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Abstract
Decades of nuclear activities have left a legacy of hazardous radioactive waste, which must be isolated from the biosphere 
for over 100,000 years. The preferred option for safe waste disposal is a deep subsurface geological disposal facility (GDF). 
Due to the very long geological timescales required, and the complexity of materials to be disposed of (including a wide 
range of nutrients and electron donors/acceptors) microbial activity will likely play a pivotal role in the safe operation of 
these mega-facilities. A GDF environment provides many metabolic challenges to microbes that may inhabit the facility, 
including high temperature, pressure, radiation, alkalinity, and salinity, depending on the specific disposal concept employed. 
However, as our understanding of the boundaries of life is continuously challenged and expanded by the discovery of novel 
extremophiles in Earth’s most inhospitable environments, it is becoming clear that microorganisms must be considered in 
GDF safety cases to ensure accurate predictions of long-term performance. This review explores extremophilic adaptations 
and how this knowledge can be applied to challenge our current assumptions on microbial activity in GDF environments. 
We conclude that regardless of concept, a GDF will consist of multiple extremes and it is of high importance to understand 
the limits of polyextremophiles under realistic environmental conditions.
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Abbreviations
FEBEX	� Full-scale engineered barrier experiment
GDF	� Geological disposal facility
HLW	� High-level waste
ILW	� Intermediate-level waste
IRB	� Iron-reducing bacteria
ISA	� Isosaccharinic acid
LILW	� Low intermediate-level waste
NDA	� Nuclear Decommissioning Authority
ROS	� Reactive oxygen species
SRB	� Sulphate-reducing bacteria
URL	� Underground research laboratory

Introduction

Viable microorganisms have been identified in both natural 
and engineered extreme environments previously consid-
ered to be sterile, including highly radioactive areas of the 
Sellafield nuclear site (Foster et al. 2020) and Chernobyl 
(Niedrée et al. 2013). The survival of microorganisms in 
other engineered extreme environments must be considered, 
including in deep, underground geological disposal facilities 
(GDF) for higher activity radioactive waste. A GDF offers 
isolation of radioactive waste from the environment through 
a multi-barrier system, with each barrier possessing proper-
ties that will aid in the reduction of radionuclide migration 
to the biosphere. Some barriers also function to minimize 
microbial activity. Concepts differ between countries but can 
be generically defined by their geology as a high strength 
rock, low strength sedimentary rock or an evaporite system. 
Concepts may be further defined by their engineered barrier/
backfill material (bentonite, cement, or salt), the choice of 
which is influenced by the chosen geological environment.

Microorganisms may be introduced into a GDF through 
anthropogenic contamination during construction, natural 
geological/hydrogeochemical processes, or be indigenous to 
the chosen site. Microbial communities may be stimulated 
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by physiochemical changes during GDF evolution (Leupin 
et al. 2017) and resulting microbial activity could lead to 
biogeochemical interactions and environmental changes 
which may have either negative (e.g. acceleration of corro-
sion of GDF infrastructure e.g. waste containers (Pedersen 
et al. 2000)) or positive impacts (e.g. reduction of radionu-
clide mobility (Newsome et al. 2014)) on safety cases. There 
are still many uncertainties regarding the full potential of 
GDF microbial communities as their diversity and metabolic 
capacity are difficult to constrain given the geological time-
scales involved and the geochemical complexity of a GDF. 
However, we can begin to constrain metabolic capabilities 
with GDF environments through our current understand-
ing of microbial adaptations to extremes in a wider range 
of analogous environments (Butterworth et al. 2021). This 
review explores the extremes that microbial life may have to 
overcome in a GDF and what adaptations may allow them 
to colonise such an environment. A range of relevant GDF 
studies are discussed, and difficulties in constraining micro-
bial life under in situ conditions are highlighted.

GDF Evolution—the formation of an extreme 
environment

All physical, chemical and biological changes greatly 
depend on the GDF concept specifications and waste inven-
tory, which varies from country to country (NDA 2010). 
Discussion of site-specific evolutions has been detailed pre-
viously (Arcos et al. 2006; NDA 2010; Kosakowski et al. 
2014). All concepts will include some form of inherent bio-
logical control, whether direct or indirect. Candidate barrier 
materials considered in this work are detailed in Table 1. 
Although not an extensive review of all candidate materials, 
these materials are anticipated to have a significant impact 
on microorganisms by providing an inhospitable environ-
ment. Examples of how different concepts may evolve to 
reduce microbial activity are given below.

The post-closure phase refers to the period in which 
all waste has been emplaced and the GDF sealed. During 
the first few hundred to tens of thousands of years post-
closure, heterogeneous evolution of engineered barriers 
will begin, mainly caused by heat generation from waste 

and resaturation of the GDF with groundwater. Resatura-
tion with deep groundwater will lead to the formation of 
redox gradients and alter geochemical parameters such as 
pH (Beattie and Williams 2012). Gas generation from cor-
rosion, radiolysis and microbial degradation or organics in 
the wastes will also impact on physiochemical evolution 
(Towler et al. 2012). Not all barrier evolutions are negative 
as some are proposed to enhance GDF safety requirements, 
such as reduction in hydraulic permeability through swelling 
of materials (Sellin and Leupin 2014).

Bentonite clay contains the phyllosilicate mineral mont-
morillonite, which swells upon contact with water. The 
swelling of montmorillonite is the main safety feature of a 
bentonite barrier, generating a high pore pressure that pro-
vides lower permeability and porosity (Hicks et al. 2009). 
Understanding bentonite barrier evolution is important for 
controlling microbial activity, which is anticipated to be 
inhibited by swelling pressures. Heterogeneity or changes 
over time in the bentonite barrier may allow for microbial 
communities to develop. Of particular interest are sulphate-
reducing bacteria (SRB), which produce the corrosive spe-
cies hydrogen sulphide that may compromise metal waste 
container integrity (Pedersen 2010).

In a cementitious GDF, geochemical evolution is driven 
by cement dissolution stages, which have been previously 
detailed by Berner (1992). Extensive use of cement in a 
GDF will result in hyper alkaline conditions (pH 12–13) 
after the intrusion of groundwater, limiting microbial activ-
ity and is a key safety feature of a cementitious GDF con-
cept. Over time, the overall pH of the GDF will decrease 
as cement dissolution progresses, reducing from an initial 
maximum pH of 13.5 to the pH of the incoming groundwa-
ter in the final stage of the evolution (NDA 2010). At what 
point in the GDF evolution alkalinity becomes low enough 
to support microbial life on an impactful scale is of interest 
to the safety case and requires further constraints on life at 
high pH. This is important as microbial activity may lead to 
the degradation of highly soluble cellulose-derived products 
that may be complex with radionuclides (such as isosaccha-
rinic acid (ISA)) and also contribute to gas generation and 
degradation (Small et al. 2017).

Salt rock, one potential GDF host geological formation, 
has the ability to ‘self-heal’ after a few decades of closure 
(Tsang et al. 2005). Self-healing capabilities are a result 
of the elastoplastic behaviour of salt, which is reported to 
accelerate void closures (Brewitz and Rothfuchs 2007). Self-
sealing will prevent the intrusion of groundwater (Hunsche 
and Hampel 1999; Brewitz and Rothfuchs 2007) and con-
sequently result in a dry environment with very low rates 
of fluid flow, limiting microbial activity. Brine pockets and 
intergranular water accumulated prior to self-sealing are 
predicted to be the main fluid sources, which may migrate 
towards the canister as a result of thermal activity (Tsang 

Table 1   A summary of the candidate barrier materials discussed in 
this work with their intended waste group and use

HLW  high-level waste, ILW intermediate level waste. Information 
taken from RWM, (2016)

Candidate barrier material Use Waste group

Evaporite Host rock, buffer/back-
fill (crushed host rock)

HLW/ILW

Bentonite Buffer/backfill HLW
Cementitious material Buffer/backfill ILW
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et al. 2005). Microbial life in a post-closure salt environment 
is less studied in comparison to other concepts, but scientific 
interest remains around microbial-radionuclide interactions 
in this extreme environment (Bader et al. 2017).

Microorganisms may have both positive and negative 
impacts on GDF safety cases across all concepts. Opera-
tional activities may provide colonisable space in the form of 
fractures and anoxic groundwater saturation will lead to the 
formation of a redox gradient, which may allow for various 
types of microbial respiration to take place. The complex-
ity and scale (spatial and temporal) of a GDF will inevita-
bly lead to heterogeneities that will allow for small-scale 
microbial activity. Nevertheless, the post-closure GDF is 
an extreme environment that provides many physical and 
chemical challenges to microbial life.

GDF extremes

Examples of anticipated GDF extremes based on model-
ling, laboratory and in situ tests are presented in Table 2, 
though it should be noted that these may not represent the 
upper limits found in a GDF. For example, the initial pH of 
cementitious pore water could theoretically be higher than 
pH 12.7 (Berner 1992).

The reported limits for microbial life vary in the litera-
ture. The definitive values may depend on cultivation tech-
niques and what is considered by the author to be the upper 
limit of life (e.g., optimum growth or tolerance limit). The 
limits of life in pure cultures are better studied but may be 
different to those achieved within the potentially less favour-
able GDF environment.

When compared to the known upper limits of life in pure 
culture experiments (referring to Merino et al. 2019), indi-
vidual geochemical parameters within a GDF are less severe. 
However, a GDF is an environment that will have multiple 

stresses acting upon the microbial community at the same 
time, adding further constraints for microbial life. The limit 
of life in a GDF is therefore difficult to determine based on 
one extreme, regardless of whether it is defined by optimum 
growth or tolerance. Understanding extremophilic adapta-
tions to individual extremes is still useful, however, as it may 
reveal complimentary adaptations that would aid survival in 
a poly extreme environment.

Microniches

If microbial life is to become established in a GDF, it is 
likely to do so in a “microniche” where conditions are more 
favourable. The formation of microniches is dependent on 
the heterogeneity of engineered barriers, especially those 
resulting from GDF evolution. In this context, a micron-
iche is defined as an area with increased biogeochemical 
activity in comparison to the large-scale environment and 
is confined to pore spaces, cavities, fractures, and bound-
ary zones. In a cementitious GDF, hyperalkaline conditions 
(pH 12 – 13) will limit microbial activity but pH is not 
anticipated to be consistent throughout the GDF and areas 
of lower pH will exist (Askarieh et al. 2000). For exam-
ple, high pH (pH 11) microbial activity (see Alkalinity sec-
tion) has also been observed to lead to a decrease of pH in 
the Finnish large-scale Gas Generation Experiment (Small 
et al. 2017), through the production of volatile fatty acids. 
These areas of lower pH, in an “alkaline disturbed zone”, 
provide a more favourable environment and may allow for 
the colonisation of microbial communities within a GDF in 
the form of microniches (Rizoulis et al. 2012). Bruhn et al. 
(2009) have also suggested that anaerobic bacteria would 
be capable of forming anoxic microniches within a reposi-
tory environment. The lack of oxygen in an anoxic micro-
niche could contribute to increased radiation tolerance in 

Table 2   Examples of extreme geochemical parameters anticipated in different GDF concepts, based on laboratory, in situ and modelling tech-
niques

Note that these are subject to change as these do not represent the final GDF conditions. HLW high level waste, LILW low intermediate level 
waste. * Target bentonite swelling pressure at full water saturation, achieved via a clay wet density of approx. 2000kgm-3. # Salinity of ground-
water from the Atomic Energy of Canada Limited’s Underground Research Laboratory at a depth of 420m. + Calculation of the maximum dose 
outside the canister, taking into account buffer attenuation. & Temperature limits are defined based on host rock integrity

Parameter Anticipated measurement GDF Concept References Upper Limits References

Pressure (MPa) 5* Swedish HLW model (ben-
tonite)

Bengtsson et al. 2015 125 Dalmasso et al., 2016

pH 12.7 Swiss LILW model (cement) Wieland et al. 2020 12.5 Suzuki et al., 2014
Salinity (%) 9# Canadian HLW model 

(bentonite)
Stroes-Gascoyne et al. 2008 35 Oremland et al., 2005

Radiation (Gy/h) 0.5+ Swedish HLW model (ben-
tonite)

SKB 2006 30 Brown et al., 2015

Temperature (°C) 100, 125 and 200& Host rock: high integ-
rity > sedimentary > evapo-
rite

NDA 2016 122 Takai et al. 2008
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anaerobic bacteria due to the lack of oxygen atoms available 
to react with ionising radiation and form reactive species 
that damage cells.

Furthermore, microbial consortia may exist interde-
pendently in a biofilm, a community structure considered 
to be representative of a type of microniche (Costerton 
et al. 1994). Biofilms consist of extracellular polymeric 
substances (EPS), such as polysaccharides, proteins, and 
lipids, which assist in survival and can provide protection 
in harsher environments (Yin et al. 2019). EPS serves many 
functions, including nutrient acquisition via sorption and 
retention (Sutherland 2001). Nutrient retention is a particu-
larly important feature in low-nutrient environments such as 
GDFs, where biofilms are likely to exist where nutrients are 
locally available. In radioactive waste disposal, research has 
focused on the impact of biofilm growth on canister mate-
rials including steel and copper (Huttunen-Saarivirta et al. 
2016, 2018). In biocells under high pH conditions, biofilms 
have been observed to form in cement and on graphite and 
steel surfaces, provided an initial floc community for for-
mation (Charles et al. 2017a, 2017b). There is also grow-
ing interest regarding how microorganisms may alter min-
erals within bentonite. Smectite-biofilm interactions have 
shown biofilm contribution to mineral dissolution and redox 
changes (Perdrial et al. 2009).

High-resolution techniques are required to identify micro-
niches in the field (Stockdale et al. 2009) and in the closed, 
deep environment of a GDF, monitoring of the development 
of these microniches will be limited. URLs and associated 
modelling can be used to better understand microniche 
development as there are less access restrictions. Microniche 
distribution is also difficult to predict due to the many poten-
tial interactions that may underpin their development, and 
high-resolution techniques are required to monitor activities 
across very small (micron) scales within highly complex 
matrices. The importance of understanding the pH limits 
of microbial activity, heterogeneity, and the formation of 
microniches within a high pH GDF is critical to the safety 
case and has been demonstrated in analogue biofilm systems 
(Charles et al. 2022).

Nutrients and energy sources

A main consideration for life in the deep subsurface GDF is 
the quantity of organic carbon available to be utilised as a 
carbon source and an electron donor. Natural concentrations 
of organic carbon in various GDF environments are sum-
marised in the work of Reiller et al. (2002). Unsurprisingly, 
the groundwater in sedimentary environments is richer in 
natural organic matter than in granitic environments (Reiller 
et al. 2002). During the construction of a GDF, organics 
(e.g., synthetic fibres, hydrocarbons from rock drilling) 
are expected to be introduced anthropogenically in low 

quantities (Marshall and Simpson 2014). Specific GDF con-
cepts may further contribute to the organic carbon content. 
For example, ILW may contain substantial quantities of cel-
lulosic materials and the natural organic matter of clay will 
also contribute to overall organic concentrations in bentonite 
concepts (Marshall and Simpson 2014).

Despite the introduction of further sources of organic 
matter to the GDF, the concentration of dissolved organic 
carbon is still anticipated to be low. Interestingly, microbial 
community dependency on organic carbon can depend on 
residence time and mixing of groundwater types. In a bore-
hole study within the Äspö Hard Rock Laboratory, Sweden, 
waters with a marine origin displayed a greater dependency 
on organic carbon in comparison to older saline waters, 
where a greater dependency on geogases such as hydrogen 
was observed for microbial metabolism (Lopez-Fernandez 
et al. 2018a, b). Lopez-Fernandez et al. (2018a, b) observed 
the rapid recycling of organic carbon from the degradation 
of non-viable cells, providing evidence as to why dissolved 
organic carbon is so low in the subsurface (Itävaara et al. 
2016). Limitations for understanding energy and nutrient 
availabilities lie with the difference between laboratory 
experiments and conditions in situ in the deep subsurface. 
Using SRB as an example, microbial communities in labora-
tory experiments are observed to have much shorter carbon 
turnovers (< 1 year) in comparison to in situ communities 
(> 10 years) (Hoehler and Jørgensen 2013).

The intrusion of anoxic groundwater into a post-closure 
GDF will lead to the formation of a redox gradient. Early 
in a GDF’s lifecycle, oxygen will remain from construction 
and as the most favourable terminal electron acceptor, aero-
bic respiration will occur until it is depleted. As conditions 
become more reducing, the following electron acceptors are 
anticipated to be utilised in the following order, if present: 
nitrate (in the waste form itself (Bleyen et al. 2018)) iron 
(e.g. from bentonites (Kim et al. 2004), corrosion of engi-
neering infrastructure and waste containers) and sulphate 
(from sulphate-bearing groundwaters and sulphate present 
in bentonites).

With organic matter limited in some concepts, microbial 
life will likely be restricted to chemolithotrophs with a reli-
ance on hydrogen as an electron donor. Libert et al. (2011) 
have previously summarised evidence that hydrogen (pro-
duced by processes including corrosion and radiolysis) can 
support microbial life in a GDF. Further work by Lopez-
Fernandez et al. (2018a, b) details hydrogen-driven carbon 
cycling in the deep subsurface aquifers of the Äspö Hard 
Rock Laboratory. However, the extent of microbial activity 
will likely be limited by other factors, such as phosphorous 
and nitrogen availability.

Lack and/or depletion of nutrients will likely result in 
starvation and resource limitation for microbial communi-
ties. To ensure survival, some bacteria may enter a state 
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of dormancy through a reallocation of resources, known 
as a stringent response. Several methods of dormancy 
exist and are summarised by Lennon and Jones (2011). 
Although dormancy in a GDF environment is not limited 
to spore-formers (dormant prokaryotes have been success-
fully cultured from ancient halite (Gruber et al. 2004)), 
spores are focused on in this work due to their durability 
and relevance across various GDF concepts.

Even if microorganisms are inhibited during the harsh-
est phase of GDF evolution, viable spores are likely to be 
present due to their persistence and easy dispersion. An 
example of these characteristics has been demonstrated by 
studies of thermophilic spores discovered in the perma-
nently cold marine sediments of Aarhus Bay, far from the 
warm environments from which they must have originated. 
These spores have an estimated spore abundance half-life 
between 250 and 440 years (De Rezende et al. 2013).

Key spore formers of interest in GDF studies include 
novel isolates from natural analogues, such as the iso-
saccharinic acid degrading alkaliphile, Anaerobacillus 
isosaccharinicus (Bassil and Lloyd 2019) and a range of 
SRB and iron-reducing bacteria (IRB) (Williamson et al. 
2013). Spore presence is discussed in most papers regard-
ing microbial clay communities, as several bentonites 
selected for engineered barriers contain indigenous spore-
formers (Haynes et al. 2018; Matschiavelli et al. 2019; 
Grigoryan et al. 2020; Podlech et al. 2021). Clay materials 
have the capacity to act as ‘microbial seed banks’ (Lennon 
and Jones 2011), containing dormant individuals that may 
be resuscitated when the environment permits (Lennon 
and Jones 2011). Several putative spore-forming IRB have 
been identified in even commercially available bentonite 
(Gilmour et al. 2021) and have been found to survive the 
high temperature and water-limited conditions expected 
at the host rock/clay interface (Gilmour et  al. 2022). 
Iron reduction by IRB and sulphate-reducing prokary-
otes (SRP) is implicated in altering the physiochemical 
properties within bentonite (Pentráková et al. 2013; Miet-
tinen et al. 2022) and increasing corrosion rates of waste 
steel canisters (Schu et al. 2015). SRB spore populations 
of commercial bentonites have been observed to remain 
viable despite exposure to stressors including high tem-
peratures which active bacterial cells would not be able to 
survive (Haynes et al. 2018). SRB are also implicated in 
waste canister corrosion through the production of hydro-
gen sulphide (Hajj et al. 2010; Hall et al. 2021). There is 
however debate regarding the importance of spore-formers 
under continuously low energy conditions, mainly due to 
the energetic cost of germination to a vegetative cell and 
the associated repair of macromolecules (Hoehler and 
Jørgensen 2013). Miettinen et al. (2022) found that the 
inherent dissolved organic carbon within bentonite was 
able to sustain microbial activity of dominantly IRB and 

SRP spore formers for less than two years, after which 
electron donor additions were required to sustain growth 
within anoxic microcosms.

The following sections address how our understanding 
of extremophiles from natural microbial communities can 
be applied to understanding the limits of life in a GDF, 
addressing each key geochemical parameter individually. 
Understanding gained from GDF-specific studies and cur-
rent limitations are also discussed.

Radiation

High levels of ionising radiation will result from the beta 
decay of fission products (e.g. 90Sr), alpha decay of actinides 
(e.g. 235U) and gamma rays in HLW concepts (Ewing et al. 
1995). In some scenarios, barrier materials are estimated to 
receive doses of up to 72 Gy/h, although doses will decrease 
with time (Allard & Calas, 2009). Such doses of ionising 
radiation will be a controlling factor in long-term microbial 
metabolism, due to the production of reactive oxygen spe-
cies (ROS) from the radiolysis of water (Daly 2012). ROS 
causes cellular structural damage through the oxidation of 
DNA, RNA, lipids and proteins, a process known as the 
indirect effect (Desouky et al. 2015). To survive the indi-
rect effect, microorganisms will need to successfully scav-
enge and neutralise ROS. The evolution of proteins (such as 
superoxide dismutase) and the production of low molecu-
lar weight compounds (metabolites including glutathione, 
ascorbate and trehalose) can serve to sequester ROS by act-
ing as endogenous scavengers (Salin and Brown-Peterson 
1993; Jin et al. 2019).

The indirect effect has been observed to damage the DNA 
of both radiation-resistant and radiation-sensitive microor-
ganisms. However, radiation-resistant microorganisms are 
able to survive hundreds of DNA double-bond breakages 
induced by ionising radiation (Daly et al. 1994), suggesting 
that ionizing radiation-induced death is not mainly medi-
ated by DNA damage (Daly et al. 2007; Fagliarone et al. 
2017; Park et al. 2017). Daly (2009) proposed that ionis-
ing radiation-resistant organisms that can minimise protein 
damage are able to retain enough DNA-repair function, 
thus maintaining the ability to restore chromosomal dam-
age which would otherwise lead to cell death. Examples 
include Deinococcus radiodurans, a radiation-resistant bac-
terium that has been the focus of many radiation studies. D. 
radiodurans was first isolated from radiation-sterilised meat 
containers by Anderson et al. (1956) and closely related 
isolates were discovered in the high-level radioactive waste 
plume at Hanford (Fredrickson et al. 2004). It is thought that 
D. radiodurans can survive under such ionising conditions 
due to the production of Mn antioxidants, with observations 
in several species of bacteria showing that a higher Mn:Fe 
ratio improves resistance to IR-induced protein oxidation 
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(Daly et al. 2004). Other protective antioxidants produced 
by D. radiodurans include carotenoid deinoxanthin, which 
has been found to express anticancer activity as well as very 
effective ROS scavenging capability (Choi et al. 2019). 
Shuryak et al. (2017) observed that when cultured with D. 
radiodurans, E. coli is more likely to survive when exposed 
to chronic ionising radiation (CIR). The secretion of anti-
oxidants into the medium by D. radiodurans is considered 
to provide a collective radioprotection. It is possible that a 
similar collective radioprotection could occur in GDF sce-
narios, although to date no investigation is known to have 
been published. The biosorbent properties of D. radiodurans 
are also being considered for the treatment of heavy metal 
and radionuclide pollution (Guo et al. 2022), emphasising 
the potential role of radiation-resistant microorganisms in 
limiting radionuclide mobility in a GDF scenario.

It is hypothesised that radiation resistance is a conse-
quence of adaptations for desiccation. Mattimore and Bat-
tista (1996) suggest there is no need for direct radiation 
adaptation in the natural environment, as levels of ionising 
radiation are only introduced anthropogenically. The further 
work of Rainey et al. (2005) supports this argument through 
the observation that several bacterial species (including 
members of the Deinococcus genus) originating from arid 
soils exhibit ionizing radiation-resistance. As the Hanford 
site is in a desert environment, its arid conditions could have 
selected for Deinococcus, rather than the radioactive plume.

If a GDF microbial community contains desiccation-
resistant microorganisms, there is a chance for continued 
microbial activity. Desiccation-resistant bacteria have been 
identified within clays considered for a GDF (Pedersen 
2002; Horn et al. 2004; Mulligan et al. 2009; Vachon et al. 
2021). Experiments investigating a stimulated clay-host rock 
and clay-canister barrier found that desiccation-resistant 
Deinococcus radiophilis survived the furthest (3–6 mm) into 
the clay (SKB 1999). In an early post-closure GDF, ionising 
radiation exposure will be continuous over an extended time 
(chronic radiation). Even so, radiation studies generally rely 
on intense radiation with short exposure times (acute radia-
tion), as long-term lower-dose radiation laboratory experi-
ments representative of GDF conditions are very challeng-
ing. How applicable acute radiation studies are to chronic 
radiation exposure is unclear. Chronic radiation studies 
are rare, but a study by Shuryak et al. (2017) found a weak 
relationship between acute and chronic radiation resistance, 
suggesting that extrapolating results from acute to chronic 
radiation scenarios may not be reliable. Radiation may also 
indirectly influence microbial activity by increasing the bio-
availability of Fe(III) through structural changes (disaggre-
gation and increased crystallinity) and increasing organic 
acids through radiolytic degradation of cellulosic material 
(Brown et al., 2014, 2015). Finally, it is worth noting that 
Enyedi et al. (2019) found unexpectedly high microbial 

diversity within biofilms, which appeared to be adapted to 
the high radioactivity within natural hydrothermal spring 
caves in Hungary.

Salinity

High salinity groundwaters may be found at repository 
depths. In the UK for example, deep groundwater salinity 
sources include intrusion of seawater, dissolution of evapo-
rites such as halite (Younger et al. 2015) and upconing of 
deep saline waters with complex origins (Bath et al. 1996). 
All GDFs have the potential for varied levels of salinity, not 
just salt-based concepts.

Hypersaline environments cause microorganisms to lose 
water and cellular structure due to high osmotic pressure 
and frequent desiccation. Halophiles have adapted to sur-
vive high osmotic pressure in various ways, depending on 
the required salinity tolerance. For example, a halophile 
may accumulate large concentrations of salts within their 
cytoplasm to reach equilibrium with the salt concentration 
of their environment (Edbeib et al. 2016). Accumulation 
of compatible solutes (low molecular weight molecules, 
such as sucrose) can aid in the balance of osmotic stress 
and maintenance of protein structure and stability without 
being problematic for essential cell processes (Poolman and 
Glaasker 1998). As high salinity affects the solubility and 
structure of proteins, halophiles also have modified enzymes 
to adapt to their environment (Zhang et al. 2013). Oxygen 
availability is a further limitation of saline environments, 
due to low solubility in salt-saturated brines. Archaeal halo-
philes have adapted by producing gas vesicles or aerotaxis 
sensors that allow them to detect the water–air interface, 
whilst others can survive anaerobically (Hou et al. 2000; 
Andrei et al. 2012).

High salt content of hypersaline environments results in 
periodic evaporation, which exposes halophilic cells to des-
iccation and DNA damage through double-stranded breaks 
(Potts 1994). Kottemann et al. (2005) observed that the 
archaea Halobacterium sp. could also withstand DNA dam-
age from gamma irradiation (D10 = 5 kGy), thought possible 
due to the adaptation to survive in a hypersaline, desiccated 
environment. High concentrations of internal salts provide 
the availability of an endogenous hydroxyl radical scavenger, 
mitigating the effects of ROS (Salin and Brown-Peterson 
1993). In addition, Halobacterium sp. possesses similar non-
enzymatic Mn antioxidant systems to D. radiodurans (Webb 
et al. 2013). In saline solutions, it has been shown that some 
•OH will be scavenged by chloride, forming perchlorate ions 
(Büppelmann et al. 1988; Kelm and Bohnert 2017) which 
may fuel the metabolism of perchlorate-reducing bacteria 
(Coates et al. 1999; Youngblut et al. 2016). Abiotic scav-
enging of ROS by chloride, in the same way as intracellular 
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scavenging in halophiles, may decrease the oxidative stress 
imposed in saline groundwater.

In GDF studies, most microbial work regarding salinity 
is focused on the impact of microorganisms within a salt 
rock concept, where salinity is the most obvious stress to 
overcome. The Waste Isolation Pilot Plant (WIPP), a salt-
based GDF in New Mexico, USA, has been central to under-
standing halophilic communities and their interactions with 
radionuclides (NEA 2018). Halophiles that have been iso-
lated from WIPP samples include Halobacterium noricense 
and Chromohalobacter sp., which have been observed to 
adsorb U (Bader et al. 2017) and Np (Ams et al. 2013), 
respectively. Halobacterium salinarium has been observed 
to adsorb Eu(III) and Cu(III), with results implying a more 
complex coordination environment than non-halophilic bac-
teria (Ozaki et al. 2004). Overall, the concern regarding the 
impact of microorganisms in salt rock is low due to hyper-
salinity limiting the structure and functionality of microbial 
communities (NEA 2018).

Salinity is dependent on the GDF concept and associ-
ated groundwaters. Although salinity is much less extreme 
in cementitious and clay GDF concepts, the impact of 
salinity should not be overlooked. In natural high-pressure 
environments such as the deep sea, it is hypothesised that it 
is not pressure that is the limiting factor on microbial life, 
but the other associated extremes, such as high salinity, 
radiation (Merino et al. 2019), and temperature (Jørgensen 
and Boetius 2007), which may also be the case in a GDF 
environment.

Alkalinity

Alkaline conditions (which are characteristic of cementitious 
GDFs) can cause the ionisation of acidic enzymes within a 
cell, which is one of the reasons microorganisms must main-
tain a near-neutral cytoplasmic pH (Krulwich et al. 1997). 
Alkaliphiles have been observed to grow in alkaline condi-
tions above pH 10 (Bassil et al. 2015a, b) and have several 
adaptive strategies to maintain pH homeostasis. Examples 
of adaptations include increased metabolic acid production; 
increased synthesis of ATP; changes to surface properties 
(e.g. negatively charged cell wall); and increased expres-
sion of monovalent proton/cation antiporters (e.g. Na+/H+) 
(Padan et al. 2005). Increased expression of antiporters 
requires rapid recycling of Na+ (Krulwich et al. 1997), so 
alkaliphilic organisms may adapt to accumulate osmopro-
tective compounds similarly to halophiles (Zavarzin et al. 
1999). Extremes of pH are particularly problematic for bio-
energetics, and alkaliphiles utilise a sodium motive force 
rather than a proton motive force to avoid cytoplasmic pro-
ton loss (Padan et al. 2005).

For GDF studies, there has been a focus of research on 
high pH environments resulting from anthropogenic activity, 

including work done on sediments from Harpur Hill (Der-
byshire, UK), a legacy lime workings site. Harpur Hill has 
a high calcium content and a source of cellulose from the 
surrounding vegetation (Milodowski et al. 2013), which can 
undergo alkaline hydrolysis, as anticipated in a cementitious 
GDF.

High pH microbial work to date has varied from the 
lab-scale using natural analogue sediments, to field experi-
ments with associated modelling. Within a GDF, the ILW 
can have many varied types and compositions, including 
organic material which is largely cellulosic e.g. paper, fil-
ters, tissue and cotton. The cementitious GDF conditions and 
resulting elevated pH and calcium ion concentrations lead to 
abiotic alkaline hydrolysis of the cellulose to isosaccharinic 
acid (ISA) (Glaus et al. 1999). Bacteria that can degrade 
ISA have been identified from high pH natural analogue 
sediments (Bassil et al. 2015a, b; Kuippers et al. 2015; Rout 
et al. 2015; Bassil and Lloyd 2019). ISA is highly soluble 
and may complex with a range of radionuclides (e.g. U, Np) 
(Gaona et al. 2008), therefore the presence of these ISA 
degrading bacteria in a GDF scenario has the potential to 
reduce radionuclide mobility and release to the biosphere.

Pressure

The interest in pressure tolerance in GDF studies is mainly 
linked to the impact of swelling pressure on microbial life 
in bentonite systems, although pressure may also arise from 
the depth of the GDF and the rock overburden.

The well-studied deep-sea environment has provided 
much insight into adaptations and coping mechanisms of 
microorganisms living under high pressures. Jørgensen 
and Boetius (2007) concluded that pressures of up to 
100 MPa were not a deterrent for microbial life. Abe, Kato 
and Horikoshi’s (1999) work on pressure-regulation in 
deep sea piezophiles highlighted that as well as the lipid 
composition of the membrane, respiratory proteins and a 
membrane-localised signalling system also aids in pressure 
adaptations. Pressure affects microorganisms both structur-
ally and metabolically in a successive manner, with most 
microorganisms losing cell viability at 200 MPa. Motility 
and substrate uptake are among the first processes to be 
inhibited and protein and DNA structure are the last (Abe 
2007). Piezophilic genera produce an abundance of unsat-
urated fatty acids within their cell membrane to maintain 
membrane fluidity, which would otherwise be compromised 
by the application of pressure (Kato 2012). In response to 
pressure increases, microorganisms are also known to pro-
duce organic compounds known as piezolytes, that act to 
stabilise proteins under high hydrostatic pressure (Papini 
et al. 2017). Another observed pressure adaptation includes 
the elimination of cavities in the protein core via decoupling 
of protein-water dynamics via rearranging protein surface 
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charge residues to use bulkier hydrophobic residues in the 
core (Caliò et al. 2022). It was previously believed that pie-
zophiles only existed in pressurized environments, however, 
recent findings support a new hypothesis, that piezophiles 
have adopted a common adaptation strategy for dealing with 
multiple types of stressors (Wang et al. 2021).

In clay barriers, the safety function is considered to be 
met if the swelling pressure is between 0.1 and 1 MPa (Sellin 
and Leupin 2014), suggesting that microorganisms within 
the clay will require a level of piezophily (not necessarily 
including those that colonise interfacial space). Swelling of 
clay should limit microorganisms by reducing the average 
pore throat diameter to < 0.05 µM and consequently reducing 
colonisable space (Leupin et al. 2017). Swelling capacity 
of clays greatly depends on groundwater composition and 
is unlikely to be homogenous, so it must be assumed that 
there may be heterogeneities where microbes can colonise.

In bentonite clay system experiments, the focus is on the 
impact of swelling pressure on SRB viability (Bengtsson 
et al. 2015), which if active can cause waste canister corro-
sion through the production of hydrogen sulphide. Labora-
tory pressure cell research suggests that a wet clay density 
of at least 1800 kg m−3 is needed to achieve the swelling 
pressure required to greatly reduce or inhibit SRB activity 
(Bengtsson and Pedersen 2016; Haynes et al. 2019).

Temperature

The high activity of wastes arising from spent nuclear fuel 
may lead to a significant rise in temperature around the can-
ister as a result of their radioactivity. To maintain the integ-
rity of engineered barriers and limit the corrosion of waste 
canisters, GDF concepts have a temperature limit. Maximum 
temperature limits are based on whether the host rock is 
high integrity (100 °C), sedimentary (125 °C) or evaporite 
(200 °C) (NDA 2016). Based on these limits, microorgan-
isms that could survive close to the canister surface would 
be classified as hyperthermophiles, organisms that grow 
optimally in environments 80 °C and above. As there will 
be a temperature gradient in a GDF, thermophiles and meso-
philes may also be expected to colonise the barrier system 
further away from the canister.

In the natural environment, hyperthermophiles are found 
in a variety of environments resulting from geothermal and 
volcanic activity, such as deep-sea hydrothermal vents and 
hot springs. Hyperthermophiles with optimum growth tem-
peratures of 80 °C and above have been identified in the 
Guaymas basin (Gulf of California, USA) (Jørgensen et al. 
1990) and Yellowstone National Park (Wyoming, USA) 
(Kashefi et al. 2002). In pure culture, the current limit of 
life is reported to be 122 °C (Takai et al. 2008; Merino et al. 
2019).

High temperatures close to 100 °C denature proteins and 
increase the fluidity of the membrane to a point that results 
in cell death (thermal lysis). Thermophiles may adjust flu-
idity by changing the lipid content of the membrane (e.g. 
increasing the amount of branched-chain iso-fatty acids) 
(Siliakus et al. 2017). Hyperthermophiles are able to sta-
bilise their proteins through higher packing densities and 
decreased volumes to counteract the expansion caused by 
high temperatures (Sterner and Liebl 2001).

The Full Scale Engineered Barrier Experiment (FEBEX) 
completed in the Grimsel laboratory (Switzerland) was 
set up to test the use of bentonite as an engineered barrier 
based on the Spanish GDF concept, with a focus on the 
influence of heat on hydrogeochemical processes (Torres 
et al. 2017). A central heating element was used to gen-
erate a thermal gradient expected from an HLW canister 
and was continuously monitored for 18 years. At the end 
of the experiment, bentonite cores were extracted and used 
for microbial analyses, detailed in the report by Bengtsson 
et al. (2017). Bacteria cultured from FEBEX samples were 
able to grow at 70 °C, but these culturing techniques only 
indicate that bacteria had remained viable, not whether they 
were actively growing during the experiment. The increas-
ing relative abundance of Cyanobacteria towards the heater 
suggests increased inactivity with higher temperatures, as 
Cyanobacteria are photosynthetic and could not have grown 
in situ (Haynes et al. 2021). Further, viable cell counts (cal-
culated from the most probable number technique) were low 
near the heating element (Bengtsson et al. 2017).

Polyextremophiles

From reviewing a range of targeted extremophilic adap-
tations, it can be considered that some extremophiles are 
equipped to survive a wider range of extremes that impose 
similar stresses. For example, as many extremes lead to 
environmental water stress, it is likely that adaptation to 
low water activity will be beneficial for surviving multiple 
stresses. Examples of overlapping adaptations are provided 
in Table 3.

It is well documented that extremophile may grow opti-
mally under two extreme conditions, but a GDF environment 
may impose more than two extremes. When considering pol-
yextremophiles that can withstand three or more extremes, 
few reports exist in the literature. Their absence may be due 
to the optimisation or tolerance of multiple extremes requir-
ing high energetic costs [for example, resources required to 
deal with protein and RNA repair (Kempes et al. 2017)]. 
On the other hand, many extremophiles remain recalcitrant 
to cultivation (Jørgensen and Boetius 2007; Hammes et al. 
2011; Horikoshi 2011), and polyextremophiles may have 
been overlooked due to lack of cultivation, particularly if 
they were not the focus of a study.
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In this context, the discovery of the halophilic, alkalith-
ermophilic Natranaerobius thermophilus from the lakes 
of Wadi an Natrun, Egypt (Mesbah et al. 2007) has raised 
interesting questions about the limits of microbial life in 
the presence of multiple extremes. If a microorganism is 
utilising adaptive strategies for one extreme (for example, 
membrane-based), then there are less resources to deal 
with additional stressors. Bowers et al. (2009) conducted a 
review of polyextremophiles (including those found in Wadi 
an Natrun) and found that the more extreme the optimum 
growth is for one condition (e.g. high temperature), the less 
extreme the optimum for other conditions (e.g. high pH, 
salinity) tends to be.

Another polyextremophile, Clostridium paradoxum 
(haloalkaliphilic, moderate thermophile) can grow with 
a combination of hydrostatic pressure, high temperature 
and alkalinity, with the highest growth rates measured at 
22 MPa, 60 °C and pH 10 respectively. This combination 
of extremes for optimal growth is unusual, as high tempera-
ture and hydrostatic pressure exert opposite effects when 
applied independently (Scoma et al. 2019) and therefore 
require different adaptations. Prior to this study by Scoma 
et al. (2019), there was no known record of Clostridium 
paradoxum being grown under hydrostatic pressure, so pie-
zophily was unknown. This discovery, although currently 
unique, challenges our assumptions of polyextremophiles 
and highlights the importance of laboratory and in situ tests 
to further our understanding of the physicochemical limits 
of life. Until the response of microbial life to polyextremes 
in GDF-relevant environments has been assessed, we cannot 
assume GDF conditions will be harsh enough to constrain 
metabolic activity.

Concluding remarks

Microbial activity has been identified as an important con-
sideration in GDF safety cases across various concepts, all 
of which share common uncertainties regarding the limits, 
impacts and diversity of microbial metabolism under GDF 
conditions. The ability of a GDF to support microbial life is 
largely unconstrained and will be determined by energy and 
nutrient availability, alongside extremophilic adaptations. 

By not considering the impacts of multiple extremes, the 
impact of microbial metabolism may likely be misrepre-
sented in a range of GDF scenarios. A major challenge in 
understanding extremophiles in GDFs is how to reproduce a 
representative system with a reasonable scale of complexity. 
A more realistic environment can be provided via an under-
ground research laboratory (URL), which may be generic 
or site-specific. Several countries have active URLs, which 
have proved useful in developing safety cases (NEA 2013). 
In some cases (particularly with natural analogues), oppor-
tunities to better understand microbiology have been lost 
or are incomplete due to oversight in the initial planning 
stages, likely in part linked to technical limitations and the 
challenging nature of the systems. New advances in omic 
(e.g. genomics) technologies and novel ways to identify key 
microbial community members (e.g. stable isotope probing) 
are continuously being refined and are helping drive under-
standing. It is hoped that dedicated URL microbiological 
studies continue applying these techniques, with a focus on 
polyextremophiles, their role in controlling the biogeochemi-
cal evolution of GDF scenarios, and the long-term impact 
of microbial processes on the safe geological disposal of 
nuclear waste.
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Table 3   Examples of overlapping adaptations for pairs of extremes

Extremes Example of overlapping adaptation References

Radiation and salinity Endogenous ROS scavengers as a result of salt-in adaptation (Kottemann et al. 2005)
Pressure and salinity Osmolytes which may act as piezolytes (e.g. hydroxybutryate) (Jebbar et al. 2015)
Alkalinity and salinity Rapid recycling of Na+ requires the production of osmoprotectants (Krulwich et al. 1997)
Pressure and high temperature Pressure stabilising thermostable proteins above 100 °C + (Robb and Clark 1999)
Radiation and Pressure Entering a hibernation state protects from pressure extremes and ionizing 

radiation
(Weronika and Łukasz, 2017)
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