-reduction. However, at 2.5 M NaCl, there was no increase in iron reduction in
flasks containing microbes. In fact, there was less reduction in these flasks than there was in
sterile experiments. While this level of salinity is not likely to occur at a UK repository site, it is
interesting that the iron-reducing microbes are not halophilic and, in fact, the microbes which
are active may act to inhibit abiotic iron reduction, either through Fe-oxidisation, or through

inhibiting mineralogical changes which abiotically lead to reduction of Fe(lll). These differences
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suggest that groundwater geochemistry is an important factor in microbial community structure
and associated activities and should be fully investigated as part of the repository site selection

process.

4.7.2 Notable species identified in the indigenous iron-reducing microbial community

Nitrogen is present in the groundwater as sodium nitrate, this could account for the presence of
the denitrifying species P. stutzeriin the anaerobic enrichments. In the repository the only source
of nitrogen is likely to be dissolved nitrate carried in groundwater so it is unlikely that this
bacterium will be active outwith aerobic conditions. In the aerobic powder enrichments, P.
stutzeri accounted for an average of 66% relative sequence abundance and was therefore by far
the most dominant species in these communities. However, it only accounted for 2.19% relative
abundance in the compacted enrichments. Perhaps due to the swelling of the compacted clay
which caused areas of the flasks to become anaerobic, this led to a lower abundance of certain

aerobic species including P. stutzeri. Further discussion on this species is presented in section 4.1.

One of the principal obstacles to survival in the repository is the high temperature (40°C - 100°C).
There are a few species of bacteria identified in these experiments using the MX80 clay which
could survive the higher temperatures of the repository across enrichments at all salinities (figure
2.8, see section 2.7), most likely through spore-formation due to the large proportion of spore-
formers identified in the community. Other methods of survival which could be employed by the
species identified include biofilm formation, or through thermophilic properties, but most
bacteria identified will not survive high temperatures. However, one thermophilic species which
was present is Sporacetigenium. This bacterium was identified in the low saline (0.0002M Nacl)
anaerobic samples presented in section 4.1 and a close relative been recorded to grow at high
temperatures (up to 55°C (Chen et al., 2006)) with spores that can survive higher temperatures.
Sporacetogenium has only been known to bioleach Fe from pyrite, which is only present in trace
amounts in MX80, but this species could have more iron-reducing capabilities (Rawlings, 2005).
Thermobacterales was also identified and is another thermophilic bacterium which can survive
70°C, and so will likely survive the repository environment, at least at the MX80 / host rock

interface where the temperature will be lower. It is also a known IRB (Slobodkin et al., 1999).
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In the 0.45 M and 2.5 M NaCl enrichments halophilic and halotolerant species are present which
were not identified in the low salinity enrichments in the microbial community of the lower
salinity due to different selective pressures of the enrichment. This finding provides further
evidence of the diverse and varied microbial populations which are indigenous to MX80

bentonite.

Acidobacteria 6 was found to be present in the aerobic enrichments and 0.45 M NaCl anaerobic
enrichments. This subdivision does not currently have any species names (Parsley et al., 2012);
however, it is known to contain facultatively anaerobic organisms and, notably, has been isolated
from a uranium-contaminated soil (Barns et al., 2007). This species is indigenous to both marine
and terrestrial environments and has been implicated in silica mobilisation from clays via Fe-
oxidising activities (Sauro et al., 2018). In terms of the repository, iron-oxidation would increase
corrosion of the carbon steel canister and could liberate silica from the clay matrix if the redox
state of the associated iron in the mineral was altered. These alterations could lead to a change
in the geomechanical properties of the clay (see section 4.1, 5.6, 7.7). Likewise, Actinobacter,
which was identified in the aerobic microbial community, has also been implicated in Fe-oxidising
activity in relation to silica solubilisation (Sauro et al., 2018; Singh et al., 2008). Furthermore,
Actinobacteria can grow filamentously and therefore could create channels and increase travel

through the clay buffer.

4.7.3 Fermenting bacteria are active in the indigenous microbial communities of MX80
bentonite

Most bacteria indigenous to MX80 are firmicutes which includes various fermentative bacteria.
These bacteria use a metabolic process called “mixed acid fermentation” under anaerobic
conditions which includes secreting acids such as acetic acid, formic acid and butyric acid to the
external environment (see section 4.1). This process explains the VFA results in aerobic
conditions because fermentation is not taking place and so VFAs are not replenished; whereas,
under anaerobic conditions VFAs are being replenished by fermenting bacteria and utilised by
other members of the community. As discussed in section 4.1, the pH drop during the first 14-21
days of enrichment indicates VFA production in experiments with microbes, the pH then

increases back to neutral as the VFAs are presumably utilised by other bacteria or as acetate is
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used in reduction of iron. This change in pH is not seen as clearly in 0.45 M NaCl enrichments, but
it does still occur. In the repository, this use of VFAs may be integral for bacterial survival because
there is very low concentration of organic carbon (~0.4% wt.) present in MX80 bentonite.
Although groundwater from international sites is predicted to include up to 12 mg/L acetate, this
will only be available when groundwater flows in at intervals (Kotelnikova & Pedersen, 1998).
The UK has not yet selected a site for the repository, and so the concentration of dissolved

organic carbon could differ from groundwaters from international repository sites.

Many firmicutes produce VFAs which can interact with metals, either in compounds or pure
metal states (Konhauser 2007). This interaction is one way in which iron could be reduced
indirectly. In particular, Bacillus has been observed to liberate metals such as iron and calcium
from silica (Vasanthi et al., 2017). The silica is then released from the clay into solution, which in
this case would have severe, adverse effects on the integrity of MX80 as a barrier (see section

4.1,5.6,7.7).

The VFA results at 2.5 M NaCl enrichments show a sharp decrease to 0 PPM in all enrichments.
This change could be due to the high concentration of NaCl disrupting the readings; however, the
results did not change when samples were diluted. It is therefore probable that the VFAs are used
up as energy for microbial growth after which point most bacteria have either died or are
represented in the resulting microbial community. It is likely that the function of iron-reduction

is therefore lost, but the fermentative action of the community is not.

4.7.4 There are similarities and differences between communities at different salinities

It is possible that high concentration of carbon added in these enrichments allowed dominant
bacteria to thrive, thus giving them an advantage and causing the less dominant bacteria to die
out. This advantage could be why P. stutzeri is present in such high numbers in the aerobic
enrichments but may not be reflected in the actual repository due to the anaerobic conditions.
Further obstacles to microbial growth in the repository which were not considered in these
experiments include: low water availability; confined clay causing increased pressure and
decreased pore size; and high temperature. However, in the higher salinity enrichments, it is

likely that the salinity was responsible for the selective pressure.
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The bacterial community of the anaerobic low salinity iron-reducing enrichment presented in 4.1
is of a similar composition to the indigenous community isolated from a Finnish Borehole at 450
m depth (Bomberg et al., 2015) and to the microbial community of argillaceous clays in France
(Poulain et al., 2008) being composed largely of Bacillus with Clostridia species and P. stutzeri
also present. This finding suggests that groundwater community, or the microbes introduced
from the host rock, will be of a similar composition and so will not greatly alter the community.
Of course, the UK environment may differ greatly from elsewhere, but as yet the location of the

UK repository has not been confirmed and so this cannot be further investigated at this time.

As presented in section 4.1 several iron-reducing bacteria, which are also putatively capable of
sulfur-reduction, were enriched in the MX80 low salinity groundwater experiments. Many of
these species also appear in the 0.45 M NaCl enrichments including Desulfitobacterium and
Desulfosporosinus (Bertel et al., 2011; Pester et al., 2012; Finneran et al., 2002). There are more
similarities between these two communities in that both also include many of the same dominant
species in much the same relative abundance, such as Anaerosolibacter, Sedimentibacter and
Paenibacillus. Despite the salinity, all anaerobic enrichments in this project were composed
primarily of firmicutes. This phylum includes a host of candidates which could survive the
repository conditions including thermo- and halotolerant species, spore-formers and fermenting
bacteria. These properties of bacterial community may be due to the bacteria having to adapt to
difficult conditions in storage (dry and low carbon), leading to only the most adaptable microbes,
or those that can remain dormant, surviving. In terms of iron-reduction, the concentration of
Fe(ll) at 0.45M NaCl is like that of the original anaerobic iron-reducing enrichment (around 4 -5
mM by the end of the experiment). However, as the salinity increased to 2.5 M NaCl, the iron-
reduction was greatly reduced, and the concentration of Fe(ll) did not exceed 1 mM. Therefore,
the salinity tolerance of the iron-reducers in this community is somewhere between seal level

and 2.5 M NacCl.

Among the halotolerant species present in the 0.45 M NaCl or 2.5 M NaCl are Pantibacillus,
Piscibacillus, Terribacillus and Thalassobacillus (Saleh et al., 2017; Amoozegar et al., 2009; An et
al., 2007; Sanchez-Porro et al., 2009). Oceanobacillus and Salipaludibacillus are both moderately

halophilic species and alkaliphilic (Yumoto et al., 2005; Amoozegar et al., 2018). Due to the
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corrosion processes likely to occur at the carbon steel canister interface, the pH of the repository
could move towards a more alkaline pH from neutral over time (Schitz et al., 2015), therefore
alkaliphilic bacteria may be likely to become more dominant during the later stages of the
closure, such as Alkalibaculum, which was identified here. Interestingly, every member of the 2.5
M NaCl microbial community is a spore or endospore-forming species. Although all these bacteria
must have been active to be enriched and isolated during DNA extraction, all these species are

capable of forming spores and remaining dormant until conditions are more favourable.

4.7.5 There are similarities and differences between indigenous MX80 bentonite aerobic and
anaerobic microbial communities

There were several similarities between the powder and compacted samples in both the aerobic
and anaerobic enrichments. It is possible that the dry storage of these clays has limited the
microbial community to those which are best suited to survival more generally on the clay and
so differences are less noticeable. It was thought that the human interaction and the process of
mixing MX80 with water during the commercial compaction process would introduce a large
concentration of non-native bacteria; however, these results suggest that the compaction

process does not alter the composition of the viable microbial community in any significant way.

When comparing the anaerobic and aerobic enrichments there is a higher relative abundance of
Clostridia and Bacillus in the anaerobic compared to aerobic experiments. This difference may be
because facultative anaerobes are thriving, especially fermenting ones which would otherwise
be outcompeted by aerobic bacteria. It is important to remember that these communities are
derived from enrichments, without which no DNA could be isolated, and so different bacteria
could dominate under different conditions but still be present in dormant forms. In order to
reveal this, several different experiments were run to impose different selection conditions on
the indigenous community. Therefore, as the repository shifts from aerobic to anaerobic
conditions over the first phase post-closure (Landolt, 2009) the aerobic microbial community
presented here could begin to shift towards the anaerobic community. Throughout the lifespan
of the repository groundwater could bring in oxygen, in which case facultative anaerobes could
have a survival advantage over strict anaerobes. Many of the results from BLASTN revealed

sequences which matched to samples from saline or hypersaline environments, such as salt
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planes or highly saline lakes and their sediments. It is therefore important to note that even in
repositories with highly saline groundwaters, there could still be a viable, if relatively small,

microbial community if MX80 bentonite clay is used.

4.7.6 Changes to iron mineralogy occurred at all salinities

From the XRD data presented, there has been some alteration to PCFeO or to the Fe(lll)-minerals
within the MX80 bentonite when microbes are present. A black precipitate was observed in all
enrichments, both aerobic and anaerobic, up to 0.45M NaCl. This mineral was thought to be some
form of iron oxide. Hematite, goethite and magnetite are all iron oxide minerals which could
develop as secondary minerals when Fe(ll) forms from PCFeO (Shimizu et al., 2013). However,
hematite may also form abiotically from PCFeO as a more stable compound (Lentini et al., 2012).
The black precipitate which was isolated from the 0.0002 M NaCl enrichments presented in the
paper was found to be goethite according to XRD, although magnetite was observed to form in

other microcosm experiments.

Goethite readily forms from ferrihydrite if Fe(ll) is present to act as a catalyst at neutral pH,
without this the process is naturally much slower and requires significantly more energy because
ferrihydrite is not soluble at neutral pH (Yee et al., 2006). Therefore, ferrihydrite solubility is often
the rate limiting step in goethite formation. Ferrihydrite is a poorly crystalline iron oxide such as
the one used in this experiment and could transform to goethite under the correct conditions
through dissolution and reprecipitation. Therefore, the bacteria are necessary for this
transformation as they allow for the production of Fe(ll) which in turn allows for the
transformation of PCFeO to goethite. Indeed, no black precipitate was observed in any of the
abiotic flasks. It is possible that other elements have been incorporated into the goethite crystal

such as silica, this would alter the structure of the crystal resulting in a polymorph.

In the 0.45 M NaCl enrichments XRD data identified magnetite (Fe3s04) and magnesioferrite
(Mg(Fe3*),04) formation. Magnesioferrite is a spinel form and part of the magnetite series.
Magnetite is a black ferrimagnetic mineral which is widespread in nature. The formation of
magnetite differs from hematite in that it requires a higher ratio of Fe(ll) / Fe(lll). It is a product

of iron mineral weathering and can transform to hematite through oxidation of structural Fe(ll)
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to Fe(lll). Studies have shown that magnetite formation from ferrihydrite can occur at upto 3 M
salinity but is much reduced as salinity increases (Park et al., 2010), as such no magnetite was
observed in the higher salinity experiments presented here. The Fe(ll) must be absorped onto
the ferrihydrite and a solid-state transformation occurs to produce magnetite (Lovley et al.,
1987). This transformation may explain why magnetite formation was not observed at 2.5 M NaCl
where very little Fe(ll) was present. Like goethite, magnetite can form abiotically from
ferrihydrite (or goethite) in the presence of Fe(ll) (Schwertmann & Murad, 1983; Lovley et al.,
1987); however, this process is often very slow in natural environments. Therefore, the bacteria
present in these enrichments not only drive the production of Fe(ll) but also aid in the formation
of magnetite by being either directly or indirectly involved in the restructuring process (Han et
al., 2018; Bazylinski et al., 2006). Indeed, Lovley (1991) observed magnetite formation coupled
to oxidation of organic matter during dissimilatory iron-reduction. The formation of magnetite
by S. oneidensis has also been investigated. Han et al. (2018) found that during Fe(lll) reduction
by S. oneidensis it took longer for magnetite to form as a secondary mineral than hematite or
goethite. Magnetite is more reduced than goethite and that in this pathway ferrihydrite could

form goethite which could in turn, eventually transform to magnetite.

It is not clear why magnetite formed in this enrichment, but not in the original 0.0002 M Nacl
enrichment. It is possible that the clay minerals, silicates, or the organics present blocked the
transformation of the goethite by blocking sites for reconstruction on the iron oxide surface
(Taylor, 1995). In the 0.45 M NaCl experiments this may not have been an obstacle due to the
high salt concentration disrupting the clay matrix (Stewart et al., 1998). Another possible
explanation is the difference in microbial community. However, the communities share far more
similarities than differences and no specific species which could aid in iron mineral
transformation was identified from the 0.45 M NaCl community, other than those previously

identified in the 0.0002 M NaCl community.

Hematite formation was observed in the 2.5 M NaCl enrichments. However, this may have been
due to abiotic transformation during the drying of ferrihydrite aggregates as opposed to
microbial effects. This process would also explain why hematite was identified in all the 2.5 M

NaCl enrichments, regardless of whether microbes were present. Furthermore, it has been
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shown that in the absence of Fe(ll), ferrihydrite will preferentially transform to hematite at a slow
rate (Yee et al., 2006) in place of goethite, taking up to 112 days for half conversion at room
temperature and neutral pH (Schwertmann & Murad, 1983). This long conversion time could be
why only a small percent of black precipitate was observed in these enrichments; however, the
conversion has been observed to occur faster at high ionic strengths (Cornell & Schwertmann,

2003).

Halite is a cubic NaCl crystal which is commonly known as salt. Halite was identified in all 0.45M
NaCl and 2.5M NaCl enrichments. Halite formed on drying simply due to the high concentration
of NaCl that was included in these enrichments. The high salinity also caused changes to the clay
as seen in the SEM images. Other studies have indicated that high salinity can decrease the
swelling ability and plasticity of montmorillonite clays by disrupting the clay layers through
dissolution of silica (Zhang & Wang 2019; Davies et al., 2017). Polymorphs of halite may have

formed due to elements from the clay layers being absorbed into their crystal structure.

There are only a few members of the 0.45 M NaCl community which are halotolerant, but, like
the 2.5 M NaCl community, the effects due to the high salinity are masking any microbial
alterations to the clay mineralogy or appearance under SEM, or the active bacteria do not interact
with clay. Therefore, while groundwaters with this high a salinity is effective at limiting
undesirable microbial effects, the potential for increased corrosion, and halite and hematite
formation suggests these groundwaters are less suitable for repository environments than lower

salinity groundwaters.

4.7.7 Conclusions

There was plentiful carbon in this system to encourage microbial growth; the repository will likely
be much less favourable in this respect and so all microbial activity will be greatly reduced,
including MIC, VFA production and microbially-mediated iron or sulfate reduction. Furthermore,
the microbes in this experiment were not subject to the challenges which will be present in the
repository such as pore space and pressure due to clay swelling (Vorhies & Gains, 2009). These
constrictions may inhibit all movement and growth of bacteria within the clay, resulting in much

more localised effects or effects on iron-mineralogy due to bacterial secretions rather than
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through direct contact with microbes (Konhauser, 2007). Microbes could exploit pockets at the
host rock / clay interface where the temperature is cooler, there is more space due to gaps where
swelling of the clay has not fully occurred (NDA, 2016a; Jalique et al., 2016; Wilson et al., 2010).
This interface will also allow more access to groundwater which may carry some organic carbon,

therefore avoiding some of the obstacles posed in the buffer.

However, there is a robust, functionally and metabolically diverse viable indigenous microbial
community in MX80, capable of iron-reduction up to at least salinities equal to that of seawater,
which will be present in the repository. There are also spore-forming and thermotolerant species
present as well as filamentous bacteria. Spore-forming bacteria may survive the repository by
entering dormancy until conditions become more favourable during latter stages of closure.
MX80 bentonite will also carry some halotolerant species into the repository which can survive
upwards of 2.5 M NaCl; however, it can be concluded that the bigger risk to the clay properties

at higher salinities in terms of iron reduction is not the microbes, but the salinity itself.
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Chapter 5. Microbial activities of the indigenous - iron reducing community of
MX80 in relation to conditional or ecophysiological obstacles in the repository
environment

5.1 Introduction

The series of experiments described in this chapter aimed to determine whether microbes could
overcome certain physical and chemical obstacles which they are likely to face during the
evolution of a repository. These experiments also aimed to further understand the activity of the
indigenous iron-reducing microbial community (as presented in section 4.1) in relation to the

multi barrier system.

Firstly, it was hypothesised that the physical obstacle of pore size will limit microbial travel
through the MX80. It was therefore necessary to understand whether microbes had to be in
direct contact with iron or iron-containing minerals in order to interact with them, or if this
interaction could be achieved remotely. For example, the mechanism by which Geobacter
sulfurreducens is known to reduce iron through an enzymatic system which requires direct
contact of the iron with OmcC located on the pili (Morgado et al., 2012). However, there are also
mechanisms by which secretory products can reduce iron, eliminating the need for direct contact
(Gadd, 2010). One such secretory mechanism is flavins which can be secreted by Shewanella
oneidensis to act on metal surfaces such as Fe (lll) (Marsili et al., 2008). These experiments have

also investigated which type of iron substrates the indigenous microbial community could act on.

Secondly, recolonisation experiments aimed to determine whether microbes were able to
recolonise the clay or if they had to be introduced prior to compaction. For example, if all
microbes died during the initial stages post-closure, when the temperature is highest (Keith-

Roach & Livens, 2002), could microbes recolonise the clay at later stages.

In terms of microbial activities, a process which could impact the barrier might include
microbially-influenced changes to clay mineralogy through silica loss. As previously known,
microbes can interact with structural iron in clay (Kostka et al., 2002), which is likely to cause
some changes to the clay mineralogy. However, another important factor which may lead to

detrimental mineralogical changes for the barrier is the silica content of the clay. A high silica
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content is important for the high swelling capacity of MX80 bentonite a key component of the
repository design. From the previously described community analysis there are some indications
that there are silica solubilising bacteria present in the indigenous community (such as Bacillus
(Vasanthi et al., 2018; Vasanthi et al., 2016) and Actinobacteria (Singh et al., 2008) (see section
4.7.2)), and further evidence of interaction with silica was observed during cell count studies
whereby it was found that dye could not adhere to cells taken directly from clay incubations.

Therefore, cells were first grown in synthetic groundwater media with organic substrate mixture.

The final microbial activity investigated in this series of experiments was microbial gas
production. Due to the high abundance of fermenting bacteria, there is very likely to be CO; and
H; production, as well as gas utilisation. An increase in gas is predicted to produce a detrimental
increase in pressure in the repository which could eventually result in fracturing (Stroes-
Gascoyne & West, 1997; Zhang et al., 2020) More specifically H, in the clay could lead to a
desaturation of the MX80 bentonite which would alter the properties of the barrier (Bardelli et

al., 2014).

5.2 Results

5.2.1 Solid media indirect interactions between indigenous iron-reducing bacteria of MX80
bentonite and iron substrates

Anaerobic agar plate experiments inoculated with the indigenous iron-reducing microbial
community (as presented in section 4.1) were used to assess the potential for indirect
interactions between microbes and iron minerals through use of a 0.2 um membrane, abiotic
controls were included (figure 5.1). During these experiments, an orange precipitate was
observed in all biotic Fe powder plates which appeared after 14 days of incubation and remained
to the end of the experiment; however, due to its solubility it was lost during mineral recovery.
No other significant visual changes were observed. The methods for these experiments are

presented in section 3.5.1.
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Figure 5.1: Agar plates after solid media experiment containing Fe powder (A), MX80 bentonite

(B) and PCFeO (C). The corresponding abiotic controls are shown D-F.
5.2.1.1 pH changes in solid media indirect interaction experiments

Measured pH values were unexpectedly high across all experimental agar plates (figure 5.2). All
inoculated plates had a higher pH than the corresponding control plates, apart from the
inoculated plate containing PCFeO which had a mean pH of 7.73 + 0.37 compared to the abiotic
control plate which had a pH of 7.93 £ 0.02; however, this pH did vary between replicates. The
inoculated Fe powder plates had the highest pH at 8.56 + 0.09 and the corresponding abiotic
control plates had the lowest pH at 7.66 £ 0.01, this difference was significant with a p-value of
7.23x108. Likewise, the pH of the inoculated MX80 powder plates were significantly higher (p=
0.0463) when compared to the abiotic control MX80 powder plate.
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Figure 5.2: The pH (mean values) of solid media indirect interaction experiments measured at 5 points
per plate across 3 replicates at the end of the experiment. Error bars show standard deviations. All
experimental plates had a higher pH than their corresponding controls apart from the PCFeO amended
plates

5.2.1.2 Biomass measurements of solid media indirect interaction experiments

Biomass measurements showed that all inoculated plates had growth, albeit at levels below that
recorded for the bacteria only control (figure 5.3). Inoculated Fe powder showed the lowest
biomass growth at 79% of that observed in the control whilst the inoculated MX80 powder plates
had the highest biomass at 94% of that measured in the controls. Based on these differences
there was therefore no significant effect on biological growth putatively caused by iron toxicity,

apart from in the inoculated iron powder experiments which when compared to the control was
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found to be significantly lower (p=0.043).
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Figure 5.3: Biomass measurements of the solid media indirect interaction experiments measured and

presented as a percentage of the bacteria only control. Error bars show standard error

5.2.1.3 SEM images of minerals recovered from solid media indirect interaction experiments

SEM images of Fe powder experiments (figure 5.4) showed visible differences between the
inoculated and abiotic control plates. The inoculated plates had very few spherical crystals and
largely consisted of irregular shaped particles with limited mineralisation on the surface, whilst
the control was solely spherical crystals measuring up to 5 um in diameter, as seen in the original
iron powder. SEM images of MX80 powder (figure 5.5) showed
some dipyramidal octahedral crystals (identified as magnetite or a magnesioferrite polymorph
(see section 5.6)) whilst the control had no regular crystal structures. inoculated and control
PCFeO plates were also analysed by SEM images (figure 5.6). There were obvious differences
between the control, which had numerous small cubic crystals and the inoculated plate which
had no cubic crystals but did consist largely of spherical crystals that were up to 20 um in
diameter. The starting material showed no significant crystal structures, and so some abiotic

interactions with the CaCOs in the groundwater has likely occurred. There does appear to be
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microbial contamination in the inoculated samples from PCFeO amended experiments; however,
given that microbes are unlikely to have survived the boiling washing process to recover minerals,
it can be assumed that this contamination occurred after the experiment was completed. During
the experiment, a orange colour was observed in Fe powder inoculated experiments but not in
the abiotic control. This colour leaked into the agar and was soluble and so was not recovered

for subsequent analysis.
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Figure 5.4: SEM images of Fe powder recovered from solid media indirect interactions
experiments revealed visible differences between experimental and abiotic controls. Powders
from inoculated plates (A + B) show some crystallisation and a few spherical crystals (arrows A).

Abiotic controls (C + D) were uniformly spherical.
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Figure 5.5: SEM images MX80 powder recovered from solid media indirect interactions
experiments. Mineralisation (B) and octahedral crystals (A +C, arrows) appeared in the

inoculated samples. The control had no obvious mineralisation or crystals (D).
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Figure 5.6: SEM images of PCFeO recovered from solid media indirect interactions experiments.
There were visible differences between the inoculated (A + B) and the control (C + D) samples.
The inoculated samples had large spherical shapes whilst the control had several cuboidal

crystals (calcite). Microbial contamination can be seen in the live experiments.

5.2.1.4 EDX analysis of mineral textures recovered from the solid media indirect interactions
experiments

Bulk EDX analysis of inoculated Fe powder experiments showed that the minerals recovered
contained iron, carbon and oxygen (figure 5.7). The abiotic control was found to be 100% iron,
suggesting that some biogenic mineralisation had taken place in the inoculated samples, either
to form carbonates or oxides. Bulk EDX analysis of inoculated MX80 powder showed it contained

carbon, sodium, aluminium, silicon, potassium, calcium and iron. The abiotic equivalent had half
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the amount of carbon but was otherwise very similar (data not shown). Inoculated
PCFeO powder EDX analysis showed that the sample contained carbon, sodium, calcium, iron and

magnesium whilst the abiotic control contained only calcium, carbon and iron (data not shown).
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Figure 5.7: EDX analysis of Fe powder recovered from inoculated plates (Top). EDX analysis from

abiotic control plates contained 100% iron (Bottom).
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5.2.1.5 XRD analysis of minerals recovered from solid media indirect interaction experiments

XRD spectra of recovered minerals from Fe powder experiments showed that in the presence of

bacteria some of the Fe powder had been transformed to goethite (FeO(OH)), magnetite (Fe30a4)

and magnesioferrite (Mg(Fe3*);0a4) (figure 5.8). The control remained mostly elemental iron. The

XRD spectra for inoculated PCFeO contained goethite, as well as calcite and vaterite (CaCOs),

whereas the control contained ferrihydrite and calcite, but no vaterite (figure 5.9). Both MX80

samples, live and sterile, contained mainly montmorillonite as well as quartz, magnetite and

calcite (figure 5.10 however, the live experiment also contained a mordenite-like silicate mineral.

The sterile control also contained cristobalite and hematite.
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Figure 5.8: XRD of Fe powder recovered from solid media indirect interactions experiments. The
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Figure 5.9: PCFeO analysed by XRD after after recovery from indirect interaction solid media
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Figure 5.10: XRD of MX80 recovered from indirect interactions experiment. The inocculated
experiment and the sterile control is shown.

5.2.2 Recolonisation experiments on solid media
In order to determine if the iron-reducing microbial community indigenous to MX80 could
recolonise the clay after a period of harsh conditions (e.g. after high temperatures and low water
conditions as expected by year 50 post-colsure (Landolt et al., 2009), plate experiments were set
up. The method used is presented in section 3.5.2.
5.2.2.1 pH of agar and clay surface at the termination of etching experiments
In keeping with the above results, the pH of the inoculated plates was higher than those of the
corresponding abiotic control plates (figure 5.11), this was true for both the agar and the surface
of the compacted MX80. The MX80 from the inoculated plate had a pH of 8 compared to the
control which was recorded at pH 7.4. Whilst the pH of the MX80 surface was not significant, the

pH of the agar was significantly higher when compared to the control (p-value of 0.004).

pH

Compact MX80 surface  Compact MX80 surface contral Agar surface Agar surface contral

Figure 5.11: mean of pH measurements of recolonisation experiments taken at 5 points on the

agar and clay surface of all 3 replicates at the end of the experiment. Error bars show standard
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deviation.

5.2.2.2 Plasticity index of MX80 recovered from etching experiments

The plasticity index (Pl) of the inoculated samples was 243, with the abiotic control having a
higher PI of 303. The plastic limit was reached at 50% moisture content and the liquid limit was
reached at 293% moisture content. The control had a plastic limit of 45% and a liquid limit of
348%.

5.2.2.3 SEM images of MX80 recovered from etching experiments

SEM images (figure 5.12) of MX80 from inoculated etching experiments revealed that extensive
surface colonisation had occurred, as well as string-of-bead bacterial growth and actinohyphae.
Further images of a cross section of the compacted MX80 showed hyphal growth inside the
MX80. There were no bacteria observed in SEM images of the abiotic control which confirms that
sterilisation was successful and that the bacteria observed in the inoculated experiments was

new growth.
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Figure 5.12: Compact MX80 was analysed by SEM. Significant colonisation occurred on the
inoculated sample (A-D) including biofilm formation (A) and string of pearl growth (C, arrow)
and several egg-shaped clay growths were observed (E). SEM images were also taken of a cross-
section of the compacted block (F, arrows). The abiotic control sample had no evidence of

colonisation, or growth (G + H)

5.2.2.4 EDX analysis of MX80 recovered from etching experiments

The inoculated compact MX80 EDX spectra indicated the sample was composed of carbon and
silicon with trace amounts of nitrogen, sodium, magnesium, aluminium, calcium and iron. The
abiotic control had only carbon, silicon and aluminium as well as sodium, magnesium, calcium

and iron (Data not shown).
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5.2.2.5 XRD analysis of MX80 recovered from etching experiments

XRD spectra of the inoculated compact MX80 recovered from etching experiments showed that
the samples contained montmorillonite, quartz, magnetite, cristobalite and calcite (figure 5.13).
The abiotic control contained similar volumes of montmorillonite and quartz but had much less

magnetite. Calcite and cristobalite were also present in the sterile control.

160000

— MX80
MX80 control

Intensity (counts)

90000 F

Mt

Q
Mg
40000 a & e
Cr Cr
\‘%‘"v\\\w }l Mt Mq -
NC QMg c ¢ c a QQ Q L
%Nww

10000

65
2Theta (°)

C Cr F G

Calcite Cristobalite Feldspar Goethite
H Mg Mt Q
Hematite Magnetite Montmorillonite Quartz

Figure 5.13: Compact MX80 from recolonization experiments was analysed by XRD, as was the

abiotic control

5.2.3 H; production experiments by the indigenous MX80 iron-reducing community at a clay
steel interface

Within the repository, there is likely to be production of H; as a result of the anaerobic corrosion
of the carbon steel waste canister (Landolt et al., 2009). Therefore, steel was included in these
experiments. After 10 months incubation, there was an increase in hydrogen in both biotic and
abiotic flasks (figure 5.14). In the inoculated, biotic samples, with microbes present, the mean H;

increased from 106 PPM * 10 to 15497 PPM * 3100; whereas the abiotic controls increased from
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121 PPM + 10 to 8104 PPM + 1200. There was found to be a significant difference in hydrogen

production between the biotic and abiotic samples (P-value of 0.0432).
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Figure 5.14: Hydrogen production after 10 months incubation increased in both the biotic and
abiotic samples. Initial measurements were taken on day 0 and final measurements were taken

after 10 months. Error bars show standard error.

5.2.3.1 SEM images of steel coupons recovered from H; production experiments

SEM images were taken of the steel coupons recovered from the flasks (figure 5.15). In the biotic
samples, evidence of blistering or bubbling of the steel surface was observed (tentatively thought
to be due the formation of toroidal magnetite (Alcantara et al., 2016)), this alteration is not
uncommon for carbon steel corrosion. There was also some crystallisation, most likely FeOOH,
lepidocrocite (y-FeO(OH)). The surface of the steel (figure 5.15C) seemed to be covered in
amorphous debris. In the abiotic samples, more blistering was evident as well as cracking of the
steel surface, possibly due to hydrogen embrittlement. However, there may have been similar
cracks present under the debris from the inoculated samples. It is possible that if greater

magnification had been possible, corrosion products would have been observed around the
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blisters; however, at the magnification achieved they appeared smooth. It is apparent (albeit
gualitatively) that much more damage and corrosion of the carbon steel surface occurred when
microbes were absent, indicating that microbes may aid in protection of the steel surface from

corrosion, or prevention of corrosion.

S

..'\'/"1...}“7““/

SEM NV, 16.0 kY WO: 18.98 mm SEM HV: 16.0 &V WD: 18.92 s
Datemidy) 0211020 100 pm

S
=R
2 g L
; L S - \‘, .*"i\\ -~
SEM HV. 16.0 %V wo:motem |00 VE SEM HV: 16.0 4V WO: 1809 oo

SEM MAGC: 173 kx  Datedeialy) 02NN20 20 SEM MAG: 290 kx  Dateden'ay) 0211920 20 pm
B 1200 Det: SE B 1200 Det: SE

-
~

158



SEM WV 160 av WD 19.30 mm _ SEM HV: 1608V WO 19.30 ssm L VEGA) TESCAN
SEM MAG: 830 x  Datejmiay) 02120 50 SEM MAG: 157 ax  Date{en'dy) 0211920 50 pm
Br 1200 Det: SE B 1200 Det: SE EMRS

Figure 5.15: SEM images of steel surface from hydrogen production experiments. The biotic
experiment (A-D) displayed crystallisation and corrosion (A, B, arrows) and lepidocrocite (C
(arrows), D). The abiotic controls had more extensive corrosion including embrittlement (E) and

toroidal magnetite (F).

5.2.4 Experiments testing the silica solubilising abilities of the indigenous microbial community
of MX80 bentonite

Silicate dissolution experiments were informed by previous experiments as dissolution of clay
minerals was identified in SEM images, and there were issues with cell counting using SYBRGold.
Therefore, it was hypothesised that the cells may be coated in silica (Suaro et al., 2018) which
would prevent the dye from reaching the DNA and would also indicate that silica is being

removed from the clay.

Although a simple colorimetric assay, it was important to determine if silica was being lost from
the clay matrix because this would result in a detrimental effect on the geomechanical properties
of the MX80 which make it an effective barrier. Most notably, loss of silica could lead to illitisation
(Wilson et al., 2011) which would result in a decrease in overall swelling ability and plasticity —

the effects of illitisation are further described in section 2.6.

5.2.4.1 Silica solubilising abilities of indigenous iron-reducing MX80 microbial community on solid
media

5.2.4.1.1 Kaolinite
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After 3 days of growth all plates had more than 300 CFUs. No plate clearing was observed in
aerobic plates. However, limited plate clearing was observed in anaerobic plates. Colonies which
showed obvious clearing were transferred to new plates and typically showed 3 mm diameter

plate clearing after growth.

5.2.4.1.2 Silicon carbide

After 3 days of growth all plates had more than 300 CFUs. No plate clearing was observed in
aerobic plates. Very limited plate clearing was observed in anaerobic plates.

5.2.4.2 Silica solubilising abilities of indigenous MX80 microbial community in liquid media
5.2.4.2.1 Concentration of dissolved silica in silica solubilizing liquid media experiments

Silica content in filtered liquid samples (figure 5.16) remained below 4 mg/L until week 4. The
silica content in the inoculated experiment then increased to 8 mg/L. The abiotic control
fluctuated between 5 mg/L and below 4 mg/L. These results were found to be significant (P =

0.0433) when the inoculated experiments were compared to the abiotic controls across day 21

to day 28.
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Figure 5.16: Dissolved silicate measurements of Sellafield-like groundwater mixed with MX80

bentonite taken weekly. Error bars represent the accuracy of the assay.
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5.2.4.2.2 pH of silica solubilizing liquid media experiments

The pH decreased to 5.5 from circumneutral in all flasks including abiotic controls (figure 5.17),
although the abiotic controls did have a higher initial pH and so decreased at a faster rate. There
was limited recovery towards a neutral pH towards the end of the experiment. There was no

significant difference in pH between the biotic samples and abiotic controls.
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Figure 5.17: pH of silicate liquid media experiments. Error bars show standard error

5.2.4.2.3 VFA analysis of silica solubilsing liquid media experiments

All VFAs in biotic experiments increased over the duration of the experiment apart from for
formate which remained constant at 140 PPM. All VFAs in the abiotic controls decreased over
time or did not change from starting concentrations, apart from acetate which increased albeit
still at lower concentrations than in the inoculated flasks (figure 5.18). Similarly, there was a small
increase in propionate which was significant when compared to the abiotic control between day
21 and day 28 (P = 0.0245). Butyrate concentrations increased from days 0 to 7 in live
experiments from 0 to 446 ppm and remained at a high concentration to the termination of the
experiment. The difference between the biotic and abiotic control for the concentrations of

butyrate on day 21-28 was significant with (p-value of 0.0436). The concentration of isobutyrate
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remained low throughout the experiment, but the live experiment did have a consistently higher
concentration of this VFA compared to that observed in the abiotic control. When the
concentration of isobutyrate between day 21 and 28 was compared to the control, the result was
significantly higher (P =0.0391). Formate concentrations remained at 140 PPM in the live samples
for the entirety of the experiment but decreased to ~0 PPM in the abiotic control by day 7.
Isovalerate increased from 0 ppm to 171 ppm over the duration of the experiment, with
concentrations found to be significantly higher compared to the abiotic control over day 21 to

day 28 (P = 0.0496).
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Figure 5.18: VFAs measurements over time in silicate dissolution experiments. Acetate acid (A).

Butyrate (B). Isobutyrate (C). Propionate (D) Formate (E). Isovalerate (F).

162



5.2.4.2.4 SEM images of MX80 recovered from silica solubilizing liquid media experiments

SEM images of inoculated MX80 silicate experiments (figure 5.19) showed that the surface was
studded with holes, as if burst open, this is likely to be silicate dissolution. Further crystal
structures were observed around the edges of the areas of dissolution; however, the rest of the
clay surface was smooth. These ‘open’ structures may be areas in which bacterial colonies were
in direct contact with the clay resulting in silicate release and dissolution. Crystal growth around
the edges of these sites were thought to be calcite precipitation and aragonite needles. The

abiotic control did not show any mineral structures or evidence of silica dissolution.

SEM HV: 8.0 kV WD: 8.63 mm SEM HV: 8.0 kV WD: 8.64 mm

SEM MAG: 2.58 kx | Date(m/d/y): 03/01/19 20 ym SEM MAG: 9.56 kx | Date(m/dly): 03/01/19 5 um
BI: 10.00 Stage Tilt: 0.0° BI: 10.00 Stage Tilt: 0.0°

SEM HV: 8.0 kV WD: 6.80 mm » |
SEM MAG: 4.65 kx | Date(m/d/y): 03/01/19 10 uym
BI: 10.00 Stage Tilt: 0.0°

Figure 5.19: SEM images of surface of MX80 shows silicate dissolution, and possible reordering
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of clay layers (A). “Fluffy” crystal formations can be observed around the edges (A (arrows), B).

No such dissolution was observed on the abiotic control (C).

5.3 Discussion

5.3.1 Microbes indigenous to MX80 can interact with iron substrates from a distance

Indirect interactions on solid media resulted in significant changes to all the iron substrates and
so it can be concluded that metabolites and secretory products from microbes indigenous to
MX80 can interact with iron from a distance. The dissolution of the iron powder from spherical
crystals suggests that there are iron-oxidisers present, in addition to the iron-reduction described
in previous chapters. Changes were also observed in the MX80 powder plates in which various
mineralisation recrystallisation processes were evident in the SEM images — and further
supported in the XRD results. It is likely that the octahedral crystals observed are magnetite, or a
polymorph of magnesioferrite (Malik et al., 2016). Due to the small incidence, they may not have
been identified in XRD; however, the crystals are similar in size and appearance to magnetite
from Malik et al. (2016). Malik et al. describes different magnetite nanoparticles and attributes
the octahedral structures to a biogenic origin, which would be in keeping with the crystals

observed on the MX80 powder.

Furthermore, the XRD results of the MX80 powder identified a “morden-like” crystal. Mordenite
((Naz,Kz,Ca) AlSi10024:7H20) which is an expanding silicate crystal that is a well-documented
synthetic mineral but also appears widely in nature (Simoncic & Armbruster, 2004). It is a
member of the zeolite category of minerals and grows in needle-like structures, which could be
the “fluffy” crystalisation that appears in the SEM images around the edge of the clay dissolution;
however, Fe(ll) carbonates have also described as “fluffy” in appearance (Etique et al., 2014). The
presence of this mineral indicates an obvious restructuring or dissolution of the clay layers within
the MX80 and a disruption of the clay matrix which is not seen in the abiotic control. The abiotic
control also contained some iron minerals, namely magnetite (mixed Fe(ll / Ill)) and hematite
(Fe(l11)), both of which have been discussed previously in section 4.7.5. This oxidation is likely to
have occurred during the drying process which can inadvertently cause oxidation of iron-
minerals. It is, however, important to remember that up to 20% of the iron in MX80 is reduced
(Fe(l)) and so there should be some minerals containing reduced iron present in the MX80 prior
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to any experiments, and this iron may act to abiotically catalyse reduction of Fe(lll) (Yee et al.,

2006) (see section 4.1).

There were also changes to PCFeO in both the biotic and abiotic controls in the indirect
interaction solid media experiments. Whilst the abiotic controls showed significant calcite
precipitation from the calcium carbonate present in the groundwater. As evidenced in SEM
images and XRD results, the biotic plates contained large spherical structures which could be an
iron-rich carbonate as described by Jiang and Tosca (2019) and which were identified as vaterite
— an unstable calcite polymorph. Indeed, Li et al. (2019), found that microbial secretions play a
key role in vaterite formation over other calcite polymorphs. According to XRD, reduction to
magnetite had occurred. Like the last chapter (see section 4.7.5), it seems that without microbes
only transformation of PCFeO to goethite is possible but slow. With microbial presence,
transformation of PCFeO can proceed faster to produce iron minerals and secondary minerals
such as goethite (Shimizu et al., 2013). The production of goethite may have been promoted in
these experiments by the alkaline pH observed in all agar plates (Das et al., 2011). There may
have been reduction to soluble Fe(ll) which was then lost during mineral recovery and therefore

not observed in SEM images.

Therefore, it can be speculated that microbes located at the MX80/host rock interface could
interact with the canister surface and iron-interacting minerals throughout the buffer, despite
being geographically distant. This scenario has not yet been considered a factor as the small pore
size was thought to limit bacterial travel through the repository, thus limiting activity to areas

where swelling has not fully filled all gaps (Jalique et al., 2016; Wilson et al., 2010).

The high pH recorded in solid media experiments was unexpected, it is possible that VFAs are
being utilised at the same rate as they are being produced and so did not contribute to the overall
pH. Another possibility is that hydrogen is being used in respiration (Arango & Schlegel, 1981; Liu
et al., 2020), or in iron-reduction. Similarly, acetate could also be utilised in iron-reduction
(Reitner & Thiel, 2011) and so this would therefore negate the effect of H* and CHCOO™ on pH

(see section 4.1).
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It is possible that some compounds or minerals may have been lost during mineral recovery. For
example, the appearance of the Fe powder plates was orange in some areas which may have
been the result of iron oxidation to produce a soluble iron containing compound, which may have
been lost due to solubility during the boil washes with water or due to presence of secretory

acids.

As the iron powder is already fully reduced, all changes observed in Fe powder plates must have
been due to iron-oxidisation (equation 7). A possible explanation for this is that microbes could
have aided in Fe-oxidation through indirect interactions with some secreted acids and hydrogen
scavenging (Lyles et al., 2014) which would favour iron oxidation based on Le Chatalier’s principle.
Biotic iron-oxidisation has largely been linked to Proteobacteria, particularly nitrate-reducers
such as P. stutzeri (Hedrich et al., 2011); however, within this community as specified previously
(see section 4.7.2), some species of Acidobacteria, Actinobacteria, Thiobacillus and
Burkholderiales are present and all have iron-oxidising activity (Sauro et al., 2018). It would be
expected that once the carbon sources supplied had been exhausted, and the microbes enter
dormancy or die, the Fe(ll) concentration would stop increasing and plateau. Abiotically, iron
oxidation can occur through interactions with oxygen and water at neutral pH, this is discussed

further in chapter 7.
3Fe(s) + 4H20 ¢ Fes04 + 8H” + 8¢ [7]

In terms of the repository, the presence of microbes able to oxidise iron would not be considered
favourable, most notably because this could increase corrosion of the carbon steel waste
canister. As oxidation of iron was observed indirectly in these experiments, it suggests that
microbes geographically distant to the canister may still have an effect. Therefore, the high
temperatures of the canister surface (up to 100°C) (Keith-Roach & Livens, 2002) and small pore
size, which is thought to eliminate microbial activity, may not limit all MIC as previously predicted

(Jalique et al., 2016).

5.3.2 Compact MX80 can be colonised by microbes
A cross-section of the compacted MX80 from the etching experiments revealed bacterial growth

in the form of filamentous bacteria. It can therefore be surmised that microbes can colonise the
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MX80 bentonite. Actinohyphae may be especially prone to causing micro-pitting as they have a
smaller diameter, up to 2 um (Dhanasekaran & Jiang, 2016) than other hyphae. These smaller
hyphae can therefore travel through smaller pore spaces, and additionally can give rise to spore-
forming mycelium which has the same diameter (Dhanasekaran & Jiang, 2016). This mechanism
again indicates that the pore size may not be as significant an obstacle to microbial activity as
previously thought. It is also important to note that the clay was not fully confined in these

experiments, so may have been able to expand allowing pore sizes to increase.

When compared to the literature (Wilson et al., 2010), the plastic limit (PL) of the clay is relatively
high in the control at 45% as opposed to 33-39%. Therefore, the agar itself may have had some
influence of the geomechanical properties of the clay. The PL of the clay with microbes was even
higher —50% - suggesting that the microbial activity also influenced the geomechanical properties
of MX80 or caused structural alterations to the clay matrix — possibly through silicate solubilising
bacteria. The higher PL in conjunction with a lower liquid limit (LL) results in a significantly lower
Pl than the abiotic control. The Pl of the clay is a good indication of the swelling ability of the clay
and specifies how dry the clay will become before it cracks (Haigh et al., 2013). Given that there
are periods of time post-closure when the clay will be very dry, and repeated episodes of
groundwater flowing in (Landolt et al., 2009), it is important that the MX80 can respond to these
conditions without cracking and causing a breach in the barrier. Therefore, a low PL, in
combination with a high LL is desirable. These results are of importance when considering the
repository as it indicates that the clay may be less likely to swell and contract and behave as an

effective barrier throughout changing temperatures and moisture contents.

As in the indirect interaction solid media experiments, the pH of the etching experiments was
higher than expected. An alkaline pH of 8 when microbes were present suggests that any VFAs
or hydrogen produced by the microbes are being utilised either in reduction of iron (Luidold &
Antrekowitsch, 2007; Konhauser, 1997) or as energy by other members of the community instead

of contributing to the overall pH of the environment (Kim & Gadd, 2008).

The XRD results for the etching experiments highlight the differences in the mineralogy between

the sterile samples and those exposed to bacteria. While the composition was similar between
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these samples from different conditions in terms of montmorillonite, quartz, and cristobalite,

there were differences in terms of iron-oxides produced and calcite precipitated.

Iron transformation to magnetite can be blocked by clay minerals and silicates, therefore it is
likely that the microbes are liberating the iron from the associated clay minerals, thus allowing
magnetite transformations to take place. Calcite precipitation can be promoted by microbial
activity, and indeed a lot of naturally occurring calcite deposits are of biogenic origin (Gadd,
2010). Bacterial products such as urease (Hammes et al., 2003), and bacterial processes such as
denitirification and sulfate reduction can all contribute to the formation of calcite, each
producing different morphologies (Chekroun et al., 2004; Bosak & Newman, 2005). Moreover,
microbially induced calcite precipitation is most likely to occur at alkaline pH. Liittge and Conrad
(2004) even implicated S. oneidensis in inhibition of calcite dissolution. Therefore, the evidence
would suggest that we should observe more calcite in these experiments. Carbonate
precipitation is known to be a microbially driven process, largely through bacteria secretions and
sulfate and iron-reduction (Ronholm et al., 2014). Biogenic precipitation of calcium carbonate is
thought to be a passive or inadvertent process, rather than as an active provision of a biological
advantage. Several explanations have been offered, such as negatively charged proteins or
membrane porins attracting Ca®* (Beveridge & Murray, 1976); cell processes such as sulfate
reduction cause an increase in pH in the immediate environment promoting precipitation
(Gallagher et al., 2012); or metabolites and secreted siderophores interacting with Ca* in place
of other metals (Braissant et al., 2004). However, this process would require supersaturation of
calcite. Modelling of the groundwater using SPECE8 suggests that this was not the case, but

addition of calcite from the clay could have influenced this.

However, there is also evidence to suggest that some microbes and microbial processes promote
the dissolution of carbonate (equation 8) through organic acid production, and production of
carbon dioxide. Moreover, certain species of bacteria including Acidobacteria and Actinobacteria
have been historically involved in breaking down calcareous rocks (Campbell & Cole, 1984; Sauro
et al. 2018). Therefore, it is likely that within this microbial community both processes of calcite

precipitation and dissolution are occurring.
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CO; + H20 + CaCO3 - Ca** + 2HCO™3 (8]

5.3.3 Hydrogen concentration significantly increases when microbes are present

Results from hydrogen production experiments clearly show that microbial presence leads to an
increase in Hy. This result contrasts with previous predictions which stated that microbial
presence would utilise available gas sources (Stroes-Gascoyne et al., 2000; West et al., 2002). The
increase in gas production is detrimental to the integrity of the multibarrier system as it would
contribute to an increase in gas pressure which may cause cracking of the MX80 barrier (Landolt
et al., 2009). H; in particular could also lead to an increase in corrosion through hydrogen
embrittlement (Raman et al., 2005; Okonkwo et al., (2017)). The process of hydrogen
embrittlement involves H* ions adhering to electrons on the metal surface which leads to
blistering and hydrogen absorption. Once the hydrogen has diffused into the metal it forms a
brittle compound (such as hydride), this, coupled to an increase in hydrogen concentration on
the surface, results in an increase in pressure and eventual cracking at the metal surface (Wang

et al.,, 2016).

Hydrogen embrittlement by microbial activity has been linked to iron-oxidising bacteria (Ashassi-
Sorkhad et al., (2012)) which are present in the indigenous iron-reducing MX80 bacterial
community (see section 4.1). However, here hydrogen embrittlement was only observed in
abiotic experiments. It is possible that hydrogen entry to the metal has been blocked by
aragonite, lepidocrocite or calcite deposits on the surface (Liu 2020) caused by microbial activity.
Buildup of these mineral layers has been known to protect steel from corrosion (see chapters 6
& 7), therefore, it is unlikely that cracking of the surface has occurred under these layers. Calcite
was identified in XRD spectra only when microbes were present, therefore this may have

contributed to reduced corrosion.

Interestingly, these results do suggest that the microbial community, under these conditions, is
much more dominated by active fermenting bacteria than hydrogen consumers — this may
change in aerobic environments. There is therefore also likely to be a lot of acetate produced by
these species, which could increase iron-reduction within the MX80, as could the excess of H;

(see section 4.1). No CO; increase was observed during these experiments; however, there is
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almost certainly CO; produced as part of fermentation. Therefore, further experiments should

investigate what happens to this CO,.

5.3.4 Silica dissolution occurs when microbes are present

Silica dissolution occurs both when microbes are present and, to a limited extent, when they are
absent. Bacteria may be coating themselves in silica (Suaro et al., 2018), or, more likely,
metabolites interacting with iron may cause associated silica to enter the aqueous phase. A
decrease or loss of silica from the clay matrix could be extensively damaging to the MX80 barrier
in the repository setting. Loss of silica would make the clay more prone to weathering and lead
to possible illitisation (Pusch & Kasbohm, 2002), as well as a decrease in swelling ability and a
decrease in clay plasticity (see section 7.7.2), all of which are important characteristics for the
clay barrier to remain effective whilst adapting to changing temperature and moisture contents.
The overall effect of these potential changes could be that the MX80 is less able to respond to

changes in moisture content and becomes less effective as a barrier.

5.6.5 Changes to mineralogy could negatively impact the multi-barrier system

The transformation of structural iron within MX80 to other minerals such as magnetite as seen
in the Fe powder plates, and all MX80 samples, could have adverse effects on the multi-barrier
system. This transformation could happen relatively quickly in terms of the repository lifespan as
the immediate post-closure period will have moderately favourable conditions for microbial
growth and these will last for 30 years (Landolt et al., 2009). As this activity observed in the
experiments occurred in only 1 month, with added carbon, it is likely that significant microbial
activity could occur in the post-closure period despite the absence of excess carbon given the
long lifespan of the repository. MX80 contains 0.4 % wt. organic carbon which is considered
adequate to support microbial growth (Pedrial et al., 2009; Parkinson et al., 1989), although other
predictions suggest it is not bioavailable (Marshall et al, 2015). Nonetheless, there is likely to be
some fermentable matter in the groundwater, as found at international repository sites

(Kotelnikova & Pedersen, 1998) to support microbial growth.
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5.4 Conclusions

It is necessary to note that these experiments did not replicate the repository conditions in terms
of temperature, pressure, and carbon, water and nutrient availability, all of which would limit or
promote microbial growth dependent on their variation. A higher concentration of bacteria was
also used in these experiments than would be present in the repository. It is likely that microbial
growth will be limited to the edges of the clay barrier with very limited growth within the barrier
provided it is compacted correctly and swells as predicted (Jalique et al., 2016). Therefore, the
effects observed may not be a true representation of ‘real world’” microbial interactions;
however, given the long timescales of the repository, it is possible that microbial activity will
eventually result in large-scale alterations. The biomass measurements indicate that the
presence of the clay or iron did not significantly inhibit bacterial growth, suggesting that there is

a low toxicity to this bacterial community.

Etching experiments demonstrated that, microbes were able to colonise MX80 bentonite.
Therefore, over time microbes from the groundwater or host rock that are introduced to the
repository environment could colonise MX80 bentonite, especially as it corrodes (Nakano &
Kawamura, 2010), or if there is any decrease in swelling leading to an increase in pore size. While
studies have shown that groundwater communities are not necessarily suited to surviving in
MX80 due to being largely Gram-negative, there are some exceptions to this rule, for example,

Desulfosporosinus and Sedimentibacter (Chi Fru & Athar, 2008).

From the results presented in this chapter, it is clear that microbial presence and activity in MX80
results in an increase in Hz production. High concentrations of H, could lead to an increase in gas
pressure and possible subsequent hydrogen embrittlement of the canister. However,
interestingly microbial presence actually seemed to protect the canister surface — possibly
through armoring of the metal surface through lepidocrocite precipitation (Alcantara et al., 2017;

Hofstetter et al., 2003).

It is also clear that microbial activity in MX80 could lead to a loss of silica from the clay matrix,
which would decrease swelling and plasticity thus making the clay a less effective barrier. Loss of

silica could also lead to illitisation which could result in a decrease in swelling capacity. This
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process may also increase MX80 corrosion at the edge sites to a rate greater than currently
expected (Nakano & Kawamura, 2010). It is not clear if this silica dissolution requires direct
interactions with the microbes; however, it seems likely that metabolites may be able to act on

metals in silicate-containing minerals to liberate the silica, such as Fe(lll) reduction by acetate.

The results of these interactions are likely to cause a detrimental effect on the ability of the clay
to act as an effective barrier, as suggested by the Pl results and silica loss. However, in order to
more accurately predict the changes to MX80, swelling ability after incubation with microbes
should be assessed. Further experiments should also be carried out which more closely mimic

the repository environment.
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Chapter 6. Desiccation tolerance of the indigenous iron-reducing community of MX80

bentonite and interactions at the MX80 / steel interface

6.1 Introduction

These experiments were carried out to further understand the activity and survival of the
indigenous iron-reducing community of MX80 bentonite in reference to nuclear waste
repositories. The indigenous iron-reducing microbial community of MX80 bentonite was
previously characterised at ambient temperatures with excess carbon (see section 4.1). During
the repository closure, after 30 years of relatively favourable conditions, the temperature will
increase causing water availability to decrease. This environment will last until around 100 years
post-closure, after which time the temperature will decrease to 40-50°C across the clay barrier
for the rest of the repository lifespan (Landolt et al., 2004). It was therefore important to test the
temperature limits of this community under low water / low carbon conditions as this will be a

large factor in determining microbial survival in the repository.

Furthermore, it is important to understand how the activity of this community (in addition to
iron-reduction), will affect the multi-barrier system within the repository under these
unfavourable conditions. For example, gas production and consumption could increase pressure
causing detrimental effects (Landolt et al., 2009; Bardelli et al., 2014), or decrease oxygen levels
aiding in reaching anaerobic conditions and thus inhibiting corrosion (Landolt et al., 2009).
Another important factor to consider is the mineralogical and structural changes that could occur
in MX80 bentonite. Although there are many possible biogenic changes that could occur,
evidence from previous experiments suggested that species indigenous to the MX80 included

IRBs, fermenting bacteria and possibly silica-solubilising bacteria (see ch4 and ch5).

Batch experiments were carried out using carbon steel (to represent the canister material for the
UK-concept (NDA, 2016)) and compacted MX80 bentonite (from SKB’s commercial supplier
(ClayTech”®)). These experiments aimed to investigate the effect of temperature at different
points within the repository lifespan. In the repository, the outer layer of the buffer is predicted
to reach a maximum temperature of 70°C (RWM, 2016) within the first 100 years post-closure
and then cool to 30-50°C for the remainder of the lifespan of the repository. It is therefore
important to know if this initial spike in temperature would eliminate all microbes, or if some
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could survive to later become active. It was expected that bacterial activity would be lower at
higher temperatures and only some species would survive. To test this, following exposure to
70°C some experiments were cooled to 40°C. In these cases, any bacteria that were dormant
during the higher temperatures may have been able to proliferate again as the experiment
proceeded. All experiments were initially anaerobic, however, as the clay dried, oxygen may have

entered the system.

The method for this chapter is presented in section 3.6. Briefly, jars containing sterile bentonite
discs on top of steel coupons with a low volume of Sellafield-like groundwater were inoculated
with the indigenous microbial community as characterised in section 4.1. The experiments were
then incubated at 40 - 70°C with allowance for evaporation. At the termination of the
experiment, the moisture content, plasticity and mineralogy of the clay was analysed.

Additionally, observations of corrosion were made and the microbial community was analysed.

6.2 Results

6.2.1 Mineralogical analysis of the MX80 bentonite from desiccation tolerance experiments

Differences between the mineralogy of the MX80 bentonite were observed, both between microbial and
abiotic control samples, and samples at different temperatures (figure 6.1). Notably, magnetite (Fes0,)
was identified in biotic samples from all incubation temperature regimens, but only in abiotic samples at
70°C. Other differences include the presence of a sodium iron oxide (NaFeO,) at 40°C and 70°C incubations
when microbes are present but not in abiotic controls. However, both the biotic and abiotic samples from
the 70°C incubation contained goethite (Fe3*O(OH)). All samples contained clay minerals known to exist
in MX80 bentonite (Karnland, 2010) (quartz, montmorillonite, feldspar), however, the abiotic samples
from the dual temperature control were also found to contain another member of the feldspar mineral
series, not present in any other samples: anorthite (CaAl,Si,0s). Although bulk XRD analysis is adequate
to identify the iron oxide minerals present, there are limitations to the identification of clay minerals due
to the interlamellar spacing. Therefore, limited conclusions can be drawn from the presence or absence

of specific clay minerals such as anorthite.
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Figure 6.1: XRD spectra of MX80 bentonite recovered from desiccation tolerance experiments were
analysed using HighScore Plus. Images show raw spectra with key mineral peaks labelled. Dual refers to

experiments at 70°C, cooled to 40°C. Control refers to sterilised experiments.

Some changes to the bentonite surface were also observed in SEM images of MX80 bentonite
from the steel / clay interface (figure 6.2). Extensive mineral precipitation was observed on the
surface of MX80 bentonite from experiments at 40°C, which has been identified as cristobalite
(images are comparable to those generated by Horwell et al. (2013)), and octahedral magnetite,
although, other minerals may also be co-precipitated. Similar minerals were observed on the
surface of MX80 bentonite from the dual temperature experiments, but this was more localised.
The samples analysed from MX80 bentonite from desiccation tolerance experiments at 70°C
indicated iron oxide formation on samples from the centre of the MX80 bentonite disk closest to
the steel coupon, which could be the sodium iron-oxide identified in the XRD. Similar iron-oxides
have been identified by Leban & Kosec (2017) who found that goethite was replaced by

magnetite or lepidocrocite formed on mild steel.
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Figure 6.2: SEM images of clay recovered from the clay/bentonite interface of batch
experiments. The 40°C experiment had a lot of growths on the surface (A), and the abiotic
control was completely smooth (B). The 70°C experiments had significant crystal growth (C, D),
and large debris / overgrown crystals (E, F). Limited minerals were observed on the
corresponding control (G). Clay from the dual temperature experiment had heavily mineralised
hyphae (H) in multiple locations, and similar growths as seen in the other experiments (I). The

control was smooth and no crystal structures were observed (J).
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6.2.2 Plasticity measurements of the MX80 bentonite from desiccation and temperature
tolerance experiments

The plastic limits (PL) and liquid limits (LL) of the MX80 bentonite changed after the experiment
when microbes were present at all temperatures. The PL was between 30-39% moisture content
across all samples and the LL was lower when microbes were present across all temperatures.
There were significant changes to the plasticity index (PI) (figure 6.3) of MX80 bentonite following
experiments at 40°C with microbes; the Pl was 283 compared to 376 for the abiotic control at
40°C (p=0.017) and 379 13 for the Pl before the experiment. The Pl of the MX80 bentonite from
70°C with microbes was also significantly lower when compared to the abiotic control (p=0.0276).
There was no significant difference in Pl in the dual temperature experiment when microbes
were present. There is a small difference between the abiotic controls at different temperatures,
and a significant difference between microbial experiments at different temperatures

(p=0.0348).

400

40 40 control 70 70 control dual dual control

Temperature (°C)

Figure 6.3: Pl of MX80 bentonite recovered from desiccation tolerance experiments at different
temperatures. Dotted line indicates Pl of MX80 bentonite before the experiment. Error bars

represent standard error.
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Additionally, the %moisture content of the clay was calculated (figure 6.4). It was found that the
experiments at higher temperatures had a lower moisture content than those at 40°C.
Furthermore, the %moisture content of the abiotic controls was higher than the biotic
experiments in all temperature treatments apart from those at 70°C which was found to be
significantly higher when microbes were present (p<0.001). For all other temperatures, these
results were found to be significantly lower when microbes were present at 40°C (p<0.001), and
dual temperature (p<0.001). Similarly, a two-way ANOVA found that both microbial presence and

temperature were significant factors in %moisture content (P<0.001).
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Figure 6.4: % moisture content of MX80 bentonite after desiccation tolerance experiments at

elevated temperatures. Error bars show standard error.

6.2.3 Visualisation of corrosion of steel coupon recovered from desiccation tolerance
experiments

The steel coupons used in these experiments did not corrode extensively. This result has been
largely attributed to the dry conditions of the experiment. However, some corrosion was
observed, particularly around the edges. There was visually more surface corrosion observed on

steel from abiotic experiments than from experiments with microbes. This difference was
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particularly clear on samples from 40°C (figure 6.5). Image) measurements of the area of the steel
surface visually corroded suggested that this result was significant (P=0.0374) with a mean of

14% of the surface area corroded in biotic samples, compared to 35% in abiotic samples.

Figure 6.5: Photograph of steel coupons recovered from 40°C where from abiotic control
experiments (A, B) and biotic experiments (C-E). Photographs show the steel surface that was in

contact with the clay.

6.2.4 Community analysis of the desiccation tolerance experiments at various temperatures

Nine 16S rRNA libraries were derived from sequencing outputs of desiccation tolerance
experiments at various temperature regimens. These library sequences have been deposited in
the NCBI's Sequence Read Archive (SRA) available under BioProject PRINA594313. The
sequencing yielded average reads of 78,872 +3693 for 40°C, 50,577 +7706 for dual temperature
and 31,116 +9425 for 70°C with an average read length of 227 bp across all libraries. The number
of reads was significantly lower from 70°C compared to 40°C (p=0.0435). From this, an average
of 25 (40°C), 47 (dual temperature), and 51 (70°C) ASVs were identified from the QIIME2 pipeline.
Low sequence reads from control experiments and negative sequencing controls indicate no
contamination took place during the experiment or subsequently during DNA extraction and
sequencing. The resulting microbial communities of MX80 bentonite was largely composed of
taxa assigned to the phylum firmicutes, most abundantly, taxa related to the genus Bacillus

(figure 6.6).
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Figure 6.6: Level 5 microbial community constructed using 16S rRNA QIIME2 output and

presented as %relative abundance.

However, there was also a significant population of Clostridaceae species in the 40°C experiment
(P=0.027) which was found to be most closely related to Clostridum beijerinickii and Clostridium
subterminale (figure 6.7). Whereas ASVs identified from the dual temperature experiments were
most closely related to solely Bacillus sp. and Paenibacillus sp. (figure 6.8). It should also be noted
that most of the nearest neighbours were isolated from high salinity environments such as salt
lakes and marine sediments. This isolation source is similar to those identified as nearest
neighbours to ASVs from the 70°C experiments (figure 6.9). Similarly, this community was of
lower diversity relative to the 40°C incubation and was composed of mainly firmicutes,
particularly Bacillus, albeit there was also a small population of gammaproteobacteria
(comprising 0.1% relative abundance). As expected, due to the survival of spore-formers reported
in previous experiments (Masurat, 2010; Stroes-Gascoyne et al., 2002) many species identified in
these communities are putative spore-formers. However, there are differences between the
different temperature treatments. By considering all sequences which were able to be assigned
to species level, 100% of species identified in the dual temperature experiments are putatively
capable of forming spores and 98.2% of the community at 70°C are spore-forming. Only 83.72%

of species are putatively able to form spores at 40°C.
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Figure 6.8: Phylogenic distance trees based on comparative analysis of partial 165 rRNA
sequences recovered from desiccation tolerance experiments conducted at dual temperatures.
Sequences were analysed by the nearest neighbour using BLASTN (GenBank database), and then

aligned and trees constructed using MEGA?7. Scale bar denotes 4% sequence divergence
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Figure 6.9: Phylogenic distance trees based on comparative analysis of partial 16S rRNA
sequences recovered from desiccation tolerance experiments at 70°C. Sequences were analysed
by the nearest neighbour using BLASTN (GenBank database), and then aligned and trees

constructed using MEGA?7. Scale bar denotes 10% sequence divergence

A PCA plot of the sequencing results for these experiments was created (figure 6.10). It
demonstrates that the 70°C microbial communities have very low diversity and are also very
similar in structure to the dual temperature microbial communities, although these are
somewhat more widely spread. Samples from the 40°C treatment were the most widely spread,
therefore indicating that they are the most diverse between samples. This diversity is likely
because a wider variety of microbes were able to survive in these conditions. The diversity

between these samples is still relatively low compared to other environmental samples.
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Figure 6.10: PCA plot of microbial communities at different temperatures. Constructed from

outputs from QIIME2 and 16S rRNA lllumina sequencing using Stamp.

In addition to the above PCA plot, Stamp was also used to determine whether the relative
abundance of different genera was significant depending on the temperature of the incubation.
The only genera that proved significant were Bacillus, with a p-value of 0.033, and Clostridia

(P=0.004)

6.3 Discussion

There are several conclusions to be drawn from these desiccation tolerance studies related to
the survival of IRBs and fermentative bacteria indigenous to MX80 bentonite in unfavourable
conditions related to those likely to occur in nuclear waste repositories. These conclusions are
principally supported by the geotechnical and mineralogical data of the MX80 bentonite
and further supported by the putative functions of such organisms identified in the community.
It should be noted that bacteria added to these experiments were of a higher concentration than
would naturally occur in MX80 bentonite and that the clay was not compressed in these
experiments. Therefore, increased activity may have occurred relative to the repository where
higher compaction, resulting in a lower pore size may contribute to decreased microbial activity.
However, toward the end of the repository lifespan when the edges of MX80 bentonite have
been corroded there may be potential forincreased activity at the clay/ host rock

interface. Equally, some gaps may be present at this interface much earlier where the clay has

185



not fully swelled allowing for some microbial growth (Wilson et al., 2010; Jalique et al., 2016;
Stroes-Gascoyne et al., 2011).

During the repository closure, there may also be microbes introduced from other sources such
as the local groundwater. The UK has not yet selected a repository site, so microbes from such a
source have not been considered. However, Chi and Athar (2008) suggest that groundwater

microbes would not be suited to survival within the clay barrier.

6.3.1 Survivability of indigenous bacteria of MX80 bentonite

To ensure DNA extracted from MX80 bentonite was indicative of active bacteria, a location
geographically distant from the inoculation site was chosen for sampling. Therefore, the
bacterial communities presented are representative of those able to survive in high temperature,
low water conditions.

As expected, many of the bacteria identified in the sequence libraries from the incubation
experiments are putatively spore-formers, particularly in the higher temperature experiments.
Spore-forming bacteria can withstand harsher conditions by entering a period of dormancy
(Ratto M. & Itdvaara M, 2012). In this way, bacteria in the repository will be able to withstand
the unfavourable habitat for decades and become active when conditions improve (e.g., as the
temperature decreases, or groundwater becomes available). The lack of diversity between
samples from experiments at dual temperature and 70°C indicates that the community was
uniform throughout the clay and that only a limited number of species were able to survive.
Many of the bacteria present in the 40°C community are closely related to those able to grow
optimally at this temperature, and many more species indigenous to MX80 bentonite are also
able to tolerate this heat (see section 4.1). Therefore, there was some diversity between samples
indicating that different species were more dominant in particular samples.
Interestingly, Clostridia are lost from communities at the higher temperatures and do not survive
to become active as the temperature cools (as illustrated in the dual temperature experiments),
despite the ability for identified species to form spores (C. beijernickii (Patakova et al., 2019)).
This may be due to heat or oxygen stress because many Clostridia are obligate anaerobes rather

than Bacillus which is a genus that is facultatively anaerobic. The higher temperatures may have
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accelerated drying conditions causing the clay to shrink from the edges and introducing a higher
concentration of oxygen.

The difference in community observed between the dual temperature experiments and 70°C
experiments is also interesting. It suggests that species such as Lysinibacillus halotolerans, and
certain Bacillus sp. were outcompeted at 70°C or only able to survive as spores and later became
active asthe temperature cooled. As highlighted previously, species identified as nearest
neighbours were isolated from high saline environments. Due to the low water availability, it is
likely that adaptations to high saline environments would also be advantageous in the study

presented here and, in the repository, even though the groundwater is low salinity.

6.3.2 Putative activities of the indigenous bacterial community

Within the bacterial communities presented there are some known IRBs; Bacillus subterraneus is
capable of dissimilatory iron reduction (Kanos et al., 2002), as is C. beijerinckii (Dobbin et al.,
1999). Reduction of iron in iron-containing silicate minerals in the MX80 bentonite will result in
a loss of silica and transformation to non-swelling minerals, making the clay more prone to
weathering (Pusch & Kasbohm, 2002). This would decrease the ability of the clay to act as an
effective barrier to nuclear waste. Although abiotically this transformation is slow and requires
high temperatures to proceed abiotically, biogenic dissolution of smectite does not have the
same requirements (Kim, 2012). Smectite to illite transformations occur biogenically as
dissolution of smectite and reprecipitation as K / Al illite — this has been shown to be catalysed
by IRBs reducing Fe(lll) present in silicate minerals (Kim, 2012; Fang et al., 2017; Bradbury et al.,
2014). There is also evidence that the role of organic secretions in iron reduction will lead to
smectite - illite transformations (Kim, 2012).

Also present in the community when incubated at 40°C is C. subterminale which although
connected to iron reduction has not been shown to reduce iron conclusively (Kato et al., 2015).
Some species of Romboutsia are also known to reduce iron (Gerritsen et al., 2017) however, it is
not possible to know if those particular species are present here.

Even in the community from the 70°C experiments there are species with a putative iron-reducing
ability. Lactobacillus fermentim is able to reduce iron (Gonzdlez et al., 2017) and Bacillus

licheniformis is implicated in iron-reduction, but only in the presence of oxygen (Mclean et al.,
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1992). Additionally, L. halotolerans has been shown to adhere to iron surfaces and therefore it is
likely that there is some interaction and possibly iron reduction (Douterelo et al., 2014).
Likewise, Paenibacillus etheri has been implicated in iron reduction (Loyaux-Lawniczak et al.,
2019).

Additionally, some of these species are known to interact with silica. Both P. aeruginosa and B.
licheniformis activity has been shown to lead to loss of silica from clays (Mohanty et al.,
1990; Radhapriya et al., 2015). Such a change in mineralogy could be linked in changes in
geomechanical properties which could alter the ability of MX80 bentonite to act as an effective
barrier in the repository system.

It is well known that fermenting bacteria, such as firmicutes identified in these microbial
communities can produce volatile fatty acids (VFAs) which can further interact with metals such
as iron (Parrello et al., 2016) and support the growth of other members of the
community (Bengtsson et al., 2017; Svensson et al., 2011; Gilmour et al., 2021). This process may
have aided in the survival of non-fermenting species in the community in these experiments. The
VFA production, in addition to the acetate added, may also lead to increases in iron-reduction
(Parrello et al., 2016; Bengtsson et al., 2017; Svensson et al., 2011), which in turn could cause a
release of silica from iron-containing silicate minerals (Bennett et al., 2001). Indeed, Hiebert &
Bennett (1992) found that organic acid production by fermentative bacteria such as those
identified here, increased the rate of silicate weathering from feldspar and quartz minerals.
Furthermore, CO; is produced by acetogenic bacteria (C. beijerinckii, C. magnum; C. huakuii). In
this environment, the CO; could also contribute to an increase in pH and further silicate
weathering (equation 1) resulting in loss of silica through production of silicic acid and aqueous
bicarbonate. This was not measured during this experiment as the jars were not airtight to allow
water evaporation to escape and desiccation to occur. In the repository this process would cause
alterations to the clay minerals but would also limit gas pressure through utilisation of the
produced CO,. MX80 is composed of 81.4% wt. montmorillonite (31% wt. silicon) and 4% wt.
iron (Karnland, 2010). Changes to these minerals could therefore result in widespread
mineralogical changes to the structure and properties of the clay.

4H,0 + 2C0O; + Si0; = 2HCOs- (aq) + 2H* + H4Si04 [1]
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6.3.3 Potential corrosion protection afforded by microbial activity

Asindicated in the results, there was significantly less corrosion of the surface of the steel coupon
when microbes were present. Although this does not account for the depth of corrosion or the
overall weight loss from the steel coupon, it does suggest that microbial presence directly or
indirectly limited contact of oxidants with the steel surface. This is likely due to bacteria utilising
all available oxygen in the system through aerobic respiration. As Leupin et al., (2017)
suggests, microbes within the repository will utilise gases produced which could aid in
accelerating the transition to anaerobic conditions therefore decreasing early corrosion of the
waste canister. Although, in situ studies by Stroes-Gascoyne et al., (2000) suggest that microbial
presence has no significant effect on gas composition. However, it may be that microbial
hydrogen and CO; products are being utilised elsewhere in the repository — such as in iron-
reduction or weathering of silicate minerals (equation 1), rather than not being produced.
There is evidence of mineral precipitation (cristobalite, and iron oxides such as magnetite) at the
clay / steel interface, as seen in SEM images. This is contradicted by the photographs of the steel
surface which indicate more extensive corrosion (and thereby iron oxides) in the sterile
experiments. An explanation for this is that microbial presence increases the ability of rust
products to diffuse into the clay, or that the iron oxides observed in microbial experiments are
from reduction of minerals within the clay, rather than from the steel. This explanation would be
supported by the decrease in Pl observed in microbial experiments.

Magnetite, lepidocrocite and goethite are all common corrosion products (Antunes et al., 2013).
Whilst magnetite is not known to inhibit corrosion (Dong et al., 2000; Boin et al., 2000), other
iron oxides may contribute to corrosion protection (Necib et al., 2017). Nitrate-reducing bacteria
such as those present here (P. etheri, L. halotolerans, B. korlensis and B. licheniformis (Zhang et
al., 2009; Loyaux-Lawniczak et al., 2019; Kong et al., 2014; Albert et al., 2005; Lee et al., 2017))
have been implicated in rust formation to inhibit corrosion (Etique et al., 2014). The low porosity
of these rust layers inhibits electrons from reaching the steel surface and therefore prevents
further corrosion. In these studies, this method of protection may have been limited due to the

reduced activity of the microbes under the unfavourable conditions. Limited corrosion took
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place across all experiments due to the low water / oxygen conditions, but there is potential for

these layers to develop in the repository over time.

6.3.4 Potential mineralogical alterations to MX80 bentonite

The most notable differences between the biotic and abiotic clay samples are the presence of
iron oxides at 40°C and 70°C. Although samples for XRD analysis were taken from throughout the
clay, it is not clear if these iron oxides are corrosion products which have moved into the clay, or
from structural iron within the MX80 bentonite. Sodium iron oxide was also observed in XRD
analysis and is likely the product of microbially-influenced iron-reduction (Usman et al., 2012).
The lack of moisture may have induced the formation of sodium iron-oxide through an increase
in salinity. The presence of IRBs may contribute to magnetite and goethite formation as they are
produced as secondary minerals during dissimilatory iron-reduction coupled to oxidation of
organic matter (Lovley, 1991; Shimizu et al., 2013). Iron-reduction can also be catalysed by the
presence of Fe(ll) which accounts for 0.8 % wt. of the total iron in MX80 bentonite (Karnland,
2010). Therefore, there is another route in which abiotic iron-reduction may have progressed.
Magnetite was observed in the abiotic experiments at 70°C, one possible explanation for this is
that drying can inadvertently cause magnetite formation (Schwertmann & Murad,
1983; Lovley et al., 1987). As these experiments have dried out the most during the experiment,
it is possible that this caused increased abiotic magnetite formation. As can be seen in the PI
results, the higher temperatures did correlate with minor decreases to clay plasticity.

There were no iron oxides observed in the dual temperature experiments, either with or without
microbes. A possible explanation for this is that the microbes present were not active for long
enough to promote any widespread alterations. These samples had the lowest number of ASVs
identified and the community does not contain any known iron-reducers. Whilst there are plenty
of fermentative bacteria present, they are all spore-formers. Therefore, it may be the case that
these microbes were only active during the first two months at 70°C and remaining as dormant
spores for most of the incubation. Those bacteria which would have been active at 40°C have
likely been lost at 70°C. This lack of iron-oxides could be an indication that no mineralogical
changes have occurred on iron-containing silicate minerals. This conclusion is reflected in the PI

of MX80 bentonite.
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There were significant decreases in Pl of MX80 bentonite from biotic experiments at 40°C and
70°C. This reflects the experiments which had IRBs in their microbial community. Furthermore,
the SEM images of these experiments showed the presence of iron-oxides which were also
identified in XRD. Similar decreases in Pl following exposure to heat were seen in Davies et al.
(2017). The decrease in Pl is likely due to formation of non-swelling Fe(ll) minerals and a loss of
silica from the clay matrix because of iron-reduction (Flérez-Géngora et al., 2020).

40°C is the temperature which supports most microbial growth and activity within this
experiment as evidenced in the sequencing results and PI. It was therefore expected that the
biggest change in Pl occurred in experiments at this temperature. However, the lack of any
significant change in PI at the dual temperatures suggest that the population of microbes which
causes changes to iron minerals at 40°C is distinct from the community at 70°C and it cannot
recover from exposure to higher temperatures. This conclusion is supported by microbial
community data which shows differences in communities between all three temperature
treatments.

In terms of the repository, a higher Pl is advantageous. This property indicates the MX80
bentonite will respond to changes in moisture content whilst remaining an effective barrier
(Wilson et al., 2010). The decrease in Pl reported here was largely due to a lower liquid limit
which could result in the canister sinking into the clay during periods of high moisture content.
Further geomechanical tests were not possible due to the volume of clay used in these
experiments. However, previous experiments by Svensson et al. (2011) detected a significant
difference in swelling pressure before and after bentonite was exposed to high temperatures.
However, that experiment did not consider microbial activity or specifically the resulting iron
redox states which may have contributed to these changes. Likewise, experiments by Davies et
al. (2018) found that incubating highly compacted MX80 bentonite at elevated temperatures
with steel decreased both the plasticity and swell index. Indeed, the results show that PI
continued to decrease as time increased. However, these experiments also did not consider the

possibility of microbially-influenced mineralogical changes.
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6.3.5 Conclusions

Species present in the viable indigenous iron-reducing community of MX80 bentonite are able to
survive the highest temperatures expected at the host rock / clay interface in low water
conditions. These microbes are largely spore-forming species. However, if limited activity can
occur in areas where clay swelling has not fully occurred, biologically-influenced iron-reduction
may take place due to the presence of IRBs. This biogenic process may lead to a decrease in
plasticity through associated loss of silica from the clay matrix. There is also evidence to support
the conclusion that microbes can enter dormancy at 70°Cin order to survive to a more favourable
habitat. Finally, there is likely utilisation of oxygen by aerobic microbial respiration which acts to
indirectly protect steel from corrosion. Further biogenic protection may occur and, considering
the species identified in the community, this protection could be through formation of a low

porosity rust layer or by biofilm formation.
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Chapter 7. Biotic MX80 / steel interface test cells to simulate repository pressure

7.1 Introduction

The experiments reported in this chapter aimed to mimic, to some extent, the environment
within the repository in terms of pressure, heat and space. MX80 bentonite and steel were
inoculated with the microbial community presented in section 4.1 and incubated in test cells
under high pressure for 12 weeks. Water pumps were used to create a water pressure gradient
across the clay (figure 3.7, see section 3.7.1). The steel used in these experiments represented
the waste canister and so potential interactions at the canister / MX80 interface could be
investigated. 40°C was chosen as the incubation temperature because the repository will be 40-
50°C for the vast majority of its lifespan. The set-up of this experiment was replicated from
previous work by Davies (2017), although the temperature and groundwater were altered to be
in keeping with this project. Previously, test cell experiments investigating the clay / steel
interface had observed green and orange corrosion products, however, the role of microbes in
the formation of these products had not been evaluated. Therefore, these experiments (run in
triplicates) were repeated with and without microbes (biotic and abiotic). The experiment was
also repeated with microbes but without steel to attribute changes in the clay to the microbes
and not to microbially-influenced (or abiotic) corrosion processes. Due to the set-up of the water

pumps, each of these experimental designs was run consecutively.

As set out in section 1.6, it was hypothesised that microbial activity would increase corrosion and
potentially alter the mineralogy of MX80 bentonite leading to potentially disadvantageous
changes to its geomechanical properties. The results of this experiment explained below suggest
that microbial activity did result in changes to the mineralogy and geomechanical properties of
the MX80 bentonite in support of the hypothesis. However, the effect of microbial activity on
corrosion in these experiments appears to contradict the original hypothesis, similar to the

results of chapter 5 and chapter 6.
7.2 Results

Upon dismantling the test cells, the most obvious difference between the biotic and abiotic

experiments was the visible change in corrosion products that diffused from the steel into the
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clay, against the water gradient (figure 7.1). The microbial experiment with the steel coupon
showed two bands of corrosion products, one green (adjacent to the steel surface) and one
orange (further from the steel surface), this was consistent across three replicates and mirrored
previous results (Davies, 2017). Whereas, in the sterile experiment, only orange corrosion
products were observed. There was no corrosion layer observed in the experiment without steel,
as expected. Additionally, there were differences in the pH of the clay and effluent between the
different experimental set-ups. The iron-reducing ability of the resulting microbial community
differed between the experiment with steel and without steel and varied depending on proximity

to the steel.

Figure 7.1: Steel and clay recovered from test cells. Layers of green and orange corrosion were
observed in inocculated experiment with steel (left), whereas no green layer was observed in the

sterile experiment (right).
7.2.1 Effluent measurements including pH, Fe(ll), and groundwater parameters

Due to the nature of the set-up, effluent could only be collected at the termination of the
experiment and effluent from all triplicate test cells was collected from the same tap, therefore
only one measurement could be taken per triplicate. It should be noted that all effluent

measurements were taken immediately at the termination of the experiment. Differences in the
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appearance of the effluent collected from each of the experiments were initially observed and
photographed. Most notably, the effluent from the microbial experiment with steel present was
green in colour, while the effluent from the other experiments remained colourless (or only
slightly green) (figure 7.2). There was also more particulate material in the effluent when

microbes were present compared to the sterile control.

Figure 7.2: Effluent collected from Microbe_Steel experiment (A) was green in colour, the

effluent from Sterile_Steel was colourless (B), and the effluent from Microbe NoSteel (C) was

less green than the Microbe_Steel experiment.

7.2.1.1 pH of the effluent collected from MX80 / steel interface test cell experiments
The groundwater used in each set-up was around pH 7. This was consistent across the
experiments (figure 7.3). However, the pH of the resulting effluent was higher across all

experiments including steel. This result is expected as the corrosion will result in an increase in
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alkalinity (Prawoto et al., 2009) as H* ions are used up in corrosion processes. As the microbes
were predicted to increase the corrosion, a greater increase in the pH is expected compared to

the sterile experiment. The microbial experiment containing no steel remained circumneutral.

W Microbes_Steel
MW Sterile_Steel
B Microbes_NoSteel

pH

Groundwater Effluent

Figure 7.3: pH of initial groundwater and resulting effluent collected from test cell experiments.

Error bars show standard error (groundwater only).

7.2.1.2 Fe measurements of effluent collected from test cell experiments

Fe(ll) agueous, Fe(ll) total and Fe(total) measurements were measured in each sample of effluent
(figure 7.4). The microbial experiments with steel were predicted to have the most corrosive
activity, and therefore, the most iron present in the effluent, this is reflected in the results. The
only samples containing Fe(ll) were the microbial experiments with steel, which also had the
highest concentration of Fe(total). The experiment with no steel did have a concentration of
0.048 mM (Karnland, 2010) of iron from structural iron within the clay. The sterile experiment
with steel had a slightly higher iron concentration in the effluent (0.096 mM) but this was still far

lower than the Microbial_Steel experiment (0.384 mM).
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Figure 7.4: Iron concentration in the effluent recovered from test cell experiments.

7.2.1.3 Further effluent measurements from test cells using an Ultrameter

An ultrameter was used to measure the total dissolved solids (TDS) and oxidation-reduction
potential (ORP) of the effluent samples (figure 7.5). The microbial experiment with the steel
coupon had the highest TDS at 2362 PPM, whereas, the other experiments were both
significantly lower at 550-650 PPM. The sterile experiment did have the highest ORP at 256 mV,
and the microbial experiment with steel had the lowest at 180 mV. The ORP of the microbial
experiment without steel was 202 mV. When considering the relation of pH and Eh (Rose, 2010)
to iron redox couples, the effluent from the microbial experiments is likely to favour dissolved
Fe(ll) and ferric hydroxide (Fe(OH)s) as the conditions sit on the boundary of these two iron
species. The higher Eh of the sterile experiments shifts this to be more favourable for ferric

hydroxide formation.
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Figure 7.5: Ultrameter measurements of the effluent from test cells included TDS (A), and ORP

(B). Error bars show ultrameter accuracy.

VFA analysis of the effluent revealed that the microbial experiment without steel had the highest
concentration of all 3 VFAs measured (figure 7.6). The sterile experiment had the lowest
concentration, with no butyric acid or formic acid present. It should be noted that the
groundwater included in these experiments did have 12 mg/L acetate, which accounts for the
presence of acetate in the sterile sample. All 3 VFAs — acetic, butyric and formic acids— were
present in the microbial experiment with steel, though at significantly lower concentrations than

the experiment without steel.
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Figure 7.6: VFA analysis of effluent collected at the termination of test cell experiments.
7.2.2 Analysis of corrosion of the steel coupon recovered from test cell experiments

The steel coupon was recovered from each test cell and cleaned. Visible changes were observed
(figure 7.7), both between the sterile and microbial experiments and steel that had not been used
in the experiment. It was clear that the microbial activity had increased reactions at the steel
surface and resulted in a black colouration, whereas the steel recovered from the sterile

experiment appeared dull orange in colour.

199



Figure 7.7: Steel coupons recovered from test cells appeared visually different. The steel before
the experiment (A) was largely shiny, the steel in the sterile experiment (B) was dull and orange
in colour, and the steel recovered from the microbial experiment (C), was black in colour with

some green spots.

Further to this, corrosion layers formed (see section 7.1) that also differed depending on
microbial presence. The depth of these layers was measured (figure 7.8) and the results suggest
that corrosion products diffused further into the clay when microbes were present, and
therefore, there may have been more corrosion. There was a greater diffusion of orange
corrosion product into the clay in the sterile experiment than in the microbial experiment which

may indicate that the orange forms before the green corrosion product.
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Figure 7.8: Height of rust products diffusion into the MX80 from the steel surface after test cell
experiment (from photographs). Orange refers to the orange rust layer, and green refers to the

green metastable Fe(ll/lll) oxide layer. Error bars show standard error.

7.2.2.1 SEM images of the steel coupon and corrosion layers

SEM images were taken of the steel discs from both the microbial (figure 7.9) and sterile
experiments. Figure 7.10 shows evidence of corrosion and micropitting on steel from the sterile
experiments. The micropitting in the microbial experiment is much less extensive than that of
the sterile experiment, perhaps due to protective films of corrosion products or the microbial
activity itself. The orange and green layers did not show any distinct mineralogy and so XRD was

the main tool used to identify the iron (hydr)oxides present (figure 7.11).
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Figure 7.9: SEM images of steel disc recovered from test cells with microbes. Steel from the

outer edge of the steel disc (surface is the clay/steel interface) (A, B) shows limited pitting.
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Images of green rust (C) did not show any obvious mineral formations, but layers and some
debris were observed. Pitting was observed in steel from the centre of the steel disc (surface is
the clay/steel interface) (D, E). No notable structures were observed on the orange rust (F).

Yellow circles highlight micropits.
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Figure 7.10: SEM images of steel recovered from sterile test cell experiments. The outer edge of
the steel had some evidence of micropitting (A. B) — yellow circles indicate pitting. The inner
area of the steel had more extensive pitting (C, D), and the orange rust did not indicate any

mineralogical structures (E, F).

7.2.2.2 XRD analysis of the corrosion layers

XRD analysis of the green layer observed in the Microbe_Steel experiments contained iron (ll)
sulfate, which does appear green in colour, and iron (lll) sulfate (figure 7.11A). Calcite was also
present in the green corrosion layer, but was absent in the orange layer. The orange layer which
was observed in both the Microbe_Steel and Sterile_Steel experiment was found to contain iron
(1) sulfate which is orange in colour as well as a small percentage of magnetite (< 1%). This result
was consistent across replicates and between the sterile and microbial experiments (data not
shown). Both the orange and green layers contained clay minerals in addition to corrosion

products.
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Figure 7.11: XRD analysis of corrosion products from test cell experiments

7.2.3 Analysis of changes to clay mineralogy and geomechanics

7.2.3.1 pH of the clay surface

The pH of the clay surface (figure 7.12) at the top of the test cell, furthest from the steel and the
point at which groundwater enters, was neutral in the sterile experiment. In the microbial
experiment, this area was more acidic. This area is also the point of inoculation and so there may
have been a higher concentration of microbes here compared to throughout the MX80
bentonite. The acidic pH could therefore be explained by microbial VFA production. The
experiment without steel had a more variable pH between replicates. [Due to the UK National
Lockdown in March 2020 and Covid-19 restrictions and the resulting restricted lab access, the pH
of the clay surface was not measured immediately at the termination of the experiment, but after
3 months in storage at 4°C. During this time, microbes may have consumed VFAs, or died,

contributing to pH changes].
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The pH at the clay/steel interface, or the bottom of the test cell, was alkaline when steel was
present. The microbial experiment with steel had the highest pH at 9.41, however, the sterile
experiment had a similar pH at 9.14. The microbial experiment which excluded steel had a
significantly lower pH (6.93), with a p-value of 0.0183 when compared to the microbial
experiment with steel. There were no other significant changes in pH. Therefore, these results
suggest that the pH on this surface is controlled by corrosion processes which use up H* (see

section 5.3.3), rather than microbial activity.
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Figure 7.12: pH of the MIX80 recovered from test cells at each surface. Error bars show standard

error.

7.2.3.2 Plasticity index of MX80 bentonite recovered from test cell experiments

The Pl of the MX80 bentonite changed significantly between treatments. In an effort to ensure
the effects of the rust entering the clay did not affect the Pl test, only bentonite from the top half
of the test cell was used. When microbes and steel were present, the LL was lower and PL was
higher, resulting a in a significantly lower PI (figure 7.13), compared to the sterile experiment (P
< 0.001). When steel was excluded, there was also a decrease in Pl compared to the sterile

control, but the Pl remained greater than the microbial steel experiment. The difference between
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the microbial experiments with and without steel was also significant (P < 0.001), this difference
was caused by both an increase in LL and decrease in PL. The Pl results from microbial
experiments, although lower, still indicate a highly plastic clay. There was a slight decrease in PI
in the Sterile_Steel compared to the “as received” clay (see chapter 6), although this difference

was not significant.
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Figure 7.13: The liquid limit and plastic limit of MX80 bentonite recovered from test cells (top)
revealed that both microbes and steel increase PL and decrease LL. The resulting Pl (bottom)

reflect this. Error bars show standard error.
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7.2.3.3 SEM images of MX80 bentonite recovered from test cell experiments

SEM images of the clay do not show any notable distinctions between the sterile and microbial,
steel and no steel experiments (figure 7.14 — 16). The Microbe_NoSteel experiments did,
however, have some structures at the cracks in the clay (figure 7.15D), which may be the remains
of biofilms — the corresponding EDX data defined this structure as 25% carbon, 28% silicon, 47%
other including oxygen, calcium and sodium. Unlike the samples without steel, there are no
indications of microbial biofilm formation in the MX80 bentonite recovered from test cells with
steel. It is possible that these biofilms formed during the UK National Lockdown when the
Microbe_NoSteel test cells were in storage (at 5°C for 3 months) rather than during the test cell

experiment.

2

SEM HV: 15.0 kV WD: 15.14 mm SEM HV: 15.0 kV WD: 15.07 mm
SEM MAG: 966 x Date(m/dly): 10/30/19 50 pm SEM MAG: 967 x Date(m/dly): 10/30/19 50 pym
Bl: 12.00 Det: SE BI: 12.00 Det: SE

Figure 7.14: SEM images of MX80 bentonite recovered from Microbe_Steel test cells, both MX80
from the top of the test cell (A), and the bottom (B) are shown.
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Figure 7.15: SEM images of MX80 bentonite recovered from Sterile_Steel test cells, both MX80

from the top of the test cell (A), and the bottom (B) are shown.
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Figure 7.16: SEM images of clay recovered from Microbe_NoSteel test cells. No distinct or
significantly abundant minerals were observed in samples taken from the bottom of the test cell
(A, B). Samples taken from top of the test cell (C, D) show some mineralization or biofilm

formation.

7.2.3.4 XRD analysis of MX80 bentonite recovered from test cell experiments
XRD analysis of MX80 bentonite recovered from the top of the test cells from the Microbe_Steel

and Sterile_Steel experiments is shown in figure 7.17. Samples from the bottom are presented in
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section 7.2.2.2. The XRD analysis of MX80 bentonite recovered from the top of the test cells with
microbes and steel contained several iron products — magnetite, goethite and ferrihydrite — as
well as the clay minerals quartz, montmorillonite and muscovite. Whilst quartz and
montmorillonite were expected it is possible that this pattern is in fact illite, not muscovite, as
the patterns are similar and commonly confused (Verdel et al., 2011). There is one unassigned

peak around 10 26, which would indicate illite rather than muscovite.

The XRD analysis of the top of the clay from the sterile experiment did have some similarities to
the microbial experiment: goethite and ferrihydrite were present in both. Another similarity was
the presence of montmorillonite and quartz in both samples. However, muscovite, illite and
magnetite did not appear in the sterile experiment (figure 7.17). As previously discussed in
chapter 5 and chapter 6, illitisation is a concern as it would negatively change the ability of the
MX80 bentonite to act as a barrier. These results suggest that illitisation is occurring when

microbes are present.
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Figure 7.17: XRD analysis of the top of MX80 recovered from test cells including steel.
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XRD analysis of MX80 bentonite recovered from test cells (figure 7.18) showed calcite
precipitation in Microbe_NoSteel experiments. For consistency and to observe whether the
water gradient caused any changes to the homogeny of the clay, samples were taken from the
top and bottom of the test cell. Calcite was only present at the top of the cell. The bottom of
these experimental samples did not contain calcite, but they did match muscovite. As mentioned

previously, it is likely that muscovite is in fact illite (Verdel et al., 2011).
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Figure 7.18: XRD analysis of MX80 betonite recovered from Microbe_NoSteel test cells.
7.2.4 Iron-reducing enrichment experiments with MX80 bentonite recovered from test cells

These experiments aimed to determine if the ability of the indigenous microbial community to
reduce iron, and if the structure of the community had been impacted by: the addition of steel;
the diffusion of the corrosion products into the clay; and the high pressure. At the beginning of
these experiments, groundwater was allowed to flow into the test cells at low pressure for 48

hours after inoculation to ensure the clay had fully swelled. This may have washed bacteria
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around the test cell. Enrichments were set up after the test cell experiments were dismantled
(see section 3.7 and figure 3.2). Due to COVID-19, it should be noted that the iron-reducing
enrichments with MX80 bentonite recovered from the microbial experiments without steel were

set up after a further 3 months in storage at 4°C.

7.2.4.1 pH of the iron-reducing enrichments

The pH of these experiments differed between experimental set ups (figure 7.19). The sterile
experiments had an alkaline pH on day 0, 8.3-8.4, which decreased throughout the experiment
to neutral. All inoculated experiments were circumneutral on day 0, and became acidic during
the first three weeks of the experiment. This difference in alkalinity on day 0 may indicate that
more corrosion took place in the sterile experiments (as reflected in the corrosion results). After
this point, the Microbe_Steel experiments recovered to pH ~6.5. The S. oneidensis control and
the experiments with clay from the Microbe_NoSteel test cells remained below pH 6 for the
duration of the experiment. The Microbe_NoSteel had the greatest pH drop, 4.08-4.11 on day 7.

The “No MX80” control remained between pH 6.1-7 throughout the experiment.

Both the sterile experiments were significantly different compared to the corresponding pH of
the Microbe_Steel experiment, giving p-values of <0.001 for “top” (MX80 recovered from the top
of the test cell, furthest from the steel) and “bottom” (MX80 recovered from the bottom of the
test cell at the clay / steel interface). Similarly, the Microbe NoSteel experiments were
significantly different from the microbial experiments with steel in both the “top” and “botttom”
with p-values <0.001. However, there was no significant difference found between the “top” and

“bottom” experiments from the same test cells.
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Figure 7.19: pH of the iron-reducing enrichments conducted with clay recovered from test cells.

Standard error is shown as error bars.

7.2.4.2 Concentration of iron in slurry subsamples from iron-reducing enrichments

As with previous enrichments, the soluble Fe(ll) remained below 0.1 mM throughout the
experiment, and so the values are not reported here. The concentration of total Fe(ll) was
significantly different between experiments (figure 7.20). The first interesting observation is that
in all experiments, including Microbes_NoSteel, using clay from the bottom of the test cell —
“bottom” (at the clay steel interface) - had higher concentrations of Fe(ll) than the experiments
with clay taken from the top of the test cell. The p-value for comparison of Microbe_Steel_Top

compared to Microbe_Steel Bottom was significant (p < 0.001).

The sterile controls had the lowest concentration of Fe(ll) by day 42 (3.1 - 3.5 mM), apart from
the “No MX80” control which remained below 0.1 mM throughout the experiment. When the
sterile experiments were compared to the corresponding Microbe_Steel experiment, the results
were significant in both the “top” (p < 0.001) and “bottom” (p < 0.001) experiments. The
microbial experiments all had high concentrations of Fe(ll), up to 12.4 mM, however, only the

“top” experiment was significantly different compared to the corresponding NoMicrobe_Steel
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experiment (p < 0.001). The experiment containing S. oneidensis, had the lowest concentration

of the unsterilised experiments at 7.46 mM on day 42.
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Figure 7.20: Fe(ll) concentration of iron-reducing enrichments. Error bars show standard error

7.2.4.3 VFA concentrations in the iron-reducing enrichments

The concentration of acetic, butyric and formic acids changed throughout the duration of the
enrichments (figure 7.21). The most significant changes were observed in concentration of acetic
acid (acetate) which increased in all unsterilised samples from the organic matter provided (see
section 3.7.2). The microbial experiments without steel and the S. oneidensis control increased
the most (>410 PPM). This concentration was significantly higher than the microbial experiment
with steel, with p-values of 0.000112 for “bottom” and 0.000476 for “top”. The Microbe_Steel
experiment reached acetic acid concentrations of 214 PPM (Top) and 167 PPM (bottom), which,
whilst not the highest concentrations, were significantly higher than the sterile experiment, with
P-values of <0.0001. The sterile samples remained low, averaging ~ 40 PPM. The concentration
of acetic acid was also low in the “No MX80” enrichment, equivalent to the concentration of

acetate added to the groundwater.

The concentration of butyric acid was somewhat like that of acetic acid, with the S. oneidensis

and microbial experiment without steel having the highest concentrations. The S. oneidensis
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control has the highest concentration (246 PPM), while the enrichments using MX80 bentonite
from Microbe_NoSteel reached concentrations of 120-140 PPM by day 42 having previously
spiked to 115-170 on day 14. This concentration was significantly higher than the microbial
experiment with steel, in both the “bottom” (P < 0.001) and “top” (P < 0.001) experiments. Both
the sterile experiments and the microbial experiment with steel remained low throughout this

experiment, with no significant comparison.

The concentration of formic acid was also low throughout the duration of the experiment. Noting
the initial spike in concentration in some samples of day 7, by day 14 all experimental samples
and the S. oneidensis control had concentrations below <10 PPM. There were no significant

differences. The “No MX80” control had a constant concentration of formic acid of ~45 PPM.
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Figure 7.21: VFA concentrations of iron reducing enrichments with MX80 bentonite recovered
from test cells. Acetic acid increased in all unsterilised experiments (A); whereas formic acid only
increased in the positive control with S. oneidensis and the microbial experiment without steel
(B). Formic acid concentrations remained low throughout the experiment and were highest in

the “No MX80” control (C). Error bars show standard error.
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7.2.5 Microbial communities of MX80 bentonite after incubation in test cell and enrichment

Microbial communities were sampled from the clay in three ways: prior to enrichment (after
opening test cells) without nested PCR; prior to enrichment with nested PCR; and, enriched. As
can be seen in figure 7.22 the unenriched samples without nested PCR vary greatly between
samples. There was also very low yield in these samples (250-300 sequences) and therefore, only

nested and enriched samples will be presented and discussed further below.
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Figure 7.22: PCA plots of microbial communities from Microbes_Steel Top. Distinct groups for

enriched and nested samples when all samples are included

Twelve 16S rRNA libraries were derived from sequencing outputs from the Microbe_Steel
experiments (3 for each top and bottom, nested and enriched). The sequencing yielded average
reads of 20,175 +1,847 for nested PCR samples taken from the top, 14,008 +4,352 for nested PCR
samples taken from the bottom, 31,594 3,267 from enrichments using clay from the top of the
test cell, and 61,668 +9,987 for enrichments using clay from the bottom of the test cell; with an

average read length of 227 bp across all libraries. From this, an average of 26 (nested, top), 30
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(nested, bottom), 141 (enriched, top) and 197 (enriched, bottom) ASVs were identified from the
QIIME2 pipeline.

7.2.5.1 Microbial community of MX80 bentonite from the top and bottom of test cells before
enrichment

The microbial community was characterised wusing nested PCR. Actinobacteria,
Gammaproteobacteria, and Alphaproteobacteria are most abundant in the nested samples from

Microbe_Steel Top and Bottom (figure 7.23).
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Figure 7.23: Barplots displaying the microbial communities of MX80 recovered from test cells

using nested PCR. Families are shown as mean relative abundance across 3 replicates.

Blast did not return species level until <95% similarity for vast majority of ASVs, so entries with
higher % similarity were chosen where possible (possibly only to genus level). The nested product
of MX80 bentonite furthest from the clay/steel interface (figure 7.24) prior to enrichment
produced sequences which matched to aerobic and facultatively anaerobic bacteria. No
obviously iron-interacting bacteria were identified. However, sequences of the nested product
of Microbe_Steel Bottom prior to enrichment (figure 7.25) matched to known iron-oxidisers
including Acidovorax and Curvibacter (Byrne-Bailey et al., 2010; Gllay et al., 2018) as well as some
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possible IRBs or SRBs such as Aquimicrobium (Bambauer et al., 1998). Some species which are
known to possess iron siderophores are also present in these nested samples. There is a limited

number which produce spores or hyphae.
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Figure 7.24: Phylogenic tree of sequences generated from 16S rRNA sequencing of the nested
product of DNA extraction from Microbe_Steel Top. Bootstrap value are included on branches

and % relative abundance of ASVs is presented at the end of each leaf.
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Figure 7.25: Phylogenic tree of sequences generated from 16S rRNA sequencing of the nested
product of DNA extraction from Microbe_Steel Bottom. Bootstrap value are included on

branches and % relative abundance of ASVs is presented at the end of each leaf.
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7.2.5.2 Microbial community of iron-reducing enrichments using MX80 bentonite from the top
and bottom of test cells

Barplots from iron-reducing enrichments (figure 7.26) show that both Microbe_Steel_Top and
Bottom are mostly comprised of Clostridium species, whereas in previous enrichments presented

in this thesis, this has been mainly Bacillus sp..
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Figure 7.26: Barplots displaying the microbial communities of MX80 recovered from test cells
following iron-reducing enrichments. Families are shown as mean relative abundance from 3

replicates.

Trees were constructed using only the most dominant ASVs. Blast did not return species level
until <95% similarity for the vast majority of ASVs, so entries with higher % similarity were chosen
where possible (although these may have only been identified to genus level). Sequences
identified as being dominant in the Microbe_Steel_Top iron-reducing enrichments (figure 7.27)
matched several putative iron-reducing bacteria such as two species of Desulfosporosinus (Pester
et al., 2012), and Gracilibacter (Lee et al., 2006). Sequences from iron-reducing enrichments with

Microbe_Steel_Bottom (figure 7.28) also matched iron-reducing bacteria such as
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Desulfosporosinus (Pester et al., 2012), and Gracilibacter (Lee et al., 2006). There were also more

species of Clostridium sp. in these samples than in samples from the top of the test cell.
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Figure 7.27: Phylogenic tree of sequences generated from 16S rRNA sequencing of iron-reducing
enrichments using MX80 recovered from Microbe_Steel Top. Bootstrap value are included on

branches and % relative abundance of ASVs is presented at the end of each leaf.
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Figure 7.28: Phylogenic tree of sequences generated from 16S rRNA sequencing of
Microbes_Steel Bottom after iron-reducing enrichment. Bootstrap values are included on

branches and % relative abundance of ASVs is presented at the end of each leaf.

7.2.5.3 Comparison of enriched and nested microbial communities from test cell experiments

The microbial community from enriched samples from the Microbe_Steel test cells was like
previous communities (see section 4.1), whereas the microbial community from non-enriched
samples was mainly composed of aerobic bacteria with some facultative anaerobes which may
indicate that oxidisation processes are occurring in the test cells (such as aerobic corrosion).
There was some species of Actinobacteria which produce hyphae and both communities included
several thermo- and halotolerant bacteria. There may be some underestimates because BLASTN
did not return specific matches for all ASVs. Barplots of individual families or geneses from
Microbes_Steel (figure 7.29), show that sequences that were labelled as Christesenellaceae
(through QIIME2 taxonomic assignment) are present in both nested and enriched samples.
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However, the ASV sequence does not match any entries on BLASTN other than “iron-reducing

bacterium”.

Desulfosporosinus is an IRB, but it only appears in enriched samples and was significantly more
abundant in these samples with a P-value <0.05. This significant abundance in enriched samples
was also observed with other IRBs such as Desulfitobacterium. Anaerosolibacter is an anaerobic
bacterium — as the name suggests. It was found to be significantly more abundant in enriched
samples than in unenriched. Similarly, other obligate anaerobes such as Anaerocolumna,
Anaerosporobacter and Anaerobacterium were also significantly more abundant in enriched
samples. Pseudomonas stutzeri has appeared in all samples previously and although it was
present in much higher abundance in non-enriched samples, there was no significant difference.
Aerobic bacteria such as Saccharopolyspora were also only present in non-enriched samples.
They have iron-siderophore action, form spores and produce hyphae (Zhang et al., 2008) so could

be good candidates for surviving in the repository.
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Figure 7.29: Boxplots of % relative abundance of individual species or genera from the
Microbe_Steel test cells combining the top and bottom communities. Blast cannot identify

Christensenellaceae to species level, matches to “iron-reducing bacterium”.

7.3 Discussion and conclusions

7.3.1 Microbially influenced corrosion products may produce a protective layer on the steel
surface

Interestingly, the SEM images of the steel recovered from these experiments show that
micropitting on steel is more evident when microbes are absent. It is unlikely that MIC is causing
a more even corrosion without the addition of pitting (Videla & Herrera, 2005; Miller et al., 2018),

therefore, this result indicates that less corrosion has occurred when microbes were present.
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The explanation for this is likely due to green rust (GR) formation as seen in figure 7.1 and the
XRD data presented in figure 7.11. GRs are Fe(ll/1ll) layered double hydroxysalts hydroxides, the
presence of both Fe(ll) sulfate and Fe(lll) sulfate in the XRD spectrum does suggest that the green
layer is a mixed oxide layer. However, due to the nature of GRs, and the limitation of XRD
discussed previously, an exact mineral match was not possible. The crystallographic structure of
GRs consists of positively charged trioctahedral metal sheets alternating with negatively charged
hydrated interlayers of anions (Zegeye et al., 2007). GR contains 2x more Fe(ll) than
magnetite and is much less dense, allowing it to form much quicker in agueous solution (Usman
et al., 2012), although magnetite is more thermodynamically stable. Additionally, the presence
of phosphates, silicic acid, or quartz particles promote formation of GR over magnetite (Zegeye
et al., 2010; Zegeye et al., 2012; Jorand et al., 2011) —quartz and silica were likely present in the
test cells and so favoured formation of GR. Although this corrosion material did diffuse further
into the clay than the corrosion products from the sterile experiment, this is not a measure of

the quantity of corrosion as the density of the corrosion product cannot be measured.

The protection afforded by GR formation is well documented (Zegeye et al., 2014; Boin et al.,
2000; Abdikheibari et al., 2015), particularly biogenic GRs which are less reactive due to a lower
surface:volume ratio owing to biofilm formation and EPS production (Zegeye et al., 2014;
Volkman et al., 2000; Zegeye et al., 2010). According to the XRD analysis there was iron (ll) sulfate
(which is green/blue) present in the green layer and iron (Ill) sulfate in the green and orange
layer which is yellow. In these experiments, sulfate is present in the groundwater and as gypsum
in MX80 bentonite. Further analysis would be useful to identify exactly which minerals are
formed such as a combination of the analytical data already collected with M&ssbauer, electron
probe microanalysis and Raman spectroscopy. Previous work (Davies, 2017) which utilized the
same test cell set-up, also observed green and orange minerals, however, the process by which
they were formed was not explained, nor were they fully identified. It can be seen from results
presented here, that the same corrosion products were formed despite a different temperature
/ groundwater being used, and critically, formation of the green corrosion product can be linked

to microbial activity.
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Iron (I1) sulfate has been known to provide corrosion protection by blocking reactants from the
surface (Guilbaud et al., 2013). As presented above, the Eh/pH of the effluent from microbial
experiments does suggest that formation Fe(ll) would be favoured under these conditions.
However, there may also be some carbonate green rust formation as indicated by the presence
of calcite. There is some evidence that calcite would form in association with green rust and
ferrihydrite immediately at the steel surface (Furukawa et al., 2002). However, there is also
evidence that carbonate GR offers less protection than sulfate GR (Boin et al., 2000) due to a
decrease in porosity. Magnetite, goethite and ferrihydrite were all identified in the MX80
bentonite or orange corrosion layer. All are common corrosion products (Burger et al., 2011) and
have been discussed previously in section 6.3 and 4.7.

There is ample evidence to implicate microbes in GR formation (Usman et al., 2012; Zegeye et
al., 2007; Volkland et al., 2000; Zegeye et al., 2014; Jorand et al., 2007; Jorand et al,,
2011). Importantly, experiments by Volkland et al. (2000) showed GR formation (identified as
vivianite (Fe?*3(P0O4);2#8(H20))) only occurred when live bacteria were present. Magnetite was
produced in the absence of bacteria, or if bacteria were initially present and then died. Therefore,
dead mass sorption does not provide the correct environment for GR formation. One explanation
for this is EPS allows larger aggregates to form and this is a favourable environment for GR
formation over magnetite. In addition to EPS, it was observed that GR would only form above a
certain cell density (Zegeye et al., 2014; Zegeye et al., 2010). The cell density of the experiments
presented here was far below this threshold but this experimental set-up was very different from
those described in Zegeye et al., 2014 and Zegeye et al., 2010 (liquid media experiments) so
biogenic GR formation may still have occurred in this way.

Another factor in GR formation in these experiments is lack of oxygen. Although these
experiments were thought to be anaerobic, it is probable that there was some residual oxygen
in the system which would have driven aerobic corrosion processes resulting in the orange rust
observed in both the sterile and biotic experiments. However, microbial consumption of O, will
have accelerated the drive to anaerobic conditions in the biotic experiment, therefore resulting

in different corrosion mechanisms. In the repository, there is evidence to support the theory that
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microbes will be beneficial to the system by consuming oxygen that would otherwise contribute
to canister corrosion (RWM, 2017).

Furthermore, if oxygen were to become available after GR formation, ferric green rusts would
likely form. This mechanism involves electron transfer and a progressive deprotonation of the
hydroxyl groups of the Fe-(O-H) octahedral sheets (Zegeye et al., 2014). It has been shown that
this ferric GR can be a source of Fe(lll) for IRBs and GR can reform at a high reduction rate due to
the similarities between GR and ferric GR (Jorand et al., 2007).

Magnetite was observed in the orange layer and, along with ferrihydrite, was also seen in the
clay furthest from the steel. Magnetite was only identified in samples from the Microbe_Steel
experiments and is likely to be the oxidisied product of GR as it has degraded (Boin et al., 2000)
and diffused through the clay.

There is evidence to suggest that diffusion of oxidised corrosion products into the clay may
destabilise the MX80 bentonite; indeed, it has been estimated that up to 30% of MX80 bentonite
would be converted to non-swelling Fe(ll) rich clay if enough iron were corroded from the
canister (Wersin et al., 2008), which in conjunction with silica dissolution would explain the
decrease in Pl. As previously discussed, (see section 4.1), Fe(ll) can act as a catalyst for reduction
of Fe(lll), therefore, the formation of GR instead a more oxidized orange rust may help protect
against this conversion to Fe(ll) rich clay.

The presence of steel and its associated corrosion products caused an expected increase in pH
(due to H* consumption to form hydrogen) (Prawoto et al., 2009), however, the presence of
microbes neutralized this effect to some extent, probably due to VFA production. From analysis
of the groundwater, it is possible to conclude that iron is more likely to leach out of the system
through groundwater when microbes are present, and redox changes are also more likely. This
difference may be because there is more iron corroded, although from the SEM images this
seems unlikely, or because diffusion products travel further and are in a different redox state
(Fe(l1), not just Fe(lll)). Increased iron mobilisation was evidenced by both the Fe measurements,
which show higher concentrations of Fe(lll), Fe(ll) and Fe(ll)aq in the microbial effluent than the
sterile, as well as the measurement of diffusion of corrosion products into the clay. However, this

iron may have been from the clay rather than the steel. Ultrameter readings also support this
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conclusion as there was higher TDS in the Microbe_Steel than the Sterile_Steel experiments.
Therefore, it is not possible to unequivocally conclude that the steel from sterile experiments

were more corroded than those from microbial experiments.

7.3.2 Putative microbial activity could alter the plasticity and mineralogy of MX80 bentonite

Whilst microbial presence appears to be positive for the protection of steel from corrosion due
to GR formation, microbial activity significantly lowers the Pl of MX80 bentonite; although
corrosion products from steel also lower the PI, as seen in the sterile experiment. This change in
Pl has the potential to be detrimental to the ability of the MX80 bentonite to act as a barrier (see

section 6.5.4).

The presence of calcite at the top of the test cell was surprising, especially as the pH differed
greatly between these two areas — calcite is more readily precipitated at alkaline pH (Thorley et
al., 2015). However, microbially induced calcite precipitation (MICP) has been observed in
montmorillonite clay (Chen et al., 2017) and by bacteria species presented here such as Bacillus
(Sharma & Ramkirshnan, 2016). The process is complex and can proceed due to several different
microbial activities including urea hydrolysis and denitrification (Van Paasen et al., 2010). The
processes converge to produce Ca?* at the cell membrane, and the microbe acts as a nucleation
site to form calcium carbonate crystals through interactions with local COs%. In these
experiments there are two calcium sources; there is calcium present in the clay (0.66% wt. Ca0),
and in the groundwater (0.05 g/L). Therefore, calcite observed in the GR is not from the steel.
However, S. oneidensis inhibits calcite dissolution (Luttge & Conrad, 2004), by blocking the
mineral surface — this species was identified in the original iron-reducing microbial community

but did not seem to be active or survive in the test cell conditions.

Muscovite was identified in XRD analysis of the MX80 bentonite recovered from experiments
with microbes, but as discussed in the results, this is more likely to be illite. Muscovite
(KAI(SisAlO10)(OH)) is found in several rock types, most notably granitic rock. Whilst smectites
can transform to muscovite through illitisation and silica loss (Kamp, 2008), it is unlikely that this
progressed further than illite formation during the 3-month duration of this experiment, at

relatively low temperatures. If it is in fact illite, this could explain the decrease in Pl observed and
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could also result in decreased swelling and sorption of the clay and possible increase in hydraulic
conductivity (Bradbury et al., 2014; Pusch & Kasbohm, 2002). The transformation of
montmorillonite to illite is commonly observed in nature and, for the reasons stated above, is a
concern in nuclear waste repository design (Sellin & Leupin 2013). lllitisation is more widely
described in chapter 2. In terms of silica solubilization, this may cause an increase in Ca?*

(Vasanthi et al., 2016), which could drive the calcite precipitation observed elsewhere in the clay.

Although in nature the illitisation process is slow and requires high temperatures to proceed
abiotically, biogenic illitisation does not have the same requirements (Kim, 2012). Smectite to
illite transformations occur biogenically as dissolution of smectite and reprecipitation as K /
Al illite - this can be catalysed by IRBs and SRBs via reduction of structural Fe(lll) (Kim, 2012; Fang
et al., 2017; Bradbury et al., 2014). Access to Fe(lll) and its surface area is the rate limiting step.
This access is increased if smectite can expand, but this was not possible in these constricted test
cells. Reduction of Fe(lll) and the associated change in charge attracts K*into the interlayer space.
As microbes and smectites are slightly negatively charged (illite is more negatively charged) the
process is slow (Dong, 2005). However, there is a possibility of positive charges at the clay edge
sites (due to proton associations and disassociations) that may allow microbes to attach
themselves here (Bishop et al., 2011). There is also evidence that the role of organic secretions

in iron reduction will lead to smectite - illite transformations (Kim, 2012).

7.3.3 Iron-reducing enrichments show evidence of iron-reducing ability of indigenous microbial
community after test cell incubation

The results from the microbial iron-reducing enrichments showed an increase in the
concentration of Fe(ll) in samples taken from the bottom of the test cells, which is likely due to
diffusion of rust into the clay from the steel. There is, therefore, more iron present in the 4g
sample taken from the bottom of the test cell, than the top, (and more than previous
enrichments presented in chapter 4) which may have contributed to the higher concentration of
Fe(ll) observed in these samples. Nonetheless, it is clear in all biotic samples that iron reduction
is increased when microbes are present. However, unlike the original iron-reducing enrichments
(see section 4.1), addition of S. oneidensis resulted in a lower concentration of Fe(ll). It is possible

that S. oneidensis is outcompeted in iron-reducing enrichments due to a different community, or
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there was some oxygen present so it was not acting as an iron reducer. The latter seems unlikely
as these experiments were carried out in an anaerobic cabinet and so there is less likely to be
residual oxygen present unlike during the test cell experiments. These enrichments do further
evidence the ability of the indigenous community to reduce iron, with clear differences between

the Fe(ll) concentration when microbes are present compared to when they are absent.

Also in contrast to the original enrichments is the concentration of acetate. The production of
acetate, or the microbes that produce acetate, seem to be inhibited when steel is present in the
test cells. Or alternatively, the actetate is all being utilized in iron-reduction (see section 4.1) or
as energy by other members of the community and so it is not in excess. Addition of S. oneidensis
appeared to reverse this and caused an increase in acetate. This acetate was likely produced from
the consumption of other carbon sources as S. oneidensis is a known acetate producer (Liu et al.,

2005).

7.3.4 Microbial communities from test cell experiments are altered during enrichment

The nested sequencing results revealed distinct microbial communities at the top and bottom of
the test cell. These nested communities did vary somewhat between samples, likely because the
microbes are not evenly distributed throughout the clay, and with no enrichment there has been
no chance to grow into a more homogenous community. Although there are not many
differences between microbial communities following enrichment, Clostridia are more abundant
in samples taken from the bottom of the test cell, as is Desulfosporosinus. IRBs including
Desulfosporosinus (Pester et al., 2012) and Brevibacillus (EI-Rab et al., 2018) were identified. They
are not fermenting bacteria but can use fermentation products such as acetate and amino acids.
These species may have therefore contributed to the low concentration of acetate observed in

these enrichments.

Present in the nested, unenriched microbial community from Microbe_Steel experiments, there
are mainly aerobic bacteria that can withstand some oxygen stress or facultatively anaerobic
bacteria. Itistherefore likely that, as previously assumed, there was some residual oxygen in the
test cells. Methylotenera is only present at the top of the test cell from the experiment with steel.

It is a denitrifying bacterium and is capable of mixed acid fermentation (Mustakhimov et al.,
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2013). Also, notably, Deinococcus, which was similarly only present at the top of the test cell with
steel, is a thick cell walled, piezophilic bacterium, some species of which have been shown to be

radiation resistant (Makarova et al., 2001).

All species identified in the Microbe_Steel iron-reducing enriched communities are anaerobic or
facultatively anaerobic and the vast majority are capable of sporulation and fermentation. The
results from enriched communities also suggest that the iron-reducing community can recover
even after high pressure and confinement. Almost all bacteria present are known to produce
acetate among other fermentation products such as butyrate and carbon dioxide. All Clostrdium
sensu stricto species and several other species present produce hydrogen (Lin et al., 2007),
whereas there are not many species present in this community that are known to utilise H,.
Brevibacillus is also present. This is interesting as studies have indicated that the presence of iron
increases the hydrogenase activity of this bacterium (EI-Rab et al., 2018). In the repository,
increased H; may lead to an increase in gas pressure, and eventually lead to increased corrosion

via hydrogen embrittlement (see section 5.6.3).

Sporomusa was also identified in the microbial community at the bottom of the test cells. It is an
acetogenic bacteria that increases corrosion by using Fe(0) as an electron donor in place of H;
(Philips et al., 2019). In addition, Thermincola is a chemolithoautotroph which produces hydrogen
and is both thermophilic and halotolerant (Zavarzina et al., 2007). Gracilibacter (Lee et al., 2006),
Thermoanaerobacterales (Balk et al., 2009), Desulfosporosinus (Pester et al., 2012), Fonticella
(Fraj et al., 2013), Brevibacillus (EI-Rab et al., 2018), Sporacetigenium (Chen et al., 2006), and
Desulfitobacterium (Villemur et al., 2006; Finnerman et al., 2002) are also present and are also
halotolerant or thermotolerant. Interestingly, Desulfosporosinus and Gracillibacter sp. were
identified in these samples and in clay from in situ experiments carried out at Mount Terri 15
years after closure (Leupin et al., 2017). They are therefore likely candidates for longer-term

survival in the repository.

Pantke et al. (2012) showed the production of GR by iron-oxidizing nitrate-reducing bacteria
Acidovorax sp. (present in the nested microbial community from Microbe_Steel Bottom). This

occurred by hexagonal mineral formation on the cell surface. These crystals then grew rounder
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over time, eventually leading to cell death due to constriction of the plasma membrane and
blockage of cell receptors. It is therefore possible that the microbial community changes as GR is
formed. Other denitrifying bacteria have also been implicated in GR formation by reacting with
Fe(ll) to form ammonia, goethite (identified as a corrosion product in these experiments) and GR

(Etique et al., 2014).

Further evidence implicates SRBs such as Desulfosporosinus, in the formation of GR. Although
the links to sulfate GR are obvious, SRB activity can also lead to carbonate GR (Zegeye et al.,
2007). Furthermore, the relationship between SRBs and GRs is not only during formation, sulfate
GRs can provide sulfate for further SRB activity (Zegeye et al., 2007), and so the structure of the

GR may change or be maintained due to continued microbial presence.
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Chapter 8. Conclusions

A series of experiments were designed and carried out to achieve the main aim of this project as
set out in section 1.5. Firstly, these experiments were used to identify an indigenous iron-
reducing microbial community of MX80 bentonite; secondly experiments tested the limits and
activity of that community; and thirdly experiments assessed changes to the MX80 bentonite due
to the activity of that community. All experiments were set up with a focus specifically on iron
chemistry due to both the iron present in MX80 bentonite, and the UK concept for nuclear waste
disposal using a carbon steel canister which could contribute iron-rich rust products to the

environment.

Through these experiments, the objectives set out in section 1.2 were achieved. Enrichment
experiments characterised the indigenous iron-reducing bacterial community of the MX80
bentonite (chapter 4) and found that there was sufficient iron-interacting ability to potentially
alter clay minerals or influence corrosion of the canister. Indirect interaction experiments
supported the second objective of this project by determining whether secreted products from
the indigenous community could interact with iron-minerals. These experiments (chapter 5) were
important in terms of the repository design as they suggest that isolated microbial growth (likely
limited to the host rock / clay interface) could still contribute to changes in iron silicate minerals

throughout the clay and or contribute to corrosion of the canister despite being spatially distant.

Further experiments presented in chapters 5-7 supported the final objectives by assessing further
activities of these microbes, such as silica solubilisation and Hz production, and the survivability
of the microbial community in unfavourable conditions related to those predicted for the
repository. Additionally, results from these experiments were able to suggest what, if any,
microbially influenced geomechanical changes had occurred within the clay, with a focus on clay
plasticity which could have implications for the ability of the clay to perform as a barrier. These
results were then be analysed and the potential implications for the repository could be

identified.
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8.1 Summary of findings

The hypotheses as set out in section 1.6 were supported by the results presented in this thesis,
except for hypothesis C which stated that corrosion would be limited in the absence of microbes.
The conclusions presented below indicate that the results in fact suggest that corrosion was only

limited when microbes were present.

From this project, it can be concluded that a robust and viable microbial community exists
regardless of source, prior treatment and storage in compacted MX80 bentonite which is
metabolically and functionally diverse. More specifically, this community can reduce iron;
interact indirectly with minerals; and is not eliminated by high pressure (see chapter 7), salinity
(see chapter 4), temperature (see chapter 6), or low carbon availability (see chapter 6 &7).
Additionally, as evidenced in these experiments, it is likely that this microbial community could
alter the gas composition of the repository by consuming Oz and producing H; and, possibly, CO;

(provided fermentable material is available).

The indirect interactions with minerals, notably iron-containing minerals, can lead to silica
dissolution, calcite precipitation, and may contribute to biotically mediated illitisation of smectite
(Kim, 2012). This transformation to non-swelling clay minerals would be a disadvantage in the
repository system and would decrease the ability of the MX80 to perform as a barrier. However,
these changes may only occur at the clay/ host rock interface or backfill, in areas where swelling
has not fully occurred, rather than being widespread throughout the clay buffer (Jalique et al.,
2016; Wilson et al., 2010). These changes and the loss of silica led to a decrease in the plasticity
index (PI) of the clay in the presence of microbes, even at elevated temperatures. This change
was likely caused by microbe-mineral interactions and could indicate a decrease in the swelling
capacity of the MX80 bentonite; however, it is not clear if this would be a local effect (e.g., at the

clay edge sites), or to what extent the swelling capacity may be altered.

Whilst these observations do not appear positive for the ability of the clay to perform as an
effective barrier, the microbial concentration used in these experiments is higher than what is
naturally present in MX80 bentonite. The swelling ability of the MX80 bentonite should also limit

the microbial activity more than was observed in many of these experiments. Conversely, positive
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effects of microbial presence of protection of steel from corrosion were also observed. It would
appear that protection was afforded in a passive manner in most instances, by consumption of
oxygen that would otherwise have contributed to aerobic corrosion. However, formation of a
green corrosion product was also observed and XRD analysis suggests this product is primarily a
sulfate GR, which also provides passive protection. The results of these experiments (chapter 7)
suggest that microbes may be involved in maintaining the metastability of this mixed oxide layer,
but further experiments and analysis (such as low angle XRD, Mossbauer analysis, or further

microscopy) would be necessary to fully characterize the GR and define the microbial role fully.

8.1.1 MX80 bentonite carries a robust bacteria community capable of iron-reduction

To characterize the iron-reducing microbial community indigenous to the MX80 bentonite,
anaerobic enrichments were set up at different salinities to represent the range of possible
groundwaters in the repository environment. Whilst this allowed the measurement of the iron-
reducing capability of the bacteria present, which was significant, enrichment was also necessary
to generate enough DNA for its extraction and sequencing. This process was advantageous as it
allowed for the characterisation of the activated microbial community rather than the

extracellular DNA bound in the clay, or that of unviable organisms.

The enrichments in this project, however, did not replicate the repository conditions in terms of
pressure, temperature, or water or carbon availability and therefore, the true active microbial
community in the repository will likely be more limited. Nevertheless, these experiments did
show that there are indigenous bacteria to the clay that would be good candidates for repository
survival across all salinities, and a microbial community capable of significant iron-reduction in
salinities up to sea-water concentrations. These iron-reducing bacteria included
Desulfosporosinus (Kunapuli et al., 2010; Pester et al., 2012), Desulfitobacterium (Villemur et al.,
2006), and Shewanella (Ruebush et al., 2006). It is noteworthy that despite the obvious iron-
reduction, Geobacter (a common model organism for iron-reduction, and perhaps most studied)

was not identified in any enrichments of MX80 bentonite presented here.

The microbial community from all enrichments was overwhelming composed of firmicutes, both

spore-forming Bacillus and putatively fermentative Clostidium species were abundant. Based on
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the known functions of these species it was possible to conclude that the oxidation of organic
matter and H, and degradation of amino acids by fermenting bacteria was coupled to iron-
reduction in this system. The fermentation products could be utilized by other members of the

community as an energy source given the scarcity of bioavailable carbon in the repository.

These enrichment experiments also indicated that compaction, and subsequent storage of the
clay as a compacted block, had little effect on the microbial community when compared to the
community enriched from experiments with MX80 bentonite powder. Therefore, two
conclusions can be drawn; firstly, that microbes native to the MX80 bentonite are robust and can
survive in compacted clay blocks. Secondly, that microbes introduced during the commercial
compaction process do not have a significant effect on the overall microbial community
composition. However, salinity had a significant selective effect on the composition and diversity
of the indigenous iron-reducing microbial community, as well as decreasing the ability of the
indigenous community to reduce iron. Indeed, most of the high salinity enriched microbial
community were spore-forming bacteria. Unsurprisingly, a BLASTN search identified that most of
the members of this community were most closely related to halophilic bacteria isolated from or
at least identified in salt lakes and other high salinity environments. No iron-reduction was
observed in high salinity enrichments. Therefore, the conclusion that repository sites with highly

saline groundwater will hugely limit microbial growth, particularly IRBs, was made.

Further enrichments were carried out under aerobic conditions and again found a viable but
distinctively different microbial community; however, while many of the species identified
previously were facultatively anaerobic, some of the species found in these enrichments were
putatively aerobic. Therefore, the microbial community will have to change somewhat as
conditions become anaerobic following repository closure, allowing the facultative anaerobes to

become dominant over the strict aerobes in the community.

Furthermore, these findings also suggest that some of the bacteria that could be active during
the anaerobic period of enclosure will have been active from the start of the repository as aerobic
bacteria, thus giving them more time to become established before full swelling of MX80

bentonite occurs — a process which will limit microbial growth. My findings therefore justify the
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need to ensure that highly compact MX80 bentonite is used in repositories and steps taken to
ensure swelling takes place to seal gaps because there is a robust, viable, and functionally and
metabolically diverse indigenous microbial community in MX80 bentonite which will therefore

be present in the repository.

8.1.2 The indigenous iron-reducing community of MX80 bentonite is capable of further
activities

A range of follow-on experiments was carried out to assess the microbial activities of the
previously characterized iron-reducing microbial community. These experiments were designed
in line with the obstacles microbes might face in the repository environment including pore size
exclusion and clay recolonisation. These experiments also assessed the hydrogen producing and

silica solubilising abilities of the community.

To first investigate the possibility of recolonization of MX80 bentonite, etching experiments were
carried out. After one month of growth on agar plates, a previously sterilsied block of MX80
bentonite was cut open. SEM images showed clear microbial growth and colonisation within the
block of compacted MX80 bentonite. SEM images of a sterile control showed no microbial
presence — in relation to that observed in the inoculated experiment - and therefore confirmed
that both the initial sterilization had been successful, and that the microbial growth observed in
the experimental MX80 bentonite was new growth. Although these experiments did allow for
limited expansion of the clay, and so the true pore size may have been larger than 0.02 um (which
is 10x smaller than the average microbe and, therefore, thought to inhibit microbial growth), the
observable recolonization despite the decrease in carbon and water (as experienced in the clay)

compared to the surrounding agar is important.

In keeping with pore spaces and their connectivity, a series of indirect interaction experiments
were set up to determine whether microbial secretions, or electron transport, could interact with
minerals through the clay if the microbes were unable to travel around the clay barrier due to
the pore size. Mineralogical changes were observed across all iron substrates in these
experiments when microbes were present. These changes included some iron oxidization when

iron powder was used as the substrate and changes to MX80 bentonite powder and PCFeO. XRD
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analysis showed that iron powder had been transformed to magnesioferrite. It can therefore be
concluded that the iron-reducing indigenous microbial community is capable of both iron-
reduction and iron oxidization by organic acid production at spatially distant locations from the

minerals. This experiment is directly linked to objective 2 (see section 1.5).

Furthermore, silica solubilization was also observed by direct interaction between clay and the
indigenous iron-reducing microbial community of MX80 bentonite. The outcome of interactions
such as these is likely to be a loss of plasticity and, by extension, swelling capacity of the clay.
[llitisation by interactions coupled to the reduction of iron (lll) results in a release of silica from
clay minerals. This result further evidences the previously measured iron-reducing activity of the
indigenous microbial community of the MX80 bentonite and supports the conclusion that this
activity could lead to geomechanical changes to the MX80 bentonite in the repository which

could affect its ability to perform as a barrier.

Finally, bacterial hydrogen production was considered. Both CO, and H; are likely gas products
of bacterial metabolism — particularly as end products of fermentation. H, was focused on as
there will be abiotic production of H; in the repository from water splitting in the corrosion of
the carbon steel canister (Hultquist et al., 2011; RWM, 2017) which could lead to an unfavourable
increase in pressure within the repository. There are predictions that the bacteria would be able
to utilise the H, (Rawlings, 2005), thus avoiding a dangerous build-up of gas pressure and indeed,
the indigenous iron-reducing community characterized here are closely related to organisms
known to be capable of H, consumption. However, results suggest that after 10 months growth
there was significantly more H; in the microbial experiments than in the sterile. This result
confirmed the presence of hydrogen production by the indigenous microbes and suggested than
any utilization of H, was minimal. However, there was more evidence of hydrogen embrittlement
on the steel when microbes were absent. In the presence of microbes, there was a build-up of
lepidocrocite which may have protected the steel surface to some extent. Therefore, conclusions
were drawn which stated the microbial community will contribute to an overall build-up of H»
within the repository. Furthermore, it was concluded that, in relation to objective 1 (see section
1.5), the microbes present do affect the corrosion of steel discs (as representatives of the

repository canister) indirectly through formation of a protective iron-oxide mineral layer. This
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conclusion did not support our initial hypothesis because corrosion was more limited with

microbes than without.

8.1.3 The indigenous iron-reducing community of MX80 bentonite can survive high
temperature in desiccated environments

In line with the repository obstacles to life - low water and high temperature - longer-term
desiccation tolerance experiments were set up to test the limits of the indigenous iron-reducing
community. The findings of these experiments showed identifiable and distinct (and therefore
viable as evidenced by enrichment) microbial communities at 40°C and 70°C, the most obvious
difference being that non spore-forming Clostridum were absent from the microbial community
at 70°C, and did not appear in the dual temperature community either. It can therefore be
concluded that in order to survive the higher temperature, and later become active, spore-
formation and flexible metabolic and respiratory functions are important factors which allows

for microbial activity over a broad range of conditions.

Further to this, the presence of a microbial community at 70°C, and the changes observed in the
Pl of the MX80 bentonite, indicates that these species are active under these conditions, despite
the obvious challenges. This community was found to be most closely related to species which

are halotolerant which suggests that they may be suited to low water conditions.

Further conclusions from these experiments are supported by changes to clay plasticity. At 40°C,
when most bacteria were likely to be active, there was a significant decrease in Pl due to an
increase in plastic limit and decrease in liquid limit. This temperature is within the activity range
of both thermophiles and mesophiles and is also the predicted temperature for most of the
repository lifespan at the clay / host rock interface. The same change, although less extensive
was seen at 70°C. It was concluded that microbial activity, likely iron-reduction leading to a loss
of silica from iron silicate minerals, resulted in the decrease in Pl which would be unfavourable
in a repository setting. However, there was no change between the sterile and nonsterile dual
temperature experiments. This result suggests that while non-spore formers are not able to
survive higher temperatures, those bacteria active and causing changes to clay mineralogy must

have an optimum temperature above 40°C, below which they are not active.
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Also of interest in these results was the condition of the steel coupons when retrieved at the end
of the experiment. Like the H, production experiment, it seemed that there was less corrosion
on the biotic samples than the abiotic. This lack of corrosion was attributed to microbial
consumption of oxygen. Therefore, it can again be concluded that microbial presence indirectly

inhibits corrosion of steel.

8.1.4 Summary of findings from microbial clay /steel interface experiments under high pressure
Finally, test cell experiments were set up to mimic to a greater extent, the repository conditions.
In these experiments obstacles to microbial growth included high pressure, small pore size and
temperature as well as low carbon availability. Carbon steel discs were included to represent the

canister.

Results from these test cells had to be taken at the end of the experiment as subsampling was
not possible during the interim. Significant and obvious colour changes were observed between
the sterile and unsterile experiments. In the sterile experiment orange rust products were
observed to have diffused into the clay from the steel coupon, against the water gradient. The
steel coupon was a dull orange colour but SEM images revealed extensive pitting corrosion.
Whereas in the unsterile experiment, orange and green corrosion products were observed to
have diffused into the clay, with green nearest to the steel surface. The steel coupon in this
experiment had turned black; however, SEM imaging suggested the surface was much smoother
than the sterile coupon. These differences suggested that the microbes were implicated in some
form of protection of the steel surface from corrosion. Further analysis of the green layer
suggested it was a sulfate GR — a mixed metastable iron oxide product of anaerobic corrosion
(Zegeye et al., 2010; Zegeye et al., 2012; Jorand et al., 2011), which has been shown to cause
passive protection of steel surfaces by blocking access of oxidants (Guilbaud et al., 2013). As
previously, it was concluded that microbes indirectly protected the steel surface from corrosion
through consumption of oxygen and formation of a protective iron-oxide layer. Further analysis
such as low-angle XRD and Mossbauer analysis would aid in an effort to confirm which mineral

was formed.
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It was also concluded that the indigenous microbial community reduced iron in the MX80
bentonite which caused a decrease in the Pl. This conclusion was supported by measurements
from groundwater which revealed that there was more iron in the effluent from microbial
experiments, present as both Fe(lll) and Fe(ll), as well as a higher concentration of total dissolved
solids. Additionally, observations of corrosion (green and orange) further suggest that the
microbes are directly involved in changes to iron redox state. However, it is not clear if this iron
is from the steel, or if it is structural iron from the clay. It is clear that changes to iron mobilization
are likely to change the MX80 bentonite mineralogy. Furthermore, XRD analysis of these samples
revealed the possibility of illitisation. This transformation would certainly explain the changes in
Pl, and would also indicate a decrease in swelling capacity, as smectite is much more able to swell

than Fe(ll) rich phyllosilicates (Wersin et al., 2008).

In these test cell experiments nested PCR allowed for sequencing of the microbial communities
direct from the clay without enrichment. As previously found, this community was comprised
largely of spore-forming bacteria, however, two distinct microbial communities were observed
in these experiments, one present at the top of the test cell, furthest from the steel, and one at
the clay / steel interface. It was therefore concluded that the concentration and redox state of
iron puts a selective pressure on the microbial community. As these test cells were inoculated at
the top of the test cell, and the pore space prevents movement of microbes around the test cell,
some explanation is needed for the presence of community at the bottom of the cell. As part of
the setup of the experiment, groundwater was allowed to flow into the test cells for 48 hours at
a low pressure. This allowed full swelling to occur, but also will have carried the microbial

community around the outer edges of the clay before the swelling had occurred.

Although many of the same species were found in both samples, there were some key
differences. For example, the rust community had a higher abundance of Actinobacteria and
Acidobacter than the community more distant from the steel. Both Acidobacter and
Actinobacteria have been implicated, either directly or indirectly, in GR formation and silica
mobilization (Sauro et al., 2018). Whereas the community at the other end of the test cell had
more species of IRB present, compared to the rust community which was comprised of some

iron-reducing species but also iron-oxidisers and denitrifying bacteria.
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The presence of both iron-reducers and oxidisers at the bottom of the test cell suggests that
some redox cycling may have occurred. Although there is some nitrate in the groundwater, the
abundance of denitrifying bacteria was unexpected. These bacteria were found alongside a
limited number of nitrogen-fixing bacteria. This finding suggests that there may be a small
nitrogen cycle occurring which is coupled to iron-oxidation (Liu et al., 2009). It is also suggestive
that the composition of groundwater, including the concentration of nitrate, may be an

important factor in microbial community composition.

Interestingly, unlike previous enrichments, when steel was present there was only a low
concentration of acetate produced over the 6-week post-test cell enrichment. As the addition of
S. oneidensis led to an increase in acetate, it seems likely that there are simply not many species
present that are actively producing acetate. The acetate concentration of the microbial
experiment without steel did not show the same decrease so perhaps the high concentration of
iron is causing a selective pressure which negatively affects fermenting bacteria. Significant iron-
reduction was observed in all unsterile enrichments, in fact more so than the positive S.
oneidensis control. It can therefore be concluded that the high pressure and challenges caused

by small pore size do not eliminate IRBs.

8.2 Suggestions for further study

While this project shed light on the iron-reducing ability of the bacteria present in the MX80
bentonite, and its potential activity and survivability in the repository, there are still unanswered
guestions which have been raised from the results which give rise to new objectives. It would be
important for RWM to conduct long-term experiments similar to those carried out internationally
at sites such as Mont Terri (Leupin et al.; Necib et al., 2017; Stroes-Gascoyne et al., 2002; Hadi et
al., 2019), to fully understand the possibility of iron-reduction or silica loss to the bentonite
barrier and the potential corrosion protection afforded to the waste canister in a UK repository

site.

8.2.1 Green rust analysis
Principally, a full characterisation of the GR formed during test cell experiments and the

associated protection it could afford to the canister against corrosion should be carried out.
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Current literature in connection to nuclear waste, does not consider potential carbon steel
canister protection by GR. Indeed, there is very limited research which has aimed to generate
and investigate GR in relation to nuclear waste containment and its associated environment,
rather it has appeared as a by-product of an experiment which aimed to investigate something
else (as it did in the experiments presented here). Some research groups investigating the
alteration of bentonite due to corrosion products have observed GR formation in some samples,
but this has not been reproducible across replicates (Hadi et al., 2019; Kumpulainen et al., 2011)
(reproducible green mineral formation has been achieved in this project); the following reasons
can be offered as explanation for these discrepancies: the research did not explicitly consider the
role of microbes, the controls have not been sterilised correctly, or the corrosion products have

oxidised before analysis was possible.

There is some research which has been conducted on host rocks and groundwater which has
identified the presence of GR and suggests this product could be beneficial to the repository
system as its low porosity could limit radionuclide transport to the external environment
(Skovbjerg et al., 2010). Therefore, formation of this product closer to the source of radioactive
waste (i.e., the steel canister) could act as a previously unanticipated barrier to both shield the
canister surface from oxidants and thus in turn leading to a decrease in corrosion, and as a barrier

limiting the movement of radionuclides from the canister.

Further work should aim to characterise this putative GR and assess its longevity to determine if
it will survive the different phases of the repository, be able to reform, or will be lost after a
certain point. Due to the metastable nature of GRs, an array of microscopy techniques should be
used to fully understand the protective (or non-protective) properties of the GR including SEM,

Raman spectroscopy, micro probe analysis, Mossbauer, and XRD.

8.2.2 Microbially influenced changes to swelling capacity

Moreover, this project aimed to investigate what effect microbial activity may have on the
geomechanical properties of MX80. Whilst changes to Pl were measured and found to
significantly decrease when microbes were present, further investigation of microbially-induced

changes to the geomechanical properties of the clay is needed, with a specific focus on swelling
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capacity. Time and experimental design did not allow for any direct changes of swelling capacity
to be measured, but a decrease in Pl suggests there was some change to swelling capacity

occurring.

8.2.3 External microbial species and the role of fungi

Furthermore, no attempt was made to identify any fungal species present or assess what
alterations may occur due to fungal activity. Additionally, there is the possibility that microbial
species from local groundwater may alter the microbial community through competition; or local
geochemistry (such as nitrate) may put different selective pressures on the community.

Therefore, special attention should be paid to local groundwaters during site selection.

8.2.4 Microbial gas production

More information and further study are also needed on gas production of microbes; experiments
presented here observed significant increases in H; which was not used in hydrogen
embrittlement of the steel and so could cause an undesirable increase in pressure in the
repository. Despite predictions, and the presence of several fermenting bacterial species, no
change in CO; was observed, this also should be further investigated. It is inevitable that CO; is
produced during oxidation of organic acids, it is not clear where it is then utilised — perhaps in

weathering of minerals within MX80 bentonite.
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