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Abstract 
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Bentonites are montmorillonite-based materials being considered for use as engineered barriers during 

the disposal of high heat generating radioactive wastes. Bentonite has several beneficial properties 

when it comes to the disposal of nuclear waste, including the ability to swell in the presence of water 

producing a low permeability, material with amphoteric ion exchange sites able to absorb 

radionuclides.  They also offer the ability to buffer the pH, providing stable conditions for the 

enclosed canisters.  

Microorganisms have been identified in natural bentonite horizons and may be viable and active 

under geological disposal conditions. Initial studies focused on the viability of sulphate-reducing 

bacteria (SRB) due to their role in the corrosion of canister materials. Fe(III)-reducing bacteria (IRB) 

were also of interest as Fe(III)-reduction in smectite minerals influences their geochemistry, and 

ability to swell. Indigenous microbial communities in a range of bentonites were subjected to 

mechanical pressure, heat, and gamma radiation treatments, and their IRB, and SRB contents counted. 

All the bentonites contained viable microorganisms after the treatments albeit in low numbers. Cores 

from a field-scale geological disposal experiment (FEBEX-DP) were also analyzed to see how the 

temperature gradient influenced the long-term viability of microorganisms. The FEBEX cores tested 

negative for culturable organisms. However, DNA was extracted, and 16S rRNA genes amplified and 

sequenced, suggesting an enrichment in anaerobic bacteria at the lower end of the temperature 

gradient (55 °C).  

The reduction of Fe(III) by the subsurface bacterium G. sulfurreducens was quantified in SWy-2 

montmorillonite and FEBEX bentonite. A significant degree of biological Fe(III)-reduction was 

observed in the SWy-2 montmorillonite (81 % reduced). Meanwhile, the FEBEX bentonite was 

largely recalcitrant to biological Fe(III)-reduction (17 % reduced). The lack of Fe(III)-reduction in the 

FEBEX bentonite was attributed to the presence of iron oxides coating the montmorillonite, or 

potentially a lower swelling ability which decreased the exposure of Fe(III) in the bentonite to G. 

sulfurreducens cells. The Fe(III)-reduction in the SWy-2 montmorillonite increased the cation 

exchange capacity (CEC), which could influence the swelling pressure generated by the bentonite. 

The role of swelling pressure in restricting microbial Fe(III)-reduction in the SWy-3 montmorillonite 

was also investigated, and suggested a wet density of over 1900 kg m-3 (1411 kg m-3 dry density) in 

SWy-3 montmorillonite would be required to halt biological Fe(III)-reduction, with considerable 

activity observed at 1750 kg m-3 (1176 kg m-3 dry density) and below. Fe(III)-reduction in SWy-2 

montmorillonite also affected the solubility of selenium oxyanions. Selenite and selenate oxyanions 

were both reduced and precipitated, selenate as a result of direct biological reduction with G. 

sulfurreducens cells, and selenate via a chemical reaction with the montmorillonite.  

The results of the molecular ecology on the FEBEX in-situ cores, combined with data from the IRB 

swelling pressure experiments suggest that microbial activity will be inhibited if a sufficient bentonite 

buffer density is maintained. If the bentonite density decreases, then microbial activity might be 

restored, most likely by spore-forming bacteria. In the case of IRB, biological Fe(III)-reduction could 

cause further swelling pressure decreases. However, IRB may also promote the capture of selenium 

oxyanions, and potentially other radionuclide species, minimizing their migration from a geodisposal 

barrier system. 
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1. Introduction: Bentonite Utilization in the Geological Disposal of 

Radioactive Waste, and the Activity/Viability of Microorganisms 

in such an Environment 
 

1.1. Introduction 

The UK has been harnessing nuclear fission since the 1950s, primarily for electricity 

generation, as well as for the manufacture of products related to civil defense, medical 

therapies, and research. Nuclear power generation is a low carbon source of electricity, and 

will be a crucial element of meeting climate targets set out in the Paris Agreement (UN, 

2015), and Kyoto Protocol (UN, 2008). However, legacy wastes, and future wastes are costly 

to process, and their disposal in a safe manner is required to mitigate risks to public, and 

environmental health. An internationally recognized method for disposing of nuclear wastes 

is through a multi-barrier underground disposal system known as a geological disposal 

facility (GDF) (NDA, 2013). GDFs are made up of the waste form, container, a buffer, and 

the host rock (SKB, 2006) 

Bentonite is a clay-based material being considered by  Radioactive Waste Management 

Limited (RWM) (the organization responsible for nuclear waste disposal in the UK), and 

other national waste management agencies, for use as a buffer material in the disposal of high 

heat generating nuclear wastes (Wilson et al., 2011). Bentonite has several advantageous 

characteristics including the ability to swell, low permeability, radionuclide retention, and the 

capacity to filter colloids and microbes. Despite these properties there are still significant data 

gaps to be answered regarding the effects of microbes on bentonite mineralogy, and barrier 

performance. The consequences of microbial activity on bentonite performance are of interest 

to RWM and other national waste disposal agencies, as well as participants in the 

Microbiology in Nuclear Waste Disposal (MIND) program. 

This literature review summarizes the suitability of bentonite for use as a buffer in the 

disposal of HLW, and the potential influences of microbial activity on the structure of 

bentonite, the stability of canisters intended for nuclear waste disposal, and hence engineered 

barrier performance within a GDF. Of relevance to this thesis is the activity of Fe(III)-

reducing bacteria (IRB), and sulphate-reducing bacteria (SRB) whose physiology is described 

in detail, along with the mechanisms employed by microorganisms to withstand extreme 

stress, which will control their viability in a geological waste disposal scenario. Such work is 

vital to contributing to the knowledge base regarding the disposal of radioactive wastes. 
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1.1.1. Nuclear fuel cycle 

The nuclear fuel cycle encompasses a series of processes involved in the manufacture, usage, 

recycling, and disposal of nuclear fuel. The nuclear fuel cycle is a complicated process, and 

waste products of varying hazard are produced at every step. Some of the products from the 

nuclear fuel cycle are also used for weapon manufacture, medical therapies, and research. 

Figure 1.1 depicts a simplified version of the nuclear fuel cycle. 

 

1.1.2. UK waste inventory 

The UK classifies the wastes from the nuclear fuel cycle into six categories, low level waste 

(LLW), intermediate level waste (ILW), high level waste (HLW), spent fuel (SF), separated 

plutonium and uranium (RWM, 2016a). These can be grouped into two kinds of waste, low 

heat generating wastes (LHGW), and high heat generating wastes (HHGW). LHGW consists 

of LLW which is made up of general refuse such as paper, plastic etc. that becomes 

contaminated during the operation of nuclear facilities, LLW is disposed of at the Low Level 

Figure 1.1: An overview of the nuclear fuel cycle (WNA, 2015). 
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Waste Repository, Cumbria (Wilkins et al., 2010). ILW is also LHGW, and is generated 

during SF reprocessing, as well as being made up of contaminated building materials, and the 

graphite from reactor cores, ILW will eventually be disposed of in a geological disposal 

facility (GDF). HHGW is mostly made up of SF the term given to reactor fuel which is no 

longer usable and is normally stored for future disposal. Reprocessed SF generates uranium, 

and plutonium products, along with HLW. HLW is vitrified into glass and will be disposed of 

in a future GDF. The volumes and radioactivity of the mentioned wastes are described in 

Table 1.1: 

 

Table 1.1: Breakdown of the UK’s nuclear waste inventory by volume in its stored, 

conditioned, and treated states, as well as its radioactivity during the year 2040, and 2200 

(RWM, 2016a). HLW, high level waste; ILW, intermediate level waste; LLW, low level 

waste; SF, spent fuel. 

Waste 

category 

Stored 

volume 

(m3) 

Conditioned 

volume 

(m3) 

Packaged 

volume 

(m3) 

Activity (TBq) 

2040 2200 

HLW 1,410 1,410 9,290 3.5 ×107 1.1 ×106 

ILW 2.7 ×105 3.5 ×105 4.6 ×105 1.9 ×106 1.2 ×106 

LLW 9,330 1.1 ×104 1.2 ×104 0.908 2.48 

Pu 0.567 174 620 6.2 ×104 4.4 ×104 

SF 9,850 9,850 6.6 ×104 1.9 ×108 2.5 ×107 

U 1.1 ×105 1.6 ×105 2.2 ×105 8,430 8,430 

Total 4.0 ×105 5.4 ×105 7.6 ×105 2.3 ×108 2.7 ×107 

 

The table shows that the volume of HHGW is much lower than LLGW, however both are 

comparable when the packaged volume is taken into consideration. This is because of the 

extra shielding required for HHGW to protect workers, and equipment from the heat, and 

radioactivity. HHGW accounts for 99.2 % of the radioactivity in the year 2040, and 95.8 % in 

the year 2200. Listed in Table 1.2 are a series of radionuclides that RWM consider to be the 

highest priority when it comes to geological disposal (RWM, 2016a).  
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Table 1.2: Priority radionuclides with their half-lives, and specific activities (data from 

(Delacroix et al., 2002)). 

Radioisotope Half-life (years) Specific activity (Bq g-1) 

C-14 5.73 ×103  1.65 ×1011 

Cl-36 3.00 ×105 1.23 ×109 

Co-60 5.27 4.18 ×1013 

Se-79 6.50 ×104 2.59 ×109 

Kr-85 10.7 1.45 ×1013 

Tc-99 2.11 ×105 6.36 ×108 

I-129 1.57 ×107 6.53 ×106 

Cs-135 2.30 ×106 4.44 ×107 

Cs-137 30.2 3.20 ×1012 

U-233 1.59 ×105 3.57 ×108 

U-235 7.04 ×108 8.00 ×104 

U-238 4.47 ×109 1.24 ×104 

Np-237 2.14 ×106 2.64 ×107 

 

The half-life refers to the time it takes for half the quantity of a radionuclide to decay to its 

daughter products, specific activity is the radioactivity per quantity of the radionuclide (often 

expressed as Becquerels per gram (Bq g-1). As can be inferred from Table 1.2 a lot of these 

radionuclides exhibit high activity and will remain in significant quantities for hundreds of 

thousands of years, many of these radionuclides are also of toxicological concern. The design 

of a GDF must take these factors into account and provide stable conditions for many 

thousands of years. 

 

1.1.3. Geological disposal facility 

The term geological disposal facility (GDF) is used to describe a waste repository situated 

under several hundred meters of host rock, and is the preferred option for 25 nuclear waste 

generating nations (NDA, 2013). GDFs implement a multi-barrier system which utilizes 

engineering, and the properties of the host rock to isolate the waste from its wider 

surroundings. The multi-barrier system is formed of several components: the waste form, a 

container, in some instances a metal overpack, the host rock, and a buffer material that fills 

the gap between the container and the host rock; a representation of this system is described 

in Figure 1.2 (SKB, 2006). 
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1.1.3.1. Waste forms 

Vitrified HLW is formed when highly active liquor is heated in the presence of glass-forming 

additives at high temperatures, the molten glass is poured into stainless steel containers 

(Harrison, 2014). Spent fuel is currently stored in cooling ponds where it is expected to 

remain for up to 140 years; this will allow for it to cool to a temperature safe for disposal 

(NDA, 2014). Once cooled the SF will be transferred into cast iron inserts, or carbon steel 

baskets depending on the waste canister chosen (Hicks et al., 2018). Both the HLW, and SF 

waste forms are recalcitrant to leaching, however some components of SF are expected to 

leach if they come into contact with groundwater (Bauhn et al., 2018). The containers, 

inserts, and baskets housing the waste are purely for handling purposes and are not expected 

to serve a long-term function. 

 

1.1.3.2. Container (overpack) 

In the case of the KBS-3 Swedish GDF concept, overpacks have several safety functions 

including protecting the waste from physical disturbances, isolation from groundwaters, 

partial protection from groundwater following canister breach, controlling redox conditions 

Figure 1.2: Overview of the KBS-3 Swedish GDF concept, highlighting the waste form 
(fuel pellet), metal container (cladding tube), metal overpack (copper canister), buffer 
(bentonite), and host rock (SKB, 2006). 
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around the waste during corrosion, and allowing the movement of gas away from the waste 

(Harvey et al., 2012). Overpacks typically house several smaller containers, and depending 

on host rock, and desired lifetime are made from corrosion-resistant materials such as carbon 

steel, or copper (Hicks et al., 2018). 

 

1.1.3.3. Buffer material   

Buffers are designed to fill in the space between the host rock and the overpack. Some of the 

functions of the buffer are similar to the overpack including protecting the waste from rock 

movements, restricting groundwater flow to the container and maintaining stable chemical 

conditions. The buffer provides additional radionuclide retardation by providing sorption 

sites, and also prevents the accumulation of gases (Bailey, 2015). Crushed salt, cement-based 

materials, and clays are typical choices for buffers, the geological environment ultimately 

dictates which is the most suitable (Baldwin et al., 2008). Clays have a low permeability, 

surface sites for adsorption of radionuclides, pH buffering properties, and small pore spaces; 

bentonite is the preferred clay as it swells in contact with water, further reducing the 

permeability and pore sizes (Wilson et al., 2011). Cementitious materials generate alkaline 

conditions which inhibit corrosion and decrease the solubility of some radionuclides (RWM, 

2016b). However cementitious material usage in conjunction with HLW is limited, due to 

challenges associated with thermal stability  (Holton et al., 2012). Crushed salt is being 

considered for use in conjunction with a salt host rock (Table 1.3), as host rock creep will 

compact the salt producing an impermeable barrier (RWM, 2016b). This project is focused 

on bentonite buffers and further discussion of them can be found in later sections. 

 

1.1.3.4. Host rock 

There are several properties relating to the host rock and its influence on the engineered 

components that dictate whether the geological environment is suitable or not. These 

properties include its ability to conduct heat, its hydrogeological characteristics, chemistry, 

and the mechanical behavior of the host rock (Baldwin et al., 2008). Suitable host rocks may 

be considered as falling into one of three categories, higher strength rocks, lower strength 

sedimentary rocks, and evaporites (Table 1.3) (RWM, 2016b).   
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Table 1.3 Example host rocks and the reasons they were chosen (Sites sourced from (RWM, 

2016b). 

Host Rock Example Advantages 

Higher Strength 

Rocks       

(SKB, 2006) 

Forsmark 

Site, Sweden 

(granite) 

- High quartz content (permits thermal conductivity) 

- High average uniaxial compressive strength (UCS) values of 225 

MPa 

- Geologically ancient deformation zones 

- Limited groundwater flow 
   

Lower Strength 

Sedimentary 

Rocks     

(Nagra, 2002) 

Opalinus 

Clay, 

Switzerland 

- Simple geological structure permitting long-term predictions 

- Homogenous lithology with poor permeability 

- Low-permeability formations above and below 
   

Evaporites 

(BMWi, 2008) 

Gorleben 

Salt Dome, 

Germany 

- Germany has a long history of salt formation mining 

- Rock creep causes formations to seal under mechanical load 

- Poor permeability 

- High thermal conductivity 

 

1.1.4. Microbe interactions with GDF materials 

Very few near-surface environments can be considered sterile, and therefore microbes may 

impart an influence during the construction, and operation of a GDF, listed below (Table 1.4) 

is some of the key issues being discussed when it comes to microbes, and their potential 

impact. 

  

 

 

 

 

 

 

 

 



27 

 

Table 1.4: Key issues relating to GDF construction and microbes (+/- indicate positive or 

negative impacts on a GDF). 

Process Impact Reference 

Gas metabolism 
  

Hydrogen consumption + Hydrogen produced by abiotic reactions is 

consumed by microbes, reducing gas pressure, and 

explosion risk. 

(Bachofen, 1991) 

Methane production - Methanogens generate methane from carbon 

dioxide, and organic matter, increasing gas 

pressure, and explosion risk. 

(Askarieh et al., 2000) 

Methane consumption  + Methane consumed as an electron donor by a 

variety of organisms including SRB, aerobic 

methanotrophs, and denitrifying bacteria. 

(Meulepas et al., 2010) 

Cellulose 
  

Incomplete microbial 

degradation 

- Depending on the microbial community anaerobic 

microbial degradation of cellulose produces 

methane, carbon dioxide, hydrogen, acetate, and 

hydrogen sulfide. 

(Beguin and Aubert, 1994) 

ISA degradation + Microbes degrade ISA (a strong complexant 

formed by chemical alkali hydrolysis of cellulose), 

preventing the production of soluble radionuclide 

complexes. 

(Bassil et al., 2015) 

Radionuclides 
  

Adsorption and uptake - Radionuclides become associated with cells and 

potentially transported. 

(Newsome et al., 2014) 

Biomineralization + Precipitation of insoluble radionuclides. (Newsome et al., 2014) 

Material interactions 
  

Corrosion -/+ Hydrogen sulphide produced by SRB will cause 

corrosion of steel canisters but may also precipitate 

a protective film. 

(El Mendili et al., 2013) 

Clay alteration - Fe(III) reduction by Fe(III)-reducing bacteria may 

cause smectite dissolution. 

(Kim et al., 2004) 

 

1.2. Bentonite 

Bentonite is being considered as a buffer material for geological disposal as it has several 

advantageous properties including a low permeability, the ability to self-seal following gas 

migration, resistance to mechanical forces, retention of radionuclides and colloids, and 

swelling in the presence of water (Hicks et al., 2009). The definition of a bentonite has 

changed several times over the past century, but in the geological disposal community is used 

to describe a clay rich in smectite material (Wilson et al., 2011). Bentonite is formed from the 

hydrothermal alteration of a variety of rocks including tuffs and lavas at low temperatures, 

and contains other clay minerals such as illite, as well as accessory minerals like feldspar, 

quartz, and plagioclase (Hicks et al., 2009). Several types of smectite exist including 

beidellite, nontronite, saponite, and hectorite, however sodium-enriched montmorillonite is 

preferred for use as a buffer, as it has a greater swelling ability (Hicks et al., 2009). 
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1.2.1. Bentonite mineralogy 

The mineralogical composition of bentonites varies greatly between deposits, Table 1.5 

provides an overview of some common bentonites. It is worth noting that the chemical 

composition of bentonites does vary, even between samples extracted from the same quarry, 

so the below values should only be used as a guide (Karnland, 2010). 

 

Table 1.5: Mineralogical composition of bentonites, and their source (adapted from (Hicks et 

al., 2009). 

  MX-80  Avonseal Kunipia F Montigel FEBEX 

Source Wyoming, 

USA 

Canada Japan Germany Almeria, 

Spain 

Montmorillonite (wt %) 87 79 98-99 66 89-95 

Quartz/Chalcedony (wt %) 3 5 <1 8.3 1-3 

Cristobalite (wt %) 2 - - - 1-3 

Feldspar (wt %) 3 1.5 - 2-4 1-3 

Calcite/Siderite (wt %) - - <1 - 0.6 

Pyrite (wt %) 0.25 - - - 0.02 

Mica (wt %) 4 - - 12-15 - 

Illite (wt %) 1 9.5 - 2 - 

Gypsum (wt %) 0.7 2 - 1.8 0.14 

Rutile/Anatase (wt %) 0.2 - - - - 

Organic Matter (wt %) 0.2 0.3 - 0.03 0.3 

Other (wt %) - - - 2-3 0.8 

 

As can be observed from Table 1.5 montmorillonite is the main component and is responsible 

for the properties alluded to previously. Montmorillonite and the other smectite minerals are 

made up of a 2:1 layer structure, consisting of an octahedral sheet sandwiched between two 

tetrahedral sheets (Moore and Reynolds Jr, 1997). Pyrophyllite is a 2:1 clay mineral with no 

layer charge and is a precursor to smectite minerals. Pyrophyllite has the formula 

Al2Si4O10(OH)2 with the octahedral sheet formed of Al3+ ions surrounded by three unit 

oxygens, and the tetrahedral sheets formed of Si4+ ions surrounded by 2 unit oxygens (Wilson 

et al., 2011). Models of the octahedral and tetrahedral sheets of pyrophyllite are shown in 

Figure 1.3. 
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Smectites are formed by substitution of the Al3+ ions for Fe2+ and Mg2+ in the octahedral 

layer and substitution of the Si4+ ions for Fe3+ and Al3+ in the tetrahedral layer, this leads to 

the development of a negative layer charge (Moore and Reynolds Jr, 1997). The formula of 

pyrophyllite and a variety of smectite minerals are compared in Table 1.6. 

 

Table 1.6: Chemical formula of pyrophyllite and smectite minerals, R refers to exchangeable 

cations found in the interlayer region, adapted from (Moore and Reynolds Jr, 1997). 

Mineral Formula Octahedral 

Charge 

Tetrahedral 

Charge 

Pyrophyllite  Al2Si4O10(OH)2  0  0 

Montmorillonite  R0.33
+(Al1.67Mg0.33)Si4O10(OH)2  - 0.33  0 

Beidellite  R0.33
+Al2(Si3.67Al0.33)O10(OH)2  0  - 0.33 

Nontronite  R0.33
+Fe3+

2(Si3.67Al0.33)O10(OH)2  0  - 0.33 

Hectorite  R0.33
+(Mg2.67Li0.33)Si4O10(OH)2  - 0.33  0 

Saponite  R0.33
+(Mg2.67R0.33

3+)(Si3.34Al0.66)O10(OH)2  + 0.33  - 0.66 

The 2:1 layers of smectite minerals are stacked on top of each other in a parallel fashion 

(Wilson et al., 2011), shown in Figure 1.4. 

Figure 1.3: Structural units of pyrophyllite octahedral, and tetrahedral sheets (adapted from 
(Wilson et al., 2011). 
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1.2.2. Particle size and surface area 

Montmorillonite is typically made up of laminar aggregates, with a poorly defined form, and 

a large variety in size, and thickness (Guven, 1988). These aggregated particles are 

commonly referred to as primary particles, and have a width of approximately one to two µm. 

When soaked in a solution these particles break into smaller free particles, with a width of 

less than 0.2 µm (Wilson, 2013). Free particles can consist of a single layer, up to twenty 

layers corresponding to thicknesses between 10 Å and 200 Å, with morphologies ranging 

from ribbon-like units, to subhedral with irregular outlines, and euhedral with hexagonal or 

rhombic forms (Guven, 1988). As a result in this change of form between a dry and wet state 

the surface area of montmorillonite can vary greatly depending on the humidity, and is also 

known to change depending on the technique used for measurement (Wilson, 2013). A 

typical technique used in mineralogy for surface area measurement is nitrogen adsorption 

using Brunauer-Emmett-Teller (BET) theory (Brunauer et al., 1938). BET is conducted on a 

dry sample, and under these conditions the nitrogen is unable to penetrate the interlayers of 

the montmorillonite, and therefore only the external surfaces are measured. An alternative to 

BET is methylene blue absorption which allows measurement of the mineral in a hydrated 

state; chemisorption of the methylene blue molecule can occur on all of the clay surfaces 

(including the interlayer), however the stacking of particles, and competing ions may 

Figure 1.4: Two parallel 2:1 layers of a smectite mineral (Wilson et al., 2011). 
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interfere with the result (Santamarina et al., 2002). Kinter and Diamond (1956) used a 

combination of nitrogen adsorption, and glycerol retention to determine the free particle 

surface area of five sodium-montmorillonites, they found the external surface areas were 

between 16-35 m2 g-1, and the internal surface areas 583-714 m2 g-1, they also discovered that 

the exchangeable cation has an influence with K+ and NH4
+ giving low internal surface areas, 

and Na+ high internal surface areas. The internal surface area of pure montmorillonite was 

theoretically determined to be between 760 and 810 m2 g-1 (Kinter and Diamond, 1956), 

much higher than the experimental values, however more recent studies have come closer to 

these values with transmission electron microscopy (TEM) measurements recording 669 m2 

g-1 (Nadeau, 1985), and atomic force microscopy (AFM) achieving 780 m2 g-1 (Tournassat et 

al., 2003).  

 

1.2.3. Electric double layer theory 

To balance the net negative charge on individual 2:1 layers, cations and accompanying polar 

fluids (such as water) are drawn into the space between layers, expanding the interlayer 

region (Moore and Reynolds Jr, 1997). The interaction of the interlayer region and associated 

cations can be explained by the electric double layer theory. The negatively charged (001) 

surface draws in a layer of water known as the immobile liquid layer, the associated cations 

are concentrated at the mineral surface (Moore and Reynolds Jr, 1997). This concentrated 

cation layer attracts loosely bound anions making up the diffuse layer, and subsequent diffuse 

layers are made of alternating cations and anions, until the charge is neutralized. A diagram 

of the electric double layer theory is presented in Figure 1.5. 

Figure 1.5: Diagrammatic representation of electric double layer theory (Moore and Reynolds 
Jr, 1997). 
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The thickness of the immobile liquid layer decreases with increasing cation charge, as fewer 

cations are required to neutralize the (001) surface, if the immobile liquid layer is thin enough 

van der Waals forces between clay particles bind them together and cause flocculation 

(Moore and Reynolds Jr, 1997).   

 

1.2.4. Cations 

As opposed to a uniform negative charge across the clay surface, the charge deficit is 

localized to the defects arising from substitution and the subsequent effect the loss of a proton 

has on the location of electrons next to the defect (Bleam, 1990). It is these regions that the 

cations are drawn to. The amount of cations a clay can hold is referred to as the cation 

exchange capacity (CEC), and is of interest due to its effects on the electric double layer, as 

well as the physical and chemical properties of the clay (Moore and Reynolds Jr, 1997). The 

exchanging of cations in the interlayer region for other cations can be approximated by the 

law of mass action, which states that the rate of a chemical reaction is proportional to the 

concentration of the reactants as stated below (Eberl, 1980): 

AX + B+ ↔ BX + A+ 

A and B refer to the available cations and X the clay surface. Law of mass action is 

applicable for highly concentrated single-cation solutions, however predictability with low 

concentration and multi-cation solutions is poor, with the effects of pH, heterogeneity of the 

layer charge, cation concentration, temperature, as well as the size and charge of individual 

cations all playing a role in cation exchange (Moore and Reynolds Jr, 1997). Figure 1.6 plots 

the exchange free energy (ΔG0ex) of several cations against the equivalent anionic radius (ra) 

relative to Cs+ in a dry montmorillonite, and one with a 3M interlayer solution. The lowest 

curve for a given (ra) is the most preferred cation to exchange with, and the distance between 

curves shows how much the cation is preferred (Eberl, 1980). 
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1.2.5. Swelling 

The extent of montmorillonite swelling following the adsorption of water is strongly 

dependent on the solute concentration of the surrounding solution, as well as the species of 

cation involved (Wilson, 2013). Following the adsorption of monovalent cations such as Na+ 

delamination may occur, causing the separation of silicate sheets by over 100 Å, a process 

known as osmotic swelling (Norrish, 1954). Cations bearing a stronger positive charge limit 

swelling to approximately four layers of water, equivalent to 10 Å (Wilson, 2013). This 

phenomenon is not observed in all montmorillonites, especially those bearing divalent 

counterions, where swelling cannot exceed 19 Å (Norrish, 1954). This unusual behavior in 

divalent counterion-bearing montmorillonites occurs as a result of the balancing of the van 

der Waals forces between interlayers, and the electrostatic attraction between the clay 

surface, and interlayer cations (Helmy, 1998). Variations in swelling have also been observed 

in montmorillonites from different sites, Wyoming montmorillonite consisting of 2000-5000 

Å sized particles exhibits osmotic swelling at 60% relative humidity, while Camp Bertaux 

Figure 1.6: Exchange free energy (ΔG0
ex) plotted against the equivalent anionic radius (ra) for 

the exchange of several cations with Cs+, comparing a dry clay to one containing a 3M 
interlayer solution (Eberl, 1980). 
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montmorillonite formed from 100 Å particles does not osmotically swell until a relative 

humidity of 90% (Mering and Oberlin, 1971). Montmorillonite also undergoes transformation 

following swelling, with the mean particle size of Wyoming montmorillonite decreasing 

(Figure 1.7), and a change from an ordered distribution of particles to a randomized 

distribution (Katti and Katti, 2006).  

 

 

1.2.6. Dispersion and colloids 

The above responses to the adsorption of water also influence the behavior of colloids in a 

dilute montmorillonite suspension. Monovalent cation-bearing montmorillonites disperse into 

single sheets, compared to divalent cation-bearing montmorillonites which form stacks of 

four to seven sheets referred to as tactoids (Schramm and Kwak, 1982). The behavior of 

Figure 1.7: Changes in average particle size (µm) in response to swelling pressure (kPa) 
(pressure occurring as the result of the absorption of water in a confined space), and relative 
swelling (%) (Katti and Katti, 2006). 
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sodium-saturated bentonites in solution can cause erosion, to the detriment of engineered 

barriers (Wilson, 2013). Once again the particle size plays a large role in determining 

dispersity with the small particles of Camp Berteaux montmorillonite being much more 

recalcitrant to dispersal, compared to the large particles of Wyoming montmorillonite 

(Mering and Oberlin, 1971). Dispersal of montmorillonite is more prevalent in alkaline 

conditions, particularly when the concentration of solutes is low, flocculation of 

montmorillonite particles occurs under acidic conditions (Wilson, 2013). The presence of 

organic compounds also augments dispersal, with low concentrations of humic acids having a 

particularly strong influence (Tarchitzky and Chen, 2002). The sorption of radionuclides to 

colloids is a concern, as the mobility of colloids may promote radionuclide transport into the 

host rock, whilst decreasing the sorption capacity of the buffer material (Alexander and 

Neall, 2011). Whether the presence of colloids will impact radionuclide transport or not is 

dependent on several factors described in Figure 1.8. 

 

Figure 1.8: Overview of the issues that determine if colloidal transport will have a significant 
effect on radionuclide transport (Chapman et al., 1993). 
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1.3. Factors influencing bentonite structure 

As well as the chemical factors described above a number of physical, and biological factors 

relevant to geological disposal need to be taken into account when considering the behavior 

of bentonite in a repository. These include gamma irradiation, swelling pressure needed to 

produce a functional barrier, resaturation of the barrier during its lifetime, and the impact of 

microbiological activity on barrier performance. 

 

1.3.1. Gamma radiation and bentonite  

Despite the crystal structure of many clay minerals being disrupted by gamma radiation, 

smectite minerals are remarkably recalcitrant to gamma-induced defects (Allard et al., 2012). 

Electron paramagnetic resonance spectroscopy (EPR) conducted on Slovak bentonites 

subjected to 10 kGy detected no structural changes (Galambos et al., 2012). A similar 

conclusion was reached with infrared (IR) spectroscopy and 27Al and 29Si nuclear magnetic 

resonance (NMR) probing of SWy-1 bentonite exposed to 2 MGy of gamma radiation, 

although minor disparities in the water content were noted (Negron et al., 2002). Small 

changes in the interactions of gamma irradiated bentonites with other particles have been 

detected, for example MX-80 bentonite irradiated with 80 kGy shows enhanced surface 

complexation of Co2+ (Holmboe et al., 2011). The stability of MX-80 bentonite colloids has 

also been shown to increase as a result of an increase in surface potential, following a dose of 

53.2 kGy (Holmboe et al., 2009). An increase in the Fe(II)/Fe(total) ratio of Swy-2 

montmorillonite from 3 % to 30% was observed following a daily dose rate of 13 kGy, as a 

result of the reductants, and oxidants formed during water radiolysis; the newly formed Fe(II) 

was found to decompose the radiolysis product H2O2 via the Fenton reaction (Holmboe et al., 

2012). 

 

1.3.2. Radiolysis and porewater chemistry 

Radiolysis is the process by which molecules dissociate as a result of ionizing radiation, as a 

result of the breaking of one or more chemical bonds, products formed by the radiolysis of 

water include hydroxyl radicals (•OH), hydrogen peroxide (H2O2), hydronium (H3O
+), and 

molecular hydrogen (H2) (Holmboe et al., 2012). An important consequence of H2O2 

production is its decomposition via the autocatalytic Fenton reaction described in the 

equations below (Vasquez-Medrano et al., 2018): 
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Fe(II) + H2O2 → Fe(III) + •OH + OH-  

Fe(III) + H2O2 → Fe(II) + •OOH + H+ 

The compounds produced by H2O2 decomposition are termed highly reactive oxygen species 

(ROS), and as observed in the equations above can be generated via reactions with iron in 

both of its oxidation states. In the unlikely event of radionuclide release, the radiolysis of 

water via radionuclides in the pore water, and subsequent ROS generation could potentially 

cause oxidation of the bentonite buffer (Liu and Neretnieks, 2003). Gas generation via 

radiolysis may also reduce thermal conductivity (Wilson et al., 2011), although gases have 

been shown to migrate through bentonite when a sufficient gas pressure is generated (Rocco 

et al., 2017).  

 

1.3.3. Density and swelling pressure 

Two of the main roles of bentonite in behaving as a buffer material are to restrict hydraulic 

permeability so diffusion is the dominant transport mechanism, and for it to self-seal so gaps 

within the buffer and excavation-damaged zone (EDZ) are closed (Sellin and Leupin, 2013). 

As mentioned previously, montmorillonite the key constituent of bentonite has a negatively 

charged surface that attracts cations and the water molecules associated with them, this 

causes the clay to expand (Moore and Reynolds Jr, 1997). As the bentonite swells the buffer 

mass is balanced and a swelling pressure is developed, for the safety requirements to be 

fulfilled a swelling pressure of between 0.1 and 1.0 MPa is required (Sellin and Leupin, 

2013). For a swelling pressure to develop, the bentonite needs to be contained in a volume 

smaller than its maximum swelling volume, under these conditions the swelling pressure is 

related to the mass of water and clay in the system (mw/ms), which is dependent on the 

density of the clay-water system (ρm) (Karnland, 1998). Water saturated MX-80 bentonite at 

densities of 1.5, 1.8, and 2.0 g cm-3 has roughly equivalent swelling pressures of 0.1, 1.5, and 

7.8 MPa (Masurat et al., 2010b). 

 

1.3.4. Temperature and evolving resaturation 

HLW and SF generate substantial amounts of heat, and most disposal agencies place a 

temperature limit of 100 °C at the canister surface, as high temperatures can have a 

detrimental effect on bentonite performance (Hicks et al., 2009). Fully saturated bentonite is 
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roughly 33 % water by mass, which means evolving resaturation and the chemistry of the 

occupying fluid have a substantial effect on the thermal properties of bentonite (Wilson et al., 

2011). It is believed that groundwater circulating through the host rock will be drawn into the 

bentonite buffer, due to its affinity for cations, and subsequent osmotic effects (SKB, 2006). 

The predicted time it would take for the buffer to become fully resaturated varies with the 

permeability of the host rock, it is predicted to take decades in highly permeable host rocks, 

whereas in low permeability rocks such as clays resaturation could take millennia (Rutqvist 

and Tsang, 2008). The combination of water infiltration at the host rock contact, and 

evaporation at the canister surface may generate a circulation system, leading to the uneven 

distribution of water through the buffer (Figure 1.9) (Wilson et al., 2011). If water ingress is 

insufficient this may lead to desiccation at the canister, a decrease in thermal conductivity, a 

loss in swelling pressure, and the concentration of corrosion products at the canister surface. 

 

   

1.4. Bentonite microbiology 

Bentonites and other clays have a naturally occurring microbial community (Lopez-

Fernandez et al., 2015). Some of these microbes display a remarkable tolerance to 

environmental stresses, and are capable of withstanding simulated repository conditions 

(Pedersen, 2010), such as radiation fluxes, elevated temperatures, swelling pressure, reduced 

pore size, decreased water activity, and a lack of nutrients (Mulligan et al., 2009). Such 

conditions are likely to eradicate non-spore-forming bacteria, but it is thought that spore-

Figure 1.9: The movement of water through a bentonite buffer (Wilson et al., 2011). 
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forming bacteria could survive for extended periods of time (Pedersen et al., 2000b). 

Microbes influence their surroundings, causing the precipitation of solutes, excretion of 

complexing agents, contaminant sorption, pore obstruction changing local flow conditions, 

breakdown of organics, and gas generation (Mulligan et al., 2009). A lot of microbial 

processes generate gases, typically in the form of hydrogen and carbon dioxide; gases reduce 

thermal conductivity, and could disrupt the macro-structure of the buffer (Pedersen, 2000). 

Such disruption may form new pore spaces, as well as widening present pores, leading to an 

increase in permeability (Mulligan et al., 2009).  Microbial processes have the potential for a 

direct impact on the bentonite, such as Fe(III)-reducing bacteria which may reduce structural 

Fe(III) to Fe(II), leading to the dissolution of the smectite (Kim et al., 2004). Microbes can 

also preferentially adsorb radionuclides (Ohnuki et al., 2010), leading to either 

biomineralisation and immobilization, or transport via adsorption to microbes (Newsome et 

al., 2014). Microbes in a bentonite backfill may also be detrimental to an engineered barrier 

system (EBS) by enhancing canister corrosion (Wilson et al., 2011). 

 

1.5. Bentonite chemical interactions 

An important consideration when it comes to the use of bentonite as a buffer material is its 

interactions with radionuclides. Iron is the most abundant redox-active element in 

montmorillonite, and therefore will play a role in the speciation of redox-active radionuclides. 

Selenium was chosen due to its interactions with the Fe(III)-reducing bacterium Geobacter 

sulfurreducens (Pearce et al., 2009). 

 

1.5.1. Iron 

Iron accounts for around 20 % of the elemental composition of nontronites and 2 % of 

montmorillonites (Gorski et al., 2013). Iron commonly exists in two oxidation states; Fe(II) 

typically under reducing conditions, and Fe(III) under oxidizing conditions. The abundance 

of iron in montmorillonite, and other smectite minerals means its oxidation state can have an 

impact on the mineralogy, and geochemical characteristics (Gorski et al., 2012). In terms of 

geological disposal this could potentially lead to illitisation, and smectite interlayer collapse 

(Kim et al., 2004), although the extent of this is debated (Dong, 2012). Iron reduction in 

bentonites is typically investigated using reducing agents such as dithionite (Komadel et al., 

1990), however a range of IRB are also capable of reducing structural iron in bentonites 
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(Kostka et al., 1999). The extent of microbial Fe(III)-reduction is typically less than that 

achieved using reducing agents (Ribeiro et al., 2009), which is likely due to biologically 

reduced Fe(II) blocking absorption sites, and unfavorable energetics (Liu et al., 2017).   

1.5.2. Selenium 

A few selenium isotopes are generated during nuclear fission including the unstable 79Se a 

beta-emitter with a half-life of 3.27 x 105 years. Under oxidizing conditions selenium 

commonly exists as the highly soluble, and toxic selenate (SeO4
2-), and selenite (SeO3

2-) 

oxyanions. Several less toxic and insoluble forms exist as well including elemental selenium, 

selenium disulfide (S2Se) and iron selenide (FeSe) which occur following reduction of the 

oxyanion forms (Orucoglu and Haciyakupoglu, 2015).  Bentonites selectivity for positively 

charged ions as a result of its negative interlayer charge means it has little capacity for the 

adsorption of negatively charged selenium oxyanions (Kim et al., 2012). Interactions of 

selenium with bentonite typically consist of surface complexes in the form of selenious acid 

(H2SeO3) between pH 5 and 7, as well as ternary surface complexes with Ca2+ and Mg2+ at 

pH 7 and above (Montavon et al., 2009). Modification of bentonites using zero valent iron (Li 

et al., 2015), and aluminium (Wang et al., 2015) have been shown to improve the adsorption 

of selenium oxyanions, however such modifications would be impractical to implement in a 

geological disposal scenario. 

  

1.6. Microbial processes 

Microorganisms are abundant in the subsurface, they are able to achieve growth  by coupling 

the oxidation of organic matter to the reduction of a wide variety of electron acceptors 

(Lovley and Chapelle, 1995). Oxygen, nitrate, manganese(IV), iron(III), and sulfate are 

common electron acceptors implicated in organic matter oxidation, and their usage is 

separated into distinct zones in the subsurface (Reeburgh, 1983). These distinct zones exist 

because of competition between microorganisms for electron donors, and physiological 

constraints on metabolism (Lovley and Chapelle, 1995). Figure 1.10 highlights the major 

terminal electron-accepting processes (TEAP) located in a deep aquifer, oxygen is consumed 

first, followed by nitrate and manganese(IV), iron(III) is next, and then sulfate, carbon 

dioxide is converted to methane in the final TEAP (Lovley and Chapelle, 1995). 
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The energetics behind the system can be explained by the redox tower (Figure 1.11), which is 

made up of a series of electron acceptors. Electrons are donated by an electron donor, and 

captured by an electron acceptor (Madigan, 2015). 

Figure 1.10: The major TEAPs located within an aquifer (Lovley and Chapelle, 
1995). 
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Figure 1.11: Redox potentials for a range of electron acceptors (Madigan, 2015). 

 

Aside from reaction kinetics oxygen is the first terminal electron acceptor because most 

anaerobic microorganisms are inactive in the presence of oxygen, nitrate-reducers are capable 

of aerobic respiration, but are unable to reduce nitrate until oxygen is depleted (Tiedje, 1988). 

The location of the remaining TEAPs can be correlated with the concentration of the electron 

donor hydrogen in the environment. The concentration of hydrogen increases down the 

zones, with the nitrate reduction zone having the lowest concentration, and the 

methanogenesis zone the highest (Lovley and Chapelle, 1995). The energy yield from 

hydrogen oxidation coupled to an electron acceptor decreases from nitrate reduction down to 

methanogenesis, therefore the organisms with the greatest tolerance to hydrogen depletion 

proliferate, until their growth is limited by electron acceptor availability, once the previous 
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terminal electron acceptor is depleted the next TEAP can begin, as long as the hydrogen 

concentration is sufficient (Lovley and Goodwin, 1988). This trend is influenced by other 

factors, for example whilst Fe(III)-reducers can concurrently reduce Fe(III) and Mn(IV), the 

reduced Fe(III) is chemically reoxidized by Mn(IV), and therefore overall Fe(III) removal is 

not achieved until Mn(IV) becomes depleted (Lovley, 1991). Fe(III) reduction is also carried 

out by a select few sulfate-reducers, who appear to utilize Fe(III) before sulfate (Coleman et 

al., 1993). As well as certain bacteria and archaea utilizing multiple electron acceptors, 

changes in environmental conditions can permit multiple TEAPs in the same area, such 

behavior will continue until a group of microorganisms begins to outcompete the others 

(Lovley and Chapelle, 1995). In terms of considering the TEAPs most relevant to bentonite in 

an engineered barrier system, and to explore in detail the key groups, attention has been 

focused on Fe(III)-reducers due to their implication in smectite dissolution (Kim et al., 2004), 

as well as sulfate-reducers because of their association with canister corrosion (Masurat et al., 

2010a).  

 

1.6.1. Fe(III)-reducing bacteria 

Under anaerobic conditions Fe(III)-reducing bacteria couple the oxidation of organic matter 

to the reduction of Fe(III), a process called dissimilatory iron reduction (Lovley et al., 1987). 

Fe(III)-reduction occurs in a number of key biological reactions such as the Fenton reaction 

(Imlay, 2003), however Fe(III)-reducing bacteria are unique in their utilization of Fe(III)-

reduction for growth (Lovley, 1991). Dissimilatory iron reduction can be summarized by the 

following equation (in this case acetate is the organic substrate) (Lovley and Phillips, 1988): 

CH3COO- + 8Fe(III) + 2H2O → 2CO2 + 8Fe(II) + 7H+ 

Fe(III)-reducing bacteria can oxidize a wide variety of organic substrates, including aromatic 

compounds (Lovley et al., 1989a) and short-chain fatty acids (Lovley et al., 1989b). 

Alteromonas putrefaciens MR-1 (later reclassified as Shewanella oneidensis MR-1 

(Venkateswaran et al., 1999)) has been shown to utilize hydrogen as an electron donor, as 

well as the organic substrates commonly used by other Fe(III)-reducing bacteria (Lovley et 

al., 1989b). In some circumstances organic substrates are responsible for the nonenzymatic 

reduction of Fe(III) (Hem, 1972), however at circumneutral pH the enzymatic reduction of 

Fe(III) is the dominant process in non-sulfidogenic anoxic environments (Lovley et al., 

1991). Fe(III) reduction is enzymatically mediated via proteins of varying specificity 
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(Mazoch et al., 2004). In the case of Geobacter sulfurreducens, and S. oneidensis MR-1 

Fe(III)-reduction is carried out by a collection of proteins known as c-type cytochromes 

(Aklujkar et al., 2013). 

 

1.6.1.1. c-type cytochromes 

c-type cytochromes are a redox active heme-containing proteins that transfer electrons 

between the internal cytoplasm and the cell surface of Gram-negative iron-reducing bacteria 

(Aklujkar et al., 2013). Found in a variety of microbes including the iron-reducers Geobacter 

sp. and Shewanella sp. c-type cytochromes are mostly non-specific and can reduce a variety 

of electron acceptors, including Fe(III), Cr(VI) and U(VI) (Richter et al., 2012). In the case of 

S. oneidensis MR-1 the transfer of electrons involves over 40 biomolecules including c-type 

cytochromes, quinones, dehydrogenase enzymes and Fe-S proteins (Esther et al., 2015) 

(Figure 1.12). The cytoplasmic membrane protein A (CymA) is a tetraheme c-type 

cytochrome, which serves as a quinol dehydrogenase transporting electrons from the 

menaquinol pool into the periplasm (Figure 1.12) (Richter et al., 2012). Multiple routes are 

available for the electrons after CymA, including transfer to the fumarate reductase FccA 

which reduces fumarate (Figure 1.12). FccA also acts as an electron store, allowing the cell to 

continue organic matter oxidation in the absence of an electron acceptor (Schuetz et al., 

2009). Electrons from CymA and FccS are transferred to the metal-reducing protein A 

(MtrA), a c-type cytochrome located in the periplasm (Figure 1.12) (Esther et al., 2015). 

MtrA serves two functions, including the transfer of electrons, as well as forming a complex 

at the outer membrane with metal-reducing protein B (MtrB) and either metal-reducing 

protein C (MtrC) or outer membrane cytochrome A (OmcA) (Figure 1.12) (Richter et al., 

2012). MtrB is a porin protein which allows the transfer of electrons from MtrA in the 

periplasm across the outer membrane to the terminal reductases MtrC and OmcA (Figure 

1.12), mutants deficient in MtrA are unable to form stable complexes and are incapable of 

transferring electrons across the outer membrane (Schicklberger et al., 2011). MtrC and 

OmcA are the terminal reductases expressed under Fe(III)-reducing conditions (Figure 1.12), 

mutants deficient in MtrC display reduced growth with Fe(III) as the terminal electron 

acceptor, meanwhile OmcA deficient mutants are affected under Mn(IV)-reducing conditions 

(Richter et al., 2012). 
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G. sulfurreducens is believed to have 111 genes that code for c-type cytochromes, 30 of 

which are believed to be responsible for cytochromes on the outer membrane (Esther et al., 

2015). The transfer of electrons from the periplasm to the outer membrane is poorly 

understood, although periplasmic c-type cytochrome A (PpcA) appears to be an electron 

transfer intermediate (Morgado et al., 2010). Four outer membrane cytochromes (Omc) are 

known to play a role in Fe(III) reduction, OmcB is a crucial protein involved in insoluble 

Fe(III) and Fe(III) citrate reduction, OmcE and OmcS are involved in direct electron transfer 

to the Fe(III), meanwhile OmcZ is responsible for electron transfer in biofilms (Esther et al., 

2015). 

 

1.6.1.2. Fe(III) scavenging mechanisms 

Fe(III) is typically insoluble which means that the Fe(III)-reducing cells need additional 

means of accessing the Fe(III) with their outer membrane c-type cytochromes. Several 

mechanisms are employed by Fe(III)-reducing bacteria including direct contact with the 

Figure 1.12: Proteins responsible for electron transfer in Shewanella oneidensis, known 
paths are displayed with solid arrows, hypothetical ones are indicated with dashed arrows 
(Richter et al., 2012). 
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substrate (Childers et al., 2002), chelating agents (Lovley and Woodward, 1996), electron 

shuttling compounds (Lovley et al., 1996a), and extracellular nanowires (Gorby et al., 2006). 

 

1.6.1.3. Direct contact and nanowires 

In the presence of soluble Fe(III), the Fe(III)-reducing bacterium Geobacter metallireducens 

appears to be nonmotile (Lovley et al., 1993). However, in the absence of soluble electron 

acceptors G. metallireducens exhibits chemotaxis, and develops flagella, to move to insoluble 

electron acceptors  such as Fe(III) oxides and oxyhydroxides (Childers et al., 2002). 

Geobacter sp. also develop pilli on one side of the cell. Pilli are used by a broad range of 

microorganisms to attach to surfaces (Nassif et al., 1997). Pilli deficient G. sulfurreducens 

mutants can attach to Fe(III) oxides, but were unable to reduce the Fe(III) (Reguera et al., 

2005). The pilli of G. sulfurreducens (often referred to as microbial nanowires) are 

electrically conductive and play a role in the transfer of electrons from the cell surface to the 

substrate (Malvankar et al., 2011). Whilst the nanowires conduct electrons, G. sulfurreducens 

mutants lacking the c-type cytochrome OmcS are incapable of reducing Fe(III) oxides (Mehta 

et al., 2005). OmcS is located on the pilli of G. sulfurreducens (Leang et al., 2010), and is 

responsible for the final step in the transfer of the electrons to the Fe(III) oxides (Qian et al., 

2011). Shewanella sp. are also able to mediate iron reduction via nanowires, but are also able 

to utilize a number of indirect strategies (Esther et al., 2015).  

 

1.6.1.4. Electron shuttling compounds 

Electron shuttling compounds are redox-active compounds that can transport electrons from 

the cell surface to the Fe(III) substrate (Brutinel and Gralnick, 2012). Electron shuttling 

compounds can be derived from the environment such as humic substances, soluble quinones 

and some compounds containing sulphur, as well as being generated by microorganisms 

(Stams et al., 2006). In the case of humic substances, the microbes donate electrons to 

quinone structures within the humic substances reducing them to their hydroquinone form, 

the hydroquinones than donate the electrons to the Fe(III) returning the humic substances to 

their original state (Lovley et al., 1999). Geobacter sp. and Shewanella sp. are both capable 

of reducing humic substances, however Shewanella is also capable of producing endogenous 

electron shuttling compounds in the form of flavin mononucleotide (FMN) and riboflavin 

(von Canstein et al., 2008). Of 24 Shewanella species sequenced, 23 possessed the genes 
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required for flavin biosynthesis, Shewanella denitrificans is the exception but also lacks the 

aforementioned proteins responsible for metal oxide reduction (Brutinel and Gralnick, 2012). 

FMN is produced in the periplasm by the hydrolysis of flavin adenine dinucleotide (FAD) by 

the protein UshA, FMN is then subsequently incorporated into FccA or diffuses via outer 

membrane porins for use as an electron shuttle (Covington et al., 2010).  

 

1.6.1.5. Chelating agents 

Chelating agents are organic ligands that bind to iron oxides, greatly increasing their 

bioavailability (Lovley et al., 1994). Such organic ligands include ethylenediaminetetraacetic 

acid (EDTA), N-methyliminodiacetic acid, nitrilotriacetic acid (NTA) (Figure 1.13), ethanol 

diglycine, as well as sodium hexametaphosphate (Lovley et al., 1996b). Chelators have been 

shown to solubilize a wide variety of iron oxide forms, including goethite and hematite which 

are highly crystalline forms that are typically recalcitrant to reduction (Lovley and 

Woodward, 1996). Chelated Fe(III) may be reduced at the cell surface utilizing the same 

proteins involved in insoluble Fe(III) reduction (Haas and Dichristina, 2002), or there is a 

possibility that the chelated Fe(III) is reduced in the periplasm via a mechanism unrelated to 

the aforementioned pathways (Dobbin et al., 1996). Shewanella sp. are able to produce their 

own chelators as opposed to Geobacter sp., however the presence of such compounds in the 

environment will solubilize Fe(III) and therefore enhance Fe(III) reduction in all Fe(III)-

reducing bacteria (Esther et al., 2015).  

 

 

Figure 1.13: The chemical structure of two commonly used chelating agents 
ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic acid (NTA) (Dobbin et al., 
1996). 
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1.6.2. Sulfate-reducing bacteria 

The anaerobic sulfate-reducing bacteria (SRB) are a mixture of heterotrophs, and mixotrophs, 

classified by their ability to carry out dissimilatory sulfate reduction (Little et al., 2000). 

Dissimilatory sulfate reduction is the process by which sulfate (SO4
2-) is reduced to sulfide 

(S2-), utilizing an electron donor (Postgate, 1979). Dissimilatory sulfate reduction is 

summarized below, with acetate being utilized as the electron donor in this case (Postgate, 

1979): 

CH3COO- + SO4
2- → H2O + CO2 + HCO3

- + S2- 

 Early research identified two groups of SRB, which carried out the incomplete oxidation of 

organic acids and alcohols to acetate (Gibson, 1990). The identified groups included 

Desulfotomaculum, spore-formers with a straight or curved rod shape (Campbell and 

Postgate, 1965), and Desulfovibrio, motile non-spore-formers with a vibrio shape (Postgate 

and Campbell, 1966). The genus Desulfobacter was later used to classify non-spore-forming 

SRB that could utilize fatty acids (Widdel and Pfennig, 1981), and aromatic compounds (Bak 

and Widdel, 1986a) (Bak and Widdel, 1986b). Reduction of the SO4
2- and oxidation of the 

electron are two distinct reactions that occur in different locations of the cell, hydrogen is 

oxidized by hydrogenase enzymes located in the periplasm or on the cell membrane (Aubert 

et al., 2000). Electrons from the hydrogen oxidation are transported by several enzymes into 

the cytoplasm, this process is coupled to the proton gradient driving adenosine tri-phosphate 

(ATP) production (Hallbeck, 2014). The first step in SO4
2- reduction is described below: 

SO4
2- + ATP + 2H+ → APS + PPi 

The adenylyl group belonging to the ATP is transferred to the SO4
2- to produce adenosine 5’-

phosphosulfate (APS), as well as pyrophosphate; this reaction is catalyzed by the enzyme 

ATP sulfurylase (ATPS) (Taguchi et al., 2004). APS is converted into SO3
2- by adenosine-5’ 

–phosphosulfate reductase (Apr), a set of enzymes that are highly conserved in SRB and 

sulfur- oxidizing bacteria (SOB) (Meyer and Kuever, 2007). SO3
2- is subsequently converted 

into H2S by dissimilatory sulfite-reductase enzymes (Dsr), coded for by another set of highly 

conserved genes within SRB and SOB (Biswas et al., 2014). 
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Figure 1.14: Overview of sulphate reduction in the SRB Desulfovibrio aespoeensis 
(Hallbeck, 2014). 
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1.6.3. Microbial selenium reduction 

Several pathways exist for the reduction of selenate, and selenite oxyanions including 

methylation, and dissimilatory reduction (Eswayah et al., 2016). Bacteria have been primarily 

shown to reduce selenium oxyanions as a means of detoxification reducing soluble, and toxic 

selenium oxyanions to insoluble, and less toxic elemental selenium (Kessi et al., 1999). Few 

bacterial species have been documented with the ability to reduce selenate to selenite, but 

include Thauera selenatis (Macy et al., 1993), and Enterobacter cloacae (Yee et al., 2007). 

Membrane-bound nitrate reductase (Nap) has been implicated in selenate reduction (Macy et 

al., 1993), along with specific enzymes such as selenate reductase (Ser) (Yee et al., 2007). 

Selenite reduction is more commonly observed compared to selenate due to the 

thermodynamics being more favorable. Several enzymes have been implicated in selenite 

reduction including nitrite (Demolldecker and Macy, 1993) and sulfite reductase (Harrison et 

al., 1984). Fe(III)-reducing bacteria such as Geobacter sulfurreducens, and Shewanella 

oneidensis have also been shown to reduce selenite to elemental selenium using c-type 

cytochromes, with the potential to form selenides in the presence of an electron shuttle 

(Pearce et al., 2009). Typical products of microbial selenite reduction are red elemental 

selenium nanoparticles which form monoclinic crystalline structures (Oremland et al., 2004). 

 

1.6.4. Microbially-induced corrosion 

Microbially-induced corrosion could affect metallic waste containers as a result of microbial 

interactions with material surfaces, or due to the alteration of chemical conditions as 

metabolites are excreted (Humphreys et al., 2010). The corrosion of metal surfaces occurs 

because of changes to electrochemical conditions. The development of biofilms influences 

the local electrochemical conditions, and may enhance or reduce corrosion (Videla and 

Herrera, 2005).  The distribution of biofilms across a surface is uneven, this leads to anodic 

reactions such as metal dissolution beneath the biofilm, and cathodic reactions including 

oxygen reduction on exposed surfaces (Little and Wagner, 1996). The biofilms inhibit 

oxygen diffusion to the cathodes producing a differential aeration cell, and as the biofilm 

turns anaerobic, the reduction of a variety of molecules including hydrogen sulfide occurs. 

Elemental iron reacts with oxidizing agents to produce Fe2+, the hydrogen sulfide produced 

by SRB metabolism reacts with these Fe2+ ions in a series of reactions, as described below 

(El Mendili et al., 2013): 
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H2S → H+ + HS- 

HS- → H+ + S2- 

Fe2+ + S2- → FeS 

Whilst potentially contributing to the corrosion of waste canisters, the iron sulfide may 

precipitate as a protective coating, preventing further corrosion, depending on the density of 

the formed precipitate (El Mendili et al., 2013). 

 

1.6.5. Limits to microbial growth 

As mentioned in the previous chapter microbes can be remarkably tolerant to the stresses 

present under simulated repository conditions (Mulligan et al., 2009). Microbes can survive 

in a variety of extreme conditions (Table 1.7), some of these microbes are novel and occupy 

small niches, whilst others are found distributed in a broad range of environments. 

 

Table 1.7: Examples of extremophilic microorganisms 

Condition Example of organism Limit of 

growth 

Reference 

Low temperature Psychromonas ingrahamii - 12 °C (Riley et al., 2008) 

High temperature Strain 121 121 °C (Kashefi and Lovley, 2003) 

High pH Bacillus firmus 11.4 (Sturr et al., 1994) 

Low pH Picrophilus oshimae 0 (Schleper et al., 1995) 

High salinity Halobacterium litoreum 4.8 M NaCl (Lu et al., 2017) 

High pressure Colwellia marinimaniae 140 MPa (Kusube et al., 2017) 

Radiation Deinococcus radiodurans 50 Gy h-1 (Daly et al., 2004) 

 

Each of the microbes mentioned have developed mechanisms to cope with these individual 

conditions, understanding how these mechanisms operate may provide solutions to 

controlling the microbial population of a bentonite buffer. 

 

1.6.5.1. High temperature 

Hyperthermophiles grow optimally between 80 and 106 °C, they are typically encountered in 

the vicinity of hydrothermal vents, where the elevated pressure prevents water from boiling 

(Huber and Stetter, 2001). Strain 121 a close relative of Pyrodictium occultum displays 
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resistance to  autoclaving with 121 °C causing a doubling in cell numbers over 24 hours, and 

also remains viable following a 2 hour treatment at 130 °C (Kashefi and Lovley, 2003). High 

temperatures lead to the instability of a wide variety of biological molecules, methods of 

overcoming this issue include fast turnover of sensitive molecules, direct transfer of 

molecules between enzymes, as well as the production of high-temperature resistant proteins 

(Daniel and Cowan, 2000). 

 

1.6.5.2. Low temperature 

As temperature decreases the rate at which reactions occur slows significantly. This makes 

the task of identifying the lower temperature limit of life challenging, for example the 

doubling of permafrost bacteria at a temperature of -10 °C can take 39 days (Bakermans et 

al., 2003). Bacterial reproduction has been observed at -12 °C, while metabolic activity has 

been seen at temperatures as low as -20 °C (Rivkina et al., 2000). Some psychrophilic 

bacteria can also maintain low-level metabolic activity for up to 500,000 years in permafrost 

(Johnson et al., 2007). Low temperatures increase the rigidity of a number of structures 

including membranes and enzymes; membrane rigidity is of particular importance as it 

reduces permeability, and therefore the transport of molecules in and out of the cell (D'Amico 

et al., 2006). In the case of membranes, flexibility is returned by introducing short, branched, 

and unsaturated  fatty acids (Chintalapati et al., 2004). Enhancements in enzyme flexibility 

are also observed, typically in areas involved with catalysis, or to the structure as a whole, 

and occur as a result of a decrease in certain chemical interactions including hydrogen 

bonding, ion pairing, and hydrophobic interactions (D'Amico et al., 2006).   

 

1.6.5.3. Hydrostatic pressure 

Hydrostatic pressure refers to the pressure generated in a fluid because of gravity, with 

greater pressure exerted as depth increases. Bacteria belonging to the genera Moritella, and 

Shewanella have been isolated from sediment extracted from the Mariana Trench (10898 m), 

a region where pressure exceeds 100 MPa (Kato et al., 1998). During incubation under such 

intense pressures, microbes have been shown to express specific genes that are more typically 

expressed in response to cold and heat shock (Bartlett et al., 1995). Such behavior is 

exhibited because high pressures destabilize tertiary and quaternary protein structures, a 
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consequence observed with heating; as well as impacting protein production and membrane 

stability, effects that typically occur in response to cooling (Bartlett, 2002).  

 

1.6.5.4. Swelling pressure 

Along with the increase in pressure that occurs as a bentonite swells, several other stresses 

are imparted, as porosity, and permeability decrease. Porosity dictates the size of cells that 

can be present, with permeability controlling nutrient transport (Sellin and Leupin, 2013). 

Typical bacteria can be captured on a 0.2 µm filter, however “ultra-small” bacteria can pass 

through these filters, with little known about their metabolic functions (Luef et al., 2015). The 

limit of microbial processes in regards to the swelling pressure of a bentonite have been 

investigated (Bengtsson and Pedersen, 2017), but swelling pressure is controlled by the 

density, and montmorillonite content of the bentonite, making an exact figure difficult to 

establish. An alternative way to describe the limits of proliferation of microbes in a 

compacted bentonite is with water activity (Stroes-Gascoyne et al., 2010). 

 

1.6.5.5. Water activity 

Water activity (aw) is the vapor pressure of water within a substance divided by the vapor 

pressure of pure water at equal temperature, and pressure. The aw of a substance can be used 

to determine if microbial activity is possible, and the types of reactions that can be expected 

(Brown, 1976). The optimal aw for microbial life is 0.98, and as the vapor pressure of water 

decreases in a system, the fewer the types of organisms that can proliferate, Table 1.8 shows 

the limits of aw that can sustain microbial life.  

 

Table 1.8: Water activity (aw) in different scenarios, and the activity limits of 

microorganisms. Adapted from (Brown, 1976). 

Water Activity (aw) Conditions Microorganisms 

1 Pure water Caulobacter spirillum 

0.98  - Optimum for most bacteria 

0.96 Sea water  - 

0.91  - Bacillus 

0.75 Salt lake Halobacterium 

0.6  - Xeromyces bisporus (Fungi) 

0.55 DNA disordered -  
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The aw in a system decreases in response to several factors including increased salinity, 

drying, and freezing (Cockell and Nixon, 2013). Water activity in bentonites decreases as the 

density increases in response to interactions with solutes, and adsorption of water to mineral 

surfaces (Stroes-Gascoyne et al., 2010). An aw of less than 0.96 should minimize microbial 

activity in a bentonite (Pedersen et al., 2000a), adaptations to increased salinity, and 

desiccation are described below. 

 

1.6.5.6. Salinity 

 Microbial communities are capable of reproduction in the saturated NaCl brines often found 

in evaporite deposits across the Earth, where aw is typically 0.75 (Grant, 2004). Despite the 

requirement of a high external NaCl concentration to stabilize their membranes, these 

organisms need to exclude Na+ ions from the cytoplasm to prevent enzyme inhibition, this is 

achieved through the accumulation of compatible solutes intracellularly to equal the external 

water activity, these solutes include a number of sugars, amino acids, as well as KCl (Cockell 

and Nixon, 2013). 

 

1.6.5.7. Desiccation 

In a typical non-aqueous microbial environment water exists on surfaces, whether they be soil 

particles, foodstuffs, etc. Desiccation causes the films of water on these surfaces to diminish 

in area, restricting microbe mobility, and the availability of solutes, leading to starvation at 

water activities as high as 0.86 (Cockell and Nixon, 2013). Other problems associated with 

desiccation include the removal of water from the structures of proteins, and DNA (Dose et 

al., 1992), as well as an increase in free radicals, leading to lipid peroxidation (Crowe and 

Crowe, 1992). The removal of water from DNA leads to lesions in the structure known as 

single-strand breaks (ssb), which can develop into double-strand breaks (dsb) (Dose et al., 

1992). Ssb and dsb are also associated with free radical interactions, all organisms require 

preservation of their genetic code, as critical cell functions can be compromised (Daly, 2009). 

Resistance to desiccation is achieved through the scavenging of free radicals via the 

manganese redox cycle (Daly et al., 2007), having multiple copies of genes (Hansen, 1978), 

and by the proficient repair of DNA (Minton, 1994).  
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1.6.5.8. Radiation 

The emittance of radiation from the Earth is much lower than the tolerance of radiation-

resistance organisms, some researchers believe that organisms have retained their resistance 

from when radiation fluxes were higher (Karam and Leslie, 1999). However, these organisms 

are often isolated from dry environments, such as desert soils, dried food, and sawdust, with a 

more plausible explanation being that desiccation imparts similar stresses to radiation 

(Rainey et al., 2005). In fact 80% of the damage caused to DNA by radiation is imparted by 

reactions with free radicals, the other 20% from direct ionization (Ghosal et al., 2005). 

Ionizing radiation generates free radicals, and other potent oxidizing agents, via the radiolysis 

of water (Figure 1.15), of biggest concern is the role of superoxide radicals (O2
•-), hydrogen 

peroxide (H2O2), and hydroxyl radicals (•OH) (Daly, 2009). Superoxide radicals behave as 

oxidizing and reducing agents, and are involved in lipid peroxidation, as well as protein 

inactivation (Regelsberger et al., 2002). Superoxide is scavenged by superoxide dismutase 

(SOD), with the consequence of increasing intracellular hydrogen peroxide levels (Fridovich, 

1997). Hydrogen peroxide is responsible for protein damage, via the oxidation of sulphur-

bearing molecules, and also produces hydroxyl radicals through the Fenton reaction (Imlay, 

2003). Hydroxyl radicals will react with nearly all biomolecules at rates limited only by 

diffusion, their high reactivity permits only localized damage, close to where they formed 

(Farr and Kogoma, 1991). The extremophile Deinococcus radiodurans is considered a model 

organism when it comes to radiation tolerance, with 10% survival reported following a dose 

of 16 kGy (Daly et al., 2004). The adaptations that convey resistance to desiccation are 

believed to be responsible, with protection from free radicals through the redox cycling of 

manganese (Daly et al., 2007), as well as multiple copies of genes (Hansen, 1978), and the 

ability to repair them effectively (Minton, 1994). In regards to dissimilatory Fe(III) reduction 

subtle changes to Fe(III) mineral morphology can enhance microbial Fe(III)-reduction, 

especially in the presence of an electron shuttle (Cutting et al., 2009). The bioavailability of 

hematite following gamma irradiation is enhanced remarkably in the presence of an electron 

shuttle (Brown et al., 2014). Geothrix fermentans and Geobacter sp. incubated in natural 

sediments, have been shown to be viable following a dose rate of 30 Gy h-1, suggesting that 

their role in the iron cycle is not restricted, and could possibly be enhanced (Brown et al., 

2015).  
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1.7. Summary 

This literature review highlights the suitability of bentonite for use as a buffer for the disposal 

of HHGW. Current research suggests that the impact of microbial activity on such a buffer 

should be minimal, however there are knowledge gaps where our understanding could be 

improved. At the forefront of this issue is the limited information on the microbial 

communities present in bentonites, and how they will respond to the stresses present in a 

geological disposal scenario. The extraction of DNA from bentonites has produced poor total 

yields (Direito et al., 2012), however recent advancements in sequencing technology give us 

the opportunity to explore this issue in detail.  

One of the areas that has received a lot of attention in recent years is the role of swelling 

pressure in limiting microbial activity (Sellin and Leupin, 2013). Most of the work involving 

swelling pressure has focused on the role of SRB,  with the aim of finding suitable bentonite 

density thresholds to prevent their activity (Bengtsson and Pedersen, 2017). Less attention 

has been given to IRB, and while there is some literature on their behavior (Ribeiro et al., 

2009), we believe more work is required to understand their impact on bentonite mineralogy, 

Figure 1.15: Summary of reactions generated by the radiolysis of water, and a summary 
of the key products (Daly, 2009). 
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their role in radionuclide speciation, and the sort of density thresholds required to halt their 

activity. 

 

1.8. Aims and questions: 

The overarching aim of this thesis were to investigate microbial processes within bentonite 

barrier materials, with a focus on the potential impact of swelling pressure, and gamma 

radiation on microbial viability and diversity, as well as investigating the impact of 

temperature, and evolving saturation on the microbial ecology of the FEBEX in-situ test 

facility in Grimsel, Switzerland. Additional input from the literature review focused this aim 

into 6 key questions. 

1. Will the impact of stresses encountered during geological disposal on IRB, and SRB 

communities, influence cell numbers, and diversity? 

2. Using samples from the FEBEX in-situ test can we identify microbial communities in 

a bentonite buffer, and infer the effects of temperature, and evolving resaturation on 

the microbial communities? 

3. Can IRB using Geobacter sulfurreducens as a model organism cause mineralogical 

transformations in bentonite materials? 

4. If Geobacter sulfurreducens can cause mineralogical transformations in bentonite 

materials do these transformations influence the speciation of priority radionuclides 

(selenium)? 

5. Can IRB activity in bentonite materials be restricted by a sufficient bentonite density? 

6. Using data from the above tested hypotheses, and other published sources, can we 

determine the impact of microbial metabolism (especially Fe(III)-reduction) on 

bentonite characteristics and barrier performance? How does this information 

contribute to microbial control strategies? 
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2. Methodology 
 

2.1. Microbiological techniques 

A combination of microbiological techniques provided the framework for the research 

undertaken in this thesis. All the experimental chapters in this thesis used a variety of media, 

and vessels to culture bacteria. In some cases, the communities in the montmorillonite-based 

materials were investigated further using molecular ecology techniques. The culturing 

methodologies describe ways to grow specific pure strains, as well as bacteria carrying out 

specific functions (Fe(III)-reduction etc.,). The MPN enumeration section describes a simple 

method for counting cells using serial dilutions, and the molecular ecology methodologies 

explain how DNA can be extracted from communities and used to identify the bacteria 

present. 

 

2.1.1. Cell culturing 

Pure bacterial cultures were employed to alter the geochemistry of the montmorillonite-based 

materials. 

 

2.1.1.1. Geobacter sulfurreducens 

Geobacter sulfurreducens is an obligate anaerobe with the ability to reduce Fe(III) (Lovley et 

al., 2004), and Se(IV) (Pearce et al., 2009) when supplied with an appropriate electron donor 

such as acetate. To begin with 10 ml of stationary phase Geobacter sulfurreducens cells were 

transferred to 90 ml of NBAF, a modified fresh water medium which contained 20 mM of 

sodium acetate acting as the sole electron donor, along with 40 mM of fumarate acting as the 

sole electron acceptor.  Prior to use, the NBAF medium was adjusted to pH 7, and purged 

with pure nitrogen, and autoclaved (126 °C, 20 mins) before use (Cutting et al., 2012). This 

ensured that the medium was sterile, and the conditions were suitable for Geobacter 

sulfurreducens growth. Following incubation in the dark for 48 hours at 30 °C, the Geobacter 

sulfurreducens cells were transferred to a sterile 900 ml batch of NBAF medium under a 

nitrogen atmosphere, and allowed to grow to late exponential/early stationary phase for 

another 48 hours at 30 °C. The Geobacter sulfurreducens cells were subsequently placed in 

nitrogen gassed centrifuge tubes, and centrifuged for 20 minutes (4920 g, 4 °C) before 

removal of the supernatant, and resuspension of the Geobacter sulfurreducens cells in sterile 
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30 mM MOPS solution.  This process was repeated twice before the cells were concentrated 

in 50 ml of the MOPS solution. The optical density (OD600), and therefore the Geobacter 

sulfurreducens density was determined using a spectrophotometer (Jenway (Stone, UK)).  

  

2.1.1.2. Bacillus subterraneus 

Bacillus subterraneus is a facultative anaerobe which is able to reduce Fe(III) under 

anaerobic conditions, when provided with yeast extract, and a suitable electron donor such as 

lactate (Kanso et al., 2002). Bacillus subterraneus cells were prepared aerobically by adding 

100 ml of stationary phase Bacillus subterraneus cells to 1 l of sterile TSB medium in a 

conical flask, before placement on an orbital shaker at 40 °C for 12 hours. The Bacillus 

subterraneus containing TSB medium was centrifuged (4920 g, 10 °C) before the supernatant 

was disposed of, and the cells resuspended in artificial groundwater (AGW) (Bengtsson and 

Pedersen, 2017). The Bacillus subterraneus cells were centrifuged a further two times before 

suspension in 10 ml of AGW. 

 

2.1.2. Minimal medium clay suspensions 

Minimal medium clay suspensions were used to assess the ability of Geobacter 

sulfurreducens to reduce structural Fe(III) in FEBEX bentonite, and SWy-2 montmorillonite, 

and to investigate the fate of radionuclides in SWy-3 under biological Fe(III)-reducing 

conditions. Microcosms typically consisted of 30 mM MOPS (a buffering agent) and were 

further amended depending on the purpose. Sodium acetate (10 mM) was used as an electron 

donor in some treatments to enable the Geobacter sulfurreducens cells to utilize Fe(III) as an 

electron acceptor (Lovley et al., 2004). Meanwhile, 10 µM of 9, 10-Anthraquinone-2, 6-

disulfonic acid (AQDS) was used as an electron shuttle to accelerate Fe(III)-reduction, and to 

see if it increased the extent of Fe(III)-reduction (Lovley et al., 1999). All media were 

corrected to pH 7 using 10 M NaOH before being purged of air with a N2:CO2 gas mixture, 

and autoclaved (126 °C, 20 mins). Serum bottles were supplemented with FEBEX bentonite, 

or SWy-2/3 montmorillonite (20 or 40 g l-1) in an anaerobic chamber (Coylab, Grass Lake, 

MI, USA). 
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2.1.3. Most probable number (MPN) enumerations 

Most probable number (MPN) enumerations were used to count the number of Fe(III)-

reducing (IRB), and sulfate-reducing (SRB) bacteria present in the bentonites. MPN 

enumerations assess the ability for bacterial cells to grow in increasingly diluted (typically 2 

or 10 fold dilutions) slurries in a series of tests (typically triplicates) over a period of time 

before identifying the highest dilution showing bacterial growth, and then applying a 

statistical test to estimate the number of viable bacterial cells present in the sample (de Man, 

1983). The format for this statistical test involves inputting values into two equations. The 

terms for these equations are ai   which is the weight of sample per serum bottle at a certain 

dilution, ni the number of serum bottles at a certain dilution, qi the number of serum bottles at 

that dilution, and x is an estimated value of the MPN (Gonzalez, 1996). To solve these 

equations the user must keep estimating the value of x, until S1 minus S2 is equal to 0. 

𝑆1 =  Ʃ[𝑎𝑖  𝑛𝑖] 

𝑆2 =  Ʃ[𝑎𝑖

𝑞𝑖

1 − 𝑒−𝑎𝑖𝑥
] 

The issue with such calculations is that they rely on trial and error and are therefore time 

consuming. Attempts to solve this issue traditionally relied on formulating MPN tables for 

specific experimental regimes (de Man, 1983). However, these tables are specific to the 

dilution steps used, and the number of samples used at a specific dilution. Unless you 

followed a previously reported MPN table this would require you to formulate your own 

MPN table. More recently computing has allowed the development of MPN calculators 

(Gonzalez, 1996), that are designed to process the iterations until the correct value is derived. 

IRB numbers were determined using an anaerobic fully defined growth medium (Lovley and 

Phillips, 1986) which contained 4 mM ferrihydrite as the sole electron acceptor, along with 

3.9 mM of nitrilotriacetic acid (NTA) to increase the bioavailability of the ferrihydrite, along 

with 2 mM of sodium acetate, and sodium lactate which acted as electron donors. The 

amount of viable SRB cells in bentonite samples were also counted with Postgate B medium 

(Postgate, 1979) made to its original specification. Bacillus subterraneus cells were grown in 

metal-reducing (MR) medium (Kanso et al., 2002). In all cases 0.45 g of sample was 

inoculated into 9 ml of medium in triplicate in an anaerobic chamber (Coylab, Grass Lake, 

MI, USA). Serial dilutions down to a factor of 10-5 were achieved, and the cultures were left 

to grow depending on the medium for between 14 and 70 days. Positive results in the SRB 



71 

 

samples were determined by the formation of a black precipitate (iron sulfide) as determined 

by eye, meanwhile positive results in the Fe(III)-containing media were assessed by an 

enrichment in the 0.5 M extractable Fe(II)/Fe(total) ratio using Ferrozine assay (Lovley and 

Phillips, 1987). 

 

2.1.4. Molecular ecology 

Molecular ecology refers to a series of techniques that investigate the diversity of microbes in 

samples, and the functionality of genes via the extraction, and analysis of DNA. This thesis 

used molecular ecology techniques to investigate how bacterial communities responded to 

stresses relevant to the geological disposal of radioactive waste, as well as examining 

bacterial communities present in a long-term, field-scale geological disposal experiment.  

 

2.1.4.1. DNA extraction 

The extraction of DNA from environmental samples is achieved using specialized DNA 

extraction kits, which are designed to separate DNA from environmental, and cellular detritus 

providing a pure DNA product. In the case of environmental slurries, a 200 µl sample was 

treated using a PowerSoil DNA Isolation Kit (MO BIO Laboratories INC, Carlsbad, CA, 

USA). Amplification of the 16S rDNA gene was amplified using PCR (polymerase chain 

reaction), before staining and separation using electrophoresis to confirm the presence of a 

usable DNA product. The DNA product was treated to a sequencing process described below. 

 

2.1.4.1.1 DNA extraction modified for powdered bentonites 

The extraction of DNA from solid bentonite samples provides extra challenges due to the 

combination of low biomass, and the sorption of phosphorous groups in the DNA to 

montmorillonite particles (Novinscak and Filion, 2011). The sorption of the DNA to the 

montmorillonite was counteracted by saturating the solution with phosphate (Direito et al., 

2012). DNA was extracted from the FEBEX cores investigated in chapter # by treating 4 0.25 

g samples with the FastDNATM Spin Kit (MP Biomedicals, Santa Ana, CA, USA), which was 

altered to use a DNA-free 1 M sodium phosphate buffer instead of the phosphate buffer 

included in the extraction kit. Confirmation of a usable DNA product was achieved using the 
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technique above, and the extraction methodology was also carried out on the 1 M sodium 

phosphate buffer to confirm it was DNA free. 

 

2.1.4.2. Sequencing 

Sequencing was used to determine the order of nucleotides the 16S rRNA gene, which was 

then subsequently interpreted using bioinformatics to determine the bacterial communities 

present in the bentonite samples. A second PCR was carried out targeting the V4 hyper 

variable region (515F, 5’-GTGYCAGCMGCCGCGGTAA-3’; 806R, 

GGACTACHVGGGTWTCTAAT-3’) a region of the 16S rRNA gene where a large amount 

of diversity is observed, allowing DNA products from individual bacterial species to be 

distinguished from each other. The PCR was conducted on the Roche FastStart High Fidelity 

PCR System (Roche Diagnostics Ltd, Basel, SUI) which ran a program consisting of an 

initial denaturation step (95 °C, 2 mins), followed by 36 temperature cycles (95 °C, 30 s; 55 

°C, 30 s; 72 °C, 1 min), and a final extension step (72 °C, 5 mins). PCR products obtained 

were then purified, and standardized to 20 ng (SequalPrep Normalization Kit, Fisher 

Scientific, Loughbourough, UK). The PCR products were then pooled in equimolar 

proportions before sequencing on the Illumina MiSeq platform (Illumina, San Diego, CA, 

USA). The run was completed with a 4 pM sample library, spiked with 4 pM of PhiX 

producing a final PhiX concentration of 10 % v/v (Kozich et al., 2013). 

 

2.1.4.3. Bioinformatics 

Bioinformatics encompasses a range of software-based techniques used to interpret biological 

data, and in this case to determine the closest bacterial relatives to the organisms detected by 

sequencing DNA extracted from the bentonites. DNA (16S rRNA gene sequences) identified 

by the Illumina sequencing run were assigned barcodes allowing for a single mismatch. 

Cutadapt (Martin, 2011), FastOC (Andrews, 2016), and Sickle (Joshi and Fass, 2011) 

programmes were used to trim the data, and to check the quality of the data obtained. Errors 

produced during the sequencing run were identified using SPADes (Nurk et al., 2013), and 

complete sequences were generated by merging the forward, and reverse reads using 

Pandaseq (Masella et al., 2012). Chimeras generated during the sequencing run were 

removed using Chimeraslayer (Haas et al., 2011), and operation taxonomic units (OTUs) 

were assigned using UPARSE (Edgar, 2013). Usearch (Edgar, 2010) was used to remove 
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singletons from the data, and the OTUs were matched to close relatives with a similarity of 

97 % or greater. RDP classifier (Wang et al., 2007) was used to taxonomically classify the 

OTUs, and rarefaction curves were produced using Qiime (Caporaso et al., 2010).   

 

2.2. Mineralogical techniques 

 

2.2.1. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is used to identify crystalline phases in powdered samples. The 

technique uses X-rays generated by a Cu Kɑ source which subsequently diffract off the atomic 

planes in a crystalline sample towards a detector. As the X-rays hit an atomic plane a series of 

reflected X-rays are produced. In most cases these reflected X-rays are out of alignment, and 

destructive interference leads to little, or no X-rays being detected. However, if Braggs law is 

satisfied the atomic planes are aligned, and a strong reflection is picked up by the detector 

(Chatterjee, 2001). Braggs law is shown below with d referring to the distance between 

atomic planes, θ the angle of incidence, n any numerical value, and λ the wavelength of the 

X-rays. In a practical scenario this is achieved by rotating the X-ray source, and detector 

around the sample covering a range of angle of incidences (5° to 70°), whilst the sample is 

rotated in a horizontal plane. This ensures that the conditions for the crystallites being probed 

are met, and accounts for variations in crystallite orientation because of sample preparation. 

2dsinθ = nλ 

Sample preparation consisted of grinding approximately 0.1 g of a sample using a mortar, and 

pestle before mixing with a small amount of amyl acetate and spreading evenly on a low 

background slide. The amyl acetate was left to evaporate before the samples were inserted 

into a Bruker (Billerica, MA, USA) D8 Advance diffractometer.  Having been analyzed a 

series of peaks were identified at different angles of incidence each produced by an atomic 

plane. Due to the 3D nature of crystallites several peaks are generated for individual species 

referring to the different lattice planes present. These lattice planes have specific d-spacings 

which are assigned to Miller indices (h k l) which describe the orientation of the planes 

(Hammond, 2015). The Miller indices are compared to a database of known mineral 

standards such as the ICDD (International Centre for Diffraction Data) database. 
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XRD has limitations when it comes to investigating clay minerals as their platy structure 

produces a preferred orientation when mounted, and therefore one of the planes is much more 

pronounced compared to the other two planes (Moore and Reynolds Jr, 1997). Whilst this is 

not normally an issue when it comes to identifying clay minerals it does make quantifying the 

relative proportions of the minerals difficult, and therefore treatments such as ethylene glycol 

solvation (Mosser-Ruck et al., 2005), and alternative techniques are used to assist in this 

endeavor.   

 

2.2.2. Electron Paramagnetic Resonance (EPR) 

Electron paramagnetic resonance (EPR) is used to study atoms that contain unpaired 

electrons, often referred to as paramagnetic species. The interaction of these unpaired 

electrons with neighboring atoms allows us to infer information about their local chemical 

environment. This thesis used EPR to identify the Fe(III) species present in the 

montmorillonite-based materials, and to understand how they responded to biological Fe(III)-

reduction. The basic principle of EPR is that electrons exist in a high and low spin state as 

shown in Figure 2.1 (Weber et al., 1998). When there is no magnetic field (B0) present there 

is no measurable energy difference (ΔE). However, as the magnetic field is increased in the 

presence of electromagnetic radiation the energy of the spin states diverges in a linear fashion 

(Figure 2.1). At a specific magnetic field strength, the energy difference matches the 

electromagnetic radiation, and the unpaired electrons flip between spin states (resonate) 

producing an absorption peak (Figure 2.1).  
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Figure 2.1: The energy difference (ΔE) of electron spin states as a function of magnetic field 

strength (B0), with the absorption profile observed at resonance (Weber et al., 1998). 

 

During analysis the EPR sample is housed in a chamber which converts the absorption signal 

into the first derivative (sine wave) (Figure 2.2) which is the common format to report EPR 

spectra in (Weber et al., 1998). 

 

Figure 2.2: Conversion of an absorption spectra into the first derivative (Weber et al., 1998). 

 

EPR spectra typically display intensity as a function of magnetic field (Gauss (G)). However, 

the location of the peaks in relation to magnetic field varies with the microwave frequency. 

This is a problem as the microwave source does not emit a fixed frequency causing drift 

between individual measurements, and a range of microwave frequencies are used for EPR 

depending on the species being investigated. To overcome this issue the position of peaks in 

an EPR spectrum are described in terms of the g value. The g value (dimensionless) is a 

measurement of a particle’s magnetic moment, and angular momentum, and is calculated 
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using the equation below where h is Planck’s constant (6.6 ×10-34 J s), v is the frequency 

(GHz), µB is the Bohr magneton (9.3 ×10-28 J G-1), and B0 is the magnetic field (G) (Weber et 

al., 1998). 

𝑔 =  
ℎ𝑣

µ𝐵𝐵0
 

This can be simplified by dividing Planck’s constant by the Bohr magneton. 

𝑔 = 714.477 ×  
𝑣

𝐵0
 

Errors associated with the instrumentation mean the recorded field (and therefore g value) are 

not the true values. The instrument error is calculated by measuring a standard of known g 

value. In this thesis strong pitch (0.11 % pitch (long-chain hydrocarbons) in potassium 

chloride) was used as a standard (Weber et al., 1998). Strong pitch produces a characteristic 

peak at g = 2.0028. The g value measured by the instrument was divided into the true value to 

derive the error, which was then corrected by multiplying the g values of the spectrum by the 

error. 

Clay suspensions were prepared for EPR by placing 2 ml of sample in a weigh boat and 

allowing it to dry. The samples were then disaggregated using a pestle and mortar, and a 0.05 

g aliquot was placed in an acetone washed capillary tube. Capillary tubes were measured 

empty before use to confirm the absence of paramagnetic species that could interfere with the 

measurements. In the case of anaerobic samples, the samples were dried, and prepared in an 

anaerobic chamber (Coylab, Grass Lake, MI, USA). The anaerobic samples were dispensed 

in capillary tubes equipped with a J Young tap fitting (GPE Scientific (Leighton Buzzard, 

UK)) that seals the tube from the external atmosphere. The samples were then transferred to a 

Bruker (Billerica, MA, USA) EMX Micro X-band (~ 9.9 GHz) spectrometer for analysis.  

   

2.2.3. Mössbauer spectroscopy 

Mössbauer spectroscopy exploits the Mössbauer effect to gather isotope specific chemical 

information about a sample including the oxidation state, and the chemical environment of 

the isotope being probed. In the case of geochemistry Mössbauer spectroscopy is typically 

used to probe 57Fe which makes up 2.12 % of naturally occurring iron. The Mössbauer effect 

is the recoilless absorption and emission of gamma radiation by atoms contained in a crystal 
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lattice, when these conditions are satisfied the absorption of the gamma radiation can be 

measured with changes in this absorption being governed by the chemical environment of the 

atom (Gütlich, 2011). In the case of atoms not bound in a crystal lattice the recoil from the 

gamma radiation being absorbed, and emitted is much greater than the absorption, and no 

data can be collected. 

The Mössbauer effect is achieved and recorded by mounting the solid sample between a 

gamma radiation source, and a gamma radiation detector that records the signal after it has 

been absorbed and emitted by the sample (Figure 2.3). To discern information about the 

chemical environment of the nuclei the source must decay to the isotope being studied, in the 

case of 57Fe a 57Co source is used. The absorbance of the gamma radiation by the 57Fe nuclei 

is dependent on the velocity of the gamma radiation, with changes in the chemical 

environment altering the velocity required for absorbance to be observed. The velocity of the 

gamma radiation is varied by using a linear motor to achieve the Doppler effect, the data is 

then plotted as absorbance as a function of velocity (Figure 2.3).  

 

Figure 2.3: A basic diagram of a Mössbauer spectrometer. The velocity (v) oscillates the 
distance of the gamma radiation (γ) source from the absorber. The detector picks up the 
transmission (T) of the gamma radiation through the absorber (Gütlich, 2011). 

 

Samples were prepared by passing 5 ml of bentonite slurry through a filter and discarding the 

supernatant. The resulting solid was mounted onto a holder and sealed with Kapton tape. 

Mössbauer spectra were collected using a MS4 Mössbauer spectrometer (SEE, Wilmington, 

MA, USA). Spectra were collected in transition mode at 13 K with the temperature 

maintained by a closed-cycle cryostat (SHI-850, Janis Research, Wilmington, MA, USA). 

The spectrometer was calibrated using 7 µm Fe(0)-foil, and spectra were fitted using a 

Voight-based fitting routine using Recoil software (Rancourt and Ping, 1991).  

 



78 

 

2.2.4. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is an imaging technique that provides the 

magnification required to observe nanometer scale objects such as biologically-produced 

nanoparticles. The principle of TEM is not too dissimilar to optical microscopy, with the 

components of the two systems roughly laid out in a similar fashion. Light (optical) or 

electron waves (TEM) are generated and transmitted through a condenser lens which focuses 

the waves on the intended sample (Tanaka, 2017) (Figure 2.4). While optical lenses are made 

of glass, lenses intended for the manipulation of electron waves utilize magnetic fields to 

alter the path of the electrons. The objective lens magnifies the “image”, while the 

intermediate lens changes the imaging mode (for diffraction and other purposes), and finally 

the projector lens increases the size of the “image” so that it can be viewed (Tanaka, 2017) 

(Figure 2.4). 

 

Figure 2.4: Comparison of a TEM microscope (a), and a light microscope (Tanaka, 2017). 

 

The TEM microscope used in this research was a FEI (Hillsboro, OR, USA) TF30 Field 

Emission Gun (FEG) TEM operating at 300 kV. Samples were prepared by centrifuging a 1 
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ml aliquot of bentonite slurry (16,162 g, 5 mins) before discarding the supernatant, and 

redispersion of the pellet in 800 µl of deionized water (18.2 MΩ) before diluting the solution 

again in deionized water by a factor of 10. A 1.3 µl sample was placed on a carbon coated 

copper TEM grid (Agar Scientific (Stansted, UK)) using a pipette, and left to dry before use.  

 

2.2.4.1. Electron Dispersive X-ray Spectroscopy (EDS) 

One result of electrons being used to probe TEM samples is the emission of characteristic X-

rays from the sample which are detected using the technique Electron Dispersive X-ray 

Spectroscopy (EDS) (Shindo and Oikawa, 2002). The emission of X-rays from the sample 

occurs because the electrons generated by the microscope excite electrons present in the 

electron shells of nuclei. Electrons from the inner shells of nuclei are ejected leaving behind 

an electron hole. An electron from an outer shell fills the hole releasing an X-ray equivalent 

to the difference in energy between the two shells. The difference between the energy of two 

shells is characteristic of the element the electrons belong to. Therefore, the X-rays can be 

used to characterize the elemental composition of a sample. EDS spectra were collected from 

the TEM using an Oxford (Abingdon, UK) XMax EDS detector, and analyzed using Oxford 

(Abingdon, UK) INCA software. 

 

2.3. Aqueous analyses 

 

2.3.1. Ion Chromatography (IC) 

Ion chromatography (IC) is a method of separating and detecting charged particles from a 

solution to determine their concentration. This research used IC to quantify the 

concentrations of key anions in solution. The sample was mixed with a suitable buffer 

(mobile phase) of known volume and passed through an ion exchange column (stationary 

phase) consisting (in the case of anion exchange chromatography) of immobile cation species 

that bind to the anions in solution (Fritz, 2000) (Figure 2.5). The anions introduced with the 

mobile phase remain bound to the stationary phase until competing anions replace them. To 

identify and quantify the concentrations of the anions in solution the salinity of the mobile 

phase is gradually increased, and the retention of the anion species on the column recorded, 

by monitoring the conductivity of the solution. The retention times of the analytes are 
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observed as a series of peaks, which are then compared to a series of known standards of the 

anions in question. 

 

Figure 2.5: An overview of an ion chromatograph. The solvent reservoir, and pump + 
gradient system moves the mobile phase to the injection unit where the sample is inserted. 
The mobile phased then passes through the column (stationary phase), and the output 
recorded using a detector (Fritz, 2000). 

 

Bentonite slurries were prepared for IC by centrifugation (14,800 rpm, 10 mins) to separate 

the bentonite from the aqueous solution. The solution was then diluted by a factor of 20 in 

deionized water. Once prepared the samples were loaded onto a Dionex (Sunnyvale, CA, 

USA) ICS5000 containing a Dionex Capillary AS11-HC 4µ column. An aliquot of the 

samples (0.4 µl) were introduced into the mobile phase which consisted of potassium 

hydroxide. The mobile phase was introduced into the column at a rate of 0.015 ml min-1 with 

a gradient of 1 mM – 36 mM potassium hydroxide over the space of 40 minutes. 

 

2.3.2. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is a technique used to 

quantify chemical elements present in an aqueous sample. ICP-AES was used to establish if 

key montmorillonite components (iron, aluminium, silicon), along with key interlayer cations 

(sodium, potassium, calcium, magnesium) were being leached into solution, as well as 

monitoring selenium removal from solution. 
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The technique works by introducing the aqueous sample into a spray chamber where it is 

made into a mist using a nebulizer (Boss and Fredeen, 2004) (Figure 2.6). The mist is mixed 

with argon gas, and an ICP torch forms an argon plasma flame (Figure 2.6). The species in 

the sample mist lose electrons in the flame, and form charged ions that emit electromagnetic 

radiation of wavelengths relevant to the element excited. The wavelengths of electromagnetic 

radiation generated, and their relative intensities are recorded (Figure 2.6). The wavelengths 

and intensities are compared to standards of a known concentration. 

 

 

Figure 2.6: Overview of an ICP-AES spectrometer. The solution is pumped into a nebulizer 
which sprays the sample into a stream of argon. The mist is converted into a plasma using the 
ICP torch, and the intensities of the species are recorded by the spectrometer (Boss and 
Fredeen, 2004). 

 

Two preparations were used for the ICP-AES analyses. In the case of determining the cation 

exchange capacity of solid bentonites 1 g of bentonite was allowed to equilibrate in 5 ml of 1 

M ammonium acetate for 24 hours before vacuum filtration, and washed with a further 5 ml 

of 1M ammonium acetate (Chapman, 1965). The resulting solution was then diluted 10-fold 

in 2.2 % nitric acid. Samples collected to determine montmorillonite dissolution and 

introduced species concentration were prepared by centrifuging (14,800 rpm, 10 mins) the 

bentonite slurry, and then diluting the resulting supernatant 10 times in 2.2 % nitric acid. 
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2.3.3. Spectrophotometry 

Spectrophotometry is the measurement of the absorbance of specific wavelengths of light to 

determine the concentration of an analyte in solution. Here, spectrophotometry was used to 

measure the concentration of the key analytes, 0.5 M HCl extractable Fe(II) and total iron, as 

well as the concentration of Geobacter sulfurreducens cells added to experiments. The 

analyte of interest is reacted with a molecule that forms a strongly colored complex (Stookey, 

1970). The sample is diluted to the required concentration then introduced into the 

spectrophotometer, which is enclosed to prevent interference from natural light. A LED 

generates the required wavelength, passing it through the sample where it is then recorded by 

a detector (Figure 2.7). For solutions, the more concentrated the analyte is, the more lights it 

absorbs, and the higher the peak absorption known as lamda max (λmax) (Figure 2.9). When 

measuring suspensions, such as bacterial cells, transmittance is affected by scattering of light, 

i.e. turbidity (Lewis et al., 2014), rather than absorption of light. The transmittance (T) of 

light through the sample is calculated using the following equation with It the intensity of 

light produced by the LED, and Io the intensity of light detected after it has passed through 

the sample: 

𝑇 =  
It

Io
 

The absorbance (A) of light by the sample, and therefore the concentration of the analyte is 

related to transmittance in the following manner: 

𝐴 =  − log(𝑇) =  −log(
It

Io
) 

All spectrophotometric work was conducted using a Jenway 6850 UV Vis spectrophotometer 

(Stone, UK). Details for individual analytes are described below and, in all cases, a blank 

sample was initially used to calculate the background signal. A calibration curve was 

generated by measuring a series of standards with known concentrations. These standards 

were used to derive a linear equation, where y is absorbance, m the gradient, x concentration, 

and c where y intercepts 0: 

𝑦 = 𝑚𝑥 + 𝑐 

This equation was rearranged to solve for x (concentration) and used to calculate the 

concentration of the samples being analyzed. 

𝑥 = (𝑦 − 𝑐) ÷ 𝑚 
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Figure 2.7: Diagram of a spectrophotometer being used to calculate the optical density of a 
cell solution (Madigan, 2015). 

 

2.3.3.1. Ferrozine assay 

Ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid) (Figure 2.8) is a 

ligand that produces a magenta color with a λmax of 562 nm (Figure 2.9) in the presence of 

Fe(II) (Stookey, 1970). This assay is used in conjunction with an extractant to determine 

microbial Fe(III)-reduction in soil samples (Newsome et al., 2014), and pure mineral systems 

(Brown et al., 2014). The Ferrozine solution is prepared by adding 1 g of Ferrozine and 12 g 

of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (a buffering agent) to 1 liter 

of deionized water and correcting the pH to 7 using 10 M sodium hydroxide. The 

bioavailable Fe(II) present in the sample is determined by adding 20 µl of bentonite slurry to 

980 µl of 0.5 M hydrochloric acid, and allowing it to react for one hour. If bioavailable 

Fe(III) is of interest the total bioavailable iron is extracted by adding 20 µl of bentonite slurry 

to 0.25 M hydroxylamine hydrochloride dissolved in 0.5 M hydrochloric acid (Lovley and 

Phillips, 1987). These extraction techniques leave a solid residue in the Eppendorf. In the 

case of bentonite this includes suspended particles (Schramm and Kwak, 1982) that will 

increase the turbidity of the sample, decreasing transmission. The solid residue was removed 
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from the samples with centrifugation (16,126 g, 10 mins) before 80 µl of supernatant was 

added to 920 µl of Ferrozine solution in a semi-micro cuvette. Typical standards used for this 

procedure are iron sulfate heptahydrate of concentrations 0.5 mM, 1 mM, 5 mM, 10 mM, and 

20 mM stored in 0.5 M hydrochloric acid, with detection limits (using the above ratio of 

Ferrozine to sample) of approximately 0.02 mM to 23 mM. This technique was used to 

monitor microbial Fe(III)-reduction in bentonite, however it is also known to underestimate 

the amount of bioavailable iron in phyllosilicates (Brookshaw et al., 2014). Quantitative 

evaluation of microbial Fe(III)-reduction in bentonites was supported further with Mössbauer 

spectroscopy (Ribeiro et al., 2009). 

 

 

Figure 2.8: Chemical structure of Ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-
disulfonic acid) (Stookey, 1970). 

 

 

Figure 2.9: Absorption spectrum for Fe(II) complexed with Ferrozine (Stookey, 1970). 
Lamda max (λmax) has been annotated. 
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2.3.3.2. Cell density 

For particulate suspensions, such as cell suspensions, optical density was used to measure the 

scattered light, i.e. the turbidity of a sample, to provide a measure of the number of cells 

present (Lewis et al., 2014). The optical density of Geobacter sulfurreducens cell suspensions 

was determined by adding 100 µl of the bacterial suspension to 900 µl of 30 mM MOPS and 

comparing it to a 30 mM MOPS standard at 600 nm. This optical density was used to confirm 

that a known concentration of G. sulfurreducens cells was added to each experiment. 
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3.1. Preface 

Question: Will the impact of stresses encountered during geological disposal on IRB, and 

SRB communities, influence cell numbers, and diversity? 

During the writing of the literature review for this thesis Fe(III)- and sulphate-reducing 

bacteria were focused on as they had been shown to have an effect on bentonite buffers, or 

other components of a geological disposal facility. Fe(III)-reducers can influence the 

physical, and chemical properties of bentonites (Kim et al., 2004). Meanwhile, sulfate 

reducers produce sulfide which can corrode metallic containers (Pedersen, 2010). A greater 

understanding of bentonite microbial communities was required as although the activity of 

Fe(III) and sulphate reducers has been reported, the identities of the microorganisms 

responsible is less clear. Several other groups of bacteria may also be supporting their 

activity. For example fermentative organisms such as Clostridia can produce additional 

electron donors (e.g. organic acids and hydrogen) for utilization in the reduction of Fe(III) 

and sulphate. As well as identifying the microorganisms present in bentonite, it was also 

important to consider whether they would be viable under geological disposal conditions. 

Using microbiological culturing techniques, and a routine counting method (MPN 

enumerations), we were able to investigate the influence of heating, gamma radiation, and 

pelletisation on the viability of sulfate- and Fe(III)-reducing microbial communities in 

bentonites. Furthermore, using state of the art DNA sequencing technologies we were able to 

identify the bacteria responsible, and the ancillary bacteria that may be supporting their 

activity. The results showed that viable Fe(III)- and sulfate-reducing bacteria remained in the 

bentonites after the treatments (in lower numbers). Differences in communities were 
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observed between different bentonites and appeared to influence the number of viable 

bacterial cells that remained. The screening of microbial communities in bentonites intended 

for geological disposal could potentially be used to identify a bentonite with a minimal 

chance of microbial activity. Further research should look at a combination of the treatments 

to see if this has a further impact on microbial viability, and the role of bentonite 

density/swelling pressure was considered in chapter 7. 

 

3.2. Abstract 

Microbes have been isolated previously from bentonite materials that may be used as barriers 

for the disposal of radioactive waste. Actively respiring microbes in such barrier materials, 

within a repository environment, have the potential to adversely affect waste container 

corrosion rates. Additionally, they could potentially alter the properties of the bentonite 

barrier itself.  This is of significance, since the integrity of the waste container and properties 

of the bentonite barrier are required to fulfil defined safety functions. To help identify the 

critical factors that affect microbial activity in bentonite materials, this study examines the 

impact of a range of parameters that could affect microbial metabolism in a geodisposal 

environment. Several bentonites from different sources (bentonite mined from locations in 

Spain and the USA, along with commercially-sourced bentonite) were subjected to increased 

pressure (74 MPa, 30 seconds), heat (90 °C, 24 hours), and irradiation (1000 Gy, 24.17 Gy 

min-1), before incubation in growth media selective for sulfate-reducing bacteria (SRB) or 

iron-reducing bacteria (IRB). The amount of SRB, and IRB were counted using the most 

probable number method and identified by 16S rRNA gene sequencing. The bentonites 

initially contained 660-6600 SRB cells g-1, and the number of SRB was correlated with the 

initial water content of the bentonite. A similar number of IRB was also present (400-4000 

cells g-1), and the number of IRB was correlated with the ratio of bioavailable 

Fe(II)/Fe(Total) present in the bentonite. The bentonites hosted sulfate-reducing species from 

two bacterial genera, with Desulfotomaculum dominating the SRB communities in the 

Spanish bentonite used in the Full-scale Engineered Barriers Experiment (FEBEX), while the 

other communities contained Desulfosporosinus species. The nature of the SRB community 

played a significant role in the microbial community response to different stresses, with the 

FEBEX material producing high SRB cell counts in response to pressure and irradiation but 

yielding low numbers in response to heat. Initially, the IRB communities contained a mixture 

of Gram-negative bacteria such as Geobacter, and Gram-positive spore-forming bacteria such 
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as Bacillus and Desulfosporosinus, with an increase in the number of Gram-positive spore-

formers in response to stress. The ability of Gram-positive spore-formers to grow, despite 

exposure to pressure, heat and irradiation, highlights the need to generate a swelling pressure 

sufficient to minimize microbial activity. In addition, we suggest that the microbial 

communities naturally present in the bentonite should be considered as part of the selection 

process for buffer materials in a geological disposal facility for radioactive waste. 

 

3.3. Introduction  

The preferred disposal route for most countries generating radioactive waste is via a highly-

engineered underground facility known as a Geological Disposal Facility (GDF) (Baldwin et 

al., 2008). Bentonite is a clay-based material being considered for use as a buffer in a range 

of GDF concepts (Bengtsson et al., 2015). The properties of bentonite that make it suitable 

for use as a buffer material include the ability to swell, offering low permeability (restricting 

contaminant transport), in addition to amphoteric and ion exchange sites able to adsorb 

radionuclides.  The optimization of swelling processes results in very small pores which 

inhibit colloid transport and minimize microbial colonization and activity (Wilson et al., 

2011). The presence of active microbial populations in bentonite barriers is of concern, as 

they may influence the physical, and chemical properties of the buffer material, and its 

performance as a barrier material (Mulligan et al., 2009). 

Microbes have been isolated from natural bentonite horizons (Lopez-Fernandez et al., 2015), 

bentonites prepared for commercial use (Masurat et al., 2010a), as well as being identified  in 

bentonites under simulated geodisposal conditions (Pedersen, 2010). Sulfate-reducing 

bacteria (SRB) are particularly significant, due to their role in hydrogen sulfide production, a 

potent corroding agent implicated in nuclear waste canister corrosion (El Mendili et al., 

2013). The reduction of structural Fe(III) in bentonites by Fe(III)-reducing bacteria (IRB) is 

also a concern, as it could lead to dissolution of the buffer material and a loss of structural 

integrity (Kim et al., 2004). The extent of Fe(III)-reduction in bentonites is debated with 

other studies suggesting minimal Fe(III)-reduction (Perdrial et al., 2009), with little effect on 

the stability of smectite (Dong, 2012). In addition to direct impacts on bentonite materials, 

microbes are also known to influence the speciation and solubility of radionuclides, and in 

the event of radionuclide release may prevent their transport by precipitating insoluble forms 
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of priority radionuclides, or could promote transport by bioadsorbing the radionuclides and 

subsequently migrating as planktonic cells in groundwaters (Newsome et al., 2014). 

A range of stresses will be imposed on microorganisms growing in and around a GDF 

including heat, pressure, and irradiation (Wilson et al., 2011). Several disposal agencies have 

placed a 100 °C exposure limit on disposal scenarios involving a bentonite buffer, in order to 

avoid drying of the barrier, thermal alteration (illitization), and to minimize in-situ canister 

corrosion rates (Hicks et al., 2009). However, the current thermal upper limit for microbial 

growth  in laboratory culture is 121 °C (Kashefi and Lovley, 2003), and viable SRB have 

been identified in bentonite materials following treatment at 120 °C for 15 hours (Masurat et 

al., 2010b), as well as after exposure to 110 °C for 170 hours (Bengtsson et al., 2015). At high 

temperatures cell membranes become more fluid, and key biomolecules are denatured 

(Morozkina et al., 2010) resulting in a loss in viability. Microbes can overcome these 

challenges by: (i) producing heat-resistant proteins; (ii) rapidly turning over sensitive 

molecules (Daniel and Cowan, 2000); and (iii) by producing spores which can remain viable 

for long periods of time (Yi and Setlow, 2010).  

To restrict permeability, and to seal gaps within the buffer, a swelling pressure exceeding 0.1 

to 1.0 MPa is essential (Sellin and Leupin, 2013). Such a swelling pressure will develop 

through the absorbance of incoming groundwaters. Bacteria have been identified in the 

Mariana Trench (10898 m), where hydrostatic pressure surpasses 100 MPa (Kato et al., 

1998). Increased pressure reduces the fluidity of membranes, which is compensated for by 

including more flexible unsaturated fatty acids in the membrane structure (Bartlett, 2002). 

However, increased swelling pressure introduces an additional mechanical stress which 

causes a reduction in water activity, through the interactions of water with solutes, and water 

adsorption to clay surfaces (Stroes-Gascoyne et al., 2010). The decrease in permeability also 

reduces microbial transport, and access to nutrients, with the smallest known bacteria being 

approximately 0.1 to 0.2 µm in size (Lopez-Fernandez et al., 2018). Increased salinity 

reduces the availability of water to bacterial cells, potentially introducing more Na+ ions into 

the cytoplasm which can inhibit enzymes. High salinity is countered by accumulating non-

detrimental solutes in the cell, thus balancing the gradient between the cell and the pore fluid 

(Cockell and Nixon, 2013). Desiccation, induced by water adsorption to clays, also leads to 

nutrient depletion (Potts, 1994), provoking spore formation in Gram-positive spore-forming 

bacteria as a survival strategy (Paredes-Sabja et al., 2011). Desiccation is also associated with 

the build-up of free radicals (Crowe and Crowe, 1992), an issue that is compounded by high 
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radiation fluxes (Daly, 2009). Highly penetrating gamma radiation is emitted from high level 

waste (Weber et al., 1998), and gamma-emitting radionuclides could also be adsorbed to the 

bentonite barrier (Park et al., 2012). Free radicals and other reactive oxygen species produced 

by the radiolysis of water molecules, cause damage to biomolecules, especially to nucleic 

acids, lipids, and proteins (Daly, 2009). Resistance to free radical stress is achieved via a 

range of mechanisms including free radical removal via the intracellular manganese redox 

cycle (Daly et al., 2007), the efficient repair of genetic damage by DNA repair mechanisms 

(Minton, 1994), and by maintaining multiple copies of the genome (polydiploidy) (Hansen, 

1978). 

The aim of this study was to characterize the microbial communities present within a broad 

range of bentonite samples and determine how they respond to the stresses imparted by 

temperature, pressure, and gamma radiation, relevant to geological disposal The direct 

extraction of DNA from clays typically yields less than 1 % of the total amount present 

(Direito et al., 2012), so this study used selective growth media, to promote microbial growth, 

and therefore allow microbial quantification using more traditional most probable number 

(MPN) culturing techniques (Collins and Lyne, 2004), while increasing the yield of DNA for 

microbial community analysis. The results of this study highlight the variability in the 

bacterial content of bentonites, and how the indigenous bacterial communities respond to 

stresses relevant to geological disposal. A key observation is that spore-forming Gram-

positive Fe(III)- and sulfate-reducing bacteria are both prevalent in bentonite materials, and 

highly resistant to the stresses of high temperatures, pressures and radiation.   

 

3.4. Material and methods   

 

3.4.1. Selection of bentonites 

Four bentonites were used in this study including a southern (Mississippi, USA), and western 

(Wyoming, USA) bentonite, a commercial bentonite purchased from Thermo Fisher 

Scientific (Waltham, MA, USA), and bentonite from Almeria, Spain, used in the full-scale 

engineered barriers experiment (FEBEX) designed by Empresa Nacional de Residuos 

Radiactivos (ENRESA) to investigate the manufacture and construction of a bentonite buffer 

for use in a GDF (Lanyon and Gaus, 2016). The southern, western, and commercial 
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bentonites were received in powder form and used as-received; the FEBEX was received in 

granular form and was disaggregated using a mortar and pestle. 

 

3.4.2. Analytical methods 

 

3.4.2.1. X-ray Diffraction (XRD) 

To identify the mineral phases, samples of each bentonite (0.1 g) were ground with a pestle 

and mortar, mixed with 1 ml of amyl acetate, mounted onto a low background sample holder, 

and identified using a Bruker (Billerica, MA, USA) D8 Advance diffractometer with CuKα 

radiation with a wavelength of 1.5406 Å. A step size of 0.02° 2θ with a counting time of 0.02 

s per step over a 2θ range of 5–70° was used. Powder patterns were fitted using a 

search/match routine (EVA software program version 4 (Bruker, Billerica, MA, USA), with 

recorded peaks compared to standards from the ICDD (International Centre for Diffraction 

Data) database. 

 

3.4.2.2. Brunauer-Emmett-Teller (BET) surface area analysis 

Calculation of the surface area of the bentonites was carried out using nitrogen adsorption at -

196 °C. 0.2 g of bentonite was purged for 18 hours at 100 °C under a constant flow of 

nitrogen before analysis (Micrometrics (Norcross, GA, USA) Flowprep 060). 

 

3.4.2.3. X-ray Fluorescence (XRF), H2O(–) and Loss on Ignition (LOI) 

Major-element analyses were obtained with a wavelength dispersive, PANanalytical 

(Royston, UK) Axios spectrometer using the standard glass AUSMON (B255). Finely 

powdered rock sample (12 g) and fine powdered wax (3 g) were milled for 7 min at 350 rpm 

in a TEMA (Woodford Halse, UK) mill and pressed into a pellet at 10 tonnes. Uncertainty on 

the XRF instrument was approximately 2.6 %. Samples (1 g) were dried at 105 °C for 1 hour, 

cooled in a desiccator and weight loss recorded to determine the loosely held water, H2O(–). 

Samples were then heated for 1 hour at 1100 °C, cooled in a desiccator and reweighed. The 

loss on ignition is due to dehydroxylation of clay minerals and the release of CO2 by 

breakdown of carbonates and oxidation of organic matter. 
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3.4.2.4. Ferrozine analysis 

The Ferrozine method (Lovley and Phillips, 1987) was used to measure 0.5 M hydrochloric 

acid extractable Fe(II), and total iron (after reaction with hydroxylamine) in the bentonite 

samples. Samples (0.2 g) were placed in 0.5 M hydrochloric acid (5 ml), and allowed to 

equilibrate for an hour, then 20 µl of the resulting slurry was transferred to 980 µl of 0.5 M 

hydrochloric acid for Fe(II), or 980 µl of 0.5 M hydroxylamine hydrochloride for total 

bioavailable iron. After a further hour of digestion, 80 µl of the sample was added to 920 µl 

of Ferrozine and measured using a spectrophotometer (Jenway (Stone, UK)) at 562 nm. The 

uncertainty limit of the Ferrozine assay is approximately 3.2 % (Stookey, 1970). Ferrozine 

was also used to measure Fe(III) reduction in the MPN experiments targeting IRB, in this 

instance 20 µl of the sample was added to the hydrochloric acid solution (0.5 M, 980 µl).   

 

3.4.2.5. Ion Chromatography (IC) and pH 

Ion chromatography was used to determine the concentration of sulfate in the bentonites. 

Samples (0.2 g) were placed in 5 ml of deionized water (18.2 MΩ) and allowed to equilibrate 

on a roller mixer for one hour. Afterwards 1ml of the slurry was transferred to an Eppendorf 

tube, and the supernatant was separated from the bentonite using a centrifuge (16,162 g, 10 

minutes). The pH of the supernatant was measured (Denver Instrument (Sartorius, Göttingen, 

Germany)), then being diluted four times with deionized water, and analyzed using a Dionex 

(Sunnyvale, CA, USA) ICS5000. The uncertainty limit of the measurements was 

approximately 4.1 %. 

 

3.4.2.6. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

The interlayer cations in the bentonite samples were analyzed by ICP-AES. 1 g of each 

substrate was added to 5 ml of 1 M ammonium acetate, before being placed on a shaker for 

24 hours. An extra 5 ml of 1M ammonium acetate was added to the slurries before being 

vacuum filtered (Chapman, 1965). The remaining solid was discarded, and the supernatant 

was collected. The solutions were acidified by adding 1 ml aliquots to 9 ml of 2.2% HNO3. 

The acidified supernatants were then analyzed with a Perkin-Elmer (Waltham, MA, USA) 

Optima 5300 dual view ICP-AES. The uncertainty limit of the measurements was 

approximately 3.4 %.  
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3.4.3. Sample and media preparation 

 

3.4.3.1. Pelletisation 

Pelletisation was used to simulate the effects of compaction on the bentonite microbial 

communities. 0.3 g of each substrate was loaded into a pellet press (SpecAc, Orpington, 

Kent) between two 13 mm die (SpecAc, Orpington, Kent), before the addition of 

approximately 9 tonnes of load (~74 MPa), producing a 2.7 g cm-3 pellet. After being 

compressed for 30 seconds the load was released. The process was repeated until 9 pellets of 

each bentonite were produced. The pellets were subsequently powdered using a 70% ethanol 

sterilized mortar and pestle, before incubation in the growth medium. 

 

3.4.3.2. Heat treatment 

The effects of heat being created by high-heat generating wastes (HHGW) were replicated 

inside an incubator. Each bentonite sample was divided into 0.45 g aliquots, and placed 

inside sterilized 10 ml serum bottles, before being stoppered, and sealed. The bottles were 

then flushed with filter sterilized nitrogen to generate an unreactive atmosphere and sealed. 

Following the de-aeration, the bottles were placed in an incubator for 24 hours, at a 

temperature of 90 °C. 

 

3.4.3.3. Gamma irradiation 

Along with heat, HHGW also produce gamma irradiation, which was simulated in this study 

using a Cobalt-60 irradiator (812 Co-60 irradiator, Foss Therapy Services Inc, North 

Hollywood, CA, USA). The bentonite substrates were transferred into sterile glass vials each 

holding 1 g. The bentonite was trapped in the vials with glass wool, and the air was removed 

using a vacuum. Whilst under vacuum the vials were sealed using an oxygen torch. Fricke 

dosimetry (Fricke and Hart, 1935) was used to calculate the dose rate within the Cobalt-60 

irradiator, and the samples were subjected to 1000 Gy, at a dose rate of 24.17 Gy min-1. The 

vials were subsequently opened in a laminar flow cabinet (Labcaire, Clevedon, UK) to 

prevent contamination and transferred to sterile 10 ml serum bottles ready for incubation. 
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3.4.3.4. Media preparation 

The bentonites were added to selective growth media, to promote the growth of specific 

groups of anaerobic bacteria. Postgate Medium B was used to selectively enrich for SRB, and 

a fully defined growth medium was selected for IRB (Lovley and Phillips, 1986). While the 

media selected contain compounds to promote the growth of the organisms highlighted, some 

SRB are known to reduce iron (Liu et al., 2012), and may therefore appear in both media. 

The Postgate B medium was formulated according to its original specifications (Postgate, 

1979). The pH of the Postgate B medium was amended to 7.0 using 10 M sodium hydroxide. 

The fully defined growth medium contained the equivalent of 4 mM ferrihydrite (as the sole 

electron acceptor) with 3.9 mM of nitrilotriacetic acid to increase the bioavailability of the 

Fe(III), as well as 2 mM of acetate and lactate as electron donors, the pH of the media was 

amended to 7.0 using 10 M sodium hydroxide. The Fe(III)-containing medium lacks the 

strong reducing agent sodium thioglycolate present in the Postgate B medium and was 

therefore degassed with nitrogen for 10 minutes to impose anaerobic conditions. Both media 

were divided into 9 ml aliquots within 10 ml serum bottles. The fully defined IRB growth 

medium was decanted inside an anaerobic glovebox (Coylab, Grass Lake, MI, USA) to 

preserve the anaerobic headspace, whilst the Postgate Medium B was decanted under 

atmospheric conditions. The media were sealed, and autoclaved (126 °C, 1.1 bar, 20 minutes) 

to ensure their sterility. 

 

3.4.4.  Microbiology methods 

 

3.4.4.1. Most Probable Number (MPN) enumerations 

The changes in the SRB, and IRB quantities following the individual treatments were tracked 

using MPN enumerations (de Man, 1983). To do this, 0.45 g of each substrate was inoculated 

into 9 ml of the media described in the previous section. The resulting slurry (1 ml) was 

transferred to fresh media (9 ml) using a nitrogen-gassed syringe; this was repeated until a 10-

5 dilution was achieved. The serial dilutions were incubated at 20 °C in the dark, and a 

positive result was confirmed in the Postgate Medium B by the presence of a black 

precipitate after 25 days, while the fully defined Fe(III)-containing growth medium bottles 

were left for 70 days, and a positive result for Fe(III)-reducing bacteria was confirmed by the 

enrichment of 0.5 M hydrochloric acid extractable Fe(II)/Fe(total), using the Ferrozine 
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method described above. The number of SRB, and IRB were calculated by comparing the 

number of positive serial dilutions to a MPN chart, and correcting for the initial dilution (de 

Man, 1983). The MPN enumerations were conducted in triplicate. 

 

3.4.4.2. Microbial analyses (16S rRNA gene sequencing) 

The microorganisms that dominated in the MPN tubes that had scored positive for SRB or 

IRB were identified by extracting, amplifying and sequencing DNA from the samples 

showing the strongest positive result, after the initial incubation time. 200 µl of the slurries 

was treated using a PowerSoil DNA Isolation Kit (MO BIO Laboratories INC, Carlsbad, CA, 

USA). The 16S rDNA gene was amplified via PCR (polymerase chain reaction) using 8F (5’-

AGAGTTTGATCCTGGCTCAG-3’), and 1492R (5’-TACGGYTACCTTGTTACGACTT-

3’) primers and the methods of (Rizoulis et al., 2016). Following amplification via PCR, a 

DNA stain (SYBR Safe DNA Gel Stain, Invitrogen, Carlsbad, CA, USA) was added before 

placement in an agarose gel, where it was subsequently separated using electrophoresis. The 

stained DNA was viewed under UV light, and target 1600 base pair products were identified 

by comparison to a ladder of DNA fragments of varying lengths. 

 

3.4.4.3. Sequencing 

A second PCR run was completed targeting the V4 hyper variable region (515F, 5’-

GTGYCAGCMGCCGCGGTAA-3’; 806R, GGACTACHVGGGTWTCTAAT-3’) (Caporaso 

et al., 2011) belonging to the successfully amplified 16S rRNA gene. The amplification of the 

region was completed with the Roche FastStart High Fidelity PCR System (Roche 

Diagnostics Ltd, Basel, SUI) using the following procedure; initial denaturation (95 °C, 2 

mins), followed by 36 cycles (95 °C, 30 s; 55 °C, 30 s; 72 °C, 1 min), and then a final 

extension step (72 °C, 5 mins). Purification of the resulting products was completed, and then 

standardized to approximately 20 ng (SequalPrep Normalization Kit, Fisher Scientific). The 

products of the PCR were then pooled in equimolar proportions, and sequenced (Illumina 

MiSeq platform, Illumina, San Diego, CA, USA). The sequencing run was implemented 

using a 4 pM sample library, spiked with 4 pM of PhiX in a ratio  producing a final PhiX 

concentration of 10% v/v (Kozich et al., 2013). 
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3.4.4.4. Bioinformatics 

The sequences that were generated were identified by barcodes allowing for one mismatch 

before Cutadapt (v1.8.1) (Martin, 2011), FastQC (v11.3) (Andrews, 2016), and Sickle (v1.33) 

(Joshi and Fass, 2011) were used for quality control, and trimming. Errors from sequencing 

were corrected using SPADes (v3.5.0) (Nurk et al., 2013), and the forward, and reverse reads 

were amalgamated into complete sequences using Pandaseq (v2.8) (Masella et al., 2012). 

Chimeraslayer (Haas et al., 2011) was used to remove chimeras, and operational taxonomic 

units (OTUs) were produced using UPARSE (Edgar, 2013). Usearch (v8.0.1623) (Edgar, 

2010) was then used to remove singletons, and to classify the OTUs at a similarity of 95% or 

higher. OTUs were taxonomically classified using RDP classifier (v2.2) (Wang et al., 2007), 

and rarefaction curves were generated using Qiime (v1.8.0) (Caporaso et al., 2010). 

 

3.5. Results 

 

3.5.1. Characterization of the bentonites 

The key characteristics of the bentonite samples were determined using a variety of 

techniques and are summarized in Table 3.1. The substrates consisted mostly of the clay 

mineral montmorillonite (a dioctahedral smectite), with accessory quartz and plagioclase 

feldspar; the southern bentonite also contained calcite, and biotite. The FEBEX, and 

commercial bentonites contained approximately 10 % water, while the southern, and western 

were about 6 %. The bentonite samples consisted of ~ 4 % iron, with the 0.5 M HCl 

extractable fraction consisting of ~ 100 % Fe(II) in the commercial, and western bentonites, 

and ~ 30 % in the FEBEX, and southern samples. The substrates had comparable surface 

areas of between 27.4, and 52.3 m2 g-1, measured by BET. In the commercial and western 

bentonites, sodium was the dominant interlayer cation, whereas the FEBEX bentonite 

contained more calcium.  
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Table 3.1: Key chemical characteristics, including the water content, loss on ignition (LOI), 

pH, surface area (SA), concentration of key interlayer cations (sodium, calcium, potassium, 

magnesium), along with the concentration of sulphate, the redox state of 0.5 M HCl 

extractable iron, and the mineralogy. 

Sample Commercial FEBEX Southern Western 

H2O (%) 10.4 9.9 5.5 6.5 

LOI (%) 6.2 8.0 9.8 6.3 

pH 10.1 9.5 9.9 10.1 

SA (m2 g-1) 27.4 ± 0.3 52.3 ± 0.5 44.9 ± 0.5 30.3 ± 0.3 

Na+ (mg g-1) 10.7 5.8 5.6 11.7 

Ca2+ (mg g-1) 4.9 7.3 5.4 5.0 

K+ (mg g-1) 0.5 0.7 0.3 0.5 

Mg2+ (mg g-1) 1.0 3.8 2.8 1.0 

SO4
2- (mg g-1) 69.0 17.3 28.5 60.9 

Fe (%) 3.8 3.8 4.2 3.9 

0.5 M HCl 

extractable  

Fe(II)/Fe(total) 

(%) 

99.2 29.8 36.6 100.0 

Mineralogy 

(XRD) 

Montmorillonite, 

Quartz, 

Labradorite 

Montmorillonite, 

Quartz, 

Labradorite 

Montmorillonite, 

Quartz, 

Sanidine, 

Calcite, Biotite 

Montmorillonite, 

Quartz, 

Labradorite 

 

3.5.2. Most Probable Number (MPN) enumerations 

To determine the number of culturable SRB and IRB present in the bentonites, each sample 

was inoculated into Postgate medium B (25 days), and a fully defined growth medium 

containing ferrihydrite as the sole electron acceptor (70 days), targeting SRB and IRB 

respectively. The number in the starting inoculum was determined using MPN enumerations 

(de Man, 1983). The results indicate that the samples typically hosted 660-6600 SRB cells g-

1, and 400-4000 IRB cells g-1 (Table 3.2), a few orders of magnitude lower than a typical soil. 

The commercial bentonite yielded the largest number of SRB cells (6600 g-1), while the 

FEBEX, and southern substrates yielded approximately ~ 3000 g-1; the western bentonite had 

the lowest (660 g-1). IRB numbers were lower compared to SRB, with the most being found 

in the western substrate (4000 g-1), an intermediate amount in the commercial bentonite (1880 

g-1), and minor amounts in the FEBEX (400 g-1), and southern (660 g-1) samples. Following 

analysis of the as received bentonite samples they were then subjected to increased pressure, 

gamma radiation, and temperatures to determine the impact on culturable SRB and IRB.  
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Table 3.2: Number of IRB and SRB per gram in each of the substrates, along with the 95% 

confidence intervals (MPN, most probable number; CI, confidence interval; LL, lower limit; 

UL, upper limit). 

  MPN g-1 95 % 

CI LL 

95 % 

CI UL 

IRB 
   

Commercial 1880 460 7600 

FEBEX 400 104 1620 

Southern 660 184 2400 

Western 4000 1020 16400 

SRB 
   

Commercial 6600 1840 24000 

FEBEX 4000 1020 16400 

Southern 1880 460 7600 

Western 660 184 2400 

 

The change in the quantity of SRB after each treatment is shown in Figure 1, confidence 

intervals can be found in supplementary 3.1. The average MPN g-1 of SRB decreased across 

all treatments, however the amount of SRB in the southern bentonite remained the same 

following irradiation (1880 g-1) but doubled in number after the heat treatment (90 °C) to 

4000 g-1. Following pelletisation, the southern bentonite samples saw a reduction in SRB 

numbers (1700 g-1); a decrease of approximately 60% was seen in the FEBEX (1880 g-1), and 

western (196 g-1) bentonites, while the commercial bentonite saw a reduction to 940 g-1. SRB 

numbers in the western bentonite also saw a ~ 60 % reduction following the heat treatment, 

and recorded the poorest growth following irradiation (44 g-1). The FEBEX bentonite 

maintained reasonable cell counts across the experiments, but a ten-fold loss (400 g-1) was 

observed following the heat treatment. The commercial bentonite maintained a large cell 

count after the heat treatment (4000 g-1) but saw a significant reduction in cell numbers after 

irradiation (500 g-1). 
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Figure 3.1: Number of SRB in the Postgate B enrichments (MPN g-1) following no treatment 
(as received), pelletisation at ~74 MPa (pressure), heating at 90 °C for 24 hours 
(temperature), and a gamma radiation dose of 1000 Gy (irradiation). 

 

The quantities of IRB in the samples are shown in Figure 3.2, confidence intervals can be 

found in supplementary 3.1. Despite the as received FEBEX containing low numbers of IRB 

(400 g-1), a substantial increase was observed following the heat treatment (1880 g-1), a trend 

which was not reflected after exposure to pressure (176 g-1), or irradiation (94 g-1). There was 

also a moderate increase in IRB numbers in the Southern bentonite, to 1700 g-1 after pressure 

and 1020 g-1 after heating, but low MPN counts were recorded after irradiation (140 g-1). 

After exposure to pressure, the commercial bentonite maintained its original cell count for 

IRB (1880 g-1), and a reduction of just under 50% was observed after heating (1020 g-1), and 

irradiation (1020 g-1). The western bentonite samples had the highest initial IRB cell count 

(4000 g-1), but a 58% reduction was observed following exposure to pressure (1700 g-1), and 

larger losses in IRB were seen after heating (400 g-1), and after irradiation (196 g-1).  

0

1750

3500

5250

7000

Commercial FEBEX Southern Western

M
P

N
 g

-1
SRB

As Received Pressure Temperature Irradiation



102 

 

 

Figure 3.2: Number of IRB cells (MPN g-1) in the fully defined growth medium for the as 
received bentonite, and for bentonite after exposure to pressure at ~74 MPa (pressure), after 
heating at 90 °C for 24 hours (temperature), and after a gamma radiation dose of 1000 Gy 
(irradiation). 

 

3.5.3. Molecular ecology 

Following the growth of the microbial communities in the respective media, DNA was 

extracted from the dilution displaying the strongest reaction (typically the first ten-fold 

dilution), and the effect of the treatments on the relative makeup of the communities was 

analyzed (Figure 3.3). Before treatment, enrichment in Postgate B medium produced nine 

original taxonomic units (OTU's) that were identified as being most closely related to known 

SRB. Six of the OTU's were closely related to Desulfosporosinus species making up 

approximately 10 % of the FEBEX, commercial, and southern communities, along with 29 % 

of the western. The other three OTU's were related to Desulfotomaculum species, making up 

14 % of the FEBEX community. Other key non SRB genera included Clostridium species in 

the FEBEX (25 %), and commercial (18 %) bentonites, as well as Bacillus species which 

were abundant in the FEBEX (11 %), and western (22 %) bentonites. Eight OTU's related to 

SRB were present following pelletisation, and enrichment in the first MPN dilution into 

Postgate B medium, with seven being related to Desulfosporosinus species, these species 

were distributed in similar proportions in the commercial, and southern (10 %) samples, 

while a reduction in relative abundance of these species from 29 % to 19 % was observed in 

the western bentonite. The FEBEX bentonite harbored minimal Desulfosporosinus species 

after pelletisation, but contained a strain related to a Desulfotomaculum species (17 %). 

Clostridium levels increased to >20 % in the FEBEX, commercial, and southern bentonites 
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after pelletisation and MPN enumeration, and an increase in relative abundance of Bacillus 

species was observed in the western bentonite (33 %). Heating of the bentonites to 90 °C had 

no discernible impact on the number of OTU's related to SRB after MPN enrichments 

(compared to non-heated controls), however an increase in species related to 

Desulfotomaculum species was observed in the FEBEX (50 %) substrate, and a reduction in 

species related to Desulfosporosinus in the commercial bentonite (5 %). The proportion of 

organisms related to the non SRB Bacillus genera increased to 30 % in both samples, while 

Clostridium species decreased to below 5 %. After the irradiation treatment, and subsequent 

MPN enumeration the FEBEX, and commercial bentonites contained similar percentages of 

bacteria related to sulfate-reducing genera, with the FEBEX containing 27 % 

Desulfotomaculum species, and the commercial 25 % Desulfosporosinus species. Small 

proportions of Bacillus species, and Clostridium species were also identified in both samples 

(4-8 %).  
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Figure 3.3: Comparison of SRB (Desulfosporosinus, Desulfotomaculum), and other key 
bacteria (Bacillus, Clostridium) contained in the Postgate B MPN enrichments (first dilution 
in series, scored positive). (A) As received bentonite (As Received). (B) Bentonite after 
exposure to pressure at ~74 MPa (Pressure). (C) Bentonite after heating at 90 °C for 24 hours 
(Temperature). (D) Bentonite after exposure to gamma irradiation (1000 Gy) (Irradiation). 

 

A range of bacteria with the potential for Fe(III)-reducing activity were identified in the as 

received bentonites following enrichment in an Fe(III)-containing medium, with a total of 

seventeen OTU's related to documented Fe(III)-reducing species. Of these bacteria, 

organisms related to Bacillus species were the most abundant in the FEBEX (7 %), southern 

(20 %), and western bentonites (20 %), while 26 % of the species present in the southern 

bentonite were related to Desulfosporosinus, and Desulfuromonas (Figure 3.4). Species 

related to Geobacter were also identified in all the bentonites accounting for between 3 % 

and 14 % of the microbial community, along with Anaeromyxobacter species in the western 

bentonite (12 %) (Figure 3.4). Exposure to pressure resulted in a total of eighteen OTU's 

related to Fe(III)-reducing genera being picked up in the subsequent MPN dilutions, however 

a significant shift was observed in the community. The commercial, and southern bentonites 

were deficient in bacteria identified as having the potential to carry out Fe(III)-reduction, 

with species related to Anaeromyxobacter species being the most prevalent in the commercial 

bentonite (1 %), and Desulfuromonas species in the southern bentonite (4 %) (Figure 3.4). 

The western bentonite contained large proportions of strains related to Anaeromyxobacter 

species (15 %), Bacillus species (10 %), and Desulfosporosinus species (10 %) after 

enrichment in the MPN cultures, while the FEBEX bentonite MPNs contained Geobacter 
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species (9 %), and Desulfuromonas species (7 %) (Figure 3.4). Nine OTU's with Fe(III)-

reducing potential were identified in the bentonites following exposure to heat and 

enrichment for IRB. Species related to Desulfosporosinus (40 %) dominated in MPN 

dilutions from heated commercial bentonite, while the heated FEBEX enrichments contained 

a mixture of species related to Bacillus (16 %), and Desulfosporosinus (18 %) species (Figure 

3.4). Irradiation lead to preferential enrichment of four Fe(III)-reducing OTU’s. Three of 

those strains were related to Bacillus species and were found in the FEBEX bentonite (73 %), 

while the other, related to a Paracoccus strain, was found in the commercial substrate (15 %) 

(Figure 3.4).  
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Figure 3.4: Bacteria affiliated with Fe(III)-reducing activity identified in the fully defined 
growth medium enrichments (dilution which provided the strongest result, typically first 
MPN dilution). (A) As received bentonite (As Received). (B) Bentonite after exposure to 
pressure at ~ 74 MPa (Pressure). (C) Bentonite after exposure to heat treatment at 90 °C for 
24 hours (Temperature). (D) Bentonite after exposure to gamma irradiation (1000 Gy) 
(Irradiation). 

  

3.6. Discussion 

 

3.6.1. As received bentonite 

While studies have looked at the impact of the various stresses that are imposed in a 

geological disposal facility for radioactive waste, more work on comparing these stresses, and 

their impact on microbial diversity and growth responses (especially with respect to IRB) is 
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required. This study combined the use of a cultivation-dependent technique (MPN) and 

complementary DNA-based molecular ecology tools, to assess the influence of temperature, 

pressure, and gamma irradiation on the microbial communities present in bentonites. 

Microbial characterization using 16S rRNA techniques in this study focused on MPN 

enrichments performed using selective media so that the viability of IRB and SRB (bacteria 

shown to have deleterious functions related to geodisposal) could be assessed. DNA recovery 

from untreated bentonites is low (Direito et al., 2012) so this enrichment culture methodology 

provided a greater DNA yield, with the added advantage of identifying IRB, and SRB (and 

the caveat of underestimating other bacteria such as aerobic heterotrophs). The amount of 

IRB and SRB cells in the bentonites was roughly 1000 cells per gram, which is several orders 

of magnitude lower than a typical soil bacterial content (Atlas and Bartha, 1998). Despite the 

bentonite materials being largely comparable in terms of chemistry and mineralogy, 

significant differences were seen in the water content, as well as the 0.5 M hydrochloric acid 

extractable Fe(II)/Fe(total) ratio (Table 3.1). Both factors seemed to influence the amount of 

culturable SRB and IRB present in the as received bentonite. A moderate correlation (R2 

0.77) was observed between the number of SRB identified from MPN counts in the untreated 

samples (Table 3.2), and the water content of the bentonites (Table 3.1). A key factor in 

controlling SRB numbers is water activity (Stroes-Gascoyne et al., 2010), so it is likely that 

when the substrates last supported an active microbial community the number of SRB was 

dictated by the water content of the substrates; when conditions became uninhabitable 

affiliates of the Gram-positive Clostridia class to which some Gram positive SRB such as 

Desulfosporosinus are affiliated  would have formed spores (Xiao et al., 2011), and 

subsequently germinated in the Postgate B medium. Gram-positive bacteria affiliated with 

members of the Clostridium genus, also belonging to the Class Clostridia, can carry out 

fermentation to generate electron donors (but not sulfate reduction). Clostridium species were 

abundant in some of the bentonites following enrichment in Postgate B (Figure 3.3), with a 

moderate correlation (R2 0.64) between their abundance, and the number of SRB (Table 3.2), 

suggesting that they were able to ferment some of the constituents of Postgate B medium, 

potentially providing alternative electron donors for the SRB. Gram-positive and Gram-

negative bacteria, including those affiliated with Desulfosporosinus and Geobacter species 

respectively, dominated in the IRB MPN enrichments (Figure 3.4), and were therefore 

implicated in playing a role in Fe(III) reduction in these systems.  A modest correlation was 

observed between the MPN counts in the Fe(III)-reducing samples (Table 3.2), and the raw 

bentonites with the highest 0.5 M HCl extractable Fe(II)/Fe(total) ratio (Table 3.1) (R2 0.73). 
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This ratio is often used as a rough approximation for bioavailable iron in soil samples, 

however some silicates have been shown to have significantly more bioavailable iron 

(Brookshaw et al., 2014). It is likely that the bentonites with the greatest 0.5 M hydrochloric 

extractable Fe(II)/Fe(total) ratio promoted an environment more suitable for a microbial 

community enriched with Fe(III)-reducing bacteria. The variability in microbial communities 

observed in the bentonites is likely to have been influenced by the history, and chemistry of 

unsterile infiltrating waters. 

 

3.6.2. Bentonite exposed to pressure 

The influence of pressure was investigated by applying a load to the bentonite, and then using 

the bentonite to inoculate MPN enrichments to assess the impact of pressure on the number 

of culturable bacteria (and the diversity by subsequent DNA sequencing). SRB numbers 

decreased across all samples (Figure 3.1) with the most significant decrease observed in the 

Commercial bentonite (Supplementary 3.1). Decreases in the proportion of 

Desulfosporosinus cells detected in each sample highlighted the decrease in SRB (Figure 

3.3). The Southern bentonite saw the least significant reduction in SRB (Supplementary 1), 

which coincided with an increase in Clostridium species (Figure 3.3). The pelletized FEBEX 

Postgate B enrichment contained a similar amount of Desulfotomaculum species to the as 

received FEBEX Postgate B enrichment (Figure 3.3) and had the highest MPN cell count 

after exposure to pressure (Figure 3.1). This suggests that Desulfotomaculum species were 

more resistant to pressure. Desulfotomaculum, and Desulfosporosinus have been identified in 

high pressure environments (Itavaara et al., 2011), but no previous studies have investigated 

SRB activity in bentonite exposed to the pressures in this study. All the SRB MPN 

enrichment communities maintained many potentially fermentative, and electron donor-

producing Clostridium, apart from the western bentonite (Figure 3.3), which may explain 

why it produced the lowest MPN cell count (Figure 3.1). The extra stresses induced by 

pressure did not appear to restrict the proliferation of Gram-negative IRB in the Fe(III)-

reducing MPN cultures, and the reduction in viable IRB cells was largely insignificant 

(Supplementary 3.1). The FEBEX, which was enriched in close relatives to Gram-negative 

Geobacter species (Figure 3.4), had the fewest IRB cells (by MPN counting) (Figure 3.2). 

The western bentonite had one of the highest IRB MPN cell counts (Figure 3.2), and the 

corresponding MPN IRB cultures were enriched in Gram-positive Bacillus, and 

Desulfosporosinus, along with some Gram-negative Anaeromyxobacter (Figure 3.4), which 
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have all been implicated in Fe(III) reduction. The commercial, and southern communities in 

the MPN enrichments contained fewer than 5 % known IRB (Figure 3.4), which suggests that 

the Fe(III)-reduction may have been carried out by organisms that have not been identified 

previously as IRB. 

 

3.6.3. Bentonite exposed to heat 

Following a heat treatment of 90 °C for 24 hours, the numbers of viable SRB and IRB were 

assessed by adding them to selective media, with further 16S rRNA sequencing focused on 

the commercial, and FEBEX bentonite MPNs. Decreases in SRB cell numbers were observed 

in all samples after heat treatment, except for the southern bentonite (Figure 3.1). A 

statistically insignificant reduction (Supplementary 3.1) in the SRB MPN counts in the 

commercial sample (Figure 3.1) coincided with a decrease in the percentage of 

Desulfosporosinus species detected in the subsequent MPN series (Figure 3.3). The FEBEX 

Postgate B enrichment was dominated by close relatives of a known Desulfotomaculum 

species (Figure 3.3) but saw a ten-fold reduction in MPN SRB counts (Figure 3.1), again 

suggesting a significant impact on cell viability, but the survival of a sub population of these 

SRB. Reductions in both SRB counts (Figure 3.1) also coincided with an enrichment in 

Bacillus species (Figure 3.3). Bacillus species are not known to respire sulfate; thus, growth 

of these Gram-positive spore formers could have been detrimental to SRB yields, competing 

for other growth substrates. This proliferation of Bacillus species was not apparent in the as 

received enrichments, and it is therefore likely that heat activation lead to a growth response 

by the Bacillus sp. stimulated  by “germination nutrients”  (Yi and Setlow, 2010). Heat 

activation of Bacillus sp., implicated in Fe(III) reduction (Kanso et al., 2002) coincides with a 

slight increase in IRB numbers in the FEBEX after heating, but this is likely not significant 

given the 46 % overlap in confidence intervals (Supplementary 3.1).  

 

3.6.4. Bentonite exposed to gamma radiation 

The bentonites used in this study were subjected to a gamma dose of 1 kGy, at a dose rate of 

24 Gy min-1, before placement in medium to determine the impact on SRB and IRB. Changes 

in the bacterial communities were investigated with 16S rRNA sequencing on the 

commercial, and FEBEX bentonite MPNs. Significant reductions in SRB MPN counts were 

observed in the commercial, and western bentonites (Supplementary 3.1), with the FEBEX 
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maintaining a reasonable number (1900 g-1) (Figure 1). Both substrates had similar 

proportions of SRB in their communities (from analyses of positive MPN enrichments) 

(Figure 3.3), however the FEBEX MPN enrichments contained close relatives to 

Desulfotomaculum as opposed to Desulfosporosinus species found in the commercial 

enrichments (Figure 3.3). The closest relative of the Desulfotomaculum species detected in 

the FEBEX was D. halophilum, an endospore-forming, Gram-positive halophile that can 

tolerate NaCl concentrations of up to 14 % (Tardy-Jacquenod et al., 1998). The physiological 

response caused by oxidative stress is the same as that for desiccation and gamma radiation 

(Daly, 2009), which may explain why the FEBEX community displayed more resistance to 

gamma irradiation than the commercial bentonite. The SRB communities maintained a high 

diversity following irradiation with Shannon indexes around 3.6, compared to 4.1 in the as 

received bentonites. The Shannon indexes in the IRB communities on the other hand were 

greatly diminished decreasing from 4.26 in the commercial bentonite, and 6.15 in the FEBEX 

bentonite to less than 2 in both substrates after irradiation. Analysis of the IRB MPN cultures 

from the FEBEX samples identified Gram-positive Bacillus and Desulfosporosinus species, 

accounting for 77 % of the total community (Figure 3.4). However, the IRB MPN count 

remained low (98 g-1) (Figure 3.2), suggesting that the IRB were ineffective at Fe(III)-

reduction. The commercial bentonite maintained a larger loading of IRB (1020 g-1) (Figure 

3.2), and was dominated by a close relative of the Fe(III)-reducing, Gram-negative 

Paracoccus denitrificans (Mazoch et al., 2004), a bacterium belonging to a genera known to 

have desiccation tolerant species (Yu et al., 2015). The SRB communities are likely to have 

maintained their diversity due to the large number of Gram-positive spore-formers able to 

reduce sulfate. The lack of diversity in the irradiated Fe(III)-reducing communities suggests 

that typical IRB are less tolerant to oxidative stress, with the Fe(III)-reduction completed by 

the few radiation resistant organisms.  

 

3.7. Conclusions 

Bentonite chemistry influenced microbial presence, with correlations observed between SRB 

numbers and the initial water content, as well as correlations between the 0.5 M hydrochloric 

acid extractable Fe(II)/Fe(total) ratio and the number of IRB. There was also a distinction 

between the SRB communities in the different bentonites, with molecular analyses of MPN 

enrichments suggesting that Desulfosporosinus species were present as the dominant SRB in 

the commercial, southern, and western bentonites, while Desulfotomaculum species were the 



112 

 

dominant SRB in the FEBEX bentonite. This trend was particularly significant after exposure 

to stress, with Desulfotomaculum becoming enriched compared to Desulfosporosinus after 

pressure and irradiation but showing diminished viability after heat treatment. Such 

variabilities in SRB communities, as a function of both bentonite chemistry and response to 

pressure-, heat- and radiation-induced stress, may be an important consideration in the 

selection of the bentonite buffer used in a GDF for radioactive waste disposal, as SRB 

activity can promote corrosion of waste canisters (El Mendili et al., 2013). Fe(III)-reduction 

was most likely carried out in positive MPN cultures by a mixture of Gram-negative, and 

Gram-positive organisms cultured from the as received bentonite, however Gram-positive 

organisms (which generally have thicker cell walls and can form spores to aid long-term 

survival in harsh environments) were dominant after the bentonite was exposed to pressure 

and heat. The relative abundance of Gram-positive Bacillus and Desulfosporosinus species in 

MPN enrichments was significantly increased in response to these stresses, with Bacillus 

species present both under sulfate-reducing and Fe(III)-reducing conditions. The diversity of 

organisms catalyzing Fe(III)-reduction (and the underlying physiological mechanisms) is less 

well understood, compared to those involved in sulfate-reduction, and it is therefore more 

challenging to identify the organisms responsible for this process in the IRB MPNs in both 

the commercial and the southern bentonite after exposure to pressure. The broad range of 

IRB identified in this study provoke the question of whether pure culture Fe(III)-reduction 

studies using well studied model organisms such as Geobacter, and Shewanella species are 

appropriate in the context of engineered systems, including nuclear disposal barrier systems. 

Clearly a broader range of Fe(III)-reducing communities that can survive under GDF-relevant 

conditions, require attention, as they are more likely to survive and function despite 

challenges from the pressure, heat and radiation in such environments. 

 Overall, stress induced by pressure, heat and radiation did not completely inhibit microbial 

activity, but a reduction in cell numbers was seen in most cases, with increases observed in 

some bentonite, and treatment combinations. Microbes will be present in a bentonite barrier, 

so further research into their behavior in specific cases defined by waste repository 

implementers is crucial. Stress induced by the combination of high pressure, heat and 

radiation in a GDF will most likely inhibit microbial colonization, and the subsequent 

swelling pressure, induced by groundwater infiltration into the GDF, might play a further 

defining role in minimizing microbial activity.  Although microbial colonization of bentonite 

barriers may help attenuate the release of priority radionuclides (Newsome et al., 2014a), 
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control of iron and sulfate-reducing bacterial activities will be important to maximize the 

physical integrity of the bentonite barrier and to prevent corrosion of the metal canisters.  

Thus, the careful selection of bentonite materials (e.g. with low microbial inocula) and 

achievement of appropriate swelling pressures (to control microbial proliferation (Pedersen, 

2010) is crucial to bentonite buffer, and canister stability.    
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3.10. Supplementary 

Supplementary 3.1: Full summary of the MPN results for SRB, and IRB including 95 % 

confidence interval limits, and the overlap of confidence intervals between the as received 

bentonites, and the treatments (CI, confidence interval; LL, lower limit; UL, upper limit). 

SRB IRB 

Substrate and 

Treatment 
MPN/g 

95 % CI 

LL 

95 % 

CI UL 

95 % CI 

Overlap 

(%) 

MPN/g 
95 % CI 

LL 

95 % CI 

UL 

95 % CI 

Overlap 

(%) 

Commercial         

As Received 6600 1840 24000 - 1880 460 7600 - 

Pressure 940 260 3200 22 1880 460 7600 100 

Temperature 4000 1020 16400 79 1020 300 3600 83 

Irradiation 500 136 1900 1 1020 300 3600 83 

FEBEX         

As Received 4000 1020 16400 - 400 104 1620 - 

Pressure 1880 460 7600 72 176 48 660 71 

Temperature 400 104 1620 17 1880 460 7600 46 

Irradiation 1880 460 7600 72 94 28 320 46 

Southern         

As Received 1880 460 7600 - 660 184 2400 - 

Pressure 1700 440 6600 98 1700 440 6600 66 

Temperature 4000 1020 16400 72 1020 300 3600 81 

Irradiation 1880 460 7600 100 140 40 500 40 

Western         

As Received 660 184 2400 - 4000 1020 16400 - 

Pressure 196 52 760 53 1700 440 6600 69 

Temperature 196 52 760 53 400 104 1620 17 

Irradiation 44 11 180 0 196 52 760 0 
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4.1. Preface 

Question: Using samples from the FEBEX in-situ test can we identify microbial communities 

in a bentonite buffer, and infer the effects of temperature, and evolving resaturation on the 

microbial communities? 

One of the key aims of the original PhD proposal was to assess the microbial communities 

present in bentonite cores from the FEBEX in-situ test (Lanyon and Gaus, 2016). 

Investigating samples from a field-scale experiment gave us a unique opportunity to observe 

the effect of real-world conditions (minus gamma radiation) on bentonite microbial 

communities. Having obtained bentonite cores from the underground laboratory in situ test, 

arranged along a temperature gradient (55 °C – 92 °C), we attempted to identify differences 

in the microbial communities relative to temperature/evolving resaturation. Similar to the 

work carried out in chapter 3 we started off by conducting MPN counts on the samples in an 

attempt to quantify the number of Fe(III)- and sulphate-reducing bacteria present at the 

temperatures encountered in the FEBEX in-situ test. Unfortunately, the MPN counts were 

unsuccessful, and therefore alternative methods for assessing the samples were sought.  

Using a modified DNA extraction method (Direito et al., 2012), we were successfully able to 

extract DNA from the bentonite cores for DNA sequencing. An increase in the DNA yield 

with decreasing temperature suggested that viable bacteria were present at some point before, 

or during the 20-year in situ project at lower temperatures, but we were unable to establish 

when colonization occurred, due to a lack of time-points (samples were only available when 

the project was dismantled). Analysis of the microbial communities present in the bentonite 



119 

 

cores showed that several subsurface processes could have taken place, although growth 

temperatures for the identified bacteria (-2 °C – 55 °C) were lower than the predicted 

bentonite core temperatures (55 °C – 92 °C). This suggests that microbial growth, and 

viability in the near vicinity (<0.55 m) of a nuclear waste container would be inhibited by the 

elevated temperatures. This chapter of work could only partially answer the question posed. 

While we were able to identify bacteria and show increased DNA yields at lower 

temperatures it is unclear how reproducible these results are, and how much the microbial 

communities could be potentially influenced by local groundwater conditions (Pedersen et 

al., 2000). Microbial studies can be incorporated into existing long-term, and field-scale 

geological disposal tests, but input from the scientific community at the start of tests may be 

beneficial in producing more meaningful results. 

 

4.2. Abstract 

Nuclear waste is produced in many locations internationally during nuclear power generation 

and weapons manufacture, as well as by research and healthcare. Such wastes can present a 

high risk to human health, and the environment, and therefore a robust disposal solution is 

required. One solution favored by numerous countries is a geological disposal facility (GDF) 

where High Heat Generating Wastes (HHGW) are sealed in a metal canister, with a bentonite 

buffer filling the gap between the canister, and the host rock. Bentonite materials are known 

to contain microbial communities, that may persist through buffer fabrication processes, and 

while they have received much attention in lab-scale studies, little research has focused on 

field-scale studies. The FEBEX in-situ experiment was originally designed to test the 

feasibility of building a HHGW disposal gallery, consisting of a 100 °C heater surrounded by 

a bentonite buffer. Samples were extracted from the gallery after 20 years and analyzed for 

viable microorganisms, and DNA to assess microbial colonization in relation to temperature, 

and evolving resaturation of the bentonite buffer. Most probable number (MPN) counts on 

the bentonite samples failed to yield a positive result, however DNA extraction from the 

cores was successful. DNA extractions from samples furthest away from the heater yielded 

the largest amount of DNA, with microorganisms responsible for terminal electron accepting 

processes from nitrate-reduction down to sulfate-reduction, along with fermentation, and 

sulfide production identified. The results presented here suggest microbial growth may 

potentially occur under geological disposal conditions, although levels of activity appear to 

be minimal. This study highlights the information that can be discerned from such field-scale 
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experiments, and that microbiological programs incorporated into experiments provide 

valuable information for the geological disposal knowledge base. 

 

4.3. Introduction 

The production of radioactive wastes via activities associated with the nuclear fuel cycle, and 

the manufacture of nuclear weapons has been occurring in many countries for the past eight 

decades. Radioactive wastes come in many forms with the most hazardous being high level 

waste (HLW) which in the United Kingdom accounts for 0.03 % of the total volume, and 

95.4 % of the total radioactivity (NDA, 2016). HLW requires a highly engineered solution, 

able to withstand the radioactivity, and associated high temperatures, one such solution 

favored internationally by waste disposal agencies is the construction of a geological disposal 

facility (GDF). A GDF is a multi-barrier approach made up of the host rock, a buffer 

material, a metal overpack, and container, as well as the waste form itself (RWM, 2016a). A 

favored buffer material in many GDF concepts is bentonite. Among bentonite’s advantageous 

properties as a buffer include its ability to swell in the presence of water minimizing 

permeability and pore sizes, the presence of surface sites which radionuclides can adsorb to, 

as well as being able to condition the near-field pH (Wilson et al., 2011). 

The Full-Scale Engineered Barriers Experiment (FEBEX) was designed by Empresa 

Nacional de Residuos Radiactivos (ENRESA) to test the feasibility of constructing a HLW 

repository in crystalline rock, and to model the near-field conditions. The experiment 

consisted of a mock gallery constructed in Madrid (Spain), as well as an in-situ gallery 

constructed in Grimsel (Switzerland), along with complementary lab-based studies (Fuentes-

Cantillana and Garcia-Sineriz, 1998). Construction of the in-situ gallery began in 1995 with 

the drilling of a 70.39 x 2.28 m tunnel into a granitic mass (Figure 4.1). The bentonite buffer 

in the in-situ gallery consisted of 5331 compacted blocks weighing between 20 to 25 kg each, 

with an average dry density once emplaced of 1.60 g cm-3 (Huertas et al., 2000). A series of 

mechanical processes were applied to the bentonite to produce a uniform granular material 

that was finally compacted to produce the blocks (Huertas et al., 2000).  Emplaced in these 

blocks were two carbon steel dummy containers taking up 17.39 m (Figure 4.1). The gallery 

was sealed with a concrete plug (Figure 4.1). Operation of the in-situ gallery commenced in 

1997, with the activation of heaters in the dummy containers producing a temperature of 100 

°C at the bentonite interface. Partial dismantling of the in-situ gallery occurred in 2002 with 
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the removal of one of the dummy containers, and its associated bentonite blocks, the other 

heater remained fully operational during the partial dismantlement, and resealing of the 

gallery with concrete was completed in 2003 (Barcena et al., 2003). During the second 

operational phase of the in-situ gallery the knowledge base surrounding bentonite increased, 

especially in the field of microbiology.  

 

 

Advancements in molecular ecology identified diverse microbial communities in naturally 

occurring bentonite formations (Lopez-Fernandez et al., 2015), as well as under conditions 

pertinent to geological disposal (Stroes-Gascoyne et al., 2011). Several groups of bacteria 

have been identified as having potentially deleterious consequences in a GDF scenario 

including sulfate-reducing bacteria (SRB) (Bengtsson and Pedersen, 2017).  SRB reduce 

sulfate present within the groundwater or near-field pore waters to hydrogen sulfide, which 

can cause container corrosion (El Mendili et al., 2013). Other bacterial groups that have not 

been investigated under GDF conditions include Fe(III)-reducing bacteria, which may also 

influence the structural integrity of the bentonite, by reducing structural Fe(III) to Fe(II) 

(Ribeiro et al., 2009). Final dismantling of the in-situ gallery occurred in 2015, 18 years after 

the experiment began (Lanyon and Gaus, 2016). 

Figure 4.1: Diagrammatic representation of the FEBEX in-situ experiment (Huertas et al., 
2000). 



122 

 

To assess the microbial ecology of the FEBEX in-situ experiment bentonite cores were 

extracted from the FEBEX gallery and sent to the University of Manchester for examination. 

DNA extraction from bentonite materials (even those not subjected to these experimental 

conditions) is challenging due to the relatively low abundance of biomass (Haynes et al., 

2018) (Chapter 3), as well as the reduced efficiency of cell lysis, and the adsorption of DNA 

to clay particles (Novinscak and Filion, 2011). Numerous methods have been devised to 

improve the yield of DNA from clay-rich, and other low biomass environments including the 

use of a concentrated phosphate buffer to compete with DNA for clay adsorption sites 

(Direito et al., 2012), and separation of microbial cells from foreign particles using density 

separation techniques (Morono et al., 2013).  

DNA extraction from the bentonite cores was achieved using a routine soil extraction kit 

modified with a concentrated phosphate buffer, which was successful in isolating DNA from 

all the bentonite cores. Sequencing of the DNA from the bentonite cores suggested that 

microbial colonization may have occurred in the bentonites prior to the commencement of the 

experiment including photosynthetic Cyanobacteria during extraction at the quarry, along 

with the presence of psychrophilic (organisms that grow in cold conditions) to moderate 

temperature (1 °C – 42 °C) nitrate-reducing, Fe(III)-reducing, sulfate-reducing, and sulfide-

producing bacteria that may have operated in the gallery before activation of the heaters. 

Moderately thermophilic (55 °C) sulfide-producers, and fermenters were also identified, and 

may have been viable in the cores furthest from the heater. Attempts to culture Fe(III), and 

sulfate-reducing bacteria from the cores at their experimental temperatures proved 

unsuccessful. 

 

4.4. Methods 

 

4.4.1. FEBEX core extraction and treatment 

Bentonite cores were extracted from the Full-Scale Engineered Barriers Experiment 

(FEBEX) in-situ experiment located in Grimsel (Switzerland), after 18 years of exposure to a 

100 °C canister surface, and the local geological environment. The samples used in this study 

were extracted from Section 48 of the FEBEX in-situ experiment (Figure 4.2). In total nine 

cores were extracted from the section, along three parallel to the temperature gradient (Figure 

4.3). Removal of the cores from the experiment was achieved by drilling a circular outline 



123 

 

around the cores, and then extracting them using Shelby tubes (tubes commonly used in the 

collection of soil samples). Once extracted the tubes were sealed in foil packaging, under an 

atmosphere of argon. The tubes were then placed in a refrigerated container and transported 

to the University of Manchester where they were stored in a cold room (10 °C) until further 

use. Removal of the bentonite cores from the Shelby tubes was achieved using a hacksaw. 

Once extracted from the tubes the outer edges of the cores were removed in a laminar flow 

cabinet (Labcaire, Clevedon, UK), using an ethanol sterilized hammer, and chisel. Chips 

from the inside of the core were extracted and ground into a powder using an ethanol 

sterilized mortar, and pestle. The powders isolated from the cores were stored at -80 °C, ready 

for use in the most probable number (MPN) counts, and to identify the microbial 

communities using molecular ecology tools. 

 

 

Figure 4.2: Breakdown of the FEBEX-DP sections (Wersin et al., 2017). Samples used in this 
work were taken from section 48, which was located at the halfway point of heater 2. 
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Figure 4.3: Location of the FEBEX cores extracted from section 48 of the FEBEX-DP. 

 

4.4.2. Media preparation and MPN enumeration 

Selective media in conjunction with most probable number (MPN) counts (de Man, 1983) 

were used to assess if there was any viable iron-reducing bacteria (IRB), and sulfate-reducing 

bacteria (SRB) in the cores after the FEBEX in-situ experiment. SRB were targeted using 

Postgate B medium (Postgate, 1979), while IRB were targeted with a fully defined growth 

medium (Lovley and Phillips, 1986) containing 4 mM ferrihydrite, 3.9 mM of nitrilotriacetic 

acid (NTA), 2 mM of sodium acetate, and 2 mM of sodium lactate. The fully defined growth 

medium was degassed using a mixture of N2 and CO2 before 9 ml aliquots were decanted into 

serum bottles under anaerobic conditions, the Postgate B contained the reductant sodium 

thioglycolate, and therefore 9 ml aliquots were decanted into serum bottles under atmospheric 

conditions. The media were sterilized in an autoclave (126 °C, 20 mins) after production. 

Powders from each core (0.45 g) were placed in the media in triplicate, and 1 ml of the 

resulting slurries was placed in fresh media using a nitrogen gassed syringe, this process was 

repeated until a dilution of 10-5 was achieved for each core. Once prepared the cores were 

stored at room temperature, along with separate batches stored at temperatures relevant to 

those found in the FEBEX in-situ experiment. The Postgate B samples were matured for 25 

days before confirmation of a positive result by the formation of a black (iron sulfide) 

precipitate, the fully defined growth medium was left for 70 days, and a positive result was 
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verified by an enrichment in the 0.5 M HCl extractable Fe(II)/Fe(total), defined using the 

Ferrozine assay method (Lovley and Phillips, 1987). 

 

4.4.3. Temperature prediction 

During operation of the FEBEX in-situ experiment sensors were used to monitor the 

temperature of the bentonite buffer (Martinez et al., 2016), and other key variables. Data 

obtained from the sensors was provided by NAGRA and plotted against distance from the 

heater. A second order polynomial best fit was added and used to estimate the likely 

temperature the cores were exposed to during the experiment. 

 

4.4.4. Molecular ecology methods 

 

4.4.4.1. Microbial analyses (16S rRNA gene sequencing) 

DNA was extracted from the bentonite cores to determine their molecular ecology. Four 0.25 

g samples from each core were treated using the FastDNA™ Spin Kit (MP Biomedicals, 

Santa Ana, CA, USA) with a modified buffer step that replaced the buffer with a 1 M sodium 

phosphate buffer (Direito et al., 2012). Following the extraction procedure, the DNA extracts 

for each FEBEX core were combined, a DNA extraction was also carried out on the 1 M 

sodium phosphate buffer to ensure it was free from DNA. The 16S rDNA gene was targeted 

using PCR (polymerase chain reaction), with the forward primer 8F (5’-

AGAGTTTGATCCTGGCTCAG-3’), and reverse primer 1492R (5’-

TACGGYTACCTTGTTACGACTT-3’), as described previously by (Rizoulis et al., 2016). 

The amplified 16S rDNA sequences were stained using the SYBR Safe DNA Gel Stain 

(Invitrogen, Carlsbad, CA, USA) before setting in an agarose gel, and subsequent separation 

using electrophoresis. Confirmation that 1600 base pair products had been successfully 

amplified was achieved by viewing the stain under UV light, and comparing it to a ladder of 

known DNA fragment lengths. 

 

4.4.4.2. Sequencing 

After confirming the presence of DNA using the first PCR run a second was initiated 

focusing on the V4 hyper variable region (515F, 5’-GTGYCAGCMGCCGCGGTAA-3’; 
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806R, GGACTACHVGGGTWTCTAAT-3’) (Caporaso et al., 2011), a region of the 

previously amplified 16S rRNA gene that can be used to distinguish individual bacterial 

genera, and species. The V4 hyper variable region was amplified using the Roche FastStart 

High Fidelity PCR System (Roche Diagnostics Ltd, Basel, SUI) which utilized an initial 

denaturation step (95 °C, 2 mins), a further 36 temperature cycles (95 °C, 30 s; 55 °C, 30 s; 

72 °C, 1 min) were then initiated, and then finally an extension step (72 °C, 5 mins). DNA 

products from the amplification were purified and then standardized to approximately 20 ng 

(SequalPrep Normalization Kit, Fisher Scientific, Loughborough, UK). The PCR products 

were subsequently pooled in equimolar proportions prior to sequencing (Illumina MiSeq 

platform, Illumina, San Diego, CA, USA). The sequencing run was executed with a 4 pM 

sample library, spiked with 4 pM of PhiX in a ratio which produced a final PhiX 

concentration of 10 % v/v (Kozich et al., 2013). 

 

4.4.4.3. Bioinformatics 

Sequences obtained from the Illumina sequencing run were set apart by barcodes, with one 

mismatch allowed. Cutadapt (v1.8.1) (Martin, 2011), FastQC (v11.3) (Andrews, 2016), and 

Sickle (v1.33) (Joshi and Fass, 2011) were utilized for trimming, and quality control 

purposes. Errors generated during sequencing were accounted for using SPADes (v3.5.0) 

(Nurk et al., 2013), and the forward, and reverse reads were merged into complete sequences 

using Pandaseq (v2.8) (Masella et al., 2012). Chimeras were removed using Chimeraslayer 

(Haas et al., 2011), and UPARSE (Edgar, 2013) was used to produce operational taxonomic 

units (OTUs). Usearch (v8.0.1623) (Edgar, 2010) was used to remove singletons, and the 

OTUs classified with a similarity of 97 % or greater. The OTUs were taxonomically 

classified using RDP classifier (v2.2) (Wang et al., 2007), and rarefaction curves generated 

using Qiime (v1.8.0) (Caporaso et al., 2010). 

 

4.4.4.4. Quantitative Polymerase Chain Reaction (qPCR) 

The quantity of DNA in the extracts from the DNA extraction was calculated using qPCR. 

The qPCR reaction mixture consisted of 9.3 µl of sterile water, 0.4 µl of 25 µM forward 

primer 8F (5’-AGAGTTTGATCCTGGCTCAG-3’), 0.4 µl of 25 µM reverse primer 519R 

(5’-GWATTACCGCGGCKGCTG-3’), 0.4 µl 1 in 500 diluted Rox reference dye (Invitrogen, 

Carlsbad, CA, USA), and 12.5 µl of 2x qPCR SYBR Green master mix (Invitrogen, 
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Carlsbad, CA, USA), along with 2 µl of the DNA extract. A negative control containing 2 µl 

of PCR grade water was also produced along with a dilution series containing known 

quantities of DNA. The samples were loaded onto a MX3000P (Agilent Technologies, 

Stockport, UK) qPCR machine before exposure to an initial denaturation step at 94 °C for 4 

minutes, followed by 36 cycles of 94 °C for 30 seconds, 50 °C for 30 seconds, and 72 °C for 

45 seconds. 

 

4.5. Results 

 

4.5.1. Geophysical conditions 

The geophysical conditions of the bentonite were approximated using a combination of data 

obtained from probes within the experiment (Martinez et al., 2016), along with modelling 

data (Lanyon and Gaus, 2016a). The water content of the bentonite blocks increased from the 

initial value, with the driest blocks being found in the inner ring (~ 17.5 %), and the wettest 

in the outer ring (~ 28.0 %) (Table 4.1). The density of the bentonite blocks increased 

towards the heater, with the inner blocks being less dense than the original blocks (1.50 g cm-

3), the middle blocks having a comparable dry density to the starting blocks (1.60 g cm-3), and 

the inner blocks being the densest (1.63 g cm-3) (Table 4.1). The inner blocks were also the 

hottest with the temperature in the center of the blocks being approximately 92 °C, this 

decreased to 72 °C in the middle ring, and 55 °C in the outer ring (Table 4.1). 

 

Table 4.1: Approximations of the geophysical conditions encountered during the FEBEX in-

situ project using data obtained from published sources: 1, (Lanyon and Gaus, 2016). 2, 

(Martinez et al., 2016). 

  Pre-closure Inner Ring Middle Ring Outer Ring 

Water content (%)1 14.4 17.5 21.5 28 

Dry density (g cm-3)1 1.6 1.63 1.6 1.5 

Temperature (°C)2 16 92 72 55 

 

4.5.2. Most Probable Number (MPN) enumerations 

Most probable number (MPN) counts were conducted to assess the number of viable Fe(III)-

reducing, and sulphate-reducing microbes present in the bentonite cores, at their 
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corresponding temperatures during the FEBEX experiment. None of the samples tested 

produced a positive result suggesting counts of less than 14.8 g-1. 

 

4.5.3. Transect 1-3 

DNA was extracted from the cores to determine the type of organisms that may have been 

present during the experiment. BC-48-1 the core furthest away from the heater mostly 

consisted of Clostridia (51 %), Betaproteobacteria (22 %), Actinobacteria (9 %), Bacteroidia 

(7 %), Deltaproteobacteria (6 %) (Figure 4.4). The two cores closest to the heater had similar 

assemblages to each other with large proportions of Betaproteobacteria (~32 %), 

Alphaproteobacteria (~16 %), Sphingobacteriia (~17 %), and Planctomycetacia (~6 %) 

observed, which coincided with a large reduction in Clostridia to 2 % (Figure 4.4). A close 

relative of the thermophilic, fermentative Clostridium sp. JC3 (AB093456) was abundant in 

BC-48-1 (48 %), with close relatives of the nitrate-reducing Dechlorosoma suillum PS 

(NR_074103, 6 %), Fe(III)-reducing Ferribacterium limneticum strain cda-1 (NR_026464) (3 

%), and the Fe(III), and sulfate-reducing Desulfovibrio arcticus (NR_115726) (5 %) 

identified as well. BC-48-2, and BC-48-3 contained close relatives of the psychrophilic 

nitrate-reducer Polaromonas glacialis strain Cr4-12 (NR_109013) (~ 24 %), and the sulfide-

producing Sediminibacterium salmoneum strain NJ-44 (NR_044197) (4 %). 
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Figure 4.4: Breakdown of classes identified in the bentonite core transect made up of BC-48-
1 (55 °C), BC-48-2 (72 °C), and BC-48-3 (83 °C), and the distance of the cores from the 
heater. 

 

4.5.4. Transect 16-18 

BC-48-16, and BC-48-17 were like each other and were mostly composed of 

Gammaproteobacteria (~28 %), Betaproteobacteria (~24 %), Clostridia (~14 %), Bacilli 

(~12 %), and Alphaproteobacteria (~8 %) (Figure 4.5). BC-48-18 the core closest to the 

heater contained large proportions of Cyanobacteria (38 %), Betaproteobacteria (31 %), and 

Alphaproteobacteria (11 %), but saw reductions in Gammaproteobacteria (11 %), Clostridia 

(4 %), and Bacilli (2 %) (Figure 4.5). A close relative of the nitrate-reducing bacterium 

Pseudomonas zhaodongensis strain NEAU-ST5-21 (NR_134795) was identified in BC-48-

16, and BC-48-17 making up approximately 19 % of the communities. Small amounts of a 

close relative of the Fe(III), and nitrate-reducing bacterium Albidiferax ferrirreducens strain 

T118 (NR_074760) (1 %) were also identified in the two cores, as well as a close relatives of 

the sulfide-producing Sporacetigenium mesophilum strain ZLJ115 (NR_043101) in BC-48-16 

(2 %), along with the sulfide-producing Massilia alkalitolerans strain YIM 31775 

(NR_043094) (4 %), and the sulfate-reducing bacterium Desulfotomaculum sp. clone 
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RC8C70 (EU921199) (2 %) in BC-48-17. BC-48-18 contained sequences related to several 

nitrate-reducing bacteria making up 6 % of the total amount. 

 

 

Figure 4.5: Classes present in bentonite cores BC-48-16 (55 °C), BC-48-17 (72 °C), BC-48-
18 (92 °C), and the distance of the cores from the heater. 

 

4.5.5. Transect 28-30 

Transect 28-30 showed the greatest variability across the cores. BC-48-28, and BC-48-29 

contained similar proportions of Betaproteobacteria (~29 %), Gammaproteobacteria (~18 

%), and Deltaproteobacteria (5%), however BC-48-28 contained a higher percentage of 

Alphaproteobacteria (14 %), and Clostrdia (14 %), while BC-48-29 had more reads related 

to Bacilli (11 %), and Cyanobacteria (14 %) (Figure 4.6). BC-48-30-1, and BC-48-30-2 

contained similar amounts of Betaprotobacteria (~37 %), and Gammaproteobacteria (9 %), 

with Deltaproteobacteria (6 %), Alphaproteobacteria (17 %), and Cyanobacteria (24 %) 

being the other key classes in BC-48-30-1, and Alphaproteobacteria (6 %) and 

Cyanobacteria (39 %) in BC-48-30-2 (Figure 4.6). Several close relatives of nitrate-reducing 

bacteria were identified in BC-48-28 (8 %), and BC-48-29 (14 %), including close relatives 

of Pseudomonas zhadongensis strain NEAU-ST5-21 (NR_134795), and Polaromonas 
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glacialis strain Cr4-12 (NR_109013). Both of the cores also contained sequences related to 

Fe(III)-reducing (~ 2%), and sulfate-reducing (~ 2%) bacteria. Both BC-48-30-1, and BC-48-

30-2 contained close relatives of the nitrate-reducing bacteria Aquabacterium fontiphilum 

strain CS-6 (NR_044322) (2 %), and Methylotenera versatilis strain 301 (NR_074693) (~4 

%). However, BC-48-30-1 also contained close relatives of the nitrate-reducing Acidovorax 

defluvii strain BSB411 (NR_026506) (5 %), and the Fe(III)-reducing Ferribacterium 

limneticum strain cda-1 (NR_026464) (1 %). 

 

 

Figure 4.6: Overview of the classes present in the transect containing the bentonite cores BC-
48-28 (55 °C), BC-48-29 (72 °C), BC-48-30-1 (92 °C), BC-48-30-2 (92 °C), and the distance 
of the cores from the heater. 

 

4.5.6. Potential for microbially-driven processes 

The potential metabolism and physiology of the microorganisms identified by Illumina 

sequencing of the bentonite cores was assessed by collating data from type strain papers of 

their closest relative. The majority of the cores contained DNA that suggested they had at 

some point supported nitrate, and iron-reduction, as well as hydrogen sulfide production, and 

fermentation in the range of psychrophilic (2 °C) to above room temperature (32 °C), with 
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sulfate-reduction at similar temperatures observed in BC-48-1, BC-48-16, BC-48-29 (Table 

4.2). Sulfate-reduction capability was also observed in BC-48-17, BC-48-18, and BC-48-28 

although no temperature data was available for these close relatives (Table 4.2). Hydrogen 

sulfide-producing behavior was observed at thermophilic temperatures (55 °C) in BC-48-1, 

BC-48-2, BC-48-16, BC-48-17, BC-48-29, and BC-48-30-1, as well as fermentation 

capability (55 °C) in BC-48-1, BC-48-2, BC-48-16, BC-48-17, BC-48-18, and BC-48-30-1 

(Table 4.2). 

 

Table 4.2: Key metabolic processes, and their temperature limits under optimum growth 

conditions as inferred from type strain papers of the closest relatives identified by Illumina 

sequencing of the bentonite core DNA extracts. x denotes the identification of a close relative 

carrying out a metabolic process, but no temperature constraints available. 

Bentonite 

core 

Nitrate-

reduction 

Iron-

reduction 

Sulfate- 

reduction 

Sulfide- 

production 

Fermentative 

BC-48-1 1-42 °C -2-28 °C -2-28 °C 4-55 °C 55 °C 

BC-48-2 1-42 °C 4-35 °C - 4-55 °C 37, 55 °C 

BC-48-3 1-42 °C 4-35 °C - 18-37 °C 6-20 °C 

BC-48-16 1-42 °C 4-25 °C 8-39 °C 4-55 °C 20-54 °C 

BC-48-17 1-42 °C 4-35 °C x 4-55 °C 6-20, 37, 55 °C 

BC-48-18 1-42 °C 25 °C x 6-30 °C 55 °C 

BC-48-28 1-42 °C 4-32 °C x 6-30 °C 37 °C 

BC-48-29 1-42 °C 4-32 °C 8-39 °C 4-55 °C 6-20 °C 

BC-48-30-1 15-42 °C 25 °C - 4-55 °C 55 °C 

BC-48-30-2 15-42 °C 30-35 °C  - 6-30 °C  - 

 

4.5.7. qPCR 

The quantity of DNA extracted from each sample was determined using qPCR. Overall BC-

48-1 contained the most DNA with 1.3E+05 copies per gram, this decreased along the 

transect to 3.4E+04 copies per gram in BC-48-2, and 1.9E+04 copies per gram in BC-48-3 

(Figure 4.7). The quantity detected in BC-48-16, and BC-48-17 was similar (~ 5.0E+04), 

while BC-48-18 produced the lowest amount across all the samples (1.6E+03) (Figure 4.7). 

Despite being further from the heater BC-48-28 produced less copies per gram (1.6E+04), 

than BC-48-29 (2.2E+04) (Figure 4.7). BC-48-30-2 contained almost double the amount of 

copies per gram (1.7E+04), compared to BC-48-30-1 (9.4E+03) despite them coming from 

the same core (Figure 4.7). 
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Figure 4.7: The number of copies present in each DNA extract from the bentonite cores, and 
the distance of the cores from the heater. 

 

4.6. Discussion 

 

4.6.1. Most Probable Number (MPN) enumerations 

The presence of microbes in bentonite buffers intended for the disposal of nuclear waste has 

been of interest for the last two decades, due to the potential impacts on near-field chemistry, 

container corrosion and radionuclide speciation (RWM 2016b). Microbial analyses over this 

period have typically focused on short-term lab-scale studies, making it difficult to assess the 

impact of microbial activity on a bentonite buffer containing high-level waste (HLW). Using 

samples obtained from the FEBEX-DP we were able to investigate the microbial 

communities present in long-term samples that accurately reflect a geological disposal 

environment, minus the gamma radiation. Most probable number (MPN) analyses on the 

samples were conducted to determine the number of SRB, and Fe(III)-reducing bacteria 

present at the temperatures they were exposed to during the experiment. None of the MPNs 

conducted produced a positive result, suggesting active cell concentrations of less than 14.8 

g-1, a value which is considerably lower than a typical bentonite (Haynes et al., 2018) 

(Chapter 3). This suggests that following the operating period of the experiment (~20 years) 

the activity of SRB, and Fe(III)-reducing bacteria was minimal. The lack of activity in the 

MPNs does not confirm whether the bentonites are sterile or not, as there are other test 

conditions and media that may have yielded a positive result, and while sulfate-reduction is a 
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highly conserved function, there are other ways biological sulfide production can occur, for 

instance via thiosulfate reduction (Surkov et al., 2000), and the metabolism of amino acids 

(Madigan, 2015). There is also the potential that any microbial communities that developed 

in such a high swelling pressure regime may struggle to adapt back to a nutrient-rich, 

atmospheric pressure environment used in the MPN cultures. 

 

4.6.2. Molecular ecology 

Along with assessing the viability of key microbes in the cores following the FEBEX-DP, 

molecular ecology techniques were also used to establish if microbial activity may have 

occurred during the operation of the experiment. DNA extraction from all the cores was 

successful, and variability between individual samples, and transects was high. qPCR on the 

cores showed that BC-48-1 yielded double the DNA of the next closest result. Sequencing of 

DNA from this core identified close relatives of nitrate-, Fe(III)-, sulfate-reducing bacteria; 

capable of the key terminal electron accepting processes (apart from methanogenesis) found 

in an anaerobic environment, along with close relatives of other bacterium that are 

fermentative, as well as hydrogen sulfide producers (Table 4.2). TEAP chains of varying 

completeness were identified in the rest of the samples, with a decrease in completion of the 

chain towards the heater (Table 4.1), as would be expected as the temperature increased, and 

the water content of the bentonite decreased (Table 4.1).  

Further analysis of the close relatives allowed us to generate a table of likely temperatures 

these TEAPs would be operating at (Table 4.2). It appears that most TEAP activity in the 

cores would be unlikely at the temperatures they were exposed to, and therefore microbial 

activity is likely to have occurred before the experiment was closed, as well as during the 

partial dismantlement (Barcena et al., 2003). Some of the cores contained DNA of close 

relatives that were capable of sulfide-production, and fermentation at 55 °C (Table 4.2) which 

suggests that these metabolic processes may be possible in the cores that were furthest from 

the heater. 

The presence of close relatives of photosynthetic Cyanobacteria (Figure 4.5, Figure 4.6) also 

adds to the question about when these processes were occurring, and whether the microbial 

communities we are observing are one community, or several operating at different times in 

the bentonite’s history that have been preserved together. The Cyanobacteria signal is likely 

to have been introduced into the bentonite cores when the bentonite was exposed in the 
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quarry to the atmosphere, as the block fabrication precluded the introduction of water to the 

bentonite (Huertas et al., 2000). Homogenization of the material before block preparation 

would have distributed the Cyanobacteria DNA throughout the starting material, and it 

therefore seems plausible that the Cyanobacteria signal could be used as a reference for 

microbial activity, with an increase in microbial activity decreasing the contribution from the 

Cyanobacteria. The preferential preservation of certain bacteria mainly spore-forming 

species (Madigan, 2015) versus the difficulty of extracting DNA from said cells (Wielinga et 

al., 2011) is something that was not quantifiable in this research, however these factors may 

explain the prominent Cyanobacteria signal observed in some of the cores, as well as the 

close relative of Clostridium sp. JC3 found in BC-48-1 (Figure 4.4). 

Analyzing the data from samples extracted from BC-48-30-1, and BC-48-30-2 (Figure 4.6) 

highlighted the variability that can exist between individual core sub-samples and coupled 

with the low total yield of DNA observed in montmorillonite-containing samples (Direito et 

al., 2012) adds a lot of uncertainty to the predictions we have made. The data used in this 

study was also obtained from 1 g aliquots of 10 bentonite samples, out of a total of 115.7 

tonnes used in the FEBEX-DP (Huertas et al., 2000). Several sources of variability in the 

system were also unable to be accounted for. These included the influx of groundwater into 

the bentonite barrier which could influence local geochemical parameters, and potentially be 

a source of microbial cells (Pedersen et al., 2000). Inconsistency in individual bentonite 

blocks may also occur due to a decrease in density at interfaces between individual blocks, 

the surrounding geological host, and the canister wall (Stroes-Gascoyne et al., 2011), 

although we were unable to establish that during this experiment, as 9 of the samples were 

from the center of blocks, while only one was from an interface. Future studies could provide 

a better understanding of the variability in individual blocks by profiling bentonite block 

cross sections. 

 

4.7. Conclusions 

A concentrated phosphate buffer with a routine soil DNA extraction kit was used to extract 

DNA from bentonite samples, to probe the molecular ecology of bentonite cores extracted 

from the FEBEX-DP, along the temperature gradient. Attempts to culture, and count Fe(III)-, 

and sulfate-reducing bacteria using the MPN technique were unsuccessful. This suggests that 

the potential for near-container Fe(III)-reducing bacteria to alter the bentonite, and sulfate-
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reducing bacteria to contribute to container corrosion during the first 20 years of operation 

(duration of the FEBEX experiment), and potentially longer is low. Molecular ecology 

techniques identified DNA from a range of organisms that play a role in nitrate-, Fe(III), 

sulfate-reduction, sulfide-production, and fermentation suggesting that microbial 

communities could have been active (in low numbers) at some stage of the experiment. 

Information obtained from the type strain papers of the closest relatives of these microbes 

suggests that most of these processes are likely to have occurred during periods where the 

buffer was not heated, while sulfide-producing, and fermentative bacteria may have been 

viable at 55 °C a temperature observed in the bentonite cores furthest from the heater. 

Applying molecular ecology techniques to the large-scale FEBEX-DP experiment proved to 

be a unique challenge, with bentonite providing a positively charged, low permeability 

environment conducive to DNA preservation, but at the same time increasing the difficulty of 

extraction. It is also challenging to draw reproducible, and gallery-wide conclusions using a 

single time-point from the 10 cores. These limitations increased the uncertainty that the 

communities extracted were representative of the whole system; this was compounded by the 

likelihood that a low proportion of the total DNA was extracted (Direito et al., 2012). These 

data probably represent communities preserved from different times in the bentonite’s 

history, as shown by incompatible microbes being found together i.e. strict anaerobes such as 

Clostridium, and the photosynthetic Cyanobacteria. It must be acknowledged that reliable 

DNA extraction from bentonites is not a routine endeavor, and that the field of 

geomicrobiology was still in its infancy when the FEBEX experiment was proposed. Future 

field-scale disposal experiments can have microbiological programs implemented in them 

from the start, with the tools available to assess the molecular ecology before experiments 

commence. As molecular ecology techniques continue to develop, and more powerful 

sequencing platforms become available, the ease by which data is collected, and the data 

quality, will improve. Other issues, such as the limited number of time-points available to 

assess the molecular ecology of the barrier may prove to be more difficult to implement in 

field-scale experiments, and therefore bespoke microbiological field tests, as well as natural 

analogues must be considered.     

The original aim of this research was to identify how temperature and evolving resaturation 

influence the molecular ecology of bentonites in the in-situ FEBEX experiment and, while it 

does not provide a thorough assessment of these effects, it does provide evidence for the 

potential existence of microbial communities under geological disposal conditions. With 
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increasing DNA yields away from the heater, it can be inferred that activity is more likely to 

occur at lower temperatures. However, a combination of the inability to culture microbes 

from the samples, and access to one time point makes it difficult to assess the role of evolving 

resaturation in microbial colonization. 
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5.1. Preface 

Following on from the results encountered during chapter 3, it was clear that bentonites 

contain a wide variety of microorganisms that can contribute towards microbial Fe(III)- and 

sulphate-reduction. The consequences of sulphate-reducing activity are well known, and this 

has received a lot of attention in recent years (El mendili et al., 2013, Bengtsson et al., 2015). 

Fe(III)-reducing bacteria on the other hand have had less coverage, with much of the 

literature being over a decade old (Kostka et al., 1999, Kim et al., 2004). This chapter sought 

to provide a greater insight into the impacts of microbial Fe(III) reduction on a pure 

montmorillonite (SWy-2), and then comparing the results to a bentonite (FEBEX). The 

impact of microbial Fe(III) reduction on these two substrates was assessed by treating them 

with the Fe(III)-reducing bacterium Geobacter sulfurreducens. Changes to the speciation of 

the iron in the substrates was then investigated using a variety aqueous (Ferrozine assay), and 

solid-state techniques (EPR, Mössbauer).  

Mössbauer spectroscopy showed that the two substrates had contrasting susceptibilities to 

microbial Fe(III)-reduction with the majority of the Fe(III) in the SWy-2 montmorillonite 

being reduced (88 %), and only a minor amount in the FEBEX bentonite (17 %). The 

differences in Fe(III) bio-availability were investigated using EPR spectroscopy. In the case 

of the FEBEX bentonite two forms of Fe(III) were identified, structural Fe(III) in the 

octahedral layer of the montmorillonite, and amorphous Fe(III) whose identity was not 
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known. The SWy-2 montmorillonite only contained the structural Fe(III). The difference in 

susceptibility to Fe(III) reduction appears to be due to the iron speciation, with the structural 

Fe(III) being reducible, and the amorphous Fe(III) being recalcitrant to reduction. Fe(III)-

reduction in the SWy-2 montmorillonite caused a small decrease in pH, and an increase in 

cation exchange capacity. These effects were not observed in the FEBEX bentonite. 

However, a decrease in sulphate was observed which suggests that the lack of reducible 

Fe(III), allowed the conditions for sulphate reduction to develop faster. In terms of geological 

disposal, this shows that two montmorillonite-based materials can have comparable iron 

concentrations but can behave differently. The FEBEX bentonite is recalcitrant to Fe(III)-

reduction, and may be more susceptible to sulphate-reduction which could promote canister 

corrosion. Meanwhile, the SWy-2 montmorillonite is amenable to Fe(III)-reduction which 

influences the bentonite’s chemical properties. It is therefore important to consider the 

influence of these properties when selecting a candidate bentonite for geological disposal. 

 

5.2. Abstract 

Bentonites are montmorillonite-based clays that are being considered for use as a buffer 

material for the geological disposal of radioactive waste. Biological iron (III)-reduction can 

influence the chemical and physical properties of bentonites. Fe(III)-bioreduction in 

montmorillonites has been studied, but a comparison with industry relevant bentonite 

materials is required to understand the effects of accessory minerals. To address this issue, 

the impact of microbial Fe(III) reduction by G. sulfurreducens cells stimulated with electron 

donor (10 mM acetate) was assessed in slurries of pure montmorillonite (SWy-2) and 

bentonite (FEBEX). Initial results showed an increase in 0.5 M HCl extractable Fe(II) by 9 % 

in the SWy-2, and minimal Fe(III) reduction in the FEBEX. However, further studies using 

Mössbauer spectroscopy indicated that 88 % of the Fe(III) in SWy-2, and 17 % in the 

FEBEX had been reduced. It is clear that 0.5 M hydrochloric acid extraction is not an 

accurate measurement of bioavailable Fe(II) in montmorillonites. Electron paramagnetic 

resonance (EPR) spectroscopy identified isolated Fe(III) (g = 4.2) substituted into the 

octahedral sheet of montmorillonite in both SWy-2 and FEBEX. A broad band at g = 2, 

which is typical of nanostructured Fe(III)-oxides and –oxyhydroxides, was also present in the 

EPR spectrum for FEBEX. The unidentified iron oxide phase may be present in the interlayer 

of the montmorillonite or may be present as a coating on the clay particles. The limited 

Fe(III)-bioreduction observed with the FEBEX bentonite suggests that the Fe(III) is present 
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in a form that is inaccessible to the G. sulfurreducens cells, such as in a recalcitrant Fe(III) 

oxide coating, e.g. hematite, or trapped as nanoscale Fe(III)-oxide precipitates in the 

interlayer space. The presence of calcium ions in the interlayer space may also have limited 

the exposure of the basal surface. Analysis of the solution phase by inductively coupled 

plasma-atomic emission spectroscopy reveled that neither SWy-2 nor FEBEX showed signs 

of dissolution. However, the large amount of Fe(III)-reduction in the SWy-2 montmorillonite 

increased the CEC which may have knock-on impacts for the swelling behavior . The 

FEBEX bentonite was more susceptible to sulphate-reduction. Sulfate-reduction in a 

bentonite buffer could encourage microbially-induced container corrosion under geodisposal 

conditions. These differences highlight the need to characterize microbial interactions with 

the iron species present in bentonites intended for geological disposal. 

 

5.3. Introduction 

Biological Fe(III)-reduction is a process widespread in many environmental systems (Dong et 

al., 2009). Recent studies have identified microbial Fe(III)-reduction in bentonites (Esnault et 

al., 2013), and this can affect key properties of clay minerals, including their ability to reduce 

contaminants (Hofstetter et al., 2006), their ability to swell (Kostka et al., 1999), and their 

susceptibility to illitisation (Kim et al., 2004). Bentonite is a clay-based material and its major 

constituent is the dioctahedral smectite, montmorillonite. Bentonite has many advantageous 

properties that can be manipulated, depending on industry requirements, including pH 

buffering, amphoteric adsorption, and ion exchange sites, as well as swelling in the presence 

of water. The nuclear disposal industry is exploring bentonite’s beneficial properties for use 

as a buffer and backfill material in a geological disposal facility (GDF) for nuclear waste 

(Bengtsson et al., 2015). The buffer is an engineered barrier surrounding the waste 

containers.  It is an important component of the GDF, as it provides a low permeability 

barrier, limiting the transportation of corrosive substances to the waste container, and the 

release of radionuclides from the waste container into the surrounding geological 

environment (RWM, 2016). Iron (III)-reducing bacteria (IRB) have been identified in natural 

bentonite formations (Lopez-Fernandez et al., 2014), as well as under conditions designed to 

replicate geological disposal (Pedersen, 2010). There is therefore a need to understand the 

impacts IRB have on bentonites intended for use as a buffer in a GDF.  
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The mechanisms of Fe(III)-reduction in smectite materials have been studied for several 

decades. Chemical reduction of Fe(III) in smectite minerals is typically achieved using 

dithionite as a reducing agent (Komadel et al., 1990). Meanwhile, biological Fe(III)-reduction 

has been achieved with a range of bacteria including Shewanella putrefaciens (Luan et al., 

2015), and Methanothermobacter thermautotrophicus (Zhang et al., 2013). Comparisons 

between the chemical and biological reduction of smectite minerals typically show that a 

greater extent of Fe(III)-reduction is observed through chemical means (Ribeiro et al., 2009). 

Aside from the reducing agent used, a number of factors influence the proportion of Fe(III) 

reduced, the mechanism by which it is reduced, and the reversibility of the reaction. The most 

important factors appear to be the structure of the smectite mineral, and the total amount of 

iron present. Two contrasting examples are iron-poor montmorillonites (2-3 % Fe), and iron-

rich nontronites (> 20 %). A bioreduction study where Fe(III)-reduction was tracked using 

the Ferrozine assay showed 27 % of the total iron in NAu-2 nontronite was reducible, 

compared to 14 % in SWy-2 montmorillonite, with a rapid stage of reduction followed by a 

slower stage in the montmorillonite, and the reverse observed in the nontronite (Zhang et al., 

2013). Electrochemical studies on the other hand have showed that 96.5 % of the iron in 

SWy-2 montmorillonite is redox-active, compared to 81.8 % in NAu-1 nontronite (Gorski et 

al., 2012). Upon reoxidation the SWy-2 is almost fully restored to its original state, but in the 

case of NAu-2 significant structural changes are observed (Gorski et al., 2013). The structural 

changes in NAu-2 and other nontronites are caused by the formation of trioctahedral Fe(II) 

clusters (Manceau et al., 2000) which lead to the distortion of the Fe(III) environment after 

reoxidation (Komadel et al., 1995). These structural changes affect the surface properties of 

the nontronite, changing the redox reactivity towards organics (Stucki et al., 2002). However, 

these irreversible reactions do not occur in montmorillonites as trioctahedral Fe(II) clusters 

require: (i) a high structural iron content (> 12 %); (ii) trans-vacant configuration of hydroxyl 

groups; and (iii) tetrahedral layer charging, none of which are present in montmorillonite 

(Neumann et al., 2011). The iron content of a smectite mineral also dictates how electrons are 

transferred to the iron atoms. In the case of nontronites electrons have been shown to hop 

between iron atoms (Alexandrov et al., 2013), with electron transfer to Fe(III) in 

montmorillonites occurring through the basal plane (Latta et al., 2017). In natural systems 

electron-shuttling compounds, such as humic acids (HA) and anthraquinone disulfonic acid 

(AQDS), have been shown to increase the rate and extent of Fe(III)-reduction by shuttling 

electrons to iron atoms inaccessible to bacterial cells (Nevin and Lovley, 2000). Similar 

results might be expected in montmorillonite, however research appears to show that while 
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the rate of Fe(III)-reduction increases in the presence of these electron-shuttling compounds, 

the extent does not (Zhang et al., 2013). 

While the studies above provide a lot of insight into biological Fe(III)-reduction in smectite 

minerals, the focus has tended to be on pure mineral systems which raises questions about the 

relevance of these studies to the natural environment, as well as to materials for engineering 

projects. Research has shown that the distribution of iron in smectites can vary greatly 

depending on the deposit, with Wyoming smectites having an ordered distribution of iron 

atoms, while other deposits have random distributions, or clustering of iron atoms (Vantelon 

et al., 2003). This study compares biological Fe(III)-reduction in SWy-2 montmorillonite to 

that in FEBEX bentonite. FEBEX bentonite has been used as a buffer in a test to demonstrate 

the feasibility of constructing a high heat generating waste (HHGW) disposal gallery 

(Fuentes-Cantillana et al., 2000), and therefore provides a unique opportunity to investigate 

Fe(III)-reduction in a bentonite material relevant to the geological disposal of radioactive 

waste. State of the art magnetic spectroscopic tools, including electron paramagnetic 

resonance (EPR) and Mössbauer spectroscopy, were used to track, and characterize the end 

points of biological Fe(III)-reduction in SWy-2 montmorillonite and FEBEX bentonite. EPR 

is a powerful tool for investigating Fe(III) in clays due to its selectivity towards paramagnetic 

species, of which Fe(III) is one. EPR has been used to investigate a variety of phenomena 

including the transformation of bentonites by gamma radiation (Galambos et al., 2012), the 

pillaring of bentonites for use as catalysts (Carriazo et al., 2005), as well as probing 

interactions with radionuclides (Verma et al., 2014), and biomolecules (de Santana et al., 

2010). Fe(III) features typically observed in smectite EPR spectra are a peak at g = 4.3 

attributed to isolated Fe(III) atoms in the octahedral layer (Galambos et al., 2012), and a peak 

at g = 2.0 attributed to the presence of hydrated Fe(III) in the form of amorphous, or 

nanoparticulate iron oxyhydroxides (Bensimon et al., 1999; Carbone et al., 2005). Non 

Fe(III) features typically observed in EPR spectra include a Mn(II) sextet at g = 2.04 (Jung et 

al., 2002), and radical ions in the montmorillonite structure at g = 2.005 often used for dating 

the age of the smectite (Bensimon et al., 1999).  

57Fe-Mössbauer spectroscopy provides information on iron oxidation states and binding 

environment. Mössbauer spectroscopy is typically used to identify the extent of Fe(III)-

reduction in reduced smectites, as well as to study mixed bentonite/iron oxide systems 

(Kristan et al., 2013), during catalysis (Komlosi et al., 2005) and interactions with aqueous 

species such as Np(V) (Verma et al., 2017) and Fe(II) (Latta et al., 2017). Variable 
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temperature Mössbauer spectrometry has been used to show that abiotic and biotic Fe(III)-

reduction, the latter using Shewanella oneidensis strain MR-1, produces different iron 

structural arrangements (Ribeiro et al., 2009). When octahedral Fe(III) in Garfield nontronite 

was reduced to similar extents using microbes or the chemical reductant dithionite, a doublet 

belonging to octahedral Fe(II) was observed in both cases in the resulting Mössbauer spectra 

collected at 77 K. At 4 K the abiotic system looked similar with flaring on the Fe(III) doublet, 

however the biotic system displayed magnetic ordering suggesting separate Fe(II), and Fe(III) 

domains. Overall the results suggested that abiotic reduction occurs through the basal plane 

producing Fe(III)-Fe(II) links, while biological reduction occurs at the edge of the smectite 

producing separate Fe(II)-Fe(II), and Fe(III)-Fe(III) links. 

Direct Fe(III)-reduction of  the FEBEX bentonite and the SWy-2 montmorillonite by the 

Fe(III)-reducing bacterium G. sulfurreducens was assessed in this research, as well as indirect 

biological Fe(III)-reduction utilizing the soluble electron shuttle 9,10-anthraquinone-2,6-

disulphonic acid (AQDS). The Ferrozine assay method identified a 10 % increase in 0.5 M 

hydrochloric acid extractable Fe(II) in the SWy-2 montmorillonite, while little measurable 

Fe(III)-reduction occurred in the FEBEX bentonite. Identification of the oxidation states of 

the iron in the materials using Mössbauer spectroscopy, showed that almost all the Fe(III) in 

the SWy-2 montmorillonite had been reduced to Fe(II), with minimal increase in Fe(II) in the 

FEBEX bentonite. Electron paramagnetic resonance spectroscopy (EPR) on the raw materials 

identified structural Fe(III) in both materials, and identified the presence of iron oxides in the 

FEBEX bentonite. This observation leads us to believe that the iron oxides in the FEBEX 

bentonite were recalcitrant to biological Fe(III)-reduction, and inhibited Fe(III)-reduction in 

the montmorillonite. This shows significant differences in Fe(III)-reduction can occur even in 

montmorillonite-based materials with a comparable iron content.  Further investigation is 

therefore required to understand the nature of iron speciation in bentonite. 
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5.4. Materials and methods 

 

5.4.1. Material selection, and clay suspension preparation 

 

5.4.1.1. Material selection 

The aim of this study was to investigate the extent of bacterial Fe(III)-reduction on a pure 

montmorillonite, and a bentonite using G. sulfurreducens, assessing the mineralogical 

changes that take place. A sodium montmorillonite, SWy-2, excavated in Wyoming, USA 

was purchased from the Clay Minerals Society (Chantilly, VA, USA). Calcium bentonite 

(FEBEX), retrieved from a quarry in Almeria, Spain was provided by Empresa Nacional de 

Residuos Radiactivos (ENRESA), Spain. The SWy-2 arrived in powder form and received no 

further treatment prior to experimentation, while the FEBEX came in a granular form, and 

was ground up using an ethanol sterilized mortar and pestle. 

 

5.4.1.2. Preparation of Geobacter sulfurreducens cultures 

Active G. sulfurreducens cells were prepared by transferring 10 ml of stationary phase cells 

into three sterile 90 ml bottles of a modified fresh water medium (NBAF), which contained 

20 mM of sodium acetate acting as the sole electron donor, and 40 mM of fumarate as the 

sole electron acceptor (Cutting et al., 2012). Sodium hydroxide (10 M) was added to the 

growth media to obtain a pH of 7, and the air removed by flushing with a mix of nitrogen and 

carbon dioxide (Cutting et al., 2012). The amended NBAF medium was placed in an 

incubator in the dark at 30 °C, and the G. sulfurreducens cells were grown for 48 hours. 

These three bottles of starter culture were transferred into sterile media (900 ml) in an 

anaerobic cabinet (Coylab, Grass Lake, MI, USA), and grown for a further 48 hours at 30 °C. 

The G. sulfurreducens cells were then transferred to a set of centrifuge tubes under a sterile 

stream of pure nitrogen. The tubes were placed in a centrifuge for 20 minutes (4920 g, 4 °C) 

before the supernatant was discarded, and the cell pellets resuspended in 30 mM of sterile 

MOPS solution, corrected to pH 7 using 10 M sodium hydroxide. The cells were washed in a 

30 mM MOPS solution twice more before being suspended in 50 ml of the solution. The 

optical density (OD600nm) of the cell solution was measured using a Jenway (Stone, UK) 

spectrophotometer.   
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5.4.1.3. Clay suspension preparation 

All glassware used in the experiment was washed in a 5 % nitric acid bath, and thoroughly 

rinsed with deionized water (18.2 MΩ) prior to use. Three different media compositions were 

prepared for the experiment: (i) a solution without electron donor, containing 30 mM MOPS; 

(ii) a solution containing 30 mM MOPS and 10 mM sodium acetate as an electron donor; and 

(iii), a solution containing 30 mM MOPS, 10 mM sodium acetate, and 10 µM AQDS as an 

electron shuttle. Sodium hydroxide (10 M) was added to the media to obtain a pH of 7, and 

the media was degassed with nitrogen before being transferred into 100 ml serum bottles in 

an anaerobic chamber, and autoclaved (126 °C, 20 mins). After autoclaving each serum bottle 

was supplemented with either 4 g of FEBEX, or SWy-2, resulting in a clay mineral 

concentration of 40 g l-1. In total five treatments were prepared in triplicate for each substrate, 

a no added electron donor triplicate with, and without 0.5 OD600nm of G. sulfurreducens, an 

added acetate (electron donor) triplicate containing 0.5 OD600nm of G. sulfurreducens, and an 

acetate (electron donor) plus AQDS (electron shuttle) triplicate with, and without 0.5 OD600nm 

of G. sulfurreducens. Transfer of G. sulfurreducens into the bottles was completed using a 

degassed syringe, and the bottles were subsequently stored in a 20 °C incubator. The serum 

bottles were stored for 41 days with aliquots removed aseptically for further examination at 

appropriate time points. 

 

5.4.2. Solution analysis 

 

5.4.2.1. pH and Eh 

pH and Eh were monitored in this experiment to ensure that conditions remained suitable for 

Fe(III)-reduction by G. sulfurreducens. The rest of the bentonite slurry extracted during the 

Ferrozine analysis was centrifuged (16,162 g, 5 mins), before insertion of the pH probe 

(Denver Instrument (Sartorius, Göttingen, Germany)) calibrated with pH 4, and pH 7 

standards, and an Eh probe (Denver Instrument (Sartorius, Göttingen, Germany)) calibrated 

with a 220 mV standard. The initial pH of the substrates was also analyzed by allowing 2 g of 

sample to equilibrate in deionized water for an hour, before centrifuging (16,162 g, 5 mins) 

and monitoring the supernatant. 
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5.4.2.2. Ion chromatography (IC) 

The concentration of key electron acceptors (nitrite, nitrate, sulphate) and the utilization of 

the added electron donor (sodium acetate) in solution were tracked using IC. For the clay 

suspensions 50 µl of the supernatant from the centrifuged clay slurry (16,162 g, 5 mins) was 

added to 950 µl of deionized water (18.2 MΩ). The starting materials were measured by 

allowing a 0.2 g sample to equilibrate in 5 ml of deionized water (18.2 MΩ) for an hour 

before centrifugation (16,162 g, 5 mins), and dilution of 250 µl of the supernatant in 750 µl 

of deionized water (18.2 MΩ). Both were analyzed using a Dionex ICS5000 instrument 

(Sunnyvale, CA, USA). 

 

5.4.2.3. Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) 

The impact of Fe(III)-reduction on the cation exchange capacity (CEC) on the bentonites, as 

well as the dissolution of the main bentonite constituents was analyzed using the 

concentrations of key interlayer cations (sodium, calcium, magnesium, potassium), along 

with key montmorillonite constituents (silicon, iron, aluminium) in the supernatant over the 

course of the experiment using ICP-AES. The initial CEC of the substrates was determined 

by adding 1 g of the unreduced sample to 5 ml of 1 M ammonium acetate solution and 

allowing it to equilibrate for 24 hours on a shaker. The samples were then vacuum filtered, 

and 1 ml of the solution was added to 9 ml of 2.2% nitric acid. Time-points during the 

experiment were also analyzed. Sample slurries were centrifuged (16,162 g, 5 mins), and 500 

µl aliquots of the supernatant acidified in 9.5 ml of 2.2 % nitric acid. After acidification the 

samples were evaluated using a Perkin-Elmer Optima 5300 Dual View (Waltham, MA, USA) 

ICP-AES. 

 

5.4.3. Solid phase analysis 

 

5.4.3.1. X-ray diffraction (XRD) 

The mineralogical characteristics of the starting materials, and their reduced equivalents were 

evaluated using XRD. The reduced samples were prepared by removing 2 ml of clay 

suspension from the serum bottles in an anaerobic cabinet (Coylab, Grass Lake, MI, USA), 

and allowing them to dry in a weigh boat for 24 hours. The samples were then ground using a 

pestle and mortar before mixing ~ 0.1 g with nitrogen flushed amyl acetate and placing on a 
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glass slide inside an airtight specimen holder. A 0.1 g sample of the starting materials was 

ground with a pestle and mortar before dispersal in amyl acetate and mounting on a low 

background sample holder. All samples were analyzed using a Bruker (Billerica, MA, USA) 

D8 Advance diffractometer. The diffractometer used a CuKα radiation source with a 

wavelength of 1.5406 Å, and the step size during the analysis was 0.02° 2 θ with a counting 

time of 0.02 s per step, over a range of 5-70°. Patterns were fitted with a search/match routine 

(EVA software program version 4 ((Bruker, Billerica, MA, USA), with peaks matched to 

standards in the ICDD (International Centre for Diffraction Data) database. 

 

5.4.3.2. Brunauer-Emmett-Teller (BET) surface area analysis 

The surface area of the two substrates was determined by measuring nitrogen adsorption at -

196 °C. A 0.2 g sample of the materials was initially purged under a constant flow of nitrogen 

at 100 °C for 18 hours before quantification (Micrometrics Flowprep 060, Norcross, GA, 

USA). 

 

5.4.3.3. X-ray Fluorescence (XRF), H2O content and loss on ignition (LOI) 

The percentage makeup of elements in the FEBEX bentonite and SWy-2 montmorillonite 

was determined using XRF. In both cases a 12 g batch of substrate was mixed together with 3 

g of fine powdered wax before milling at 350 rpm for 7 minutes using a TEMA (Woodford 

Halse, UK) mill, and a pellet formed using a press. The pellet was analyzed using a 

wavelength dispersive, PANanalytical (Royston, UK) Axios spectrometer with a standard 

glass AUSMON (B255). The water content, and carbon present in the samples was 

determined by placing 1.0 g of the two substrates in clean, dry pre-ignited crucibles. The 

samples were then heated to 110 °C for an hour before cooling in a desiccator and weighed to 

determine the water content. The samples were then heated again to 1000 °C and cooled in a 

desiccator once more before being reweighed to determine the amount of carbon lost. 

 

5.4.3.4. Ferrozine assay 

The Ferrozine assay was used to measure the 0.5 M hydrochloric acid extractable Fe(II), and 

Fe(total) in the clay suspensions. Ferrozine solution was made by adding 0.5 g of 3-(2-

Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid (Ferrozine), and 5.98 g of 4-(2-
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hydroxyethyl)-11piperazineethanesulfonic acid (HEPES) to 500 ml of deionized water (18.2 

MΩ), before neutralizing with 10 M sodium hydroxide. At each time-point 1 ml of bentonite 

slurry was extracted from the serum bottles using a sterile syringe degassed with nitrogen, 

and then 20 µl of this slurry was added to 980 µl of 0.5 M hydrochloric acid for Fe(II) 

measurements, or 980 µl of 0.25 M hydroxylamine hydrochloride dissolved in 0.5 M 

hydrochloric acid for total bioavailable Fe measurements, and allowed to react for one hour. 

The acidified solutions were then centrifuged (16,162 g, 5 mins) to remove the solids from 

solution, and 80 µl was added to 920 µl of Ferrozine solution. The Ferrozine solutions were 

examined using a spectrophotometer (Jenway (Stone, UK)) at 562 nm, and compared to a 

series of known standards.  

 

5.4.3.5. Electron Paramagnetic Resonance (EPR) 

The presence of unpaired electron species in the bentonites before, and after Fe(III)-reduction 

was determined using EPR. A 2 ml sample was removed from the acetate and G. 

sulfurreducens clay suspensions, along with another 2 ml aliquot from the no donor, and no 

G. sulfurreducens clay suspensions in an anaerobic chamber (Coylab, Grass Lake, MI, USA) 

using a sterile syringe and left to dry for 24 hours. The samples were then ground using a 

pestle and mortar and a 0.05 g sample was placed in a capillary tube with a J Young tap 

fitting (GPE Scientific (Leighton Buzzard, UK)) to prevent exposure to the air. The capillary 

tubes were then transferred to a Bruker (Billerica, MA, USA) EMX Micro X-Band (~ 9.9 

GHz) spectrometer. The signal channel had a receiver gain of 30 dB, and a modulation 

amplitude of 10 G. The microwaves had a power of 2 mW and were attenuated to 20 dB. The 

capillary tubes were run empty prior to use to confirm the absence of species that may 

interfere with the results. The g values of the scans were corrected by measuring the error on 

a strong pitch standard, and the field of individual samples was normalized to a fixed 

frequency (9.8718 GHz).  

 

5.4.3.6. Mössbauer 

The local chemical environment of iron species in the bentonite slurries was examined using 

Mössbauer spectroscopy and the abundance of the iron oxidation state was determined. In the 

case of the reduced bentonites, approximately 5 ml of bentonite slurry was passed through a 

filter and the supernatant discarded. The solid was placed in a holder and sealed with Kapton 
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tape to prevent oxidation during transfer to the Mössbauer spectrometer. Untreated bentonites 

(0.2 g of powder bentonite) were deposited directly onto Kapton tape and sealed. Mössbauer 

spectra were collected in transition mode at 13 K, using a MS4 Mössbauer spectrometer (SEE 

Co, Edina, MN, USA) equipped with a closed-cycle cryostat (SHI-850, Janis Research Co, 

Wilmington, MA, USA). Calibration was carried out against 7 µm Fe(0)-foil and spectral 

fitting was performed using the Voigt-based fitting routine of the Recoil software (Rancourt 

and Ping, 1991). 

 

5.5. Results 

 

5.5.1. Material characterization 

The mineralogy, as well as the physical and chemical properties of the two materials was 

determined to see if they had an influence on the rate, and extent of Fe(III)-reduction that 

took place. Both substrates had similar water contents (~ 9.4 %), and pH (~ 9.1), but the 

FEBEX bentonite contained more organic carbon (8.0 %), and a higher surface area (44.9 m2 

g-1) compared to the SWy-2 montmorillonite which contained 6.4 % organic carbon, and a 

surface area of 24.7 m2 g-1 (Table 5.1). The two materials had similar iron (~ 26.2 mg g-1), 

and manganese (~ 0.1 mg g-1) contents (Table 5.1). However, the amount of 0.5 M 

hydrochloric acid extractable iron in the SWy-2 montmorillonite was 0.7 mg g-1 (0.2 mg g-1 

Fe(II)), while the FEBEX bentonite contained 0.2 mg g-1 (<0.1 mg g-1), which accounted for 

2.7 %, and 0.8 % of the total iron in the two substrates (Table 5.1). The two substrates were 

mostly composed of montmorillonite, and quartz, with some anorthite in the FEBEX 

bentonite (Table 5.1), no change to the mineralogy was observed after reduction. 
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Table 5.1: Chemical and physical properties of the FEBEX bentonite, and SWy-2 

montmorillonite including water content, loss on ignition, pH, surface area, the key interlayer 

cation concentrations (sodium, calcium, potassium, magnesium), sulphate, manganese, and 

iron contents, as well as 0.5 M hydrochloric acid extractable iron (Fe(II) and total), and the 

mineralogy. 

Sample FEBEX SWy-2 

H2O (%) 9.9 8.8 

LOI (%) 8 6.4 

pH 8.7 9.4 

SA (m2 g-1) 44.9 ± 0.4 24.7 ± 0.2  

Na+ (mg g-1) 5.8 >5.7 

Ca2+ (mg g-1) 7.3 4.2 

K+ (mg g-1) 0.7 0.5 

Mg2+ (mg g-1) 1 1.6 

SO4
2- (mg g-1) 0.7 1.8 

Mn (mg g-1) 0.2 0.1 

Fe (mg g-1) 26.6 25.7 

0.5 M HCl 

extractable 

Fe(II) (mg g-1) 

<0.1 0.2 

0.5 M HCl 

extractable total 

Fe (mg g-1) 

0.2 0.7 

Mineralogy 

(XRD) 

 Montmorillonite,  Montmorillonite, 

Quartz Quartz, Anorthite 

 

5.5.2. Microbial Fe(III)-reduction in the substrates 

The rate of Fe(III)-reduction taking place in the clay suspensions was determined using the 

Ferrozine assay. 0.5 M hydrochloric acid extractable Fe(II) levels in the FEBEX bentonite 

remained relatively constant (Figure 5.1). However in the SWy-2 montmorillonite, a sharp 

increase in 0.5 M hydrochloric acid extractable Fe(II) from 0.3 mg g-1 to 2.2 mg g-1 occurred 

over the course of 10 days in the acetate + AQDS incubations amended with G. 

sulfurreducens, with a similar value being achieved in the acetate, and G. sulfurreducens 

amended incubations over a 41-day period (Figure 5.1). The amount of bioavailable Fe(II) 

after the experiment was approximately 9 % of the total iron in the SWy-2 montmorillonite 

(Figure 5.1). The increase in bioavailable Fe(II) in the SWy-2 montmorillonite treatments 

coincided with a change in the color of the sediment from a light brown color, to a light grey. 
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Minor amounts of Fe(III) reduction were also observed in the SWy-2 montmorillonite control 

containing G. sulfurreducens but no electron donor (0.3 mg g-1) (Figure 5.1). 

 

 

 

Figure 5.1: The amount of 0.5 M hydrochloric acid extractable Fe(II) in the FEBEX 
bentonite, and the SWy-2 montmorillonite as determined by Ferrozine assay. 

 

5.5.3. pH and Eh 

The pH of all the clay suspensions remained circumneutral, with a slight decrease in pH 

observed in the clay suspensions that had exhibited Fe(III) reduction (Supplementary 5.1). Eh 

in the FEBEX bentonite clay suspensions amended with acetate and AQDS decreased to 
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approximately -300 mV over the course of the experiment, while the rest decreased to -400 

mV (Supplementary 5.2). In the SWy-2 montmorillonite the Eh of the clay suspensions 

containing both acetate, and G. sulfurreducens decreased to -325 mV, while the other 

treatments decreased to -200 mV (Supplementary 5.2). 

 

5.5.4. Electron donor, and electron acceptor utilization 

IC was used to track the consumption of the key electron acceptors (nitrite, nitrate, sulphate), 

and the electron donor (acetate) over the course of the experiment. The levels of nitrite and 

nitrate, in the supernatants for both substrates was low, with no nitrite detected in solution in 

any of the samples. Approximately 0.02 mg g-1 of nitrate in solution was detected in the 

FEBEX bentonite samples, which was removed within seven days in the acetate amended 

treatments, while 0.01 mg g-1 was left in the no electron donor supernatants at the end of the 

experiment. The SWy-2 montmorillonite samples contained more nitrate in solution than the 

FEBEX bentonite (0.05 mg g-1), with the Geobacter sulfurreducens amended samples 

removing it in seven days, while the acetate + AQDS (no G. sulfurreducens) control removed 

it in 41 days, with 0.01 mg g-1 in solution remaining in the no electron donor (no G. 

sulfurreducens) control at the end of the experiment. Approximately 0.8 mg g-1 of sulphate 

was found in solution in the FEBEX bentonite samples at the beginning of the experiment, 

with nearly all of it consumed in the G. sulfurreducens amended clay suspensions over the 

course of the experiment (Supplementary 5.3). Concentrations in solution in the FEBEX 

bentonite no Geobacter controls also decreased to 0.6 mg g-1 by day 41 (Supplementary 5.3). 

The SWy-2 montmorillonite suspensions contained 1.8 mg g-1 of sulphate in solution which 

remained steady across most of the samples, although a decrease to 1.4 mg g-1 was observed 

in the acetate + AQDS treatment, and a decrease to 1.6 mg g-1 in the other acetate amended 

clay suspensions (Supplementary 5.3). The level of acetate utilization in the FEBEX clay 

suspensions was negligible, while 2 mg g-1 was utilized in the two sets of SWy-2 

montmorillonite suspensions containing acetate, and G. sulfurreducens cells (Supplementary 

5.4). 
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5.5.5. Changes in the cation exchange capacity of the substrates (CEC) and mineral 

dissolution 

The cation exchange capacity, and the dissolution of key constituents from the FEBEX 

bentonite, and the SWy-2 montmorillonite was monitored using ICP-AES. The 

concentrations of the key interlayer cations (sodium, potassium, magnesium, calcium) were 

initially elevated in all the acetate amended clay suspensions (due to the acetate being added 

as a sodium salt) with the FEBEX bentonite acetate containing clay suspensions having 0.58 

meq g-1 in solution, and the SWy-2 montmorillonite acetate containing clay suspensions 

having 0.74 meq  g-1 in solution (Figure 5.2). Meanwhile the FEBEX bentonite no electron 

donor clay suspensions contained 0.37 meq g-1 of the cation species described above in 

solution, and the SWy-2 montmorillonite no electron donor clay suspensions contained 0.51 

meq g-1 in solution (Figure 5.2).  Over the course of the experiment the concentration of 

interlayer cations in solution in the FEBEX bentonite clay suspensions increased by 

approximately 0.07 meq g-1 (Figure 5.2). In the case of the SWy-2 montmorillonite clay 

suspensions negligible change was observed in the clay suspensions that did not contain G. 

sulfurreducens and decreases of 0.07 meq q-1 in solution were observed in the suspensions 

that contained G. sulfurreducens (Figure 5.2). 
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Figure 5.2: The change in key interlayer cations (sodium, calcium, potassium, magnesium) 
expressed as milliequivalents per gram in solution over the course of the experiment. 

 

Dissolution of silicon across the treatments occurred at similar rates with an increase of 

approximately 0.20 mg g-1 (0.01 %) in solution observed across all samples, with slightly 

more released in the two sets of acetate, and G. sulfurreducens amended SWy-2 

montmorillonite clay suspensions (0.25 mg g-1). No dissolution of aluminium was observed 

in the clay suspensions, however 0.02 mg g-1 (~0.08 %) of iron was released into solution in 

both sets of acetate, and G. sulfurreducens amended SWy-2 montmorillonite bottles. 

 

5.5.6. EPR investigation of bioreduction-induced changes in Fe(III) speciation 

EPR was used to examine the speciation of Fe(III), and other paramagnetic species in the 

substrates, before and after microbial Fe(III)-reduction. The SWy-2 montmorillonite 

displayed a sharp peak at g = 4.2 which was attributed to structural Fe(III) in the 

montmorillonite (Galambos et al., 2012) (Figure 5.3). A sextet of peaks was also identified at 

g = 2.0 belonging to Mn(II), as well as a sharp peak at g = 2.0 due to electron holes (defects) 

on the oxygen associated with Si in the tetrahedral sheet of the montmorillonite (Sorieul et 

al., 2005) (Figure 5.3). Following biological Fe(III)-reduction of the SWy-2 montmorillonite, 

a decrease in the intensity of the structural Fe(III) and Mn(II) signals was observed, as well as 

an increase in the defect signal (Figure 5.3). The FEBEX bentonite has two paramagnetic 

features identified as structural Fe(III) at g = 4.2 (Galambos et al., 2012), and nanostructured 

Fe(III)-oxides and –oxyhydroxides at g = 2.1 (Carbone et al., 2005) (Figure 5.3). After the 
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FEBEX was biologically reduced a decrease was observed in the overall intensity of the 

sample, with some distortion to the iron oxide signal at g = 2.4, along with the emergence of 

a new peak at g = 2.3 (Figure 5.3). 
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Figure 5.3: EPR spectrum of the native, and reduced FEBEX bentonite, and SWy-2 
montmorillonite. The spectra were normalized to a frequency of 9.8718 GHz, and instrument 
error was corrected by comparing to a standard (strong pitch) of known g value. 

 

5.5.7. Iron speciation using Mössbauer spectroscopy 

The iron oxidation state and binding environment in the substrates was studied before and 

after 41 days of bioreduction. Spectra of both untreated substrates exhibited a large central 

doublet at 0.46-0.47 mm/s (Figure 5.4), indicative of octahedral Fe(III) in smectites. The 

broad Fe(III) doublets were fit with two overlapping distributions of quadrupole split (QS) 

values and the resulting parameter values (isomer shift (IS), and QS) were highly similar for 

both substrates, yet present in different proportions (Table 5.2). While the spectrum of the 

untreated FEBEX bentonite contained only the Fe(III) doublet, additional peaks were 

observed in the spectrum of the untreated SWy-2 montmorillonite (Figure 5.4). The shoulder 

at around 2.65 mm/s is characteristic for the presence of Fe(II) and spectral fitting yielded 

Mössbauer parameters similar to those observed for siderite or vivianite (Muehe et al., 2013). 

The two peaks at around -4.2 mm/s and 5.3 mm/s are indicative of the presence of a 

magnetically ordered Fe(III) phase (Figure 5.4), which was, not entirely captured during the 

measurement (velocity range: -6 to +6 mm/s) and its Mössbauer parameters can therefore 

only be indirectly estimated, after fitting of all the other components. The most probable 
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Mössbauer parameters for the Fe(III) sextet component (IS:0.5 mm/s, QS:-0.05 mm/s, 

hyperfine field H:50 T; Table 5.2) are consistent with the presence of ferrihydrite (IS:0.35 

mm/s, QS:-0.02 to -0.07 mm/s, H:47-50 T) or goethite (IS:0.37 mm/s, QS:-0.25 mm/s, 

H:50.6 T) (Murad and Cashion, 2004). Combined, the two non-montmorillonite components 

make up 15% of the spectral area (Table 5.2). 

After reduction, the FEBEX bentonite Mössbauer spectrum exhibited a new peak around 2.8 

mm/s and a shoulder at -0.25 mm/s, distinctive of the presence of Fe(II) in the sample 

(Mössbauer parameters in Table 5.2) (Figure 5.4). Spectral fitting revealed that 17% of the 

solid-bound Fe was present as Fe(II) (Table 5.2). In contrast, the Mössbauer spectrum of the 

bioreduced SWy-2 montmorillonite was dramatically different from that of the untreated 

sample and was dominated by an intensive Fe(II) doublet (Figure 5.4). The Fe(II) doublet had 

identical Mössbauer parameters as found for Fe(II) associated with bioreduced FEBEX 

bentonite (IS: 1.27 mm/s, QS: 3.03 mm/s; Table 5.2) and comprised 88% of the spectral area 

(Table 5.2). The Fe(III) sextet as well as the Fe(II) phase detected in the untreated SWy-2 

montmorillonite were absent in the spectrum of the bioreduced sample and the remaining Fe 

was present as Fe(III), with Mössbauer parameters consistent with clay mineral octahedral 

Fe(III) (Figure 5.4). 
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Table 5.2: Parameters and statistical data for the fitted Mössbauer spectra, X 2, chi-squared; 

CS, center shift relative to ɑ-Fe(0); QS, quadrupole splitting. 

Sample (X 2) and feature  CS (mm s-1) QS (σ) Area (σ) (%) 

Native FEBEX (0.59) 
 

Fe(III) doublet 0.46 1.08 (1.15) 100 

Bioreduced FEBEX (0.60) 
 

Fe(II) doublet 1.27 3.03 (0.21) 16.6 (1.3) 

Fe(III) doublet 0.47 0.96 (0.89) 83.4 (1.3) 

Native Swy-2 (1.46) 
 

Fe(II) doublet 1.34 2.56 (0.47) 6.8 (0.4) 

Fe(III) doublet 0.47 0.97 (0.78) 85.2 (0.8) 

Fe(III) sextet 0.5 -0.05 8.0 (0.8) 

Bioreduced Swy-2 (0.80) 
 

Fe(II) doublet 1.27 3.03 (0.20) 87.5 (1.4) 

Fe(III) doublet 0.5 0.69 (0.38) 12.5 (1.4) 

 

5.6. Discussion 

The aim of this study was to investigate the extent of microbial Fe(III) reduction achievable 

in bentonites using G. sulfurreducens. FEBEX bentonite, and SWy-2 montmorillonite were 

Figure 5.4: Mössbauer spectra of the native and bioreduced FEBEX bentonite, and SWy-2 
montmorillonite, along with fitted iron species. 
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exposed to microbial treatments (and appropriate controls), and then the materials assessed 

using the Ferrozine assay, EPR and Mössbauer spectroscopy. Initial analysis of 0.5 M 

hydrochloric acid extractable Fe(II) using the Ferrozine assay to quantify Fe(III)-reduction in 

the system showed that the amount of bioavailable Fe(II) in the SWy-2 montmorillonite 

increased by 9 % of the total iron content (Figure 5.1), with a similar trend occurring in the 

total bioavailable iron as well. A rapid rate of Fe(III)-reduction was observed over the first 

day followed, by a much slower rate of reduction for the rest of the experiment, as observed 

in previous studies (Figure 5.1) (Zhang et al., 2013). Previous research has suggested that 

iron in silicates is recalcitrant to 0.5 M hydrochloric acid extraction (Brookshaw et al., 2014) 

so the extent of biological Fe(III)-reduction was also investigated using Mössbauer 

spectroscopy which showed that 88 % of the iron was reduced after biological reduction had 

taken place (Table 5.2). This extent of Fe(III)-reduction was ten times the reported value 

from the Ferrozine assay, and therefore highlights the need for solid phase characterization, 

along with analysis of the solution phase using the Ferrozine assay, to interpret bioavailable 

iron in montmorillonite systems. The Ferrozine assay was still able to distinguish a difference 

in the FEBEX bentonite, and the SWy-2 montmorillonite, and is a quick method for showing 

that Fe(III)-reduction is occurring. However, it should not be used to measure the total extent 

of Fe(III)-reduction, and the findings in previous studies such as Zhang et al., (2013) should 

be viewed in a way that takes this information into account. 

The consumption of acetate in the acetate, and G. sulfurreducens amended SWy-2 

montmorillonite clay suspensions accounted for approximately 43 % of the Fe(III)-reduction, 

and 65 % in the acetate, AQDS, and G. sulfurreducens amended clay suspensions. These 

values do not match the Mössbauer data (Table 5.2), but we cannot rule out the G. 

sulfurreducens utilizing reduced co-factors. Fitting of the native SWy-2 montmorillonite 

Mössbauer data identified the presence of an Fe(II) doublet comparable to vivianite, or 

siderite (Table 5.2). However, despite accounting for 7 % of the spectrum, the 0.5 M 

hydrochloric acid extractable iron content was less than 1 % (Table 5.1). Vivianite, and 

siderite are susceptible to dissolution in 0.5 M hydrochloric acid which suggests either 

heterogeneity in the SWy-2 montmorillonite, or the doublet was present due to a different 

source of Fe(II). A sextet of peaks attributable to iron oxides (Murad and Cashion, 2004) was 

also present in the Mössbauer spectra accounting for 8 % of the sample (Table 5.2), and 

matched the amount of Fe(III)-reduction at the end of the experiment discerned by the 

Ferrozine assay (Figure 5.1). Further identification of the Fe(III) species in the SWy-2 



162 

 

montmorillonite was carried out using EPR. The EPR spectrum showed the presence of 

octahedral Fe(III) in the montmorillonite, but the broad and partially structured band at g = 

2.00 was very weak, suggesting very little in the way of nanostructured Fe(III)-oxides and –

oxyhydroxides associated with SWy-2 (Figure 5.3). Analysis of the bioreduced SWy-2 

montmorillonite using EPR also identified an increase in the defect signal (Figure 5.3), which 

implies that Fe(III) might not be the only sink for electrons in the montmorillonite. 

Negligible Fe(III)-reduction was detected in the FEBEX bentonite using the Ferrozine assay, 

but once again a greater amount was identified in the Mössbauer spectrum (17 %) (Table 

5.2), reinforcing the need for solid phase analysis of bioavailable iron in montmorillonite 

systems. Analysis of the native FEBEX bentonite using Mössbauer spectroscopy identified 

all of the iron was present as Fe(III) (Table 5.2). Meanwhile, the EPR spectrum contained 

two Fe(III) features, one attributed to structural Fe(III) in the montmorillonite, and another 

attributed to an iron oxide phase (Figure 5.3). If the Fe(III) oxide phase was partitioned into 

another mineral we would expect it to be detectable using XRD, which suggests it was 

present as an amorphous or nano-sized phase associated with the montmorillonite (Carbone et 

al., 2005), potentially in the interlayer space or as a coating on the clay particles. The 

presence of trioctahedral iron clusters as seen in nontronites can be discounted, because the 

iron content of the FEBEX bentonite is too low (Neumann et al., 2011).  Changes to the 

shape of the Fe(III) oxide feature in the EPR spectrum were observed after biological Fe(III)-

reduction (Figure 5.3). This suggests it may have been the target of biological Fe(III)-

reduction in the FEBEX bentonite. The iron oxide phase may have prevented access to the 

structural Fe(III) in the FEBEX bentonite preventing more extensive Fe(III)-reduction. 

However, the FEBEX bentonite may also have been recalcitrant to biological Fe(III)-

reduction due to the calcium ions in the interlayer space reducing the exposure of the basal 

surface to the G. sulfurreducens cells (Norrish, 1954). The unidentified iron oxide phase in 

the FEBEX bentonite requires further study. One consequence of the lack of biological 

Fe(III)-reduction appears to be an earlier onset of sulphate-reducing conditions in the FEBEX 

bentonite (Supplementary 5.3). The bioavailable Fe(III) in the SWy-2 montmorillonite would 

have acted as a competing electron acceptor reducing the activity of sulphate-reducing 

bacteria. 

As well as assessing the impact on iron chemistry in the two substrates, attempts were also 

made to identify any wider associated mineralogical, and chemical changes that occurred 

because of the change in the iron redox state. ICP-AES was used to determine the changes in 
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key interlayer cations in solution, and therefore changes in the CEC during the experiment. 

Data from the acetate amended SWy-2 clay suspensions showed a decrease in the key 

interlayer cations in solution (Figure 5.2), and therefore Fe(III)-reduction enhanced the CEC 

of SWy-2. This is due to an increase in the interlayer charge accompanying the reduction of 

the Fe(III) (Kostka et al., 1999). A relatively consistent increase in the number of cations in 

solution was observed across all of the FEBEX treatments (Figure 5.2), suggesting the 

minimal Fe(III)-reduction that did take place did not have a significant impact on the 

interlayer charge. This might be further evidence that microbial Fe(III)-reduction was 

impacting the iron oxide species rather than the structural Fe(III) responsible for the 

interlayer charge. A lack of dissolution of key montmorillonite components was confirmed 

using ICP-AES. Minor increases (~0.01%) in the amount of silicon in solution was observed 

across all samples, meanwhile aluminium concentrations remained constant. A minor amount 

of iron dissolution (~0.01%) was also observed in the two sets of acetate, and G. 

sulfurreducens amended SWy-2 montmorillonite clay suspensions, which is unlikely to 

impart significant mineralogical change. 

 

5.7. Conclusions 

The extent of microbial Fe(III) reduction in montmorillonite-based materials can vary greatly, 

even between materials with comparable iron contents. The FEBEX bentonite appeared to 

have two Fe(III) species in the form of structural Fe(III), and an interlayer iron oxide, or iron 

oxide coating. It was not clear if this iron oxide phase was disrupting electron transfer 

through the montmorillonite (preventing extensive Fe(III)-reduction) or if calcium ions in the 

interlayer were decreasing the basal surface accessible to the G. sulfurreducens. Further study 

is required to identify the iron oxide form and if it has an influence on electron transfer. SWy-

2, a pure montmorillonite containing mostly structural Fe(III), was amenable to biological 

Fe(III)-reduction. The Ferrozine assay showed that AQDS increased the rate of biological 

Fe(III) reduction, but not the extent, as has been shown previously (Zhang et al., 2013). 

However, the bioavailable Fe(II) concentrations were tenfold lower than the extent of Fe(III)-

reduction identified by Mössbauer spectroscopy. It is clear that 0.5 M hydrochloric 

extractable Fe is not a reliable measure of bioavailable Fe in montmorillonite systems, and 

this needs to be taken into consideration when understanding the extent of Fe(III)-reduction 

in previous studies, and when planning future work. The EPR spectrum of bioreduced SWy-2 

also saw an increase in defects present as electron holes. The increase in the defect content 
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may provide insights into the transfer of electrons through the montmorillonite, and suggests 

Fe(III) might not be the only electron sink present. 

Sulfate-reduction was observed in the FEBEX bentonite, with a minimal amount in the SWy-

2 montmorillonite. This shows the bioavailable iron in the SWy-2 montmorillonite acts as a 

competing electron acceptor preventing sulfate-reduction. However, the Fe(III)-reduction 

increased the interlayer charge, and the CEC, which may influence the swelling ability of a 

bentonite buffer (Fitch et al., 1995; Kostka et al., 1999). Therefore, the two materials have 

advantages, and disadvantages when it comes to nuclear waste disposal. The FEBEX 

bentonite is more recalcitrant to geochemical changes imparted by biological Fe(III)-

reduction, but is more susceptible to sulfate-reduction, and therefore could encourage 

microbially-induced corrosion (El Mendili et al., 2013). The SWy-2 montmorillonite will be 

less likely to promote microbially-induced corrosion, but its swelling pressure may be altered 

under reducing conditions. These differences highlight the requirement to characterize 

bentonite materials intended for use in geological disposal. As subtle differences in their iron 

speciation appears to influence their geochemistry under reducing conditions. 
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Supplementary 5.1: pH of the FEBEX bentonite, and SWy-2 montmorillonite clay 

suspensions. 
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Supplementary 5.2: Eh of the FEBEX bentonite, and SWy-2 montmorillonite clay 

suspensions. 
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Supplementary 5.3: Concentration of sulphate in the FEBEX bentonite and SWy-2 

montmorillonite clay suspensions. 
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Supplementary 5.4: Acetate concentrations in the FEBEX bentonite, and SWy-2 

montmorillonite clay suspensions. 
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6.1. Preface 

Question: If Geobacter sulfurreducens can cause mineralogical transformations in bentonite 

materials, do these transformations influence the speciation of priority radionuclides 

(selenium)? 

Experimental data in chapter 5 showed that the majority of Fe(III) in SWy-2 montmorillonite 

was reducible to Fe(II). Other research in the field has shown that the reduction of Fe(III) in 

montmorillonites, and other smectite minerals is partially, or even fully reversible (Gorski et 

al., 2013). This reversibility implies that montmorillonite and other smectite minerals in their 

reduced forms may serve as electron donors. This could potentially be used to reduce redox-

active radionuclides in the event of release in a geological disposal facility. We investigated 

this further using the selenium oxyanions selenite and selenate. Similar to the methodology 

used in chapter 5, we inoculated SWy-3 montmorillonite with Geobacter sulfurreducens and 

supplemented it with selenite or selenate. 

Geobacter sulfurreducens can reduce selenite to elemental selenium, with the product being 

red nanospheres (Pearce et al., 2009). This was also observed in our experiments. Selenate on 

the other hand is not reducible by Geobacter sulfurreducens, but its removal from solution 

still occurred. The selenate product was once again elemental selenium. However, this time it 

was observed in a grey/black crystalline form. This difference in product is consistent with 

the selenite being reduced microbially by Geobacter sulfurreducens, and the selenate by a 

different process whose workings remain unknown. The most plausible mechanism for the 

selenate removal is via electron transfer from the reduced SWy-3 montmorillonite. Further 

research is required to prove that the selenate product is indeed produced by the reduced 
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montmorillonite. This could be tested via several ways, for instance by chemically reducing 

the montmorillonite, or pasteurizing the reduced montmorillonite, and introducing the 

selenium oxyanions afterwards. These results highlight a microbial activity that could be 

beneficial to a geological disposal facility. The absorption of selenium oxyanions (and other 

anions) is very poor (Kim et al., 2012), and therefore indirect microbial reduction could offer 

a plausible mechanism for their immobilization. 

 

6.2. Graphical abstract 

 

6.3. Abstract 

Selenium is a toxic element commonly found in nuclear wastes and is typically found in the 

form of the two oxyanions selenite (SeO3
2-), and selenate (SeO4

2-). In the case of canister 

failure following the geological disposal of nuclear wastes, bentonite buffers are expected to 

retard radionuclide transport. However, selenium oxyanions have a low affinity for 

adsorption to bentonites. The presence of Fe(III)-reducing bacteria in a bentonite buffer may 

directly (enzymatically) reduce selenium oxyanions, as well as increasing the Fe(II) content 

of the bentonite providing indirect Fe(II)-mediated reduction mechanisms as well. This 

experiment investigated the fate of selenium oxyanions in the presence of SWy-3 

montmorillonite, and cultures of the Fe(III)-reducing bacterium G. sulfurreducens. Selenite 

reduction occurred concurrently with Fe(III)-reduction  forming red elemental selenium 
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nanospheres approximately 30 nm in size, meanwhile selenate remained in solution for 

several days before rapid precipitation occurred in most of the G. sulfurreducens amended 

microcosms, producing black subhedral crystallites approximately 150 nm in size. These 

results suggest that selenite removal occurred via direct enzymatic reduction by G. 

sulfurreducens, but the selenate was likely removed via a chemical reaction with structurally-

bound Fe(II) in the SWy-3 montmorillonite. The occurrence of biological Fe(III)-reduction in 

a bentonite buffer would likely alter the geochemical conditions promoting the reduction, and 

precipitation of selenium oxyanions. Other redox-active radionuclides such as uranium may 

exhibit similar behaviors and require further investigation. Along with the impacts on the 

geological disposal of nuclear waste this may also be of relevance to selenium speciation in 

the natural environment, and the development of novel techniques to clean-up selenium 

contaminated land.  

 

6.4. Introduction 

The accumulation of radioactive wastes has been occurring in many countries for decades 

through the production of nuclear power, weapons, medical treatments, and for research 

purposes. The process of nuclear fission produces a diverse range of radionuclide species 

with a wide variety of half-lives and chemical properties (RWM, 2016). Amongst these 

radioactive wastes are high heat generating wastes (HHGW) which contain long-lived 

radioisotopes, many of which also have a toxicological component (Domingo, 2001). 

Geological disposal of HHGW is being considered in many countries using a multi-barrier 

concept comprised of the waste form, a metal canister, a buffer, and the surrounding 

geological host (SKB, 2006). One material being considered as a buffer in a geological 

disposal facility (GDF) is the montmorillonite-based material bentonite which has a low 

permeability, as well as ion exchange, and surface complexation sites which can capture 

radionuclides (Wilson et al., 2011). 

Selenium is a member of the chalcogens, and several stable selenium isotopes are formed by 

nuclear fission, as well as unstable 79Se which has a half-life of 3.27 x105 years. Selenium is a 

sulfur analogue commonly existing in four oxidation states (-2, 0, +4, +6). Under oxidizing 

conditions, selenium exists as the toxic, and soluble selenate (SeO4
2-), and selenite (SeO3

2-) 

oxyanions, while under reducing conditions it typically exists as the insoluble, and less toxic 

elemental selenium (Se(0)), sulfide (S2Se), metal selenide (FeSe) forms, as well as soluble, 
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and highly toxic hydrogen selenide (H2Se) (Orucoglu and Haciyakupoglu, 2015). Research 

into selenium interactions with bentonite have mostly focused on the oxyanion forms. The 

negative interlayer charge associated with bentonites means they have limited adsorption 

capacity for selenium oxyanions (Kim et al., 2012). Selenate shows minimal adsorption to 

bentonite (Loffredo et al., 2011), meanwhile the limited sorption capacity  that bentonite 

displays for selenite, appears to be dominated by surface complexes (H2SeO3) at pH 5-7, and 

by ternary surface complexes with Ca2+, and Mg2+ above pH 7 (Montavon et al., 2009). 

Attempts to improve the adsorption capacity of selenium have focused on modifying the 

bentonite with zero valent iron (Li et al., 2015), aluminium oxocations (Wang et al., 2015), 

and other specialist cations (Orucoglu and Haciyakupoglu, 2015). Such strategies while 

useful in the treatment of effluents, and contaminated land, would be expensive, and difficult 

to implement in a geological disposal environment, due to the large amount of bentonite 

required. For example, an underground research laboratory (URL) experiment aimed at 

assessing the technical feasibility, and behavior of a geological disposal facility (GDF) used 

115.7 tonnes of bentonite in a single disposal gallery (Fuentes-Cantillana et al., 2000). 

Bentonites have been shown to support a range of microbial cells and spores (Lopez-

Fernandez et al., 2015), some of which can persist under simulated geological disposal 

conditions (Pedersen, 2010). Many groups of bacteria have been shown to reduce selenium 

oxyanions, whether it be a pathway for detoxification, or as a source for energy, and growth 

(Eswayah et al., 2016); SRB partially reduce selenium using sulfate-reduction pathways 

(Tomei et al., 1995). The transformation of selenite into elemental selenium has been 

observed in cultures of Geobacter sulfurreducens, with some further reduction to selenide 

occurring in the presence of AQDS (Pearce et al., 2009). The elemental product of selenite-

respiring bacteria is typically homogenous, red Se(0) nanospheres, arranged into monoclinic 

crystalline structures (Oremland et al., 2004). Bacterial selenate reduction is less documented, 

but has been observed with Enterobacter cloacae, and a few other species, with the product 

being selenite (Yee et al., 2007). As well as the potential for direct biological reduction of 

selenium oxyanions there may also be indirect reactions that can immobilize selenium. 

Fe(III)-reducing bacteria have been shown to reduce selenate indirectly using humic acids 

(Lovley et al., 1999). G. sulfurreducens can also reduce structural Fe(III) in bentonites to 

Fe(II) (Chapter 5), which can influence the physical, and chemical properties of bentonites 

(Stucki et al., 2002). Structurally bound Fe(II) in smectite minerals has also been shown to 

reduce a number of environmental contaminants including nitroaromatic compounds 
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(Hofstetter et al., 2003), pertechnetate ions (Bishop et al., 2011), and polychlorinated ethanes 

(Neumann et al., 2009). While the reduction of selenium oxyanions by structural Fe(II) in 

smectite minerals has not been documented several studies have shown selenium oxyanions 

can be reduced by Fe(II)-bearing minerals such as green rust (Borsig et al., 2018). 

Instead of investigating costly modification strategies to improve the sorption of selenium 

oxyanions to bentonites, this paper investigates the impact of microbial Fe(III)-reduction in 

bentonites (Chapter 5) on selenium oxyanion sequestration, as well as the potential for 

biomineralisation of these contaminants (Zannoni et al., 2008). The identification of 

microbially-driven selenium oxyanion immobilization would build confidence in a geological 

disposal safety case, by showing selenium species will not be mobile in the event of canister 

failure. This study examined the interactions between SWy-3 montmorillonite, Geobacter 

sulfurreducens, and selenium oxyanions. G. sulfurreducens was chosen for this work after 

previous research highlighted its ability to reduce structural Fe(III) in SWy-2 (Chapter 5), as 

well as undertaking direct, and indirect reactions with selenite oxyanions (Pearce et al., 

2009). Direct reduction of selenate oxyanions by G. sulfurreducens has not been reported. 

However, based on the literature cited it was hypothesized that microbially reduced 

structurally bound Fe(II) in bentonites may be able to reduce selenate oxyanions, in a similar 

manner to humic acid-mediated selenate reduction (Lovley et al., 1999). This chapter 

investigated the reduction of selenite, and selenate in the presence of SWy-3 montmorillonite, 

and Geobacter sulfurreducens. Results from this study indicated that both selenium 

oxyanions were reduced to insoluble elemental selenium forms. The selenite oxyanions 

appeared to be reduced by direct interactions with the G. sulfurreducens cells, while the 

selenate oxyanions appeared to be reduced indirectly by the reduced SWy-3 montmorillonite. 

 

6.5. Materials and methods 

 

6.5.1. Experiment preparation 

 

6.5.1.1. Material selection 

This study investigated the speciation of selenite, and selenate, in the presence of the source 

clay SWy-3 montmorillonite (Van Olphen and Fripiat, 1979), and Geobacter sulfurreducens 

cells. The SWy-3 sodium montmorillonite was bought from the Clay Minerals Society 
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(Chantilly, VA, USA) having been excavated in Wyoming, USA. The SWy-3 

montmorillonite arrived in powdered form and received no treatment before adding to the 

microcosms. 

 

6.5.1.2. Geobacter sulfurreducens culture preparation 

Geobacter sulfurreducens cells (Caccavo et al., 1994) were prepared by adding 10 ml of early 

stationary cells to 90 ml of sterile NBAF medium containing 20 mM of sodium acetate 

(electron donor), and 40 mM of fumarate (electron acceptor) (Cutting et al., 2012) in a serum 

bottle. The NBAF medium was adjusted to a pH of 7 using 10 M sodium hydroxide, and was 

flushed with nitrogen, and carbon dioxide prior to use. The serum bottle was incubated in the 

dark at 30 °C for 48 hours, to allow the G. sulfurreducens culture to grow. After 48 hours the 

G. sulfurreducens starter culture was transferred into 900 ml of sterile NBAF medium in an 

anaerobic cabinet (Coylab, Grass Lake, MI, USA), and left to grow for a further 48 hours at 

30 °C. The G. sulfurreducens containing NBAF medium was transferred into a set of 

centrifuge tubes under a flow of filter-sterilized nitrogen gas. The G. sulfurreducens cells 

were centrifuged for 20 minutes (4920 g, 4 °C) before the supernatant was discarded; this 

step was repeated before concentrating the cells in a single tube. Once in a single tube the 

cells were washed in sterile, anaerobic 30 mM MOPS solution twice, before re-suspension in 

50 ml of the 30 mM MOPS in a sterile serum bottle. The optical density (OD600nm) of the cell 

suspension was determined using a Jenway (Stone, UK) spectrophotometer. 

 

6.5.1.3. Clay suspension preparation 

Serum bottles were prepared by washing them in a 5% nitric acid bath for 24 hours, before 

rinsing them with deionized water (18.2 MΩ). A total of five treatments were set up to 

monitor the fate of the selenium species, including no cell, no clay, and no donor treatments 

consisting of 30 mM MOPS, as well as acetate-amended, and autoclaved (sterile) treatments 

containing 30 mM MOPS, and 10 mM sodium acetate. These media were supplemented 

further with either 0.12 mM sodium selenate, or 0.12 mM sodium selenite. After the addition 

of the selenium species, and autoclaving (126 °C, 20 mins), 0.2 g (2 g l-1) of SWy-3 

montmorillonite was added to the serum bottles (except for the no clay treatment) in an 

anaerobic chamber (Coylab, Grass Lake, MI, USA), the autoclave treatment bottles were 

once again autoclaved, and finally the G. sulfurreducens cell suspension was added to the no 
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donor, and acetate treatments using a sterile nitrogen flushed syringe. The serum bottles were 

stored at 20 °C and examined over a 21-day period.  

 

6.5.2. Analytical Methods 

 

6.5.2.1. X-ray Diffraction (XRD) 

The SWy-3 montmorillonite was characterized using XRD. A 0.1 sample of the SWy-3 

montmorillonite was ground with a pestle, and mortar, and dispersed in amyl acetate, before 

mounting onto a low background sample holder. The sample was analyzed using a Bruker 

(Billerica, MA, USA) D8 Advance diffractometer using a CuKα radiation source with a 

1.5406 Å wavelength. The step size during the analysis was 0.02° 2 θ with a counting time of 

0.02 s per step, using a 2 θ range of 5-70°. The pattern generated was fitted using a 

search/match routine (EVA software program version 4 (Bruker, Billerica, MA, USA)), and 

the peaks were matched to standards in the ICDD (International Centre for Diffraction Data) 

database. 

 

6.5.2.2. Brunauer-Emmett-Teller (BET) surface analysis 

The surface area of the SWy-3 montmorillonite was calculated using nitrogen adsorption at -

196 °C. A 0.2 g sample of the montmorillonite was heated to 100 °C and purged under a 

constant flow of nitrogen for 18 hours before analysis (Micrometrics (Norcross, GA, USA) 

Flowprep 060). 

 

6.5.2.3. X-ray Fluorescence (XRF), H2O, and loss on ignition (LOI) 

Elemental composition of the SWy-3 montmorillonite was determined using XRF. A 12 g 

sample of the montmorillonite was mixed with 3 g of fine powdered wax and milled for 7 

min at 350 rpm using a TEMA (Woodford Halse, UK) mill, before being pressed into a pellet 

at 10 tonnes. The water content was determined by heating a 1 g sample of the 

montmorillonite at 105 °C for an hour before cooling in a desiccator and reweighing the 

sample. The carbon content of the sample was then determined by returning the sample to a 

furnace and heating at 1100 °C before being cooled in a desiccator, and reweighed.  
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6.5.2.4. Ferrozine assay 

The amount of 0.5 M hydrochloric acid extractable Fe(II), and total Fe in the starting 

material, and the microcosms was determined using Ferrozine assay (Lovley and Phillips, 

1987). The Ferrozine solution was prepared by adding 0.5 g of Ferrozine, and 5.98 g of 

HEPES to 500 ml of deionized water (18.2 MΩ), before adjusting the solution to pH 7 using 

10 M sodium hydroxide. For the starting material, a 0.2 g sample was dispersed in 0.5 M 

hydrochloric acid, and mixed for an hour, while in the clay suspensions a 1 ml aliquot of 

slurry was removed from each of the clay suspensions at each time-point using a nitrogen 

flushed sterile syringe. In both cases a subaliquot of the slurries (20 µl) were added to 980 µl 

of 0.5 M hydrochloric acid to establish the amount of bioavailable Fe(II) present in the 

samples. A further 20 µl subaliquot was treated with 980 µl of 0.25 M hydroxylamine 

hydrochloride dissolved in 0.5 M hydrochloric acid to determine the total bioavailable iron. 

After an hour of periodic shaking the solutions were centrifuged (16,162 g, 5 mins) to remove 

any solid from the solution before 80 µl of supernatant was added to 920 µl of Ferrozine 

solution. The samples were measured on a spectrophotometer (Jenway, Stone, UK)) at 562 

nm (Stookey, 1970) before comparison to a calibration curve made up of  iron sulphate 

standards in 0.5 M hydrochloric acid. 

 

6.5.2.5. Ion Chromatography (IC), pH and Eh 

The pH of the starting material was analyzed, along with the clay suspensions at each time-

point. In the case of the clay suspensions the remainder of the slurry extracted for the 

Ferrozine assay was centrifuged (16162, 5 mins), and the pH checked with a pH probe 

(Denver Instrument (Sartorius, Göttingen, Germany) calibrated with pH 4 and pH 7 

standards, as well as the Eh with an Eh probe calibrated using a 220 mV standard (Denver 

Instrument (Sartorius, Göttingen, Germany). For the starting material a 0.2 g portion of the 

SWy-3 was dispersed in 5 ml of deionized water (18.2 MΩ) and allowed to equilibrate for an 

hour. The slurry was then centrifuged (16162 g, 5 mins), and the pH checked with a pH probe 

(Denver Instrument (Sartorius, Göttingen, Germany)) using the same standards as before. The 

supernatants in both cases were also analyzed for sulphate and acetate using IC. A 50 µl 

aliquot of the clay suspension supernatant was diluted in 950 µl of deionized water (18.2 

MΩ), and 250 µl of the starting material supernatant was diluted in 750 µl of deionized water 

(18.2 MΩ) before both were analyzed using a Dionex (Sunnyvale, CA, USA) ICS5000. 
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6.5.2.6. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

The concentration of key interlayer cations (sodium, potassium, magnesium, calcium), key 

montmorillonite constituents (silicon, iron, aluminium), as well as selenium were determined 

in the solid starting material, and in the clay suspension supernatants using ICP-AES. A 1 g 

sample of the starting material was added to 5 ml of 1 M ammonium acetate and left to 

equilibrate on a shaker for 24 hours. A further 5 ml of ammonium acetate was added to the 

starting material, and the supernatant recovered using vacuum filtration (Chapman, 1965). 

For the clay suspensions supernatant collected for IC analyses was also used for ICP-AES. In 

both cases 500 µl of supernatant was added to 9.5 ml of 2.2 % nitric acid and analyzed using 

a Perkin-Elmer Optima 5300 Dual View (Waltham, MA, USA) ICP-AES.  

 

6.5.2.7. Transmission Electron Microscopy (TEM), and Energy Dispersive X-ray 

Spectroscopy (EDS) 

The fate of selenium in the reduced samples was tracked using TEM. A 1 ml aliquot was 

removed from acetate, and G. sulfurreducens treated selenite, and selenate clay suspensions 

on day 21 using a nitrogen flushed syringe, and centrifuged (16162, 5 mins). The supernatant 

was discarded, and the solid was dispersed in 800 µl of deionized water (18.2 MΩ) before a 

further ten-fold dilution in deionized water (18.2 MΩ). A 1.3 µl aliquot of the diluted samples 

were deposited on carbon coated copper TEM grids (Agar Scientific (Stansted, UK)) using a 

pipette. The copper grids were examined using a FEI (Hillsboro, OR, USA) TF30 FEG TEM 

operating at 300 kV, and EDS spectra were generated using an Oxford (Abingdon, UK) 

XMax EDS detector, and analyzed using Oxford (Abingdon, UK) INCA software.  

 

6.6. Results 

 

6.6.1. Material characterization 

A series of analyses were conducted on the SWy-3 montmorillonite to determine key 

physical, and chemical properties (Table 6.1). XRD showed that the material was mostly 

montmorillonite, with some minor amounts of quartz impurities (Table 6.1). The 

montmorillonite had a water content of 9.7 % and had a similar percentage of carbon (9.5 %) 

as determined by LOI (Table 6.1). The pH of the montmorillonite was mildly alkaline (8.7), 

and the total iron content was 23.5 mg g-1 (2.4 %) (Table 6.1). 
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Table 6.1: Physical and chemical characteristics of the SWy-3 montmorillonite including 

water content, loss on ignition, pH, surface area (SA), key interlayer cations (sodium, 

calcium, potassium, magnesium), sulphate, 0.5 M hydrochloric acid extractable Fe(II), as 

well as the mineralogy. 

Sample SWy-3 

H2O (%) 9.7 

LOI (%) 9.5 

pH 8.7 

SA (m2 g-1) 29.0 ± 0.2 

Na+ (mg g-1) > 5.7 

Ca2+ (mg g-1) 5.1 

K+ (mg g-1) 0.3 

Mg2+ (mg g-1) 1.5 

SO4
2- (mg g-1) 8.1 

Fe (mg g-1) 23.5 

0.5 M HCl extractable 

Fe(II) (mg g-1) 

0.9 

Mineralogy (XRD) Montmorillonite, Quartz 

 

6.6.2. Selenite removal 

Selenium removal from solution in the clay suspensions was determined using ICP-AES. 

Selenite was completely removed from solution in all the G. sulfurreducens amended clay 

suspensions, taking 3 days in the acetate amended microcosms, and 21 days in the no donor 

microcosms (Figure 6.1). The disappearance of selenium from the selenite and acetate-

amended cultures coincided with the formation of red particles in solution. Minor amounts of 

selenium removal were reported in the other clay suspensions (<0.7 mg l-1) (Figure 6.1). 

Selenite removal coincided with an increase in 0.5 M hydrochloric acid extractable Fe(II) 

from 0.34 mg g-1 to 2.71 mg g-1 in the acetate clay suspensions amended with G. 

sulfurreducens, while an increase from 0.24 mg g-1 to 1.46 mg g-1 was observed in the no 

donor clay suspensions amended with G. sulfurreducens (Figure 6.1). The concentration of 

0.5 M hydrochloric acid extractable Fe(II) remained constant in the rest of the clay 

suspensions (Figure 6.1). The pH of the clay suspensions remained circumneutral over the 

course of the experiment (Supplementary 6.1). Eh in the clay suspensions was between -100 

and 0 mV with a decrease to -180 mV by day 14 in the acetate clay suspensions amended 

with G. sulfurreducens (Supplementary 6.1). No sulfate-removal was observed in any of the 

clay suspensions during the experiment (Supplementary 6.1). Acetate levels remained 
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constant in all the clay suspensions apart from in the acetate clay suspensions amended with 

G. sulfurreducens which decreased from 38.0 mg g-1 to 32.6 mg g-1 (Supplementary 6.1). The 

insoluble selenium product was identified in the selenite-amended cultures using TEM, and 

consisted of spherical deposits, approximately 30 nm in size, with no apparent internal 

structure (Figure 6.2). EDS spectra collected from the same area consisted mostly of 

selenium, and copper, with minor amounts of carbon, oxygen, cobalt, silicon, sulphur, 

calcium, and iron observed (Figure 6.2).   

 

 

 

Figure 6.1: The amount of soluble selenium, and 0.5 M hydrochloric acid extractable Fe(II) 
present in the selenite clay suspensions. 
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Figure 6.2: TEM image of the selenium phase in the acetate, and G. sulfurreducens amended 
selenite clay suspensions, along with the EDS spectra for the associated area. 

 

6.6.3. Selenate removal 

Unlike the selenite experiments no selenium removal from solution was detected in the 

selenate experiments during the first 4 days (Figure 6.3). After this period, the 

biogeochemistry of the different replicates diverged.  In the acetate and G. sulfurreducens 

amended clay suspensions, complete removal of selenium in solution was observed in a 

single replicate suspension by day 7, followed by another of the triplicate suspensions at day 

21 (Figure 6.3). The other acetate and G. sulfurreducens clay suspension showed no removal 

of selenium from solution over the course of the experiment (Figure 6.3). Full removal of 

selenium from solution was also observed in a no added electron donor clay suspension 

amended with G. sulfurreducens by day 21, with partial removal (~40%) in the other two no 

donor clay suspensions amended with G. sulfurreducens (Figure 6.3). The removal of 

selenate from solution coincided with an increase in black/grey particles in solution. None of 

the other selenate clay suspensions displayed signs of selenium removal from solution 

(Figure 6.3). The concentration of 0.5 M hydrochloric acid extractable Fe(II) in the selenate 

clay suspensions was initially ~0.43 mg g-1, apart from in the no clay treatment which 

remained below detection (< 0.06 mg g-1) (Figure 6.3). Increases in 0.5 M hydrochloric acid 
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extractable Fe(II) over 21 days were observed in the no donor clay suspensions, amended 

with G. sulfurreducens, and acetate clay suspensions, amended with G. sulfurreducens to 

1.44 mg g-1, and 2.80 mg g-1 respectively (Figure 6.3). No enrichment in 0.5 M hydrochloric 

acid extractable Fe(II) was observed in any of the other selenate clay suspensions (Figure 

6.3). The pH of the selenate clay suspensions remained circumneutral over the course of the 

experiment (Supplementary 6.2). The Eh of the microcosms was between -100 mV and 0 mV 

but decreased to -180 mV in the acetate microcosms amended with G. sulfurreducens after 14 

days (Supplementary 6.2). Sulfate concentrations in all the clay suspensions remained 

constant over the course of the experiment (Supplementary 6.2). Acetate also remained 

constant in the clay suspensions apart from in the acetate clay suspensions amended with G. 

sulfurreducens which saw a decrease from 36.2 mg g-1 to 33.2 mg g-1 (Supplementary 6.2). 

Analysis of the selenium precipitates using TEM showed they had a subhedral texture and 

were approximately 150 nm in size (Figure 6.4). Analysis of the crystallites using EDS 

showed a strong selenium, and copper signal, with minor amounts of carbon, oxygen, cobalt, 

silicon, sulphur (Figure 6.4).  
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Figure 6.3: The concentration of soluble selenium, and 0.5 M hydrochloric acid extractable 
Fe(II) in the selenate clay suspensions. 
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Figure 6.4: TEM image of the selenium product in the acetate, and G. sulfurreducens 
amended Se(VI) microcosms, as well as the EDS spectra for the associated area. 
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6.7. Discussion 

Selenium is a component of radioactive wastes and under oxic conditions exists as the 

selenite (SeO3
2-), and selenate oxyanions (SeO4

2-). In the presence of SWy-3 montmorillonite, 

and the Fe(III)-reducing bacterium G. sulfurreducens selenite was reduced to red nanospheres 

approximately 30 nm in size (Figure 6.2). The EDS spectra was mostly comprised of copper 

(from the TEM grid) as well as selenium, and minor amounts of other elements, that could be 

attributed to phases close to the nanoparticles or the TEM grid itself (Figure 6.2). The lack of 

other strong elemental signals in the EDS spectra suggests the nanospheres were pure 

selenium. Red elemental selenium nanospheres are a product of biological selenite-reduction 

by G. sulfurreducens (Pearce et al., 2009), which suggests direct biological reduction was 

responsible for selenium removal from solution. Unlike the selenite microcosms the removal 

of selenate from solution was not concurrent with Fe(III)-reduction confirming previous 

studies that have shown G. sulfurreducens can only reduce selenate in the presence of an 

electron shuttle (Lovley et al., 1999). However, selenate removal from solution was observed 

after 7 to 21 days in most of the experimental cultures amended with G. sulfurreducens, but 

not all of them (Figure 6.3). It is unclear what the mechanism behind the selenate removal 

from solution was, but the product was crystalline (Figure 6.4) with the EDS spectra 

suggesting it was once again pure elemental selenium (Figure 6.4). Although the electron 

transfer process here remains obscure, a possible mechanism could be the transfer of 

electrons from Fe(II) in the reduced montmorillonite to the selenate oxyanions. This has not 

been demonstrated for selenate before, but other oxyanion contaminants such as pertechnetate 

(TcO4
-) display this behavior (Bishop et al., 2011), and selenate is also known to be reduced 

via Fe(II) minerals (Borsig et al., 2018). It is not clear why this process was not reproducible 

across all the G. sulfurreducens microcosms but may have been due to heterogeneity in the 

cell cultures or SWy-3 montmorillonite.  The selenium oxyanion solubility appeared to be 

unaffected by the presence of the SWy-3 montmorillonite as observed in previous selenium 

studies (Loffredo et al., 2011; Montavon et al., 2009), meaning any selenium removal from 

solution must have been the result of a direct interaction with G. sulfurreducens, or as a result 

of Fe(III)-reduction in the SWy-3 montmorillonite. Fe(III)-reduction in both selenium 

systems occurred at comparable rates to that seen in Chapter 5 suggesting no toxicological 

effects were noted at the selenium concentration used (0.12 mM). Fe(III)-reduction was also 

observed in the no donor microcosms amended with G. sulfurreducens, this is likely due to a 

reducing potential (reduced co-factors) present in the G. sulfurreducens cells. Sulphate-

reduction in the microcosms was not noted (Supplementary 6.1, Supplementary 6.2), even in 
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the acetate microcosms amended with G. sulfurreducens despite a significant amount of 

acetate remaining in the system (Supplementary 6.1, Supplementary 6.2). The excess acetate 

would be expected to promote sulfate-reducing activity as seen in Chapter 5. However, the 

presence of the selenium oxyanions may have interfered with the metabolic pathways of the 

indigenous sulfate-reducing bacteria (Tomei et al., 1995). 

 

6.8. Conclusions 

The fate of selenium oxyanions in a montmorillonite subjected to biological Fe(III)-reduction 

was investigated. The selenium oxyanions displayed no signs of removal from solution in the 

presence of the SWy-3 montmorillonite when G. sulfurreducens was not present. If a high 

enough bentonite density is used the transport of selenium will be restricted to diffusion 

processes (Wilson et al., 2011). However, if a flow regime develops (due to bentonite erosion 

etc.,) it is unlikely selenium oxyanions will be captured in the bentonite buffer unless 

microbial activity is occurring. In the presence of G. sulfurreducens the selenite was reduced 

to amorphous, red elemental selenium nanoparticles (~ 30 nm), meanwhile the selenate was 

reduced to grey/black crystalline elemental selenium approximately 150 nm in size. The 

removal of selenite occurred at a similar rate to Fe(III)-reduction, and the formation of red 

elemental selenium nanoparticles suggest that direct-enzymatic reduction by G. 

sulfurreducens was occurring. Despite G. sulfurreducens being unable to reduce selenate, its 

removal occurred rapidly at either the day 7, or day 21 timepoints in the presence of SWy-3 

montmorillonite. The delay in selenate removal followed by its precipitation in a crystalline 

form suggests chemical reduction had taken place, likely due to an electron-transfer process 

mediated by the reduced SWy-3 montmorillonite. The inconsistency of selenate removal 

between microcosms suggests there is heterogeneity in the cell culture or the SWy-3 

montmorillonite, and further research is required. Along with examining the mechanism of 

selenate removal follow up analyses on the products are required to confirm their identity, 

such as X-ray absorption spectroscopy which would confirm the oxidation state of the 

selenium and provide information on the local bonding environment.  

Overall the research shows that biological Fe(III)-reduction in bentonite may have beneficial 

properties when it comes to the retention of directly, and indirectly-reducible soluble 

radionuclide species such as selenium oxyanions. In the case of canister failure in a 

geological disposal environment a reduced bentonite would be expected to retard the 
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transport of oxyanions that are not typically adsorbed by montmorillonite-based materials, 

and therefore reduce the mobility of selenium in a repository. However, further study is 

required to understand the long-term stability of the elemental selenium particles, as well as 

their susceptibility to reoxidation. The investigation of other redox-active priority 

radionuclides such as uranium in the presence of reduced montmorillonite-based materials 

should also be considered. Outside of geological disposal this research may also be of 

relevance to the behavior of selenium in the natural environment, and fluids supplemented 

with montmorillonite, and slow release electron donors (Newsome et al., 2017) could also 

provide a novel method of treating selenium contaminated land. 
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Supplementary 6.1: The evolution of pH, Eh, sulphate, and acetate over the course of the 

experiment in the selenite microcosms. 
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Supplementary 6.2: Changes in the Eh, pH, sulphate and acetate of the selenate microcosms 

during the experiment. 
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7.1. Preface 

Question: Can IRB activity in bentonite materials be restricted by a sufficient bentonite 

density? 

Chapters 5 and 6 showed that Fe(III) in bentonites was potentially reducible, and could be 

used to reduce redox-active contaminants. However, it is important to consider if such 

reactions are possible in bentonite buffers, where the bentonite density is considerably higher 

than in the experiments we carried out. Previous research has shown that copper corrosion 

instigated by sulphate-reducing bacteria in bentonite buffers can be prevented if a high 

enough bentonite density is used and maintained (Bengtsson and Pedersen, 2017). Such 

restrictions on microbial activity have also been documented in other groups of bacteria 

(Stroes-Gascoyne et al., 2010), and therefore there is also likely a bentonite density limit for 

microbial Fe(III)-reduction.  

We investigated the restrictions placed on microbial Fe(III) reduction by increased bentonite 

density using specialized pressure vessels (Bengtsson and Pedersen, 2017). SWy-3 

montmorillonite was supplemented with the Fe(III)-reducing bacterium Bacillus 

subterraneus, and then compacted to produce several montmorillonite wet densities (1500 kg 

m-3, 1750 kg m-3, 1900 kg m-3). Having been compacted the montmorillonites were attached 

to a fluid delivery system and left to saturate with an artificial groundwater for 34 days. After 

saturation an electron donor (lactate) was added to the compacted montmorillonites to 

promote microbial Fe(III) reduction, and the samples were incubated for 34 days. Samples 
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were extracted and a series of analyses were conducted in an attempt to identify Fe(III) 

reduction in the samples.  

The results suggested that the greatest extent of Fe(III)-reduction took place in the 1500 kg 

m-3 sample, with microbial Fe(III) reduction decreasing with increased density, and halted at 

1900 kg m-3. Interestingly, a visual inspection of the samples also showed significant 

amounts of iron sulfide (synonymous with sulphate-reducing bacteria) covering the 1750 kg 

m-3 sample, and to a smaller degree in the 1500 kg m-3 sample. This indicates that a viable 

sulphate-reducing bacterial population in the SWy-3 montmorillonite was able to use the 

added electron donor to support sulphate reduction. This increase in sulphate-reducing 

bacterial activity between the 1500 kg m-3, and 1750 kg m-3 samples suggest the Fe(III)-

reducing bacteria were in competition for resources, and were unable to adapt to increased 

bentonite density/swelling pressure. It is impossible to determine if the Bacillus subterraneus 

would have been more active at the higher bentonite density if the sulphate-reducing bacteria 

were not present. This chapter was successful in developing a system that can be used to 

determine the effects of bentonite density/swelling pressure on Fe(III)-reducing bacteria (and 

other microorganisms). However, the methodology requires refinement to produce more 

meaningful results, and a greater range of densities would be useful in determining a more 

accurate cut off value. This work adds to previous research suggesting that a high enough 

bentonite density will suppress microbial activity, which is a key aim in ensuring the 

optimum functioning of a geological disposal facility. 

 

7.2. Abstract 

The presence of IRB in a bentonite buffer intended for use in a geological disposal facility 

may have deleterious effects on the buffer. A key factor in determining if IRB will be active 

or not is the density of the bentonite buffer, and the swelling pressure generated due to the 

intrusion of groundwater. The activity and viability of the Fe(III)-reducing bacterium Bacillus 

subterraneus was investigated at bentonite wet densities of 1500 kg m-3, 1750 kg m-3, and 

1900 kg m-3. SWy-3 montmorillonite doped with ~1200 B. subterraneus cells per gram was 

saturated for 34 days with an artificial groundwater before sodium lactate was inserted, as an 

electron door for Fe(III) reduction, and the pressure reset. The experimental stage of the 

experiment was conducted for a further 34 days, before the pressure vessels were 

disassembled, and MPN counts, and geochemical analyses were completed. MPN counts 
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showed that the 1500 kg m-3 pressure vessel which was under a mechanical pressure of 475 

kPa contained the most IRB, with approximately a ten-fold decrease in cell numbers in the 

1750 kg m-3 (541 kPa), and 1900 kg m-3 (1845 kPa) pressure vessels. Ferrozine assays 

targeting bioavailable Fe(II) showed that biological Fe(III)-reduction decreased when the 

montmorillonite density increased. The 1750 kg m-3 pressure vessel also displayed large 

amounts of SRB activity, with small amounts of SRB activity observed in the 1500 kg m-3 

pressure vessel. These results suggest that the Bacillus subterraneus cells outcompeted 

sulphate-reducing bacteria in the 1500 kg m-3 pressure vessel but could not tolerate the 

pressures in the 1750 kg m-3 pressure vessel allowing the naturally occurring SRB to 

proliferate. IRB can colonize montmorillonites, and potentially reduce structural Fe(III). 

However, this research suggests that a sufficient bentonite density would generate a swelling 

pressure and halt IRB activity. 

 

7.3. Introduction 

The issue of nuclear wastes produced through power generation, weapon manufacturing, 

research, and medicine is a concern to many nations. One solution supported by numerous 

waste-producing countries is to construct a geological disposal facility (GDF) containing 

nuclear waste forms housed in metallic containers, separated from the local geology by a 

buffer material (RWM, 2016). One proposed buffer for high-heat generating waste (HHGW) 

is bentonite, a clay-based material mostly composed of the smectite mineral montmorillonite. 

Bentonite is a candidate buffer due to its low permeability, ability to buffer pH, as well as a 

mixture of ion exchange, and amphoteric adsorption sites. This provides an environment 

where corroding agents cannot access the nuclear waste container, and radionuclides are not 

able to leave the GDF (Wilson et al., 2011). A critical criterion in ensuring low permeability 

is achieved is swelling pressure, with a value of 0.1 - 1.0 MPa required (Sellin and Leupin, 

2013). Swelling pressure is generated when smectite minerals absorb water (and other 

polarized fluids) in a confined space; the higher the bentonite density, the greater the swelling 

pressure (Karnland, 1998). The uptake of water occurs because cations are drawn to the 

negatively charged interlayers in the montmorillonite, with water required to satisfy the 

charge (Moore and Reynolds Jr, 1997).  

As well as ensuring a low permeability environment, swelling pressure also restricts 

microbial activity (Bengtsson and Pedersen, 2017). Microbial communities do however exist 
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in bentonite deposits (Lopez-Fernandez et al., 2015), and may also be encountered under 

GDF conditions (Pedersen, 2010). Anaerobic microorganisms, especially iron- and sulfate-

reducing bacteria may influence the corrosion rate of the metallic canisters (El Mendili et al., 

2013), and may also affect the structural integrity of the bentonite buffer (Kim et al., 2004). 

Swelling bentonite places stress on these microorganisms by decreasing pore size, and 

connectivity in the clay matrix, which restricts microbial movement, access to nutrients, and 

space to grow in (Stroes-Gascoyne et al., 2010). Increased bentonite density also decreases 

water activity (aw) (Motamedi et al., 1996). aw is the measurement of water vapor pressure in 

a system and is expressed as a fraction of the water vapor pressure of pure water, at the same 

temperature and pressure. The aw of a system can decrease for many reasons, but in the 

context of a bentonite barrier, decreases are due to interactions with solutes, and adsorption of 

water to mineral surfaces (Stroes-Gascoyne et al., 2010). The optimal aw for microbial growth 

is 0.98, with some bacteria such as Bacillus species known to tolerate water activities as low 

as 0.91 (Brown, 1976). Research has shown that an aw of 0.96 in combination with a swelling 

pressure of 2.0 MPa is enough to suppress indigenous microorganisms in bentonites (Stroes-

Gascoyne et al., 2010). Investigations into the roles bentonite density, and swelling pressure 

play in restricting microbial activity have focused on in-situ field experiments such as the 

FEBEX-DP project (Chapter 4), as well as lab studies using specialized confining vessels 

(Bengtsson and Pedersen, 2017). Lab studies have investigated the viability of aerobic 

heterotrophs (Stroes-Gascoyne et al., 2010), as well as anaerobes including sulfate-reducing 

bacteria (SRB) (Bengtsson et al., 2015). SRB are of particular concern due to their ability to 

produce hydrogen sulfide, which can cause corrosion of steel (El Mendili et al., 2013), and 

copper container materials (Pedersen, 2010),. Recent research into the activity of SRB at 

elevated bentonite densities has shown that the wet density cutoff value for sulfide-producing 

activity is between 1740 and 1880 kg m-3 depending on the bentonite used (Bengtsson and 

Pedersen, 2017). 

One group of bacteria that have not been investigated at varying bentonite densities are 

Fe(III)-reducing bacteria (IRB). Microbial Fe(III)-reduction has been observed in smectite-

based materials (Esnault et al., 2013), and can potentially increase the sensitivity of the 

material to illitisation (Kim et al., 2004), increase the cation exchange capacity (Khaled and 

Stucki, 1991), reduce swelling pressure (Kostka et al., 1999), and influence the reduction of 

contaminants (Chapter 6) (Hofstetter et al., 2006). This study intended to develop and test a 

system to determine the viability, and activity of IRB as a function of bentonite density. 
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Despite bentonite materials containing IRB (Haynes et al., 2018), the presence of SRB can 

cause indirect Fe(III)-reduction via sulfide-formation (Berner, 1984; Coleman et al., 1993), 

making it difficult to understand the direct contribution from the IRB in the reduction of 

Fe(III) in bentonites. To facilitate these studies, SWy-3 montmorillonite was dosed with 

known concentrations of a well-defined spore forming Fe(III)-reducing bacterium. Most pure 

culture studies on IRB have focused on the Gram-negative, non-spore-forming Shewanella 

genera (Liu et al., 2014; Ribeiro et al., 2009) commonly found in Fe(III)-reducing 

environments (Jeong et al., 2019). However, along with the swelling pressure described 

above, microorganisms in a GDF are likely to encounter high temperatures, and gamma 

radiation doses, so the relevance of Gram-negative bacteria such as Shewanella species  to a 

GDF scenario is questionable (Haynes et al., 2018). In this study we used the Gram-positive 

Fe(III)-reducing bacterium Bacillus subterraneus instead (Kanso et al., 2002) as it had 

attributes more suited to a geological disposal scenario. These attributes included the 

tolerance of mildly alkaline conditions, a Gram-positive cell wall, and the tolerance of up to 9 

% NaCl (Kanso et al., 2002).  The Bacillus subterraneus cells were used to dope SWy-3 

montmorillonite before compaction to wet densities of 1500 kg m-3, 1750 kg m-3, and 1900 

kg m-3 (dry densities of 784 kg m-3, 1176 kg m-3, 1411 kg m-3). Having been incubated with 

sodium lactate geochemical, and microbiological analyses were completed. After incubation, 

a combination of geochemical and microbiological analyses suggested that Fe(III)-reduction 

was occurring in the 1500 kg m-3 pressure vessel, but the IRB were outcompeted by SRB at a 

wet density of 1750 kg m-3.  

 

7.4. Materials and methods 

 

7.4.1. Material preparation 

 

7.4.1.1. Material selection 

The montmorillonite chosen for this experiment was SWy-3, a sodium montmorillonite 

excavated in Wyoming, and purchased from the Clay Minerals society (Chantilly, VA, USA). 

The SWy-3 montmorillonite was provided in powder form, and was supplemented with a 

Bacillus subterraneus culture prior to use to ensure it contained viable Fe(III)-reducing 

bacterial cells. 
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7.4.1.2. Microbial culture preparation 

B. subterraneus was obtained from DSMZ (Brunswick, Germany) and grown on metal-

reduction (MR) medium (Kanso et al., 2002) modified with 20 mM of sodium lactate acting 

as an electron donor, and 4 mM of ferrihydrite acting as an electron acceptor, the medium 

was corrected to pH 7.35 using 10 M sodium hydroxide, before gassing with pure nitrogen, 

and autoclaving (126 °C, 20 mins). The ability for B. subterraneus to carry out Fe(III)-

reduction was confirmed by the enrichment of Fe(II) in the medium using the Ferrozine assay 

detailed below. To prepare the cells for inoculation into the clay, a 100 ml aliquot of B. 

subterraneus containing MR medium was added to 1 l of sterile tryptone soya broth (TSB) 

medium and incubated on a shaker at 40 °C for 8 hours. The TSB medium was then 

centrifuged for 20 minutes (4920 g, 4 °C), and the resulting pellet washed twice with a sterile 

artificial groundwater (AGW) (Table 1). After washing, the pellet was dispersed in 10 ml of 

sterile AGW in a serum bottle, before sealing with a rubber stopper, and aluminium crimp.  

 

Table 7.1: Concentrations of compounds in the artificial groundwater (AGW) (Bengtsson and 

Pedersen, 2017). 

Compound Concentration (mM) 

Sodium chloride 120 

Calcium chloride dihydrate 7 

Potassium chloride 9 

Ammonium chloride 18 

Potassium orthophosphate 1 

Magnesium chloride hexahydrate 2 

 

7.4.1.3. Inoculation of the clay 

Manipulation of the SWy-3 montmorillonite, and B. subterraneus culture was completed in a 

laminar flow cabinet under a flow of sterile air (Labcaire, Clevedon, UK). The B. 

subterraneus culture was removed in 2 ml aliquots using a sterile syringe and dispersed in a 

petri dish containing approximately 1 g of SWy-3 montmorillonite, this process was repeated 

producing 5 petri dishes in total. The resulting clumps of SWy-3 montmorillonite, and B. 

subterraneus cells were air dried for an hour, before being pushed through an ethanol 

sterilized fine sieve to return it to a powdered form. The cell-doped SWy-3 montmorillonite 
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was then mixed with approximately 90 g of fresh SWy-3 montmorillonite to produce a 100 g 

batch of SWy-3 montmorillonite doped with B. subterraneus cells. 

 

7.4.1.4. Water content, and loss on ignition (LOI) 

Water content of the B. subterraneus doped SWy-3 montmorillonite, and in the SWy-3 

montmorillonite plugs after the experiment was determined by placing 1 g samples of the 

clay into preignited crucibles before heating them to 105 °C for an hour. The crucibles were 

cooled in a desiccator, and reweighed. The decrease in mass was attributed to the release of 

water from the mineral structure. The samples were then heated for a further hour at 1100 °C 

to determine the loss of carbon as a result of the breakdown of carbonates, and oxidation of 

organic matter. 

 

7.4.1.5. Grain density 

The grain density (ps) of the SWy-3 montmorillonite was determined using a pycnometer. 

The SWy-3 montmorillonite was dried at 105 °C for an hour before adding approximately 1.0 

g to a pre-weighed pycnometer. The pycnometer was then weighed again before being half-

filled with water. The SWy-3 montmorillonite was agitated to release any trapped air, and 

then left for 24 hours. The pycnometer was then filled to the top and weighed, before finally 

weighing the pycnometer again with just water inside. The ps was calculated using the below 

equation where m1 is the pycnometer mass, m2 the mass of the pycnometer and clay, m3 the 

mass of the pycnometer, clay and solution, and m4 the pycnometer and solution (BSI, 1990): 

𝑝𝑠 =  
𝑚2 − 𝑚1

𝑚4 − 𝑚1 − 𝑚3 − 𝑚2
 

 

7.4.1.6. Bentonite mass calculations 

The mass of bentonite required for each wet density was calculated using the following 

equations derived from relationships described in (Karnland, 2010)); the void ratio of the 

pressure vessels (e) was equal to the grain density (ps) minus the wet density (pm) divided into 

the wet density minus 1000: 

𝑒 =
𝑝𝑠 −  𝑝𝑚

𝑝𝑚 − 1000
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The water ratio (wsat) was calculated by adding 1 to the void ratio and multiplying it by the 

wet density divided by the grain density and subtracting 1: 

𝑤sat =  
𝑝m

𝑝s
 × (1 + 𝑒) − 1 

The dry density (pd) is determined by adding 1 to the water ratio and dividing it by the wet 

density: 

𝑝d =  
𝑝m

(1 + 𝑤sat)
 

The unsaturated density (pu) is equal to 1 plus the initial water content (w) multiplied by the 

dry density: 

𝑝u = 𝑝d  × (1 + 𝑤) 

The mass of unsaturated bentonite (mu) is then equal to the unsaturated density multiplied by 

the volume (V): 

𝑚u = 𝑝u × 𝑉 

Having determined the mass of the SWy-3 montmorillonite required the pressure vessels 

were placed in a laminar flow cabinet (Labcaire, Clevedon, UK), and bentonite wet densities 

of 1500 kg m-3, 1750 kg m-3, and 1900 kg m-3 (dry densities 784 kg m-3, 1176 kg m-3, 1411 kg 

m-3) prepared. A piston was inserted into the pressure vessel and compressed to the 

appropriate volume using a G-clamp. An outlet housed in the piston allowed air in the 

pressure vessel to escape, whilst a sintered titanium filter prevented the clay from being 

extruded.  

 

7.4.2. Pressure vessel preparation and use 

 

7.4.2.1. Pressure vessel design 

The SWy-3 montmorillonite used in these experiments was contained in titanium pressure 

vessels that confined the clay allowing a swelling pressure to develop (Bengtsson et al., 

2015). The pressure vessels were purchased from MICANS (Molnlycke, Sweden) and 

consisted of a titanium cylinder with a bottom lid, and a piston (Figure 1). A top plate sits on 

top of the piston with space for a load cell (force transducer) to sit (Figure 1). The piston, and 
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base plate are sealed with O-rings to make them air tight. The pistons, and base plates come 

in two configurations, an impermeable configuration was used during the experimental stage, 

and consisted of a solid base plate, as well as a piston with a removable plug (so air can be 

removed from the cylinder). A permeable configuration was used during the saturation stage, 

and consisted of pistons, and base plates that permitted the movement of fluids into the 

cylinder. The piston, and base plate used during the saturation phase were equipped with 

sintered titanium filters to prevent the bentonite extruding from the cylinder. 

 

Figure 7.1: Schematic of the pressure vessels (image obtained from (Bengtsson et al., 2015)). 

 

7.4.2.2. Swelling pressure measurement 

Swelling pressure generated by the SWy-3 montmorillonite was determined using a load cell 

mounted between the top plate, and the piston. As the montmorillonite swelled the piston was 

pushed upwards pressing the load cell against the top plate, generating an electrical signal. 

The readings from the load cells were recorded and used to measure the swelling pressure 

over the saturation, and experimental stages of the work. Calibration of the load cells was 

achieved by mounting the pressure vessels to the saturation system in an empty configuration 

before inserting water at a known series of pressures using a Teledyne ISCO (Lincoln, NE, 

USA) 260D syringe pump. The pressure reading on the pressure pump was independently 

verified using a pressure gauge mounted to the saturation system. Calibration curves were 

produced for the individual load cells and used to calculate the swelling pressure in kPa. 
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7.4.2.3. Saturating the clay 

Before the experiment could commence, the SWy-3 montmorillonite needed to be in a 

saturated state. The pressure vessels were mounted to a saturation system which allowed the 

infiltration of fluids via the base plate, and piston, whilst preventing the extrusion of the 

montmorillonite with a set of sintered titanium filters. Once mounted, the saturation system 

was gassed with nitrogen, and then purged using an Edwards (West Sussex, UK) E2M8 

Rotary Vane High Vacuum Two Stage Pump in three cycles over the course of an hour, 

before being purged for a further 23 hours. Having been purged a sterile, nitrogen-gassed 

AGW (Table 1) was introduced into the saturation system at a constant pressure of 200 kPa, 

using a Teledyne ISCO (Lincoln, NE, USA) 260D syringe pump that was treated with 

methanol, and washed with sterile deionized water prior to use. The pressure vessels were left 

to saturate for 34 days, with complete saturation determined by the presence of a stable 

swelling pressure over a prolonged period. 

 

7.4.2.4. Addition of electron donor 

Having allowed the SWy-3 montmorillonite to saturate the pressure vessels were 

disconnected from the saturation system and transferred to an anaerobic cabinet (Coylab, 

Grass Lake, MI, USA). The base plates were swapped out for the impermeable versions, and 

the pistons were removed exposing the clay surface. Individual sodium lactate solutions were 

prepared for each of the pressure vessels. Sodium lactate solutions of different concentrations 

were prepared by diluting a 60 % sodium lactate solution in deionized water (18.2 MΩ) the 

concentrations used were 30 mM for the 1500 kg m-3 pressure vessel, 57 mM for the 1750 kg 

m-3 pressure vessel, and 80 mM for 1900 kg m-3 pressure vessel, equivalent to the amount of 

electrons required to reduce all of the Fe(III) in the pressure vessels. The sodium lactate 

solutions were gassed with nitrogen in serum bottles before being autoclaved (126 °C, 20 

mins). A 900 µl aliquot of the sterile electron donor solutions were deposited on the surface 

of the SWy-3 montmorillonite plugs using a nitrogen gassed syringe. Following the addition 

of the sodium lactate the impermeable pistons equipped with a ventilation hole (to remove 

air) were inserted into the pressure vessels at the original volume, and the ventilation holes 

were sealed with plugs. After reassembly the pressure vessels were removed from the 

anaerobic chamber, and load cells were inserted between the pistons, and the top plates. The 

pressure registered by the load cells was reset to the readings displayed at the end of the 

saturation stage by tightening the screws on the top plates. Once the pressure vessels had 
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been reset, they were stored at room temperature for 35 days. The temperature was monitored 

over the course of the experimental phase, and the pressure on the pressure vessels was 

regularly reset to the required value. 

 

7.4.2.5. Sample retrieval 

Following the experimental stage, the pressure vessels were transferred to an anaerobic 

chamber, and the SWy-3 montmorillonite plugs removed. The plugs were dissected using 

disposable, sterile scalpels, and weighed out in preparation for further analysis. 

 

7.4.3. Follow up analyses 

 

7.4.3.1. Most Probable Number (MPN) enumerations 

The number of Fe(III)-reducing bacteria (IRB) cells in the doped SWy-3 montmorillonite, 

and in the pressure vessels after the experimental stage was determined using most probable 

number (MPN) counts. The medium used for the MPN enumerations consisted of MR 

medium modified with 20 mM sodium lactate (electron donor), and 4 mM ferrihydrite 

(electron acceptor). The pH of the medium was corrected to 7.35 and gassed with nitrogen 

before transferal to an anaerobic chamber (Coylab, Grass Lake, MI, USA). The medium was 

then transferred in 9 ml aliquots to a series of serum bottles, and autoclaved (126 °C, 20 

mins). In the case of the doped SWy-3 montmorillonite 0.45 g of the clay was transferred to 9 

ml of MR medium in triplicate inside an anaerobic chamber, using a sterile spatula. The 

pressure vessel plug material was prepared by dispersing 0.5 g of the plugs in a sterile, anoxic 

1 % sodium chloride solution inside the anaerobic chamber (Coylab, Grass Lake, MI, USA) 

for an hour, before 1 ml of the solutions was transferred to 9 ml of MR medium in triplicate 

using a nitrogen gassed, sterile syringe. In both cases serial dilutions were set up from the 

initial inoculation by transferring 1 ml of the slurry to a fresh 9 ml batch of modified medium. 

The transferal of slurry was repeated until five sequential ten-fold dilutions were achieved. 

The MPN serum bottles were stored at room temperature (20 °C) in an incubator for 2 weeks, 

and positive dilutions were detected by identifying an increase in the 0.5M hydrochloric acid 

extractable Fe(II)/Fe(total) ratio using the Ferrozine assay. MPN counts were calculated by 

comparing to a table of known values (de Man, 1983), and converted to dry weight. 
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7.4.3.2. X-ray Fluorescence (XRF) 

The total iron content of the SWy-3 montmorillonite was determined using XRF. A 12 g 

portion of SWy-3 montmorillonite was mixed with 3 g of fine powdered wax and milled for 7 

min at 350 rpm using a TEMA (Woodford Halse, UK) mill before being pressed into a pellet 

at 10 tonnes. The breakdown of major elements was collected using a wavelength dispersive, 

PANanalytical (Royston, UK) Axios spectrometer using the standard glass AUSMON 

(B255). The carbon and water content of the SWy-3 montmorillonite was obtained using loss 

on ignition (LOI), and the XRF data corrected. 

 

7.4.3.3. Ferrozine assay 

The Ferrozine assay was used during the experiment to quantify Fe(II) and hence determine a 

positive reaction in the Fe(III)-reducing MPNs, along with changes in the 0.5 M hydrochloric 

acid extractable Fe(II)/Fe(total) ratio of the montmorillonites during the experiment (Lovley 

and Phillips, 1987). In the case of direct measurements on the montmorillonite, 1.0 g of the 

doped clay, or pelletized clay was left to equilibrate in 25 ml of 0.5 M hydrochloric acid for 

an hour before a 20 µl aliquot of the slurry was added to 980 µl of 0.5 M hydrochloric acid 

(Fe(II)), or 980 µl hydroxylamine hydrochloride (Fe(total)) followed by a further hour of 

equilibration. The acidified mixture was centrifuged (14800 rpm, 5 mins) before 80 µl of the 

supernatant was added to 920 µl of Ferrozine solution. The absorption of the solution was 

determined at 562 nm using a spectrophotometer (Jenway (Stone, UK). In the case of the 

MPNs a 20 µl aliquot was removed using a N2 degassed syringe and treated like the slurry 

above. All results were compared to a calibration curve consisting of known standards.  

 

7.4.3.4. Ion Chromatography (IC) 

The concentration of volatile fatty acids (VFAs), and sulfate in the doped SWy-3 

montmorillonite, and in the pressure vessel plugs was determined using IC. A 0.2 g sample 

was extracted in each case and washed in 5 ml of deionized water (18.2 MΩ) for an hour on a 

roller mixer. When the slurries were homogenous, a 1 ml aliquot was removed, and 

centrifuged (16,162 g, 10 mins). A 250 µl subaliquot was placed in an IC vial and diluted in 

750 µl of deionized water (18.2 MΩ). IC samples were analyzed using a Dionex (Sunnyvale, 
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CA, USA) ICS5000. Values were corrected to the dry weight of SWy-3 montmorillonite 

present. 

 

7.4.3.5. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 

ICP-AES was used to determine changes in key interlayer cations (sodium, potassium, 

calcium, magnesium) in extractions from the doped SWy-3 montmorillonite, as well as in the 

pressure vessel plugs. For all samples a 1 g portion of clay was added to 5 ml of 1 M 

ammonium acetate solution and placed on a shaker for 24 hours. Having been given time to 

homogenize, the samples were topped up with 5 ml more of the 1 M ammonium acetate 

solution, and passed through a 0.22 µm filter (Chapman, 1965). The solid was discarded, and 

a 1 ml aliquot of the supernatant was acidified in 9 ml of 2.2 % nitric acid. The samples were 

then measured using a Perkin-Elmer (Waltham, MA, USA) Optima 5300 dual view ICP-

AES. 

 

7.5. Results 

 

7.5.1. Saturation stage 

Prior to the addition of the sodium lactate (electron donor) the SWy-3 montmorillonite 

needed to be saturated. This was achieved by pumping AGW into the pressure vessels. A 

rapid increase in swelling pressure to 200 kPa, 320 kPa, and 1300 kPa in the 1500 kg m-3, 

1750 kg m-3, and 1900 kg m-3 pressure vessels respectively occurred over the space of 4 hours 

(Figure 7.2). Following the initial increase, a small lag was observed, and then another rapid 

increase in swelling pressure occurred bringing the swelling pressures after 3 days to 

approximately 340 kPa (1500 kg m-3), 610 kPa (1750 kg m-3), and 2200 kPa (1900 kg m-3) 

(Figure 7.2). A much slower increase in swelling pressure occurred over the rest of the 

experiment with final swelling pressures of 482 kPa, 737 kPa, and 2384 kPa in the 1500 kg 

m-3, 1750 kg m-3, and 1900 kg m-3 pressure vessels respectively (Figure 7.2). The average 

swelling pressure observed in the period between day 4, and day 34 was 381 kPa in the 1500 

kg m-3 pressure vessel, 646 kPa in the 1750 kg m-3 pressure vessel, and 2278 kPa in the 1900 

kg m-3 pressure vessel with standard deviations of 37 kPa, 35 kPa, and 50 kPa respectively 

(Table 7.2). The room temperature at the start of the experiment was 27.8 °C, and a gradual 

decrease (considering daily fluctuations) to 18.9 °C was observed over the course of the 
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experiment (Table 7.2). The average room temperature was 23.0 °C with a standard deviation 

of 1.6 °C (Table 7.2). 

 

Figure 7.2: Changes in swelling pressure (kPa), and external temperature (°C) over the course 
of the saturation stage. 

 

 

Figure 7.3: Box and whisker plots depicting the variability in the swelling pressure (kPa) 
once the pressure vessels had reached a steady state. 
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Table 7.2: Statistical data for the swelling pressure (kPa) in the pressure vessels when they 

reached a steady state, and the variation in external temperature (°C) during the saturation 

stage of the experiment. 

  1500 kg m-3 

(kPa) 

1750 kg m-3 

(kPa) 

1900 kg m-3 

(kPa) 

Temperature 

(°C) 

Minimum 315.62 575.93 2179.61 18.87 

Average 380.52 645.63 2277.76 22.98 

Maximum 482.37 736.9 2383.75 27.75 

Standard 

Deviation 

36.57 35.4 50.15 1.61 

 

7.5.2. Experimental stage 

Following the addition of the sodium lactate electron donor, the mechanical pressure in the 

vessels was set to approximately the final swelling value observed during the saturation stage. 

These values were 474 kPa, 713 kPa, and 2451 kPa, in the 1500 kg m-3, 1750 kg m-3 and 

1900 kg m-3 pressure vessels respectively (Figure 7.4). After 10 hours the mechanical 

pressure in the 1900 kg m-3 pressure vessel had decreased to 1151 kPa, with smaller decreases 

observed in the 1500 kg m-3 (450 kPa), and 1750 kg m-3 (605 kPa) pressure vessels (Figure 

7.4). Regular adjustments were made to return the mechanical pressure to the swelling 

pressure that was observed at the end of the saturation stage. The average mechanical 

pressures recorded over the course of the experimental stage were 475 kPa in the 1500 kg m-3 

pressure vessel, 541 kPa in the 1750 kg m-3 pressure vessel, and 1845 kPa in the 1900 kg m-3 

pressure vessel with standard deviations of 21 kPa, 31 kPa, and 339 kPa respectively (Table 

7.3). The average room temperature during the experimental stage was 20.0 °C, with a 

standard deviation of 1.2 °C (Table 7.3). 
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Figure 7.4: Mechanical pressure (kPa), and external temperature (°C) data from the 
experimental stage of the study. 

 

 

Figure 7.5: Variability in the mechanical pressure (kPa) of the pressure vessels during the 
experimental stage of the work. 
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Table 7.3: Statistical data of the mechanical pressures (kPa) in the pressure vessels, as well as 

the external temperature (°C) during the experimental stage of the study. 

  1500 kg m-3 

(kPa) 

1750 kg m-3 

(kPa) 

1900 kg m-3 

(kPa) 

Temperature 

(°C) 

Minimum 427.93 466.35 1081.51 16.44 

Average 474.54 540.5 1844.54 19.99 

Maximum 516.32 748.83 2474.55 23.06 

Standard 

Deviation 

20.92 30.56 339.28 1.23 

 

7.5.3. Sample description and characterization 

After the clay plugs were removed from their pressure vessels a visual inspection was 

conducted followed by geochemical, and microbiological analysis. The 1500 kg m-3 SWy-3 

montmorillonite plug had the highest water content (35.1 %), and visible SRB communities 

(evidenced by black iron sulfide deposits) were sparsely distributed through the clay (Table 

7.4). A large amount of iron sulfide staining was found throughout the 1750 kg m-3 SWy-3 

montmorillonite plug, which had a water content of 29.3 % (Table 7.4). No visual signs of 

iron sulfide formation were found at 1900 kg m-3, and this sample had the lowest water 

content (20.9 %) (Table 7.4). The total iron content of the SWy-3 montmorillonite was 23.5 

mg g-1. The doped SWy-3 montmorillonite had a 0.5 M hydrochloric acid extractable Fe(II) 

content of 1.1 mg g-1, with the 1500 kg m-3, 1750 kg m-3, and 1900 kg m-3 pressure vessels 

containing 1.9 mg g-1, 2.6 mg g-1, and 1.6 mg g-1 respectively (Table 7.4). Meanwhile the 

concentration of VFAs was comparable in the doped SWy-3 montmorillonite, 1500 kg m-3, 

and 1750 kg m-3 pressure vessels (0.14mg g-1), but higher in the 1900 kg m-3 pressure vessel 

(0.47 mg g-1) (Table 7.4). Sulphate concentrations were the highest in the 1750 kg m-3 

pressure vessel (7.2 mg g-1), with the lowest concentration observed in the 1500 kg m-3 

pressure vessel (5.2 mg g-1) while the doped SWy-3 montmorillonite, and the 1900 kg m-3 

pressure vessel contained approximately 5.7 mg g-1 (Table 7.4). 
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7.5.4. Most Probable Number (MPN) enumerations 

The number of viable Bacillus subterraneus cells in the Doped SWy-3, and in the clay plugs 

after treatment were determined using MPN counts, in MR medium. MPN counts suggested 

that the starting concentrations of Bacillus subterraneus cells in the doped SWy-3 was 

approximately 1.1 ×103 MPN g-1, this increased to 1.3 ×105 MPN g-1 in the 1500 kg m-3 

pressure vessel, to 1.2 ×104 MPN g-1 in the 1750 kg m-3 pressure vessel, and finally 1.0 ×104 

in the 1900 kg m-3 pressure vessel (Table 7.5).  

 

35 mm 35 mm 35 mm 

Table 7.4: Images of the SWy-3 montmorillonite plugs after the experiment. Along with 

information on the plugs, and Bacillus subterraneus doped SWy-3 (Doped) including grain 

density of the bentonites (kg m-3), water content (%), interlayer cation (sodium, calcium, 

potassium, magnesium) concentrations in solution per gram of substrate (mg g-1), sulphate 

concentration in solution per gram of substrate (mg g-1), volatile fatty acids (VFAs) in 

solution per gram of substrate (mg g-1), the iron content of the SWy-3 montmorillonite, and 

the amount of Fe(II), and total Fe extracted using 0.5 M hydrochloric acid per gram of 

substrate (mg g-1). 
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Table 7.5: The dry weight MPN g-1 values for the doped SWy-3 montmorillonite, and the 

pressure vessel plugs. Along with 95 % confidence interval (CI), lower limits (LL), and upper 

limits (UL). 

  MPN g-1 95 % CI LL 95 % CI UL 

Doped Swy-3 1187 349 4191 

1500 kg m-3 1.3 ×105 3.0 ×104 4.9 ×105 

1750 kg m-3 1.2 ×104 2829 4.5 ×104 

1900 kg m-3 1.0 ×104 2528 4.0 ×104 

 

7.6. Discussion 

 

7.6.1. Saturation stage 

Swelling pressure been shown by numerous studies to play a significant role in the viability, 

and therefore activity of microorganisms in a bentonite buffer intended for the geological 

disposal of nuclear waste. Studies into the effects of swelling pressure on microorganisms, 

have focused on aerobes (Stroes-Gascoyne et al., 2010), and SRB (Bengtsson and Pedersen, 

2017), with little attention given to IRB that can alter the geochemistry of the bentonite buffer 

(Kostka et al., 1999). This study focused on developing a system to study Fe(III)-reduction at 

elevated swelling pressures. To ensure the SWy-3 montmorillonite was saturated before the 

addition of an electron donor (sodium lactate), load cells were used to track swelling 

pressure, as AGW was introduced into the pressure vessels. The evolution of swelling 

pressure in the pressure vessels proceeded in 3 stages, as observed in other montmorillonite 

swelling pressure experiments (Lloret et al., 2003). In the first stage an initial sharp rise in 

swelling pressure occurred due to a reduction in suction associated with the intake of water 

(Figure 7.2). In the second stage the swelling pressure overcame the forces generated by 

suction leading to macrostructure collapse, and a slight decrease in swelling pressure (Figure 

7.2). In the final stage the montmorillonite starts to reach saturation, and the swelling 

pressure rapidly increased again as suction decreased to a minimum (Figure 7.2). During 

stage 3 of the swelling process a gradual increase in swelling pressure coincided with a 

decrease in temperature (Figure 7.2). To ensure that the clay was saturated, and that the 

variation was due to fluctuations in the room temperature, the swelling pressure over this 

period was plotted against temperature. Strong correlations were observed between swelling 

pressure, and temperature (Table 7.2) indicating the temperature was the cause of these 

fluctuations, and that the swelling pressure was stable. Furthermore, the equations derived 
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from the relationship between swelling pressure, and temperature can be used to predict the 

swelling pressure at a desired temperature (Table 7.6), and therefore can be used as a 

benchmark to identify saturation in future experiments. 

 

Table 7.6: Relationships between swelling pressure (y, kPa), and temperature (x, °C) with 

predicted swelling pressures (including error margins) at 20 °C. 

Density Equation R2 20 °C swelling 

pressure 

Error 

1500 kg m3 y = -22.73x + 900.15 0.91 445.65 kPa ± 40.11 

1750 kg m3 y = -22.13x + 1151.70 0.93 709.10 kPa ± 49.64 

1900 kg m3 y = -30.45x + 2972.20 0.85 2363.12 kPa ± 354.47 

 

7.6.2. Variability in experimental swelling pressures 

Having established that the montmorillonite in the pressure vessels had reached saturation, 

the pressure vessels were removed from the saturation system, and sodium lactate was added. 

Despite the volume of the pressure vessels being comparable during the saturation, and 

experimental stages, the pressures observed were remarkably different, with greater variation 

observed during the experimental stage (Figure 7.5). In the case of the saturation stage the 

pressure on the load cell is generated by swelling pressure as the clay absorbs the AGW, and 

suction decreases (Yigzaw et al., 2016). However, during the experimental stage there was no 

input of AGW into the pressure vessels, and therefore a high swelling pressure/low suction 

environment was not maintained. To compensate for the decrease in swelling pressure a 

mechanical load was applied to the clay plugs using the pressure vessel pistons. The 

mechanical pressure applied during the experimental stage is not a true reflection of the 

swelling pressure generated during the saturation stage. However, if the pressure vessels were 

attached to the saturation system during the experimental stage there is a risk of fouling of the 

pump and saturation system, as well as microbial activity in the saturation system altering the 

geochemistry of the SWy-3 montmorillonite plugs (Masurat et al., 2010). Previous research 

has shown that this mechanical force does prevent microbial activity (Bengtsson and 

Pedersen, 2017), but more research is required to see if it is an accurate  representation of 

swelling pressure. Placement in a fixed temperature incubator may also reduce the amount of 

variability observed in the load cell readings, and the equations in Table 7.6 can be used to 

derive a target pressure at the chosen temperature. 
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7.6.3. Microbial viability and activity 

After the addition of the sodium lactate, the pressure vessels were incubated for 35 days, and 

finally dismantled so geochemical, and microbiological analyses could be conducted. 

Analysis of the water content of the SWy-3 montmorillonite plugs using loss on ignition 

showed a decrease in water content as the density of the sample increased. The large variation 

in water content between treatments highlighted the need to compare the geochemical, and 

microbiological parameters of the materials by dry weight so that the values were 

comparable. The MPN counts showed an increase in IRB numbers at all bentonite densities 

compared to the doped SWy-3 montmorillonite (Table 7.5). The highest MPN count was 

observed in the 1500 kg m-3 pressure vessel, with IRB cells reducing as a function of wet 

density, as observed in other studies (Bengtsson and Pedersen, 2017) (Table 7.5). One of the 

issues with the measurements was that the doped SWy-3 montmorillonite was placed into the 

MPNs with no further treatment, while the plugs were disaggregated in a sterile salt solution 

prior to use. This washing step may have increased the number of cells in the solution (rather 

than bound to the clay) increasing the number of cells transferred to the subsequent dilutions, 

and therefore providing a positive bias. This could be investigated by treating the doped 

SWy-3 with a salt solution as well. Another issue with the MPN counts is that B. 

subterraneus has alternative metabolisms that do not require an electron donor (Kanso et al., 

2002) so even with the exclusion of sodium lactate the presence of TSB medium carried over 

from the initial preparation may have been enough to promote microbial growth during the 

saturation stage of the experiment 

Evidence for Fe(III)-reduction was sought by looking for an increase in the concentration of 

0.5 M hydrochloric acid extractable Fe(II) (bioavailable iron), compared to the doped SWy-3 

montmorillonite using the Ferrozine assay method (Lovley and Phillips, 1987). Enrichment in 

bioavailable iron was observed in all the pressure vessels compared to the doped SWy-3 

montmorillonite (Table 7.4). The largest enrichment was observed in the 1750 kg m-3 

pressure vessel, with a moderate enrichment in the 1500 kg m-3 pressure vessel, and the 

lowest enrichment in the 1900 kg m-3 pressure vessel (Table 7.4). As Fe(III)-reducing activity 

was expected to be inversely correlated with swelling pressure, the enrichment in 

bioavailable Fe(II) should have been higher in the 1500 kg m-3 pressure vessel, compared to 

the 1750 kg m-3 pressure vessel. Research presented in Chapter 5 has shown that the 0.5 M 

hydrochloric acid extraction of Fe(II) underestimates bioavailable Fe(II) in montmorillonites, 

which makes it difficult to establish if the Fe(III)-reduction  extents were significant or not. A 
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mechanical pressure of 1845 kPa in the 1900 kg m-3 pressure vessel (Table 7.3) would also be 

expected to prevent microbial activity as observed in other studies (Bengtsson and Pedersen, 

2017). It is clear a more robust technique is required to identify the extent of biological 

Fe(III)-reduction in the pressure vessels such as Mössbauer spectroscopy (Ribeiro et al., 

2009).  

The enrichment of 0.5 M hydrochloric acid extractable Fe(II) in the SWy-3 montmorillonite 

plugs may have also been influenced by the formation of a black precipitate (iron sulfide) in 

the 1500 kg m-3, and 1750 kg m-3 pressure vessels (Table 7.4) . SRB are commonly found in 

montmorillonite-based materials (Lopez-Fernandez et al., 2015), and would have used the 

lactate as an electron donor producing sulfide, and increasing the 0.5 M hydrochloric acid 

extractable Fe(II) (Berner, 1984). A greater amount of black precipitate indicative of iron 

sulfide formation was observed in the 1750 kg m-3 swelling vessel compared to the 1500 kg 

m-3 swelling vessel (Table 7.4). This suggests that the larger number of Fe(III)-reducing B. 

subterrnaeus cells in the 1500 kg m-3 pressure vessel were outcompeting the SRB and 

suppressing sulfate reduction. A similar effect was observed in Chapter 5 where Fe(III)-

reduction in SWy-2 montmorillonite delayed the onset of sulfate reduction. This suggests that 

the swelling pressure tolerance of the B. subterraneus cells is less than the natural SRB 

community. Quantification of the amount of sulfate-reduction taking place was attempted 

using IC. The doped SWy-3 montmorillonite, and 1900 kg m-3 pressure vessel had similar 

concentrations of sulfate which suggests no sulfate-reduction, and therefore SRB activity had 

occurred in the 1900 kg m-3 pressure vessel (Table 7.4). However, the highest sulfate 

concentrations were found in the 1750 kg m-3 pressure vessel which is not consistent with the 

amount of sulfide fouling observed (Table 7.4). Removal of sulfate in the 1500 kg m-3 

pressure vessel was observed, but these results appear to suggest the IC data is not 

representative of the clay plugs. A 0.2 g portion of the clay plugs was used for the IC analysis 

which accounts for approximately 1 % of the samples. Improvements could be made to the IC 

methodology by increasing the proportion of clay plug used, performing analyses in 

triplicate, and sampling a cross-section of the plugs to highlight sample variability. The 

concentration of VFAs was also tracked using IC and showed that the 1900 kg m-3 contained 

considerably more VFAs than the doped SWy-3 montmorillonite, and the 1500 kg m-3, and 

1750 kg m-3 pressure vessels which all had similar values (Table 7.4). This suggests lactate 

was depleted in the 1500 kg m-3 and 1750 kg m-3 pressure vessels leaving behind a 

background VFA signal found in the original material. The 1900 kg m-3 pressure vessel 
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contained the most lactate initially as values were determined based on the amount of 

potentially reducible Fe(III). Perhaps using a fixed concentration of lactate based on the pore 

volume would be a more accurate way of quantifying lactate consumption, and reducing the 

lactate concentration in the 1500 kg m-3, and 1750 kg m-3 pressure vessels may reduce sulfide 

fouling, allowing for a better understanding of the Fe(III)-reduction process. Overall 

significant IRB and SRB activities were identifiable in the 1500 kg m-3, and 1750 kg m-3 

pressure vessels, with a small increase in bioavailable Fe(II) in the 1900 kg m-3 pressure 

vessel (Table 7.4). Improvements could be made to the SWy-3 montmorillonite plug 

sampling, and pressure vessel preparation to provide more in-depth information on microbial 

activity in the samples. DNA sequencing of the microbial populations in the pressure vessel 

samples would provide invaluable information about the other microorganisms that may have 

been enriched during the experiment, and quantitative PCR would provide a stronger 

argument when it comes to proving minimal activity in the 1900 kg m-3 pressure vessel.  

 

7.7. Conclusions 

The activity of IRB can increase the CEC of montmorillonite-based materials as 

demonstrated in Chapter 5, which may impact a bentonite buffers ability to swell (Kostka et 

al., 1999). A reduction in swelling could allow restoration of microbial activity including 

deleterious processes such as canister corrosion. If a sufficient bentonite density is used, the 

swelling pressure in a bentonite buffer is expected to prevent microbial activity. This chapter 

sought to investigate IRB viability, and activity as a function of bentonite density. Pressure 

vessels were attached to an artificial groundwater (AGW) delivery system (saturation 

system), and the evolution of swelling pressure in the pressure vessels was tracked using load 

cells. Having reached saturation, the pressure vessels were removed from the saturation 

system, and a sodium lactate solution was added to the SWy-3 montmorillonite before the 

pressure inside the pressure vessels was reset by reducing the volume of the samples. The 

mechanical pressure deteriorated over time, showing it was not a true reflection of swelling 

pressure during the saturation stage. Inspection of the SWy-3 montmorillonite plugs showed 

that a large amount of iron sulfide precipitation (indicative of SRB activity) had occurred in 

the 1750 kg m-3 pressure vessel, with a small amount observed in the 1500 kg m-3 pressure 

vessel as well. The amount of IRB in the plugs was examined using MPN enumerations and 

showed that the 1500 kg m-3 plug had the highest MPN count with a decrease observed with 

increasing wet density. This suggests that IRB activity impeded SRB activity in the 1500 kg 
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m-3 plug, with SRB being more resistant to swelling pressure and displaying more activity at 

the 1750 kg m-3 wet density. The SWy-3 montmorillonite plugs contained more IRB than the 

doped montmorillonite, with a decrease observed with increasing wet density. Growth in the 

1900 kg m-3 swelling vessel may have been as a result of B. subterraneus cells using an 

alternative metabolism, or due to differences in the MPN preparation between the starting 

material, and the pressure vessel plugs. Sulfate concentrations in the pressure vessels 

measured using IC were inconsistent with the amount of sulfide fouling observed, with 

irregularities observed in the bioavailable Fe(II), and ICP-AES measurements as well. These 

irregularities indicate that alterations to the methodologies are required to account for the 

higher solid/solution ratio in this chapter. 

The results show that investigating IRB behavior at varying swelling pressures can be 

achieved using the setup devised, with revisions to the methodology required. Future research 

should also implement triplicate experiments, and multiple time-points so greater confidence 

in the results can be achieved. The research appears to suggest that IRB viability decreases as 

a function of montmorillonite density. With SRB activity appearing to supersede IRB activity 

at a wet density between 1500 kg m-3 and 1750 kg m-3 (dry densities 784 kg m-3, and 1176 kg 

m-3). Ferrozine assay data shows the total Fe(III)-reduction also decreased with increasing 

montmorillonite. However, attempts to deduce the impact of Fe(III)-reduction on the 

montmorillonite was complicated by irregularities in the geochemistry data. A sufficient 

bentonite density would be expected to halt IRB activity, but further research is required to 

constrain the required density, and to investigate the impacts of the IRB on the 

montmorillonite.  
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8.  Conclusions and Future Directions 
 

In a geological disposal environment, microbial processes within or associated with bentonite 

barriers could impact upon barrier properties and waste container corrosion rates. Microbial 

cells including spore-forming bacteria are naturally occurring in bentonite deposits (Lopez-

Fernandez et al., 2015), with some evidence to suggest they may persist under geological 

disposal conditions (Pedersen, 2010). Microbial activities that are of particular relevance to 

geological disposal are sulfate-reduction which contributes to microbially influenced 

corrosion (MIC), and the degradation of canister materials (El Mendili et al., 2013); along 

with Fe(III)-reduction which is known to alter the geochemistry of smectite minerals (Kostka 

et al., 1999). Research into microbial processes occurring under geological disposal 

conditions have typically focused on the viability of sulfate-reducing bacteria (SRB), and 

their role in canister corrosion (Bengtsson and Pedersen, 2017). Less attention has been paid 

to microbial viability in response to stresses such as gamma radiation during geological 

disposal, as well as the presence and activity of microbes in long-term field experiments. The 

viability, and activity of Fe(III)-reducing bacteria (IRB) has also been overlooked, and it is 

therefore important to study their behavior in such systems.  

The research in this thesis focused on the viability of IRB, and SRB communities in response 

to stresses that would be expected during the geological disposal of nuclear waste (Chapter 

3), along with the general microbial communities found in a long-term bentonite buffer field 

study (Chapter 4). Attention was also focused on IRB, and their impact on bentonite materials 

in terms of geochemistry (Chapter 5), their influence on contaminants relevant to nuclear 

waste disposal (Chapter 6), as well as how they respond to a high swelling pressure regime 

likely to be found in a bentonite buffer under disposal conditions (Chapter 7). These areas of 

research will provide a greater understanding of the effectiveness of bentonite properties in 

retarding microbial growth and activity, as well as the potential transformations to the 

material that may occur. 

 

8.1. Microbial viability 

A range of stresses are expected to be imparted on microbial cells in a bentonite buffer during 

the geological disposal of nuclear waste. Swelling pressure has been the primary focus of 

previous viability studies (Masurat et al., 2010). However, other stresses including gamma 
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radiation, heat, and mechanical pressure have received less attention. Application of these 

stresses to a range of bentonite materials highlighted the differences in IRB, and SRB 

populations that exist between deposits (Chapter 3). All the materials tested were positive 

before, and after the treatments for both groups of bacteria with values between 44 MPN g-1, 

and 6600 MPN g-1. Sulfate-reduction in the materials was limited to members of the 

Desulfotomaculum which were dominant in one of the bentonites tested, and 

Desulfosporosinus genera in the other three substrates. This distinction appeared to greatly 

influence SRB viability with the Desulfotomaculum species displaying resistance to pressure, 

and radiation while the Desulfosporosinus species were resistant to the heat treatment. The 

viability of IRB in the bentonites appeared to be underpinned by their ability to form spores, 

with Gram-positive genera appearing in greater numbers following the individual treatments. 

The inability to suppress microbial viability in these bentonites highlighted the need to 

generate a sufficient swelling pressure during geological disposal conditions so that microbial 

activity can be minimized. The variation in communities between bentonites should also be 

considered during the selection process of bentonite buffer materials.  

The microbial ecology of bentonite buffers under geological disposal conditions was also 

investigated using cores from the FEBEX in-situ experiment (Lanyon and Gaus, 2016) 

(Chapter 4). The cores were extracted along transects away from a heating element (100 °C) 

making it possible to profile how temperature, and evolving saturation may have affected the 

microbial populations. Attempts to cultivate IRB, and SRB from the cores failed. However, 

DNA extraction was successful, and the samples furthest from the heater showed enrichment 

in DNA amplified from the Clostridia, and Bacilli classes. This work suggests that microbial 

activity in the vicinity of the canisters will be minimal, but it is not possible to discount that 

microbial activity may be restored in lower temparture regions further from the canisters. 

 

8.2. Fe(III)-reducing bacteria 

Evaluation of the literature regarding microbial process during geological disposal 

highlighted significant gaps when it came to the viability, and activity of IRB. IRB became a 

focal point of this thesis, and their influences on the geochemistry of bentonites including 

contaminant speciation, as well as their viability and activity in response to swelling pressure 

were investigated. Fe(III)-reduction in montmorillonites, and other smectite minerals has 

been studied (Kostka et al., 1999; Neumann et al., 2011), but the investigation of bentonites, 
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especially in the context of geological disposal has received less attention. Bioreduction of 

Fe(III) in FEBEX bentonite by the Fe(III)-reducer Geobacter sulfurreducens was compared 

to SWy-2 montmorillonite (Chapter 5). Both materials had comparable iron contents, but the 

extent of Fe(III)-reduction was much greater in the SWy-2 montmorillonite, compared to the 

FEBEX bentonite. The differences in reactivity were attributed to either a smaller interlayer 

spacing in the FEBEX bentonite, reducing exposure to the G. sulfurreducens cells, or the 

presence of an iron oxide in the FEBEX bentonite that disrupted electron transfer to the 

structural iron in the montmorillonite. Despite Fe(III)-reduction occuring, no dissolution of 

the materials was observed. However Fe(III)-reduction in the SWy-2 montmorillonite caused 

an increase in the cation exchange capacity (CEC), which may influence the swelling 

pressure (Kostka et al., 1999). The rate of sulfate-reduction by indigenous microbes in the 

two materials was controlled by the amount of bioavailable iron, with little sulfate-reduction 

occuring in the SWy-2 montmorillonite, and a large amount in the FEBEX bentonite. It is 

clear the speciation of iron in montmorillonite-based materials can have a signifiant impact 

on the geochemical evolution. A trade off is present between the SWy-2 montmorillonite 

which is susceptible to Fe(III)-reduction, and therefore increased CEC and potentially a 

decrease in swelling pressure, and the FEBEX bentonite which is prone to sulphate-reduction, 

and therefore increased MIC. 

The Fe(III)-reduction work suggested that the SWy-2 montmorillonite was acting as an 

insoluble electron sink, which posed the question can the reduced montmorillonite act as an 

electron donor in the presence of a reducible contaminant? Clarification was sought by 

repeating the Fe(III)-reduction experiments with G. sulfurreducens on the SWy-2 

montmorillonite with the addition of selenium oxyanions (Chapter 6). Selenite (SeO3
2-) 

oxyanions were reduced concurrently with the Fe(III) in the system by the G. sulfurreducens 

cells as expected; because the organism is known to reduce selenite (Pearce et al., 2009). 

However, selenate (SeO4
2-) oxyanions (not directly reducible by G. sulfureducens (Lovley et 

al., 1999)) were also removed over a longer time period. The selenate removal from solution 

was inconsistent across triplicate experiments, suggesting some heterogenity in the system, 

but nevertheless highlights that reduced SWy-2 montmorillonite (at least in slurry form) can 

capture highly mobile and toxic selenium species.  

Finally the reduction of Fe(III) in SWy-3 montmorillonite at increased swelling pressure was 

investigated to see if these processes would be possible in a geological disposal environment 

(Chapter 7). Bentonite wet densities of 1500 kg m-3, 1750 kg m-3 and 1900 kg m-3 (equivalent 
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to dry densities of 784 kg m-3, 1176 kg m-3 and 1411 kg m-3) were chosen due to previous 

research surrounding SRB activity (Bengtsson and Pedersen, 2017)). The results suggested 

the number of IRB, and the amount of biological Fe(III)-reduction decreased with increasing 

montmorillonite density. The 1500 kg m-3 and 1750 kg m-3 wet densities also displayed signs 

of SRB activity. The results suggest that a sufficient swelling pressure should suppress the 

Fe(III)-reducing activities described above. However, further constraining of the limit of IRB 

activity is needed.  

 

8.3.  Overarching conclusions 

Results from the FEBEX in-situ experiment cores (Chapter 4), and the IRB swelling pressure 

experiments (Chapter 7) show that microbial activity (in particular IRB) should be suppressed 

if a bentonite buffer maintains a suitable density. In the case of the IRB swelling pressure 

work, a dry density of above 1411 kg m-3 may be required, but in the case of the FEBEX in-

situ experiment a dry density of 1500 kg m-3 was sufficient (Lanyon and Gaus, 2016). The 

montmorillonite content is a key factor in determining the density required (Karnland, 2010). 

If the bentonite density is not high enough, or in the event of a decrease in the bentonite 

density the results of Chapter 3 would suggest that microbial growth, and activity could be 

restored. The in-situ effects of temperature, irradiation, and mechanical pressure were not 

investigated, but exposure to these stresses in laboratory scale experiments did not prevent 

the restoration of microbial life (Chapter 3). IRB could potentially reduce the swelling 

pressure further encouraging more microbial activity, but this can be prevented if a bentonite 

recalcitrant to Fe(III)-reduction is chosen (Chapter 5). However, biological Fe(III)-reduction 

in montmorillonites also has beneficial effects such as  sequestering highly mobile, and toxic 

selenium oxyanions, which may extend to other key radionuclides such as uranyl, and 

pertechnetate (Chapter 6). 

 

8.4. Future directions 

The work described in this thesis made it possible to explore the viability of microorganisms 

in bentonite barriers, and offers further insight into the effects of IRB on the geochemistry of 

montmorillonite-based materials, and contaminant speciation. However, some of these areas 

require further study, and complimentary studies could verify, and bolster some of the 

findings. 
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8.4.1. Microbe viability 

While Chapter 3 was able to demonstrate that IRB, and SRB remain viable in bentonite 

materials following their treatment with heat, mechanical pressure, and gamma radiation this 

thesis did not assess their ability to grow in the presence of these stresses (which would be a 

requirement for them to be viable and active in a bentonite buffer). This is of particular 

importance to the gamma radiation treatment, where the microbes would be exposed to a low 

radiation dose over a prolonged period (1 Gy hr-1), rather than the short-term single dose 

(1000 Gy, 24.17 Gy min-1) used in Chapter 3. Samples from the FEBEX in-situ experiment 

tested negative for viable microbes, but DNA extraction suggested the enrichment of 

anaerobic classes Chapter 4. The research showed that invaluable microbial data can be 

obtained from field-scale, long-term experiments. However, the experiment was not initially 

intended with microbial analyses in mind. This means the initial bacterial content of the 

FEBEX bentonite could not be determined, and the various inputs of biological material 

during quarrying of the bentonite, bentonite fabrication, and gallery excavation could not be 

assessed. Further collaboration between geomicrobiology researchers, and nuclear waste 

disposal agencies through projects such as the EU MIND (Microbes in Nuclear Disposal) 

project will ensure the appropriate microbial analyses can be implemented in future long-term 

experiments. 

 

8.4.2. Biological Fe(III)-reduction of bentonties 

Differences in the bioavailability of Fe(III) in montmorillonite-based materials was identified 

in Chapter 5. The lack of Fe(III)-reduction in the FEBEX bentonite may have been due to an 

iron oxide phase associated with the montmorillonite. However, the identity of this iron oxide 

phase remains unknown, and requires further investigation. EPR spectroscopy on the reduced 

SWy-2 montmorillonite also showed an increase in radical ions in the structure after 

biological Fe(III)-reduction which could provide further insight into how electron transfer 

occurs in low iron content smectites. The electron donating capabilities of reduced SWy-2 

montmorillonite were also demonstrated in the presence of selenate oxyanions (Chapter 6). A 

suitable control is required to prove the clay itself instigated the reduction rather than a 

biological reaction. This could be studied by pasteurising the montmorillonite after reduction, 

and then inserting the selenate. This process could also be investigated using a chemical 

reductant such as dithionite (Ribeiro et al., 2009). Outside of nuclear disposal reduced SWy-2 

montmorillonite may be a novel way of immobilising oxyanions in contaminated land, and 
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also poses questions about the potential role of montmorillonite as an electron shuttle in the 

natural environment.  The potential for biological Fe(III)-reduction in a bentonite buffer will 

be eliminated if a sufficient bentonite density is achieved. Chapter 7 appears to show that a 

wet density of more than 1900 kg m-3 in SWy-2 montmorillonite is required to prevent 

biological Fe(III)-reduction from occuring. However, experiments were not conducted in 

triplicate, and the methods employed to investigate the compacted bentonite did not appear to 

be representative of the material (as a result of sample heterogenity). Work is required to 

optimise the methodology for high solid:solution samples so more significant results can be 

obtained. Moving on from that previous studies have shown that microbial activity can be 

restored in highly compacted bentonties in the event of a reduction in density which is 

particularly relevant to canister, and host rock interfaces (Stroes-Gascoyne et al., 2011) and 

requires further study. The impact of bentonite density on the reduction of selenium species 

(and other radionuclides) should also be a focus of further study. 
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