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Abstract 

The potential for micr obial acti vity to occur within the engineered barrier system (EBS) of a g eolog ical disposal facility (GDF) for 
radioacti v e w aste is acknowledged by w aste mana gement organizations as it could affect many aspects of the safety functions of a 
GDF. Microorganisms within an EBS will be exposed to c hanging temper ature , pH, r adiation, salinity, satur ation, and av aila bility of 
nutrient and energy sour ces, whic h can limit micr obial survi v al and activity. Some of the limiting conditions are incorporated into GDF 
designs for safety reasons, including the high pH of cementitious r e positories, the limited pore space of bentonite-based r e positories, 
or the high salinity of GDFs in evaporitic g eolog ies. Other environmental conditions such as elevated r adiation, temper ature , and 

desiccation, arise as a result of the presence of high heat generating waste (HHGW). Here , w e present a comprehensive re vie w of how 

environmental conditions in the EBS may limit microbial activity, covering HHGW and lower heat generating waste (LHGW) in a range 
of g eolog ical environments. We present data from the literature on the curr entl y r ecognized limits to life for each of the environmental 
conditions described a bov e, and n utrient av aila bility to esta b lish the potential for life in these envir onments. Using examples wher e 
each v aria b le has been modelled for a particular GDF, we outline the times and locations when that v aria b le can be expected to 
limit micr obial acti vity. Finall y, we sho w ho w this information for m ultiple v aria b les can be used to impr ov e our understanding of 
the potential for microbial activity to occur within the EBS of a GDF and, more broadly, to understand microbial life in changing 
environments exposed to multiple extreme conditions. 

Ke yw ords: extremophiles; microbial survival; radioactive waste; geomicrobiology 
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Introduction 

The use of under gr ound geological disposal facilities (GDFs) is the 
pr eferr ed long-term solution for disposing of r adioactiv e waste.
Internationall y, a r ange of disposal concepts have been de v eloped 

based on the geology of the site and waste type, although all 
concepts use a combination of natural barriers (the host r oc k),
engineered barriers, and waste packaging to contain the waste.
Gener all y, waste is pr epar ed and then pac ka ged into containers 
within which it will be transported to the GDF and emplaced. For 
high heat generating waste (HHGW), a variety of container de- 
signs have been considered. Typically, copper or carbon steel have 
been proposed as container materials, and the waste stored in 

these containers may well be vitrified. These containers are de- 
signed to maintain their integrity and contain the waste for long 
time periods (e.g. tens of thousands of years) after the closure 
of the GDF (RWM 2016a ). In e v a poritic envir onments, the con- 
tainer is designed to hold the waste until salt creep is complete 
(RWM 2016b ). For lo w er heat generating waste (LHGW), the pur- 
pose of the container is to contain the waste for long periods of 
interim stor a ge and during the oper ational phase of the GDF. Con- 
tainer materials include stainless steel, cast iron, and concrete.
Depending upon design and environmental conditions, contain- 
ers for LHGW are expected to maintain integrity for a few years 
up to thousands of years . T his means that waste (including nu- 
trients and energy sources for microbes) is likely to escape from 

the container into the surrounding barriers m uc h earlier than in 
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he case of HHGW. These wastes contain a variety of materials, in-
luding gr a phite , metals , or ganics (particularl y plastics, cellulosic
aterial, and rubber), concrete, cement, rubble, and sludges and 

ocs (RWM 2016a ). Beyond the lifetime of the containers, other
omponents of the engineered barrier system (EBS) together with 

he natural barrier of the host rock act to ensure long-term con-
ainment of emplaced r adioactiv e waste (RWM 2016b ). The EBS,
hich includes the containers described abo ve , will be designed

or a particular geological setting and the quantity and nature of
he waste to be disposed (RWM 2016a ). A detailed description of
he diversity of EBS design is beyond the scope of this r e vie w. A
rief ov ervie w of the k e y featur es pertinent to the micr obiology

s provided, and the reader is directed to other works (Sellin and
eupin 2013 , RWM 2016a ,b ) for further details. Waste type and ge-
logy play a k e y role in the selection of materials in the EBS, and so
he diversity of designs can be simplified by considering six com-
inations of geology and waste type, as outlined in the illustr ativ e
isposal concepts described in the UK Radioactive Waste Manage- 
ent (RWM, predecessor organization to Nuclear Waste Services) 
eneric Disposal Facility Design Report (RWM 2016b ). This covers
HGW and LHGW in higher str ength r oc ks (HSR), lo w er strength

edimentary r oc ks (LSSR), and e v a porites. 

(i) Compacted bentonites have been proposed as EBS mate- 
rials for HHGW and some LHGW waste disposal, typically 
in HSR and LSSR. The swelling properties of this clay have
alf of FEMS. This is an Open Access article distributed under the terms of 
ons.org/licenses/by-nc/4.0/ ), whic h permits non-commer cial re-use , 
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useful hydr aulic, c hemical, and mec hanical pr operties that
pr e v ent the dama ge to the waste containers and r educe r a-
dionuclide transport (due to its low permeability and abil-
ity to sorb radionuclides). These properties also minimize
the activity of micr oor ganisms due to low pore space and
water availability (Sellin and Leupin 2013 , RWM 2016a ). 

(ii) Cementitious materials have been proposed for LHGW and
for parts of the Belgian HHGW supercontainer concept and
ar e r ele v ant to HSR and LSSR. Cementitious materials gen-
er ate a high-pH envir onment, whic h r educes the solubil-
ity (and ther efor e mobility) of r adionuclides. It maintains
a high surface area for sorption of radionuclides and has
a r elativ el y high permeability and por osity, whic h ensur es
homogeneity of chemical conditions and allows the escape
of gas (e.g. generated by metal corrosion or microbial degra-
dation of organic matter within the waste) (RWM 2016a ).
From a microbial perspective, the high-pH environment
presents a challenging environment for microbial activity. 

(iii) Magnesium oxide and/or crushed r oc k (the same as or sim-
ilar to the host r oc k) ar e pr oposed as the main components
of the EBS in e v a poritic geologies for HHGW and LHGW.
GDFs in e v a porites will hav e an extr emel y dry envir on-
ment, and the lack of fluid flow prevents the transport of
r adionuclides. Ma gnesium oxide serv es to absorb any wa-
ter that may be present, maintaining the dry environment.
Crushed r oc k isolates the waste fr om por e waters of the
host r oc k (RWM 2016b ). In terms of micr obiology, the en-
vironment within an evaporitic EBS presents salinity and
desiccation stresses. 

More detailed information about the design and function of the
BS can be found else wher e (e.g. RWM 2016b , Marsh et al. 2021 ),
nd a summary of disposal concepts considered, planned, and in
se around the world can be found on the Nuclear Waste Associ-
tion webpage (World Nuclear Association 2023 ). 

Potential issues could arise from interactions between microor-
anisms present within a GDF and the host rock, groundwater,
aste, and/or engineered barriers. The implications of these in-

eractions for the safety of the GDF hav e r eceiv ed consider able
ttention from waste management organizations . T his is because
t is recognized that micr oor ganisms may have an impact on pro-
esses such as the corrosion of metal canisters and other metal-
ic components of the GDF, the behaviour of bentonite, the pro-
uction and consumption of gases, and the mobility of radionu-
lides (Humphreys et al. 2010 , Lloyd and Cherkouk 2020 ). The en-
ironmental conditions within the GDF will undergo a complex
 volution during oper ation and following closur e, and micr obial
omm unities pr esent will be exposed to c hanging temper atur e,
H, radiation, salinity, saturation, and availability of nutrients
nd energy sources (electron donors and acceptors). The man-
er in which these environmental factors change following clo-
ure of a GDF has been examined experimentally and modelled,
ither individually or in coupled systems, for both the physical
 hanges themselv es and, in man y cases, the r esponse of micr oor-
anisms. Examples of these studies are discussed in the sections
hat deal with changes of each variable within the EBS. Ho w ever,
here has not been a comprehensive consideration of the effects
f the tempor o-spatial e volution of these conditions as they re-
ate to the limits of microbial life . T he approach developed here
or r adioactiv e waste disposal can be a pplied to understand how
hanging conditions could affect microbial communities in any
ther engineered or natural environment that is subject to multi-
le extreme conditions. 
The following sections discuss the curr entl y known limits to
ife, obtained from published literature for each of the variables
onsider ed, and a ppl y these to the envir onment within an EBS. Al-
hough each variable is considered individually, microorganisms
ill be affected by multiple stresses at the same time, and the ef-

ect may be cum ulativ e. Examples of this are highlighted in the
 ele v ant sections. 

Terminology is important, especially when working on interdis-
iplinary fields such as the disposal of radioactive waste . T here-
ore, w e w ould like to draw attention to the following terms used
hroughout this review: 

(i) The term ‘stress’ has different connotations for biologists
and those working in the physical or earth sciences.
Throughout this review, the term is used to refer to any
physical or environmental pressure on a microorganism
that elicits a response , e .g. a reduction in growth, rather
than the physical sense of a force applied to a r oc k or other
material. 

(ii) Throughout this review, ‘survival’ refers to the ability of
cells to be active after exposure to a stress, usually mea-
sured by the ability to culture cells once the stress has been
r emov ed. ‘Activity’ is used in its broadest sense to include
gr owth, particular behaviours suc h as the pr oduction of
sulphide by sulphate reducers, or, in some cases, the detec-
tion of particular enzymatic activities. Our rationale for us-
ing these definitions is that only active cells have the poten-
tial to affect the safety functions of the EBS under a partic-
ular set of circumstances, but knowledge of whether cells
can surviv e, e v en if in a dormant state, is valuable as these
cells have the potential to become active if the conditions
within the EBS become more fa vourable . 

(iii) T he EBS en vir onment extends fr om the waste containers
to the host r oc k wall. Micr obial pr ocesses occurring within
the waste and within the host r oc k ar e out of scope for this
r e vie w. The high temper atur es and r adiation ar e gener all y
considered to sterilize the waste in HHGW, and the con-
tainers are designed to isolate the waste for long periods of
time. Microbial activity is expected to occur within LHGW,
as described else wher e (e.g. Small et al. 2017 , Small and
Vikman 2021 ). Although the microbial processes occurring
within the waste are not considered here, the LLGW and
its br eakdown pr oducts may be used to sustain microbial
activity in the EBS once the container is br eac hed. This is
discussed in the ‘Nutrients and energy sources as a limit-
ing factor within the EBS’ section. Similarl y, micr obiology
within r ele v ant host r oc ks (beyond the EBS) is also out of
scope and has been described else wher e (e.g. Swanson et
al. 2012 , 2021 , Zirnstein and Arnold 2015 , Bagnoud et al.
2016 , Blomberg et al. 2017 , Leupin et al. 2017 ). 

dentifying key microbial groups and 

efining the limits to life 

he UK RWM Status report on the EBS (RWM 2016a ) was used as
 starting point to identify a number of key factors that can af-
ect microbial survival or activity relevant to EBS environments:
emper atur e, pH, bentonite density, radiation, salinity, satura-
ion/desiccation, and nutrient and energy source (electron donor
nd acceptor) a vailability. T his RWM report (RWM 2016a ) was cho-
en as it considers a range of options covering the k e y geolog-
cal settings. Our aim was to identify and a ppl y curr entl y ac-
epted environmental limits to microbial life in the EBS to un-
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Table 1. Functional groups considered in this review and their potential role within the EBS. 

Micr obial gr oup Potential effects within the EBS Reference 

Sulphate reducers Micr obiologicall y influenced corrosion. 
Interactions with bentonite that could affect swelling capacity. 

Rajala ( 2017 ), Xu et al. ( 2023 ) 
Liu et al. ( 2012 ) 

Ir on r educers Interactions with bentonite that could affect swelling capacity. 
Micr obiologicall y influenced corrosion. 

P er drial et al. (2009), Liu et al. ( 2012 ), Vikman 
et al. ( 2018 ), Schütz et al. ( 2015 ) 

Nitrate 
reducers/denitrifiers 

Nitr ate r eduction can be coupled to degr adation of or ganic 
components of clays and wastes (e.g. PVC, superplasticizers). 
Denitrification produces gases that could increase pressures 
within the EBS. 

Masuda et al. (2013), Nixon et al. ( 2018 ), 
Mijnendonckx et al. ( 2022 ), 
Shrestha et al. ( 2021 ) 

Methanogens Consumption of repository gases (hydrogen and carbon dioxide) 
could reduce pressure . Con version of radioactive carbon isotopes 
to gas. 
Micr obiologicall y influenced corrosion. 

Rajala et al. (2019), Taborowski and Pedersen 
( 2019 ) 

Acetogens Consumption of repository gases (hydrogen and carbon dioxide) 
could reduce pressure. 
Production of acetate from volatile fatty acids arising from 

cellulose degradation could support acetoclastic methanogenesis 
and heter otr ophic metabolisms. 

Bengtsson et al. ( 2017b ), Beaton et al. ( 2019 ), 
Abrahamsen-Mills and Small ( 2021 ) 

Cellulose degraders Cellulose degr adation pr oducts suc h as isosacc harinic acid act as 
complexants that may enhance the transport of radionuclides. 

Bassil et al. ( 2015 ), Bassil et al. ( 2015 ) 
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derstand microbial survival and activity in that environment and 

identify times and locations wher e micr obial life will be more or 
less likely. For each of the k e y factors identified, we have reviewed 

the general microbiology literature to compile currently accepted 

limits on activity and survival for several microbial groups . T he 
micr obial gr oups selected wer e based on those of inter est to r a- 
dioactiv e waste mana gement or ganizations . T he upper limits for 
the kingdom Fungi and domains Bacteria and Archaea were iden- 
tified wher e av ailable. These limits wer e intended to giv e a limit 
for these broad taxonomic groupings without consideration of 
the specific way in which they might affect the safety function 

of the EBS. In addition, the liter atur e w as sear ched for limits for 
methanogens , acetogens , sulphate reducers , and iron reducers.
Some sections also include the data on denitrifiers and cellulose 
degr aders, if data ar e av ailable. Certain functional gr oups ar e as- 
sociated with particular impacts within the EBS (Table 1 ). In par- 
ticular, there has been considerable investigation into the sur- 
vival and activity of sulphate reducers, as they are considered 

to present a corrosion risk. Ho w ever, it is recognized that a wide 
r ange of or ganisms ar e ca pable of contributing to corrosion via 
se v er al micr obial mec hanisms (Rajala 2017 , Xu et al. 2023 ). In ad- 
dition to these specific functional gr oups, micr oor ganisms play a 
wider role in degradation of organic matter, consumption and pro- 
duction of gases, and radionuclide mobility (Lloyd and Cherkouk 
2020 , Ruiz-Fresneda et al. 2023 ). 

We have focussed primarily on anaerobic microbial processes 
in this r e vie w, as conditions will become anoxic after closure of the 
GDF. Aer obic micr obiology is r ele v ant during the immediate post- 
closure oxic phase within the EBS; ho w e v er, this has not been well 
studied and is not the focus of this r e vie w. The oxic period is antici- 
pated to be a r elativ el y short, as micr obial activity, geoc hemical r e- 
actions, and corr osion pr ocesses ar e expected to result in reducing 
conditions establishing over hundreds to thousands of years (Mc- 
Murry et al. 2004 , RWM 2016a ). Activity of aerobes could also be 
possible at specific times and places, if, for example, oxygenated,
glaciall y deriv ed gr oundwater is driven to repository depths or lo- 
call y wher e r adiol ysis of water is activ e (Haynes et al. 2021 ). 

Viruses are known to exist at depths relevant to radioactive 
waste disposal, for example in groundwater around SKB’s (the 
n  
wedish Radioactive Waste Disposal Company’s) Äspö under- 
r ound r esearc h labor atory, wher e vir al pr edation is thought to
lay a k e y r ole in contr olling micr obial numbers thr ough the r ecy-
ling of nutrients as a result of cell lysis (Kyle et al. 2008 , Holmfeldt
t al. 2021 ). Ho w e v er, information on viruses is not included in this
 e vie w for two r easons. Firstl y, we wer e unable to find any studies
elating to viruses within the EBS. Secondly, the survival limits of
ha ges ar e likel y to be closel y linked to those of their hosts. 

For eac h envir onmental condition, w e collected data on kno wn
imits to microbial survival and activity. We did not restrict our-
elves to studies where the focus was r adioactiv e waste but gath-
red information from a variety of sources, including laboratory 
xperiments and natural or perturbed environmental settings, in- 
luding those that can act as analogue sites for aspects of the en-
ironment within the EBS. Such sites can be particularly useful in
icrobiological studies of radioactive waste disposal because they 

rovide the opportunity to study processes occurring too slowly to
easure in the laboratory. Even very slow rates of microbial activ-

ty may still have an impact on GDF performance over timescales
f thousands to a million years (Butterworth et al. 2021 ). Next, we
 e vie wed the liter atur e wher e these limits had been explored in
he context of the EBS envir onment. Finall y, studies modelling the
volution of conditions within the EBS of a GDF were identified to
etermine times and locations within the EBS where these limits
o life were likely to be exceeded. 

emper a ture as a limiting factor in the EBS 

fter closure of a GDF, the temper atur e is expected to rise as a
esult of radioactive decay and/or cement hydration (depending 
n the waste type or disposal concept). The temper atur es r eac hed
ill depend on the waste inventory, the repository layout, thermal 

onductivities of the host r oc k and engineered barriers, saturation
f the near field, groundwater flow, and heat transfer by convec-
ion and radiation (RWM 2016c ). Heat generated from spent fuel
HHGW) is expected to be significant for a few thousand years with
emper atur es on waste containers potentially in excess of 100 ◦C
or hundreds of years and maximum temperatures in some sce-
arios in excess of 200 ◦C (Fig. 1 ). Heat generation due to exother-
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Figure 1. (A) HHGW HSR example: Evolution of temper atur e ov er time in the r efer ence case of four pr essurized water r eactor spent fuel elements in a 
KBS-3 V type disposal concept, modified from RWM ( 2016a ) © Nuclear Decommissioning Authority 2016. All rights r eserv ed; r epr oduced with 
permission from the Nuclear Decommissioning Authority (NDA). (B) HHGW Ev a poritic Roc k example: Generic Salt Repository for HHGW. Modified from 

Blanco-Martin et al. ( 2018 ), r epr oduced with permission from Springer Nature. (C) HHGW LSSR example: Evolution of temperature in Nagra’s HHGW 

disposal scenario sited within Opalinus clay (OPA), modified from Nagra (2021) © Nagra 2021. All rights reserved; reproduced with permission from 

Na gr a. (D) LHGW LSSR r oc k example: Maximum temperatures reached in the increased heat generation case at different distances from the centre of 
the waste tunnel in intermediate le v el waste (LHGW) emplacement tunnel within the Opalinus Clay [modified from Johnson et al. (2002) © Na gr a 
2002]. All rights r eserv ed; r epr oduced with permission fr om Na gr a). Note that the addition of limits to life on these figur es is not meant to impl y that 
they are endorsed by any of the waste management organizations that produced the original figures. 
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ic cement curing plus any heat generated by LHGW will result
n smaller temper atur e incr eases, with maxima expected to be in
he range of 50–80 ◦C, subsiding within a few years (RWM 2016b ).
n all cases, heat generation from microbial activity and corrosion
r e consider ed insignificant (RWM 2016d ). 

emper a ture limits in na tur al en vironments and 

xperimental studies rele v ant to the EBS 

he current known maximum temperature limits for activity or
urvival of different types of microorganisms and microbial ac-
ivities are shown in Table 2 . The curr entl y r ecognized upper
imit for prokaryotic activity is 122 ◦C for an archaeal methanogen
Takai et al. 2008 ). The highest confirmed temper atur e for gr owth
f an isolated bacterial strain is 100 ◦C for a Geothermobacterium
pecies (Kashefi et al. 2002 ). The limit of fungal growth is be-
ween 60 and 62 ◦C (Tansey and Br oc k 1972 ). The arc haeal ir on r e-
ucer, Geogemma barossi strain 121 , can grow up to 121 ◦C (Kashefi
nd Lovley 2003 , Lovley et al. 2004 ), slightly lo w er than the limit
or methanogenesis reported abo ve . Microbial sulphate reduction
as been observed in hydrothermal environments up to 110 ◦C

Jørgensen et al. 1992 ), but the most thermotolerant sulphate-
educing isolate is another archaeon, Archeoglobus profundus ,
hic h gr ows at temper atur es up to 90 ◦C (Bur ggr af et al. 1990 ). 
Cells can survive higher temper atur es as dormant forms such

s spor es, and surviv al r ates decr ease as the temper atur e in-
r eases. Spor es of sulphate r educers hav e been r e ported to survi ve
emper atur es of up to 180 ◦C for 16 h (Miettinen et al. 2022 ); 120 ◦C
or 48 h (Bengtsson and Pedersen 2016 ); 110 ◦C for a week (Bengts-
on et al. 2017a ); and at least 463 days (the longest tested period)
t 80 ◦C (Bell et al. 2020 ). One stud y re ported long-term survi val in
entonite at unusually high temper atur es (micr oor ganisms could
e cultured after heating to 150 ◦C for one year) (Kaspar et al. 2021 ),
ut observed that extended periods of incubation were required
efore cells emerged from dormanc y. Ho w ever, that study was car-
ied out on powdered bentonite rather than compacted bentonite
nd so is less r ele v ant to GDF envir onments (see section on Ben-
onite dry density as a limiting factor in the EBS for details). Of
onsiderable significance to microbial activity in the EBS around
eat generating waste is the observation that cooling after pro-

onged periods at 80 ◦C can trigger spore germination of sulphate
educers . T he temperature to which they are cooled has an impact
n the species that grow and whether sulphate reduction occurs
Bell et al. 2020 ). This behaviour might allow any mesophilic sul-
hate reducers that survive elevated temperatures as spores to
ecome active as the repository cools. 

Fungal spores have been reported to survive for short periods
2 h) at up to 115 ◦C (Sury anaray anan et al. 2011 ), a few days at
00 ◦C, and o ver 21 da ys at 80 ◦C, with surviv al r ates higher at lo w er
 elativ e humidity (P almer et al. 1987 ). The lo w er limit for fungal
ersus bacterial spore survival may simply reflect the fact that
ess work has been carried out on fungi. 

It should be r emember ed that data of the upper limits of life
ypicall y come fr om envir onments wher e these or ganisms hav e
 volv ed to liv e in hydr othermal envir onments, and it is not clear
hether or ganisms likel y to be found in an EBS environment could
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Table 2. Maxim um temper atur e limit for acti vity/survi v al of differ ent micr obial gr oups. 

Micr obial gr oup 
Upper temper a ture 

limit ( ◦C) Details Reference 

Bacteria (activity) 100 Geothermobacterium ferrireducens gen. nov., sp. nov., 
isolated from a geothermal pool in Yellowstone 
National Park, USA 

Kashefi et al. ( 2002 ) 

Archaea and methanogen (activity) 122 Methanopyrus kandleri isolated from a hydrothermal 
vent, Gulf of California, USA 

Takai et al. ( 2008 ) 

Fungi (activity) 60–62 species not identified Tansey and Br oc k ( 1972 ) 

Sulphate reducers (activity) 90 Archaeoglobus profundus isolated from hydrothermal 
systems in Gua ymas , Mexico can use sulphate, 
thiosulphate, and sulphite as electron donors. 

Bur ggr af et al. ( 1990 ) 

Sulphate reducers (activity) 110 Observation of microbial sulphate reduction in 
sediments 

Jørgensen et al. ( 1992 ) 

Ir on r educers (activity) 121 Geogemma barossii isolated from a hydrothermal vent 
in Puget Sound, USA 

Kashefi and Lovley ( 2003 ) 

Bacterial spore (survival) 180 This is a short-term survival limit for some spores 
within a mixed bentonite community. See notes in 
text for discussion about longer term survival 

Miettinen et al. ( 2022 ) 
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adapt to and colonize the EBS over the timescale of a GDF at such 

temper atur es. Although 122 ◦C is curr entl y understood to r epr e- 
sent the temper atur e limit to life, in subsurface environments, a 
temper atur e of 80–90 ◦C is often considered to be the maximum 

limit of long-term microbial activity in subsurface en vironments .
This is the temper atur e at whic h hydr ocarbon r eservoirs ar e con- 
sidered to go through palaeopasteurization (Wilhelms et al. 2001 ,
Head et al. 2003 ). Above this temper atur e, micr obial activity in the 
reservoir does not normally affect the recovery of hydrocarbons.
This might be a more realistic upper limit of survival in many sub- 
surface en vironments . 

The maximum temperatures that microorganisms can survive 
for long periods within the EBS in compacted bentonites may be 
e v en lo w er than those quoted abo ve . Based on studies using dif- 
fer ent or ganisms ov er se v er al time fr ames, the long-term temper- 
ature limit is predicted to be somewhere above 55 ◦C but below 

80 ◦C (Table 3 ). Studies on uncompacted bentonites found that 
sulphate reducers, thiosulphate reducers , nitrate reducers , iron 

oxidizers , acid producers , and aer obic heter otr ophs could be cul- 
tured after incubation at 50 ◦C but not at 80 ◦C after 47 da ys . Anaer- 
obic heter otr ophs and ir on r educers wer e not cultur able fr om 

either temper atur e (Diler et al. 2021 ). Fe wer studies hav e been 

conducted on cementitious EBS materials but one study inves- 
tigating three grout formulations (pH 10–11) found that out of 
the abov e-mentioned micr obial gr oups, onl y nitr ate r educers wer e 
abov e cultur able detection limits after a six-month incubation at 
80 ◦C (Diler et al. 2023 ). It should be noted that the micr oor gan- 
isms in these experiments were not adapted to high-temperature 
en vironments , and survival of indigenous microorganisms might 
be differ ent wher e comm unities ar e able to ada pt to a gr aduall y 
(on microbial timescales) increasing temperature regime. Most 
studies of adaptation to increasing temperatures have concen- 
trated on the relatively small temperature increases associated 

with global warming but there is evidence from experiments de- 
signed to r ecr eate the conditions of subsurface heat stor a ge that 
indicates micr obial comm unities hav e the ability to adapt to rel- 
ativ el y lar ge temper atur e c hanges (at least 60 ◦C) within weeks to 
months (Bonte et al. 2013 , Lienen et al. 2017 ). 
The volume of r esearc h carried out on fungi within the EBS
s consider abl y less than for pr okaryotes. Inter estingl y, micr o-
copic evidence of microbial, potentially fungal, activity was ob- 
erved in non-microbiological bentonite experiments run at 60 ◦C 

or 5 months (Kaufhold et al. 2015 ). 
Halophillic organisms may be particularly sensitive to high 

emper atur es and will be the only organisms that can sur-
ive within brines in e v a poritic r epositories or other host r oc ks
ith saline groundwaters; although the majority of c har acterized
alophilic strains will tolerate temperatures above 50 ◦C, the max- 

m um r eported temper atur e for gr owth for an aer obic halophile is
1 ◦C (for the archaeal species Haloterrigena limicola ) and 60 ◦C for
n anaerobic halophile (the methanogen Methanohalobium evesti- 
atum ) (Bo w ers and Wiegel 2011 ). 

Ov er all, these data (Table 2 and 3) show that there is no single
emper atur e that can be used as a limit of microbial life, rather
e v er al temper atur e limits could be consider ed: 

The first two limits are general: 

(i) 122 ◦C is the curr entl y accepted upper temper atur e limit
for microbial activity. Although some archaea, including 
methanogens have been shown to survive at this temper- 
ature, the upper limit for other groups may be lo w er. Using
this value would give a high degree of confidence that mi-
crobial activity will not occur. 

(ii) 90 ◦C is the palaeopasteurization temper atur e limit, and is a
mor e gener all y accepted limit, for micr obial activity in sub-
surface environments (particularly in the context of hydro- 
carbon reservoirs). This is broadly consistent with the obser- 
vations that there is a rapid decrease in microbial activity
abo ve 80 ◦C (RWM 2016d ). Abo ve this limit, significant mi-
crobial activity becomes less likely but cannot be ruled out.
Using this value would provide a less conservative estimate 
of microbial activity in subsurface environments relevant 
to the EBS. 

Additionally, lo w er limits could be applied that are specific to
he particular environment/materials within the repository. 



6 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 1 

Table 3. Maxim um temper atur e limits for bacterial surviv al in compacted Wyoming bentonite in experiments of differ ent dur ations. 

Temper a ture limit Dur a tion Details Reference 

80–130 ◦C 2–3 weeks Survival of bacteria dramatically reduced after incubation at 80 ◦C at a dry 
density of 1600 kg m 

−3 but not 1800 kg m 

−3 . At the higher dry density, some 
anaerobes could be cultured after two weeks at 121 ◦C and a further week at 
130 ◦C. This was suggested to be due to survival as spores. 

Stroes-Gascoyne and 
Hamon ( 2010 ) 

80 ◦C Between 2 and 
28 weeks 

A selection of aerobic and anaerobic bacteria was tested. Bacillus spp. 
survived up to two weeks but no species survived 28 weeks (including 
spore-forming sulphate reducers). 

(Pedersen et al. 2000a ) 

Between 50 and 70 ◦C 15 months A selection of aerobic and anaerobic bacteria was tested. Only spore-forming 
Desulfotomaculum nigrificans and B . subtilis survived at 70 ◦C. 

(Pedersen et al. 2000b ) 

Between 55 and 67 ◦C 5 years No aerobic bacteria were culturable from bentonite incubated at or above 
67 ◦C. 

Fru and Athar ( 2008 ) 
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(i) 80 ◦C is the a ppr oximate, curr entl y accepted upper limit of
activity observed in bentonites in long-term laboratory ex-
periments. Individual experiments suggest that the limit
could be an ywher e between 50 and 80 ◦C. One study found
that survival in high-pH grouts may have similar limits
(Diler et al. 2023 ), though mor e r esearc h is r equir ed to
full y explor e how this affects micr obiology in cementitious
re positories be yond the particular scenario in this stud y. 

(ii) 61 ◦C is curr entl y the upper recognized limit of life for
halophilic micr oor ganisms, whic h could be a pplied to e v a p-
oritic repositories or other environments with hypersaline
groundwater. 

hanges in temper a ture within the EBS 

igur e 1 pr ovides examples of potential temper atur e pr ofiles for
HGW in HSR, LSSR, and e v a porites and for LHGW in LSSR. In

he examples, the maximum temperature will be ac hie v ed r ela-
iv el y quic kl y (on the or der of 10 y ears post-closure). The example
f HHGW in HSR (Fig. 1 A) shows the temper atur e at three points:
he interface between the bentonite and the r oc k wall, the inside
urface of the bentonite nearest the waste canisters, and the sur-
ace of the canister. Between these last two points, there is an
ir gap with low thermal conductivity when the bentonite is not
ull y satur ated. In this scenario, the upper temper atur e limit for
ife is not expected to be exceeded at any point. In some cases,
t is a design r equir ement that the buffer will transfer the heat
rom the canister efficiently enough to k ee p the buffer temper-
tur e < 100 ◦C, whic h will maintain the thermal and miner alogi-
al stability of the bentonite; the peak bentonite temper atur e in
his case is predicted to be 98 ◦C (RWM 2016e ). The palaeopasteur-
zation and bentonite limits could be exceeded during the period
f 10–100 years after closure. In the HHGW in LSSR example in
ig. 1 C, zones near to the canisters will be above the upper limit
or life for 10 years . T he temper atur es in the outer bentonite will
e more suitable for life as temper atur es at the edge of the host
 oc k ar e expected to incr ease mor e slowl y, peaking at 60–80 ◦C af-
er around 1000 years. If the actual temper atur es r eac hed ar e at
he lo w er end of this range, it might allow a wide range of mi-
r oor ganisms to persist (including halophiles and fungi). In the
HGW example for e v a poritic r oc k (Fig. 1 B), the whole of the EBS
ill exceed the palaeopasteurization limit after 1 year and exceed

he upper limit to life after 10 years. Although temper atur es of
ll parts of the repository will drop below the palaeopasteuriza-
ion limit in < 10 000 years, temper atur es will not drop below the
alophile limit until around 30 000 years. Whether microbial ac-
ivity can be re-established in any of these cases, assuming it has
een extinguished by high temper atur es, will depend on two fac-
ors: firstly, whether the spores that are present are able to survive
nd then germinate on cooling, or the contribution of groundwa-
er in introducing new cells into the EBS. 

In a cementitious repository for LHGW, the maximum tem-
er atur e does not exceed the palaeopasteurization limit, but in
ome scenarios may exceed some of the limits set for fungi and
alophiles (Fig. 1 D). UK LHGW designs have a guidance temper-
tur e maxim um of 50 ◦C during the oper ational phase but allow
or the waste pac ka ge temper atur es of up to 80 ◦C for 5 years post-
losure in repositories with a cementitious backfill (RWM 2016f ).
his initial ele v ated temper atur e, r elated to curing of cement, is
r oadl y consistent with the pr edicted temper atur es in GDFs in
ther countries. For example, maximum temperatures of 72–76 ◦C
r e pr edicted in the r efer ence case for Na gr a (the Swiss r adioac-
ive waste management organization, Nationale Genossenschaft
ür die Lagerung radioaktiver Abfälle) (Leupin et al. 2016 ). When
 possible scenario incor por ating the maximal r elease r ate of hy-
ration heat was modelled, the temperature peak rises to 88 ◦C.
uc h temper atur es could pr e v ent fungal and halophile activity
lose to the waste, and in the mor e extr eme cases would be close
o the palaeopasteurization limit (Fig. 1 D). Ho w e v er, after a pe-
iod of months to years, the temper atur e of the whole EBS will re-
urn to ambient temper atur es, and the palaeopasteurization limit
s normally applied to longer periods of time. It may be that the

ost significant effect of temper atur e in LHGW could be to mod-
fy the microbial community rather than limit microbial activity.

ork carried out around geothermal energy plants has shown
hat e v en moder ate temper atur e c hanges can alter the dominant

etabolisms present, meaning the biogeochemical reactions tak-
ng place within the EBS could be affected (Jesußek et al. 2012 ,
onte et al. 2013 , Lienen et al. 2017 ). 

H as a limiting factor in the EBS 

xtr emes of pH ar e particularl y r ele v ant in cementitious GDF
esigns, where the pH may increase to pH 13.5 as a result of
eoc hemical r eactions of the cement with gr oundwater (Atkin-
on et al 1988 , Berner 1992 ). In certain cases, low-alkali cements
LAC) may be used, which could limit this maximum to pH ∼11
Nakayama et al. 2006 , Vehmas et al. 2020 ). Cementitious bar-
iers will typically be used for LHGW in LSSR and HSR. A high
H zone is expected to gr aduall y spr ead a wa y from the GDF
long the direction of groundwater flow. It is expected that within
he cementitious EBS, the pH will remain above pH 10 for at
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Table 4. Maximum pH limit for microbial acti vity/survi val. 

Micr obial gr oup Upper pH limit Details Reference 

Mixed microbial communities 
(activity) 

13 .2 Growth of motile rods in controlled pH microcosms 
containing samples from slag heaps. 

Roadcap et al. ( 2006 ) 

Bacteria (activity) 13 .0 Enzymatic activity in Serratia marcescens reported at pH 13 . Kaira et al. ( 2015 ) 

Archaea (activity) 11 .5 Growth of Natronobacterium magadii at pH 11.5. Mwatha and Grant ( 1993 ) 

Fungi (activity) 11 .4 Maxim um gr owth r ate of Sodiom yces spp. was r ecorded at 
pH 8.7–10.5, and only a slight decrease in growth at the 
highest pH tested (pH 11.4). 

Grum-Grzhimaylo et al. 
( 2013 ) 

Fungi (survival) 13 .5 Trichoderma gamsii survived exposure to pH 13.5 for 2 da ys . Rinu et al. (2014) 

Hydr ogenotr ophic methanogens 
(activity) 

11 .0 Limit of hydr ogenotr ophic methanogenesis is pH 11. 
Hydr ogenotr ophic methanogenesis dominates over 
acetoclastic at > pH 9 in EBS-r ele v ant experiments. 

Wormald et al. ( 2020 ) 

Acetoclastic methanogens (activity) 10 .2 Acetoclastic Methanocrinis natronophilus isolated from a 
soda lake grows up to pH 10.2 

Khomyak ov a et al. (2023) 

Single sulphate reducer strain 
(activity) 

11 .5 Slo w gro wth Desulfonatronum bury atense sp. no v. strain 
Su2 shows at pH 11.5. 

Ryzhmanova et al. (2013) 

Mixed sulphate reducer community 
(activity) 

12 .3 Sulphate-reducing activity observed up to pH 12.3 but 
activity decreases above pH 10.5. 

Glombitza et al. ( 2021 ) 

Ir on r educers (activity) 11 .0–11.7 Ir on r eduction observ ed in mixed micr obial comm unities 
fr om hyper alkaline sediments. An upper limit of pH 11.7 
was found when citrate was used as electron donor. 

Rizoulis et al. ( 2012 ) 

Nitr ate r educers (activity) 11 .0–12.0 Nitr ate r eduction observ ed in mixed micr obial 
comm unities fr om hyper alkaline sediments between 
pH 11 and 12. 

Rizoulis et al. ( 2012 ), Byrd et 
al. ( 2021 ) 

Cellulose degrading microbes 
(activity) 

> 12 .0 Mixed microbial communities from hyperalkaline site 
degraded cellulose under various conditions with end 
point pH 12. 

Bassil et al. ( 2015) , Bassil et 
al. ( 2020 ) 
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least 1 000 000 years (RWM 2016b ). Bentonite-based EBS and the 
crushed salt/backfill used in evaporites are expected to have more 
moderate pH conditions, and pH effects within these will be dis- 
cussed briefly. 

pH limits in na tur al en vironments and 

experimental studies rele v ant to the EBS 

The upper limits for bacterial growth are reported to be around 

pH 13; pH 11.5 for arc haeal gr owth; and pH 11.4 fungal growth 

(Mwatha and Grant 1993 , Grum-Grzhimaylo et al. 2013 , Kaira et 
al. 2015 ) (Table 4 ). These limits have been determined for aerobic 
gr owth, whic h will be r ele v ant to earl y post-closur e phase when 

the environment is still oxic. There is some evidence that active 
bacteria can be found in samples where the bulk por e water pH 

is above 13 under both oxic and anoxic conditions (Roadcap et 
al. 2006 , Charles et al. 2019 ). Ho w e v er, measur ements of bulk wa- 
ter chemistry do not necessarily reflect the local pH within the 
vicinity of a microbial cell and the formation of flocs or biofilm.
The associated production of extracellular polymeric substances 
can also reduce local pH and protect cells from the effects of ex- 
tr eme pH. Ev en when pr otected by biofilms, micr obes may onl y 
be able to survive briefly at pH 13 (i.e . da ys), and pH 12 ma y still 
be a more realistic upper limit for longer survival (Charles et al.
2017 ). The limits for nitrate reduction and iron reduction are also 
reported to be between pH 11 and pH 12 in experiments r ele v ant 
to anoxic cementitious repositories . T he limit for sulphate reduc- 
tion in r adioactiv e waste disposal r ele v ant experiments has been 
eported to be lo w er than for iron- and nitr ate-r eduction and may
e limited at pH 10 and above (Rizoulis et al. 2012 , Bassil et al.
015 , Byrd et al. 2021 ). Howe v er, in ser pentinizing envir onments
those wher e alter ation of ultr amafic r oc ks into ser pentine min-
r als occurs), sulphate-r educing activity occurr ed up to pH 12.3,
lthough it decreased above pH 10.5 (Glombitza et al. 2021 ). Hy-
r ogenotr ophic methanogenesis has been observed at up to pH
1 but the upper limit of acetoclastic methanogenesis is between 

H 9 and pH 10 (Wormald et al. 2020 ). Understanding this switch
s r ele v ant to understanding gas pr oduction and consumption in
DF en vironments . Spore formation is thought to increase resis-

ance to stresses such as high pH conditions; ho w ever, there does
ot appear to be any good data on pH survival limits in the avail-
ble liter atur e. 

Ov er all, these data suggest three critical thresholds could be
onsidered: 

(i) pH 13.2 is upper experimental limit reported for bulk pH
in for microbial activity in controlled experimental condi- 
tions . T his value should be used for an estimate of the ab-
solute limit of microbial activity. 

(ii) pH ∼11–∼12 is curr entl y consider ed to be the pH range that
contains the upper limit for many types of microorganisms,
including fungi, arc haea, hydr ogenotr ophic methanogens,
ir on r educers, and sulphate r educers. Micr obial activity
above this limit is unlikely but cannot be ruled out. 

(iii) pH ∼10 r epr esents the limit of acetoclastic methanogene- 
sis. 
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F igure 2. Ev olution of pH in a generic cementitious geological disposal facility. Timescales are indicative only as pH is strongly influenced by rate of 
por e water exc hanges, whic h will be site dependent. Ima ge is based on v ersions of this sc hematic in Glasser and Atkins ( 1994 ), Kursten and Druyts 
( 2015 ), RWM ( 2016a ). 
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hanges in pH within the EBS 

n a cementitious repository, the evolution of the pH conditions
ill be controlled by geochemical interactions of the cement with

roundwater and follows three main stages (Fig. 2 ). The time
aken for each stage depends upon the number of por e water ex-
hanges and the times given here are indicative only. Over a pe-
iod of 1000s years (stage 1), the pH will fall from around 13.5 to
round pH 12.4–12.5 (stage 2) which will persist until 50 000 to over
00 000 years after closure (Heath and Hunter 2012 , Hoch et al.
012 , Kursten and Druyts 2015 ). In these pH conditions, microbial
ctivity cannot be completely ruled out (as it is below the current
nown pH limit of pH 13.2) but is unlikely and limited (as it ex-
eeds the more widely reported limits of pH 11–12). During stage
, the pH will drop to around pH 10.5, which brings the conditions
nto those where a range of alkaliphilic microorganisms would
e expected to become mor e activ e , including methanogens , iron
educers, and sulphate reducers. Stage 3 is expected to persist
ntil at least 1 000 000 years after closure (Kursten and Druyts
015 , RWM 2016b ), after which pH will be controlled by inflow-
ng groundwater pH and a wider range of microorganisms will be
ctive. 

The outline given above reflects the general evolution of pH for
he EBS as a whole. Ho w e v er, ther e will be heterogeneity within
he EBS and localized effects such as the dissolution of calcium
ilica hydrate (C-S-H) phases at the upstream edge of the backfill
r the de v elopment of cr ac ks in EBS materials will result in a lo w er
ocal pH (Swift et al. 2010 , Hoch et al. 2012 ). This could potentially
llow microbial activity to become established earlier than in the
ulk of the backfill. 

In bentonite, ele v ated pH conditions will be pr esent wher e the
entonite comes into contact with cement plugs , seals , and con-
rete in the tunnel lining. Typically, in HHGW bentonite-based
 epositories, a concr ete will be c hosen to limit the pH of por e wa-
er to < pH 11 (to maintain the swelling capacity of the bentonite).
n y ele v ation of pH is expected to extend millimetres to centime-

res into bentonite but persist for < 100 000 years (Sellin and Le-
pin 2013 , Sav a ge and Cloet 2018 , Jenni et al. 2019 ). One exam-
le of where this contact occurs is in the French design for LSSR,
here steel casing will be placed around microtunnels housing

he waste, to allow for r etrie v al if r equir ed. In this concept, an al-
aline grout and bentonite mixture will be used between the host
 oc k and the steel casing, and a pH of up to 11 is expected. This has
een highlighted as an area where microbiologically influenced
orrosion could affect retrievability (Diler et al. 2021 ). Such a pH
ould exclude acetoclastic methanogens and be close to the lim-
ts of activity for se v er al other microbial groups. 

In designs for e v a poritic geologies, ele v ated pH is expected in
n y r epository with a significant cementitious inventory or where
a gnesium oxides ar e used as buffer materials (Swanson et al.

018 ). Detailed data on the anticipated evolution of pH in a GDF
n e v a poritic geology is not av ailable, but ma gnesium oxide acts to
uffer the pH at alkaline conditions (pH 9–10) (RWM 2016f ). This
H would not exclude microbial activity of any of the groups con-
idered in Table 4 . 

entonite dry density as a limiting factor in 

he EBS 

any disposal concepts for HHGW in HSR and LSSR include ben-
onite within the EBS because of its low hydraulic permeabil-
ty , self-sealing capacity , and the dur ability of pr operties ov er
ong timescales (Sellin and Leupin 2013 ). Bentonite dry density is
he main factor considered by waste management organizations
hen assessing microbial survival (since it can be controlled dur-

ng the manufacture of the bentonite blocks). When bentonites
ydrate , their s welling beha viour r educes the por e space av ailable
or micr oor ganisms to inhabit. Studies express the bentonite den-
ities as either wet- or dry- densities . Here , unless stated other-
ise, dry densities are used. 

ry density limits in compacted bentonites from 

xperimental studies rele v ant to the EBS 

he dry density limits for microbial activity or surviv al ar e r e-
orted to differ, depending on bentonite type. Table 5 reports the
urr entl y understood limits for micr obial surviv al and activity at
ested dry densities in se v er al bentonites. Typicall y, for eac h ben-
onite type, there is a threshold density above which there is a
harp decline in the survival and activity of micr oor ganisms . T his
hr eshold is usuall y r eported as the upper limit but almost all
tudies find that survival and acti vity contin ue above this limit
ut at a m uc h lo w er le v el (Table 5 ). Onl y on a fe w occasions does
cti vity or survi v al dr op below the limits of detection. Most ex-
eriments in Table 5 investigated dry density limits for sulphate
 educers, and onl y a fe w experiments hav e explor ed the surviv al
nd activity of other k e y microbial groups (Jalique 2016 , Bengtsson
t al. 2017b ). 

Wyoming bentonite (In the liter atur e, Wyoming bentonite is
ometimes described as MX-80 bentonite . T he former term is used
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Table 5. Upper limits of dry density for microbial acti vity/survi val in different bentonites. 

Micr obial gr oup Bentonite type 
Microbial 

inoculum ( + /-) 
Dry density ∗

limit(kg m 

−3 ) Details Reference 

Sulphate reducers 
(survival) 

Wyoming (-) 1171–1406 Survival below detection limit at 
1406 and 1562 kg m 

−3 

Bengtsson et al. 
( 2017a ,b ) 

Wyoming ( + ) > 1562 Low le v els of surviv al observ ed at 
highest tested dry density. 

Asha (-/ + ) > 1529 Survival in uninoculated tests lo w er 
than inoculated tests. 

Calcigel (-) 1333–1490 Survival low at 1333 kg m 

−3 but 
below detection limit at 1490 kg m 

−3 . 

Calcigel ( + ) > 1490 Low survival rates observed. 

Gaomiaozi (-/ + ) > 1469 Survival was 100 times lower at 
1469 kg m 

−3 than at 1315 kg m 

−3 . 

Rockle (-/ + ) > 1408 No clear decrease in survival with 
increasing dry density. 

Sulphate reducers 
(activity) 

Wyoming (-) 1406–1562 Activity was very low at 1406 kg m 

−3 

and below detection limit at 1562 kg 
m 

−3 . 

Bengtsson et al. 
( 2017a ,b ) 

Wyoming ( + ) > 1562 Low le v els of activity observ ed at 
highest tested dry density. 

Asha (-) 1300–1529 Activity was very low at 1300 kg m 

−3 

and below detection limit at 1529 kg 
m 

−3 . 

Asha ( + ) > 1529 One of two tests at 1453 kg m 

−3 was 
below the detection limit, howe v er, 
very low activity was detected in 
both highest dry density tests. 

Calcigel (-/ + ) > 1490 Activity was detected but 4000 times 
lo w er than the next lo w est tested 
dry density (1333 kg m 

−3 ) for 
uninoculated samples. 

Gaomiaozi (-/ + ) > 1469 Activity remained high up to the 
highest tested dry density. 

Rockle (-/ + ) > 1408 Low activity detected at highest 
tested dry density. 

Denitrifying bacteria 
(survival) 

Wyoming (-) 1850 Micr oor ganisms ca pable of r educing 
nitrate to di-nitrogen did not survive 
while those caple of reduction to 
nitrite survived at the single tested 
density. 

Jalique et al. 
( 2016 ) 

Heter otr ophic bacteria 
(survival) 

Wyoming (-) 1850 Aerobes and anaerobes survived at 
the single tested density. 

Jalique et al. 
( 2016 ) 

Acetogens (activity) Gaomiaozi (-/ + ) > 1469 High activity (acetate production) 
observed at all tested densities. 

Bengtsson et al. 
( 2017b ) Rockle (-/ + ) > 1408 

∗Dry densities provided were the planned dry densities tested. Actual dry densities ma y ha ve been calculated after test end, differing from planned dry densities 
in some tests. For the microbial inoculum column, ( + ) indicates the experiments were inoculated, and (-) indicates they were uninoculated (-). Limiting dry density 
is reported as a range; the lo w er value represents the dry density where microbial survi val/acti vity was not impacted, and the upper value represents the dry 
density at which impacts could be detected. If information on survival or activity above this range is a vailable , this is noted in the ‘details’ column. In some cases, 
conv ersions fr om wet to dry densities hav e been carried out using information within the original pa pers. 
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throughout this review for consistency.) bentonite has been the 

subject of most studies on dry density limits for microbial sur- 
viv al (Table 5 ). Micr obial surviv al has been shown to decrease 
above 1600 kg m 

−3 with a few cells surviving up to a maximum 

tested dry density of 1800 kg m 

−3 (Stroes-Gascoyne et al. 2010a ).
In a long-term study (8 years), cultivable sulphate reducers and ni- 
tr ate r educers ca pable of pr oducing dinitr ogen wer e below detec- 
tion at 1850 kg m 

−3 but some nitrate reducers capable of produc- 
ing nitrite and other heter otr ophic aer obes and anaer obes (partic- 
ularl y Gr am-positiv e bacteria, including spor e formers) could be 
ultured at the end of the experiment (Jalique et al. 2016 ). A limit
or survival (1406 kg m 

−3 ) and activity (1562 kg m 

−3 ) of sulphate
educers in Wyoming bentonite has been established for uninoc- 
lated tested bentonites (Bengtsson et al. 2017a ). 

Microbial limits in other bentonites are similarly difficult to 
inpoint, but the highest reported limit appears to be between 

333 and 1490 kg m 

−3 for sulphate r educer surviv al in Calcigel
entonite (Bengtsson et al. 2017a , Haynes et al. 2019 ). Studies have
roduced a limit of > 1490 kg m 

−3 for inoculated and uninoculated
alcigel (Bengtsson et al. 2017a ). For sulphate reducer activity, one



10 | FEMS Microbiology Reviews , 2024, Vol. 48, No. 1 

s  

l  

t  

c  

t  

h  

o
 

t  

m  

t  

f

 

 

 

 

C
V  

s  

e  

a  

s  

i  

c  

o  

s  

h  

e  

t  

B  

d  

c  

t  

d
4  

(  

d  

p  

e  

i  

i  

2  

s  

a  

w  

o  

e

S
I  

s  

b  

a  

a  

s  

p  

a  

s  

n  

t  

u

S
e
M  

s  

r  

k  

t  

S  

o  

l  

b  

s  

(  

h  

p  

l  

t  

N
 

s  

L  

c  

i  

e  

a  

L  

i  

4  

t  

g  

2
 

W  

u  

e  

L  

s  

l  

d  

f  

w  

(  

a
 

C  

a  

(  

2  

a  

g  

c  

a  

t  

d
 

p  

c  

(  

l

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sre/article/48/1/fuae001/7521301 by British G
eological Survey Keyw

orth user on 13 M
arch 2024
tudy found that the limit in Calcigel was > 1490 kg m 

−3 for inocu-
ated and uninoculated bentonite, but a mor e r ecent study found
he limit to be between 1153 and 1383 kg m 

−3 in inoculated Cal-
igel (Bengtsson et al. 2017a , Haynes et al. 2019 ). Threshold densi-
ies for the activity of sulphate reducers in many other bentonites
ave not been determined (Haynes et al. 2021 ), and the properties
f bentonites that affect the limits are not fully understood. 

Absolute limits of survival or activity are difficult to establish as
hey are dependent upon bentonite type and the fact that some

icr obial surviv al and activity ar e often detected at the highest
ested dry density. Ho w e v er, some gener alizations can be made
rom studies to date: 

(i) 1170–1850 kg m 

−3 is the range at which bentonite dry den-
sity limits microbial survival 

(ii) 1150–1562 kg m 

−3 is the range at which bentonite dry den-
sity limits microbial activity 

(iii) Specific dry density limits have been established for indige-
nous sulphate reducer survival in Wyoming (1406 kg m 

−3 )
and Calcigel (1490 kg m 

−3 ) bentonite 

hanges in bentonite dry density within EBS 

ariations of dry density have not been modelled tempor all y or
patially in the same way that temper atur e and pH hav e. In situ
xperiments such as the Alternative Buffer Materials experiment)
nd the full-scale engineered barriers experiment (FEBEX) have
tudied the impact of heat generated by waste in a GDF and have
dentified that the dry density of bentonite decreases (and water
ontent increases) with distance from a heat source. Heat drives
ut water from the bentonite closest to the heat source (r epr e-
enting the waste container). Consequently, bentonite near to the
eat source will swell less and will be compacted by the pr essur e
xerted by greater swelling of bentonite (with higher water con-
ent) further from the heater (Villar et al. 2008 ). In the Alternative
uffer Materials experiment, after one year of exposure to 130 ◦C,
ry densities of all tested bentonites were highest (and water
ontent lo w er) next to the heater [starting dry densities of the ben-
onites ranged from 1700 to 2100 kg m 

−3 , samples close the heater
ecreased by ∼180–210 kg m 

−3 , compared to a decrease of 200–
80 kg m 

−3 for samples further a wa y from the heater (76.5 mm)]
Svensson et al. 2011 ). Similar decreases in the outer bentonite dry
ensity, from 1610 to 1450 kg m 

−3 , were reported in the FEBEX ex-
eriment (18 years, heated to 100 ◦C) (Samper et al. 2018 , Carbonell
t al. 2019 , Villar et al. 2020 ). Other factors such as gravity, proxim-
ty to the hydration surface, or repository geometry could result
n locall y r educed dry density (Wieczor ek et al. 2017 , Villar et al.
020 , 2021 ). Processes including piping erosion or chemical ero-
ion could also open up space in the bentonite (RWM 2016a ) and
llow microbial activity. The general trend of reduced dry density
ith increasing distance from HHGW means that the likelihood
f microbial activity increases a wa y from the canister, but the
ffects of the other factors just mentioned are harder to predict. 

alinity as a limiting factor in the EBS 

n e v a poritic host r oc ks, micr obial activity will be se v er el y r e-
tricted by the high salinity, though it is possible that some micro-
ial activity could occur within some parts of the GDF (Swanson et
l. 2018 ). In other disposal scenarios, increased salinity may arise
s a result of interaction with saline groundwater. In this section,
alinities ar e giv en in either g L −1 or as molar concentrations, de-
ending on the units in the original data. Where this relates to
 single salt (e.g. NaCl), the units are converted, and both units
hown. When it refers to mixed brines, an accur ate conv ersion is
ot possible, and an a ppr oximate conv ersion that assumes that
he mixed brine is comprised solely of NaCl is given so that val-
es can be more easily compared. 

alinity limits in na tur al en vironments and 

xperimental studies rele v ant to the EBS 

an y bacteria, arc haea, and fungi surviv e in satur ated or near-
aturated salt solutions (Table 6 ). Natural brines contain a va-
iety of salts, and the balance of c haotr opic (destabilizing) and
 osmotr opic (stabilizing) ions in any particular brine will affect
he limits of microbial activity (Hallsworth et al. 2007 , Oren 2011 ,
wanson et al. 2021 ). For example, all but one brine from an e v a p-
rite sequence (Boulby Mine, UK) was able to support microbial
ife. It was suggested that the ionic composition of that single
rine (particularly the higher concentration of c haotr opic ma gne-
ium ions) made it inhospitable rather than ionic strength alone
Payler et al. 2019 ). Furthermore, the effect of ionic strength is also
ighly specific to the organisms under investigation, which makes
redicting the habitability of saline envir onments extr emel y c hal-

enging (Ste v ens and Coc kell 2020 ). Ther efor e, caution needs to be
aken in extending limits determined in experiments that use only
aCl to mixed brines. 
Halarsenatibacter silvermanii strain SLAS-1T has been demon-

trated to survive up to salt concentrations of at least 5.99 mol
 

−1 (NaCl equivalent) (Blum et al. 2009 ). Limits of activity vary
onsider abl y depending on which metabolic processes are be-
ng considered (Table 6 ). Sulphate-reducing activity in natural
nvironments containing Desulfonatronovibrio has been reported
t salinities equivalent to NaCl concentrations of 8.13–8.90 mol
 

−1 and pH 10.65 (Oren 1999 , 2011 , Foti et al. 2007 ). The lim-
ts for acetogens and methylotrophic methanogens are around
.28 mol L −1 (Lai and Gunsalus 1992 , Oren 1999 , 2011 ), whereas
he upper limits of acetoclastic and hydr ogenotr ophic methano-
enesis are 2.41 and 2.05 mol L −1 NaCl, respectively (Oren 1999 ,
011 ). 

Fungal tolerance to salinity is less well studied but one species,
allemia ic hthyophaga , r equir es at least 1.5 mol L −1 NaCl and gr ows

p to 5.5 mol L −1 NaCl (Ma et al. 2010 ). Studies on Wallemia hed-
rae indicate that the limits to growth in MgCl 2 are at least 2.0 mol
 

−1 (Jancic et al. 2016 ). Halophilic archaea are able to survive in-
ide halite crystals in saturated fluids with > 5.5 mol L −1 NaCl for
ong periods of time, and viral salinity tolerance shows some pH-
ependence (Grant 2004 , Demina et al. 2016 ). Spores are adapted
or survival in extreme conditions, including high salinity but as
as noted for temper atur e, surviv al decr eases with exposur e time

e.g. Bacillus subtilis spore survival decreased by as much as ∼50%
fter 1 year at 3.6 mol L −1 NaCl (Ulrich et al. 2018 ). 

In Wyoming bentonite, salinities of 0.86–1.71 mol L −1 NaCl (and
aCl 2 ) (50–100 g L −1 ) have been shown to suppress the microbial
ctivity of isolates from bentonite and selected laboratory strains
Stroes-Gascoyne and Hamon 2008 , 2010 , Stroes-Gascoyne et al.
010b , Stone et al. 2016a ,b ). These concentr ations ar e consider-
bly lo w er than the maxim um v alues for an y of the micr obial
roups listed in Table 6 , so relatively moderate salinities could
ontribute to the suppr essiv e effects of high bentonite densities
ffor ded b y the high dry density. Mor e r esearc h would be r equir ed
o establish whether the salt tolerance of micr oor ganisms v aries
epending on bentonite type. 

Defining limits to survival requires knowledge of the brine com-
ositions but with that caveat, it is clear that some bacteria, ar-
haea, and fungi are all able to grow in saturated salt solutions
Grant 2004 , Blum et al. 2009 , Ma et al. 2010 ). Based on the above
iter atur e r e vie w, the following limits can be suggested: 



Gregory et al. | 11 

Table 6. Maximum salinity limit for microbial acti vity/survi val. 

Micr obial gr oup 
Max salinity 

(mol L −1 ) Details Reference 

Bacteria (activity) 6.0 (mixed salt) Halarsenatibacter silvermanii strain SLAS-1T grows at pH 

8.7–9.8, 350 g L −1 mixed salt, and 28–55 ◦C 

Blum et al. ( 2009 ) 

Arc haea (surviv al) > 5.5 (NaCl) Haloarc haea surviv e long periods inside halite crystals Grant ( 2004 ) 

Fungi (activity) > 5.5 (NaCl) Some Wallemia spp. can grow in saturated NaCl and up to 
2 mol L −1 MgCl 

Ma et al. ( 2010 ), Jancic et al. 
( 2016 ) 

Acetogens (activity) 4.4 (NaCl) Alkaliphilic Natroniella acetigena grows up to 260 g L −1 NaCl, 
and between pH 8.1–10.7 

Zhilina et al. ( 1996 ) 

Methylotrophic methanogens 
(activity) 

4.4 (NaCl) Methylotrophic Methanohalophilus strain Z7302 grows at 257 g 
L - 1 NaCl 

Lai and Gunsalus ( 1992 ) 

Acetoclastic methanogens (activity) 2.4 (NaCl) Limit of acetoclastic methanogenesis is 141 g L −1 Or en ( 1999 ), Or en ( 2011 ) 

Hydr ogenotr ophic methanogens 
(activity) 

2.0 (NaCl) Limit of hydr ogenotr ophic methanogenesis ( Methanocalculus 
halotolerans ) is 120 g L −1 

Or en ( 1999 ), Or en ( 2011 ) 

Sulphate reducers (activity) 8.9 (mixed salt) Sulphate-reducing activity in lake salts at 520 g L −1 Individual 
strains of sulphate reducers have been reported to be active 
up to 240 g L −1 NaCl ( Desulfohalobium utahense , D . retbaense ) 

Foti et al. ( 2007 ), 
Ollivier et al. (1991), Jakobsen 
et al. ( 2006 ) 

Ir on r educers (activity) 4.2 (NaCl) Fuchsiella ferrireducens grows between pH 8.5–10.2, 25–45 ◦C Zhilina et al. (2015) 

Spor es (surviv al) 3.6 (NaCl) Bacillus subtilis spore survival decreased ∼50% after 1 year Ulrich et al. ( 2018 ) 

Unless NaCl is specified all salts should be assumed to be of mixed composition. > indicates that microbial survival or activity was detected at the highest tested 
salinity, expressed as NaCl molar equivalents if the brine or salt used was not NaCl. Fully saturated NaCl at standard temper atur e and pr essur e is equiv alent to 
5.5 mol L -1 ; ther efor e, this v alue is used wher e pa pers (Gr ant 2004 , Ma et al. 2010 ) describe using saturated NaCl without specifying the molarity. 
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(i) 8.90 mol L −1 NaCl equivalent (520 g L −1 ) is curr entl y the 
highest concentration at which sulphate reduction has 
been observed in the environment, though the sulphate re- 
ducing limit for individual strains is lo w er. 

(ii) 5.99 mol L −1 is the highest reported salinity for activity of 
any bacterial strain. Various bacteria, archaea, and fungi 
show activity in saturated (5.5 mol L −1 ) and supersaturated 

conditions. 
(iii) 4.28 mol L −1 NaCl equivalent is the curr entl y r ecognized 

limit for acetogens. 
(iv) 4.40, 2.41, and 2.05 mol L −1 NaCl equiv alents ar e the cur- 

r entl y r ecognized limits for methylotr ophic , acetoclastic ,
and hydr ogenotr ophic methanogens, r espectiv el y. 

(v) 0.86–1.71 mol L −1 NaCl or CaCl 2 has been suggested as the 
limit for survival of microorganisms in Wyoming bentonite. 

Changes in salinity within the EBS 

It is gener all y consider ed that the salinity in an EBS within 

e v a poritic geologies will pr e v ent micr obial activity occurring at 
a le v el that could have a significant impact on repository per- 
formance (Swanson et al. 2018 , 2021 ). Wher e ther e ar e no brines 
(no liquid water), microbial activity will not be possible. In terms 
of spatial and temporal patterns, the host r oc k and buffers or 
backfill (crushed rock and/or magnesium oxide) within evaporitic 
repositories will make the salinity high throughout and from the 
outset. These conditions offer little opportunity for microbial 
activity, though it cannot be completely ruled out (Swanson et al.
2018 , 2021 ). 

In the UK, at repository depths, salinity could be in excess 
of 1.7 mol L −1 (100 g L −1 ) in non-e v a poritic r oc ks , for example ,
the por e w ater within the Mer cia Mudstone Group (a potential 
LSSR host r oc k) can be up to 189 g L −1 (3.2 mol L −1 ) (Bloom- 
field et al. 2020 , Smedley et al. 2023 ). Other pr ocesses, suc h as 
ermafr ost e v ents could incr ease gr oundwater salinity thr ough
alt exclusion in freezing (Busby et al. 2015 , Kilpatrick 2017 ).
ver time, the salinity in the EBS is likely to adjust to the local
roundwater salinity as resaturation occurs. Timescales for re- 
atur ation ar e highl y dependent upon geology. For example, in
he Callov o-Oxfor dian Clay in F rance, timescales of tens to hun-
red of thousand of years are expected (Andra 2005 ) but in the
oom Clay in Belgium, complete saturation of the GDF is ex-
ected within 50 years (Weetjens et al. 2006 ). In saturated HSR,
aturation of the EBS could be complete within a few years (RWM
010 ). 

esiccation as a limiting factor in the EBS 

alinity and desiccation tolerance are linked, as the former re-
uces water activity and induces similar osmotic stresses on the
ells as other forms of desiccation. This section, including the en-
ries in Table 7 , focusses on the desiccation that occurs when heat
r om HHGW driv es a wa y groundwater and dries out material close
o the waste, as this is most r ele v ant to the EBS environment (see
otts ( 1994 ) for a more detailed discussion of the different micro-
ial effects and responses of these two types of desiccation). The
BS within e v a porites will also be highly desiccated due to the lack
f water within these GDFs. 

Water availability is either reported as relative humidity, water 
ctivity (a w ), or percentage water content. A water activity of 1 is
qual to a r elativ e humidity of 100% but conversion of these units
o water content is material-specific. As a rough guide, Wyoming
entonite with a 25% water content equates to a ppr oximatel y
 w = 0.96; 20% to a w = 0.92; and 15% = a w 0.78 (Pedersen et al.
995 ). For ease of comparison, units ar e giv en as original units
nd a ppr oximate conv ersions to percenta ge water content, wher e
ossible. 
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Table 7. Desiccation limits to microbial activity and survival from studies relevant to EBS. 

Micr obial gr oup Material tested Desiccation limit Details Reference 

Aer obic micr oor ganisms (activity) 
Aer obic micr oor ganisms (surviv al) 

Wyoming bentonite Between (a w ) 0.3–0.75 Microbial activity was 
observed at 75% but not at 
30% r elativ e humidity. 
Survival was 2.8 times higher 
at the lo w er r elativ e 
humidity. 

Stone et al. 
( 2016c ) 

Bacteria (survival) Granulated OT-9607 
bentonite 

Water content 12% Survival of heterotrophic 
aerobic bacteria ceased. 
Temper atur es up to 100 ◦C 

likely to contribute to this 
limit. 

Aoki et al. ( 2010 ) 

Methanogens 50% sand, 50% 

bentonite 
Water content 15% Up to 10 2 cells g −1 dry weight 

bentonite for methanogens 
and sulphate reducers 
survived after 2.5 years at 
85 ◦C and 15% moisture 
content. 

Stroes-Gascoyne 
et al. ( 1997 ) 

Sulphate reducers Wyoming bentonite a w 0.96 Sulphate reducers did not 
survive 1 day at 30 ◦C at this 
a w . 

Motamedi et al. 
( 1996 ) 
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esiccation limits in natural environments and 

xperimental studies rele v ant to the EBS 

nvironments 

n studies where strong salt or sugar solutions produce the wa-
er stress, water activities of 0.748 ( Halanaerobium lacusrosei ), 0.635
haloarc haeal str ains GN-2 and GN-5) and 0.585 ( Aspergillus peni-
illioides ) have been reported as minima for bacterial, archaeal,
nd fungal acti vity, respecti vely (Stevenson et al. 2015 , 2017 ). How-
 v er, data on surviv al under dried conditions (r ather than osmotic
tr ess-induced desiccation), whic h is mor e r ele v ant to the desicca-
ion experienced when heat from radioactive waste drives water
ut of the EBS, is difficult to find. A variety of anaerobic microor-
anisms , including methanogens , acetogens , and sulphate reduc-
rs can survive prolonged periods of desiccation in oxic desert
oils (Peters and Conrad 1995 , Angel et al. 2011 ), and many mi-
r oor ganisms, including sulphate r educers, fr om volcanic tuff can
urvive for at least eight months of desiccation (a w 0.36) (Pitonzo
996 ). Methanogens can be r e viv ed after exposure to both oxic
nd anoxic desiccation (Liu et al. 2008 ). Under ideal conditions,
hich may include low temperatures , desiccation ma y promote

urvival of some prokaryotes with survival times being thousands
f not millions of years (Potts 1994 ). In experiments specific to
 adioactiv e waste disposal (Table 7 ), water contents below 12%
n granulated OT-9607 bentonite (Aoki et al. 2010 ) and 15% in a
.5-year under gr ound r esearc h labor atory experiment containing
 sand and bentonite mix pr e v ented surviv al of micr oor ganisms
Stroes-Gascoyne et al. 1997 ). In both cases, the temper atur es en-
er the range previously identified as detrimental to survival in

yoming bentonites (Table 3 ). It is ther efor e possible that temper-
tur e r ather than desiccation alone had a r ole in determining the
imits of survival. In another experiment, a reduction from 75%
 elativ e humidity ( ∼15% water content) to 30% (unknown water
ontent) was sufficient to cause microbial activity to cease, but
urviv al r ates wer e higher at the lo w er w ater content (based on
umbers bacteria and fungi that could be cultured from samples
t the end of the test) (Stone et al. 2016c ). The authors suggested
hat the lo w er r elativ e humidity ma y ha v e pr ompted r a pid entry
o a dormant state and impr ov ed surviv al r ates. Higher surviv al
ates at lo w er r elativ e humidity hav e also been r eported for fungal
por es (P almer et al. 1987 ). The v alue of a w 0.96 [25% water con-
ent] in compacted Wyoming bentonite (Pedersen et al. 1995 , Mo-
amedi et al. 1996 , Stroes-Gascoyne et al. 2010a ) given in Table 7
hould be treated with some caution as there is little data avail-
ble on limits for particular microbial groups and it is not clear
hether water activity or the compaction of the bentonite was

he k e y limiting factor in those studies. Although desiccation lim-
ts microbial activity, it may promote microbial survival, and fur-
her work is r equir ed to establish the implications of this for the
BS environment. Based on the reports of sulphate reducer and
ethanogen survival in arid conditions in other environments

Peters and Conrad 1995 , Pitonzo 1996 , Angel et al. 2011 ), it is pos-
ible that such organisms could survive the desiccated conditions
ithin an EBS. 
Although data on defining limits is scarce, the following limits

re suggested: 

(i) Water activities of 0.748 (bacteria), 0.635 (archaea), and
0.585 (fungi) are the minimum reported for survival under
osmotic stress desiccation. 

(ii) Within compacted bentonites, < 12%–15% water content
(a ppr ox. a w < 0.75) can be considered the limit to micro-
bial activity (when bentonite is dried by heating). 

(iii) It should also be noted that desiccation may promote the
long-term survival dormancy, including as spores. 

hanges in desiccation within the EBS 

he desiccation of bentonite in the FEBEX experiment was pre-
iously discussed in the context of changes to dry density. The
 elativ e humidity of bentonite closest to the heater and dropped
rom 40% to < 10% after 1 year. It had not returned to initial con-
itions after five years but had risen to 60% at 10 cm from the
eater after 18 years (Villar et al. 2005 , 2020 ). Another heater ex-
eriment (the Alternative Buffer Materials experiment) found that
lthough the water content of bentonites nearest to the heater
as 21.0%–39.7% (Svensson et al. 2011 ), two non-bentonite buffer
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materials tested did have lo w er w ater contents (F riedland Clay 
down to 14.8% and Callo vo-Oxfordian Cla y down to 11.9%). In this 
case, all tested bentonites remained above the 12%–15% dry den- 
sity limit suggested for microbial survival. Together, these stud- 
ies indicate that desiccation will be greatest nearest to the waste.
Desiccation is unlikely to extend throughout the whole of the ben- 
tonite buffer, and the time period over which is a limiting factor 
may be r elativ el y short. While this has the potential to reduce mi- 
crobial activity close to the waste, it could promote survival of 
cells, with the potential for them to be r e viv ed if the bentonite be- 
comes r esatur ated. Ho w e v er, the risk of this may be mitigated if 
ele v ated temper atur es during the desiccated period r educe sur- 
viv al r ates. 

Radiation as a limiting factor in the EBS 

While waste containers remain intact, the radiation dose in the 
EBS will be highest adjacent to the waste containers and will 
drop off rapidly with distance. At the container surface, max- 
imum dose rates are expected to be < 0.05 kGy h 

−1 for HHGW 

(Stroes-Gascoyne et al. 1994a , Pitonzo et al. 1999 , SKB 2010a , RWM 

2016a , Morco et al. 2017 ) and se v er al orders of magnitude lower 
for LHGW. If a canister is br eac hed, r adionuclides may be trans- 
ported to the surr ounding envir onment, r eleasing r adiation that 
could locally affect microorganisms . T he amount and the extent 
of r adiation r eleased will depend upon the type and concentration 

of radionuclides released as well as the hydrogeological properties 
of the EBS and surrounding rock (SKB 2006 ). Due to the complex- 
ity of these processes, we focus only on the radiation emitted from 

intact waste canisters . T he majority of experimental studies use 
γ -sources, so all r efer ences discussed her e r efer to γ radiation,
unless otherwise specified. 

Radiation limits in natural environmental and 

experimental studies rele v ant to the EBS 

Defining the radiation limits that microorganisms can withstand 

is complex because of the different ways that radiation resistance 
is tested and reported, and the paucity of experimental data from 

r ele v ant envir onmental settings or long-term studies. Short expo- 
sure to a high dose has a different effect on microorganisms than 

exposure to lo w er doses for long periods of time . T herefore , the 
total (accumulated) dose and the rate at which that dose is ap- 
plied are important in understanding micr obial surviv al. Most r e- 
searc h inv estigates acute r adiation exposur e (typicall y in the con- 
text of sterilizing food or medical equipment) and the derived ra- 
diation limit expressed in terms of accumulated dose only. The 
challenge for understanding microbiology in repository environ- 
ments is that little information exists about survival and activity 
under long-term radiation with lo w er dose r ates. Se v er al studies 
(e.g. Janning and Tveld 1994 , Stroes-Gascoyne et al. 1994b , Babich 

et al. 2021 , Jroundi et al. 2023 ) have described microbial communi- 
ties exposed to long-term radiation in uranium deposits, but dose 
rates at sampling locations were not reported. 

When micr oor ganisms ar e exposed to r adiation, two phases of 
response can be identified. Up to a certain dose, there is no loss 
of viable cells or observable DNA damage (DNA damage can be 
r epair ed as fast as it occurs). Above that dose, the number of sur- 
viving cells decreases to extinction as DNA damage leads to loss 
of protein function and cell death (Daly 2012 ). Taking the model 
r adiotoler ant bacterium, Deinoccoccus r adiodur ans , as an example,
5 kGy is often quoted at the maximum dose at which no DNA 

dama ge accum ulates (Battista et al. 1999 ), while the maximum 
otal dose that can be tolerated is > 20 kGy with D 10 value of up
o 12.6 kGy. (The D 10 value is the radiation dose needed to reduce

icrobial numbers to 10% of their original). Factors that are likely
o be encountered within an EBS such as anoxia and desiccation
re known to make cells more resistant to radiation (Mingarro et
l. 2005 , Bauermeister et al. 2011 ). Data on the upper limits for
iffer ent micr obial gr oups is included in Table 8 , whic h r e v eals a
r oad r ange of v alues r eflecting that r esistance depends on envi-
onmental conditions and a combination of dose rate and accu-
ulated dose. 
Exposure to 100 kGy (36 s at 10 000 kGy h 

−1 ) decreases the num-
er of culturable bacteria in permafrost soils by two orders of
agnitude but some soil bacteria can be cultured after 148 kGy

when applied at 43 h at 3.44 kGy h 

−1 ) but not 320 kGy (93 h at
.44 kGy h 

−1 ) (Cheptsov et al. 2018 , 2019 ). It has been proposed
hat r adiation exposur e can cause cells to enter a viable but non-
ultur able (VBNC) state, wher e they cannot gr o w under standar d
ulture conditions but show other evidence of life , e .g. r espir ation
Pitonzo et al. 1999 , Cheptsov et al. 2019 ). This is significant as re-
 ying on cultiv ation-based tests could lead to an underestimation
f the number of cells able to persist around a GDF if cells are
 eleased fr om their VBNC state when the conditions become suit-
ble (Pitonzo et al. 1999 ). 

Sur prisingl y, ther e is little r esearc h on radiation tolerance from
 r adioactiv e waste perspectiv e. Kineococcus r adiotoler ans (isolated
r om a high-le v el r adioactiv e waste facility at Savannah River Site,
SA) with bac kgr ound r adiation doses of between 0.00018 kGy
 

−1 and 0.0035 kGy h 

−1 ) and an isolate, closely related to D. ra-
iodurans , have been shown to survive an accumulated dose of
0 kGy in the laboratory (Phillips et al. 2002 , Fredrickson et al.
004 , Bagwell et al. 2008 ). This site had been receiving radioac-
ive waste for decades at the time of sampling, but it is not clear
ow long the specific sampling sites had been receiving the stated
 adiation doses. A v ariety of micr oor ganisms isolated fr om the
an yu low-le v el waste (LHGW) r epository in Taiwan had D 10 val-
es of up to 2.05 kGy (at 2 kGy h 

−1 ). Most sho w ed active growth
hen exposed to 0.0014 kGy h 

−1 , with the most resistant isolates
 Micrococcus sp. and Candida guilliermondii ) onl y slightl y inhibited
t the highest tested dose rate (0.0068 kGy h 

-1 ). This dose rate
s equivalent to 100 times the expected dose at container sur-
aces in that repository (Chou et al. 2011 , Li et al. 2015 ). In com-
acted bentonite, viable iron reducers and sulphate reducers sur- 
iv ed r adiation exposur e of 1 kGy (1.45 kGy h 

−1 ) (Haynes et al.
018 ). There was a large reduction in the diversity of commu-
ities in subsequent iron reducer enrichment cultures, but little 
ifference on the diversity in sulphate reducer enrichment cul- 
ur es. Irr adiation of FEBEX bentonite at 0.0258 kGy h 

−1 produced
 D 10 value of 0.5–2.5 kGy (Mingarro et al. 2005 ). Similar D 10 values
0.34 to 1.68 kGy) were obtained from Wyoming bentonite irradi-
ted at ∼6 kGy h 

−1 , and it was predicted that extinction would
e ac hie v ed within 9 to 33 days (Str oes-Gascoyne et al. 1994a ). To

nv estigate r eports of micr obial gr owth in r adioactiv e waste set-
ings (e.g. surface stor a ge pools), Bruhn et al. ( 2009 ) exposed metal
ladding hulls to 0.0021 kGy h 

1 in experiments up to 99 da ys . Mul-
ispecies biofilms formed and survived for up to 64 days (total
bsorbed dose of 3.2 kGy). In the longest experiment, no biofilm
as detected (49 kGy applied at 1.7–2.1 Gy h 

−1 ) but micr oor gan-
sms could still be isolated from the experiments. While these
imescales are still short in the context of r adioactiv e waste dis-
osal, they do point to the potential for longer term survival when
adiation doses are comparable to those emitted by waste. 

Finally, it is worth noting that, at low dose r ates, r adiation may
ctuall y hav e a positiv e effect on micr obial activity. For example,
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Table 8. Maxim um r adiation limit for micr obial acti vity/survi val. 

Micr obial gr oup D 10 -kGy (dose r a te) 
Max total 

r adia tion—kGy Details Reference 

Bacteria 
(survi val) (acti vity) 

12.6–dried cells 
5.6–cells in phosphate 

buffered saline 

> 20 Deinococcus r adiodur ans or closel y r elated 
isolates. 
Growth with no loss of viability has been 
reported at total dose of 5 kGy. 

Fr edric kson et al. ( 2004 ), Cox 
and Battista ( 2005 ), 
Bauermeister et al. ( 2011 ) 

Bacteria in soil (survival) 148 
(3.44 kGy h −1 ) 

Above 148 but 
below 320 

Bacteria from mixed soil communities. 
148 kGy reduced the viable cells by an order 
of magnitude suggesting that this value is 
close to the D 10 value. 

Cheptsov et al. ( 2019 ) 

Archaea 
(survival) 

8 (3.6 kGy h −1 ) 30 Thermococcus gammatolerans survives the 
highest total dose for any archaea (N .B . 
measured when cells were on ice). 

Jolivet et al. (2003) Pavlopoulou 
et al. ( 2016 ) 

Fungi 
(survival) 

4 (1.8 kGy h −1 ) > 10 Histoplasma capsulatum and Cryptococcus 
neoformans . 

Nurtjahja et al. (2017), 
Dadac hov a and Casade v all 
( 2008 ), Dadac hov a et al. ( 2004 ) 

Methanogen 
(survival) 

12.6 (at 0.9 kGy h −1 

(X-ray source) 
10 Methanosarcina soligelidi shows the highest 

D 10 but not total exposure limit for any 
archaea . The physiological D 10 (based on 
methane production rates) was considerably 
higher, 25.3 kGy. 

Mor ozov a et al. (2015) 

Note that the maximum accumulated dose was often determined by the maximum that could be applied in any particular experiment. Note also that these 
experiments have been conducted at a range environmental conditions, not all of which are directly applicable to the EBS environment. 
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icr obial ir on r eduction activity was r educed after exposur e to
.03 kGy h 

−1 for 56 days (accumulated dose 38.6 Gy), but increased
fter exposure to a lo w er dose of 0.0005 kGy h 

−1 (accumulated
ose of 0.6 Gy). Another study found that that exposure of cellu-

ose and PVC to radiation increased their degradation rates (Nixon
t al. 2018 , Bassil et al. 2020 ). Additionall y, hydr ogen pr oduced by
he r adiol ytic br eakdo wn of w ater is belie v ed to sustain micr obial
ife in deep marine sediments and basalts (D’Hondt et al. 2009 ,
zaugis et al. 2016 , Sauv a ge et al. 2021 ) and could potentially have

he same effect around a GDF. 
The limits of microbial survival in response to radiation are dif-

cult to specify as the combination of total accumulated dose and
ose rate. Although figures can be obtained for the maximum ac-
umulated dose that microorganisms can survive (Table 1 ), it will
e clear from the discussion presented here that these values are
tr ongl y influenced by the dose rate. As a result of this complexity
e do not find that it useful to describe specific limits for radia-

ion dose, instead we have interpreted the data in the context of
he EBS environment at the end of the next section. 

hanges in r adia tion dose within the EBS 

he radiation dose rate at canister surfaces will be variable and
ay not be known until the point of deposition (Andersson et al.

017 ). Much of the experimental work carried out used dose rates
onsider abl y higher than the expected maximum dose rate at the
urface of HHGW canisters, which are likely to be in the range of
.0005–0.05 kGy h 

−1 (Stroes-Gascoyne et al. 1994a , Pitonzo et al.
999 , SKB 2010a ,b , RWM 2016a , Morco et al. 2017 ). In the exam-
le of the Canadian deep geological repository concept, the cu-
 ulativ e dose on the canister surface will increase rapidly, reach-

ng ∼10 000 kGy in a fe w hundr ed years with dose r ates dr opping
rom 0.001 kGy h 

−1 to 1 × 10 −6 kGy h 

−1 over this period (Morco et
l. 2017 ). The waste in the LHGW repository in Lanyu, Taiwan has
 surface dose rate of between 1 × 10 −7 and 2 × 10 −6 kGy h 

−1 (Li
t al. 2015 ). In the absence of other data on expected dose rates
n the external surface of LHGW containers, the maximum ex-
ected dose rate can be bounded by using the internal maximum
ose r ate, whic h is pr edicted to be 0.00001–0.001 kGy h 

−1 (RWM
016a ). 

Calculations of the radiation penetration of bentonite indicate
hat 6 kGy h 

−1 would sterilize a r elativ el y narr ow r egion ( < 25 cm)
ext to the waste source . T he thickness of clay required to reduce
he intensity of γ -radiation by half has been measured as 4.2 to
.2 cm, incr easing as ener gy incr eases (Oluk otun et al. 2018 ). In
oom clay, it is estimated that a dose of 0.4 kGy h 

−1 at the clay-
anister interface would reduce to practically zero at 50 cm from
he canister (Noynaert et al. 1998 ). 

Extensive data on expected radiation doses in LHGW is not
 eadil y av ailable but, in the case of SKB’s Final Repository for low-
nd intermediate-le v el waste, r adiation is not expected to be high
nough to influence micr obial pr ocesses, and ther efor e the effects
f radiation can be disregarded (SKB 2010a , 2014 ), a principle that
an likely be applied to other LHGW. 

Combining the available data on likely doses of radiation emit-
ed from waste and the findings of r esearc h into micr obial r e-
ponses to radiation, focussing on the longer term lo w er dose
ates, we find that: 

(i) Micr oor ganisms isolated from around the Lanyu repository,
Taiwan (LHGW), gr e w best at 0.0014 kGy h 

−1 and wer e onl y
slightly inhibited at 0.0068 kGy h 

−1 . 
(ii) Ther e ar e se v er al examples of micr oor ganisms surviving

long periods of time around natural radiation sources.
While many of these reports do not include data on dose
r ates, bacteria isolated fr om fr om the vicinity of radioac-
tiv e waste stor a ge sites hav e surviv ed long periods with a
dose rate of up to 0.0035 kGy h 

−1 . 
(iii) Surface dose rates for HHGW ar e pr edicted to be between

0.0005 and 0.05 kGy h 

−1 and e v en if the external dose rates
for LHGW were the same as the expected maximum dose
rate inside LHGW (0.001 kGy h 

−1 ) (RWM 2016a ), then in



Gregory et al. | 15 

Table 9. Examples of low electron donor and acceptor concentrations for important microbial processes in a repository environment. 

Micr obial gr oup Electron donor threshold ( μmol L −1 ) Electron acceptor threshold ( μmol L −1 ) Reference 

Methanogens 4.0 × 10 −4 hydrogen, 2.0 × 10 2 acetate 4.44 × 10 1 dissolved inorganic carbon Chen et al. (2019), Jetten et al. 
(1992), Kar ada gli and Rittmann 
( 2007 ), Chen et al. (2019) 

Sulphate reducers 7 × 10 −4 hydrogen, 4–6 for formate 
and acetate, and 5 × 10 −1 for 
propionate 

1 × 10 1 in seafloor sediments, < 1.04 × 10 1 

in petroleum-contaminated aquifer 
Kar ada gli et al. ( 2023 ), Frank et al. 
(2015), Vroblesky et al. (1996), 
Glombitza et al. (2015) 

Ir on r educers 3 × 10 −5 hydrogen Ir on r educers can use Fe 3 + in solid 
material, e.g. ferrihydrite 

Kar ada gli et al. ( 2023 ) 
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most cases, the radiation emitted from radioactive waste 
should have minimal impacts on microbial survival and 

activity. Even if dose rates are as high as 0.05 kGy h 

−1 , the 
r a pid r eduction of r adiation as it tr av els thr ough bentonite 
(combined with r adioactiv e decay r ates) is likel y to mean 

that any effect will be spatially and temporally limited. 

Nutrients and energy sources as a limiting 

factor in the EBS 

Even if none of the limits described so far are exceeded, all mi- 
crobial life requires access to a number of chemical elements 
and compounds for growth and metabolism. Within an EBS, these 
could come from the groundwater (influenced by the dissolution 

of surrounding host rock and engineered barrier materials), ma- 
terials and contaminants entering the GDF during the operational 
phase, the waste itself, and potentiall y dir ectl y fr om miner al sur- 
faces on engineered barrier materials (Humphreys et al. 2010 ).
Concentrations and compositions of these nutrients will vary de- 
pending on site and concept. 

Nutrient and energy limits in na tur al 
environments and studies relevant to the EBS 

A complete r e vie w of nutrient and energy requirements is beyond 

the scope of this paper, but some examples of minimum energy 
source (electron donors and acceptors) requirements for micro- 
bial gr owth ar e giv en in Table 9 . Very low concentr ations of hydr o- 
gen can sustain microbial activity (3 × 10 −5 to 7 × 10 −4 μmol L −1 ) 
with ir on r eduction being about an order of magnitude lo w er than 

sulphate reduction and methanogenesis (Karadagli and Rittmann 

2007 , Kar ada gli et al. 2023 ). Higher concentr ations of or ganic com- 
pounds are needed if they are being used as electron donors.
Known electron acceptor thresholds are in μmol L −1 concentra- 
tions (see Table 9 ). Iron reduction often occurs when microorgan- 
isms are in direct contact with minerals, there is also evidence 
that sulphate reducers can be supported by dissolution of min- 
eral sulphates (Maanoja et al. 2020 ), and methanogens can use 
mineral carbonates (at high pH) (Wormald et al. 2022 ). 

In general, fungi have the highest nutrient r equir ements and 

nutrient thresholds, and archaea typically have lo w er thresholds 
than bacteria. Less is known on minimal nutrient r equir ements in 

similar natural en vironments . Ho w ever, the approach of compar- 
ing the elemental composition of a type of cell to known ground- 
water composition has been used to predict a theoretical max- 
im um micr obial biomass in the context of subsurface hydrogen 

stor a ge (T ha ysen et al. 2021 ). T his a ppr oac h assumes that cell 
growth can occur until the first essential nutrient reaches zero,
and can be used to predict limiting nutrients . T his ma y be an ap- 
r oac h that could be used in the future to estimate the amount
f biomass that could be supported within the EBS if an assess-
ent of the environmental limits indicates that microbial life can

e supported. 
Although not necessarily nutrients or energy sources, an ex- 

ess of certain elements can limit microbial activity. For example,
naer obic citr ate degr adation in hyper alkaline r epository condi-
ions has been shown to be inhibited by ele v ated nic kel and ura-
ium (Byrd et al. 2023 ). Due to the number of potentially inhibitory
ubstances that could be found in r adioactiv e waste inv entories,
nd the paucity of data available that is specific to EBS conditions,
his is beyond the scope of this r e vie w. 

hanges in nutrient and energy sources within 

he EBS 

he distribution of nutrients in time and space within a the EBS
s the result of multiple factors , e .g. material introduced in the
onstruction phase, the waste components, EBS material, and 

r oundwater fr om the host r oc k. 
The EBS is likely to be more n utrient de pleted in HHGW

isposal (compared to LHGW), as the waste in the latter typi-
ally contains a considerable organic component, summarized in 

brahamsen-Mills and Small ( 2021 ), which can support microbial
ctivity and growth. For example, bitumen (a significant compo- 
ent of the Belgian waste inventory) could be a source of nitrates
upporting microbial denitrification. It has been shown that ni- 
rate is consumed quickly in the presence of elevated electron
onors in the Boom and Opalinus Cla ys , but complete denitri-
cation does not occur without the addition of electron donors

Bleyen et al. 2016 ). In most LHGW concepts, the breakdown of cel-
ulose at high pH produces isosaccharinic acid, which can serve as
ole carbon and energy sources for micr oor ganisms (Bassil et al.
015 ). Other less common components such as plasticizers may
e included in encapsulated waste and contain organic polymers 

RWM 2019 ) that could support microbial activity (Nixon et al.
018 ). As HHGW does not contain the same organics rich waste
s LHGW it is not likely to support microbial life in the same way.
o w e v er, hydr ogen pr oduced by v arious mec hanisms, including
s a result of metal corrosion, may be an important electron donor
ource in the EBS and host r oc k ar ound a GDF (Libert et al. 2011 ,
agnoud et al. 2016 , Boylan et al. 2019 ). 

Leaching of any waste components is unlikely to occur until
he surrounding groundwater reaches the container itself, at this 
oint, release of certain components will be more or less instan-
aneously (Marsh et al. 2021 ). Leaching behaviour depends on the
pecifics of the waste inventory, EBS, and GDF design. It is not
ossible to give general descriptions of when or where additions
rom the waste will make a previously nutrient- or energy-limiting
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n vironment habitable . T he same is true of minimal amounts of
ydr ogen r eleased by corr osion. 

Considering the EBS materials as sources of nutrients and
ner gy, the concentr ations of sulphur and organic carbon in
yoming-type bentonites may be sufficient to support some mi-

robial activity, including sulphate reduction (Maanoja et al. 2020 ,
021 , Miettinen et al. 2022 ). Information is not available for other
ypes of bentonites. Total organic carbon and sulphur concentra-
ions may be limited in bentonites used in the EBS; e.g SKB has
et limits for both to < 1% dry mass at their SR site (Karnland
010 ). The evolution of cementitious materials as they react with
r oundwater, especiall y in terms of effects on pH, is well under-
tood, but rigor ous quantitativ e assessments of the nutrients and
nergy sources that could be available to microorganisms have
ot been undertaken. 

Any biomass that accumulates as a result of the utilization of
n y av ailable nutrient and energy sources will e v entuall y die, and
ecromass could support further microbial activity in and around
he GDF (Bagnoud et al. 2016 , Leupin et al. 2017 ). 

Micr obial populations hav e been found in all three geological
ettings considered as host rocks for a GDF (Humphreys et al.
010 ), indicating presence of some nutrients and electron donors
n groundwater. In some cases, for example, the Swiss Opalinus
lay (an LSSR host r oc k), the or ganic matter a ppears to be r ecal-
itr ant to micr obial oxidation (Leupin et al. 2017 ). In other cases
icrobial activity can be stimulated by the presence of organic

cids and hydrogen by coupling to ir on miner als found in Po-
iva’s ONKALO facility in Olkiluoto, Finland (HSR) (Johansson et al.
019 ). The issues surrounding nutrient and energy sources around
 GDF that may stimulate microbial activity have been addressed
n specific disposal concepts but tend to be qualitative rather than
uantitative . T his means a view on when and where minimum
 equir ements hav e been met has not been explored. Ho w ever, the
ollowing general statements provide an ov ervie w: 

(i) HHGW containers are designed to contain the waste for
long periods, but as they corrode they will release hydrogen
into the EBS, which can act as an electron donor for micro-
bial processes such as sulphate reduction or methanogen-
esis. It is not expected that large amount of other energy
sources or nutrients will be released from HHGW. 

(ii) As LHGW is biologically and chemically degraded, a range
of nutrients and energy sources are likely to be released
into the EBS once containers are breached. Although these
pr ocesses ar e br oadl y understood, the quantities and types
will vary depending upon the waste inventory and disposal
concept and GDF design. Work has focussed on the more
abundant compounds in the waste inventory (e.g. cellu-
lose breakdown products) rather than focussing on com-
ponents of the inventory nearer the minimum limits for
life. 

(iii) EBS materials, such as cements and bentonite, may provide
nutrients and energy sources, and there is evidence that
microbes can use organics and sulphate from bentonites.
The geoc hemical e volution of cements is r elativ el y well un-
derstood, but not in terms of how this affects their ability
to support microbial life. 

iscussion 

lthough the stresses have been considered in turn abo ve , micro-
ial communities within the EBS will be subject to m ultiple, sim ul-
aneous (and often coupled) stresses that could act synergistically
o limit life in EBS environments (Capece et al. 2013 ). For example,
 adiation fr om HHGW also generates heat that will drive water in
he bentonite a wa y from the waste . T his has the effect of increas-
ng the desiccation and dry density due to the greater swelling
r essur e exerted in more distal clay with a higher water content,
ompressing the drier bentonite. In this scenario, the microorgan-
sms closest to the waste container will be exposed to greater heat,
esiccation, ele v ated dry density, and radiation than those fur-
her a wa y. While the desiccation can reduce microbial activity, it

ay also increase the survival rates of dormant microorganisms,
hic h could potentiall y become r eactiv ated if conditions become

uitable again. 
The co-occurrence of certain conditions in natural environ-

ents (e.g. high salinity and hyperalkalinity in soda lakes) has led
o some organisms developing co-tolerance (Capece et al. 2013 ) . In
ther cases, the cause and e v en existence of co-toler ance ar e less
lear. There is some evidence that radioresitance has developed
s a coincidental result of desiccation resistance (Pavlopoulou et
l. 2016 ), but other studies have found no clear evidence of co-
oler ance de v eloping (Beblo-Vr anese vic et al. 2018 ). Although this

eans that in specific cases, micr oor ganisms may be able to toler-
te the co-occurrence of certain stresses, it is also true that mul-
iple stresses may act together and reduce the possibility of mi-
robial activity (Beblo-Vranesevic et al. 2018 ). For example, few
icr obial species hav e been identified that can surviv e both high

H ( > pH 10–11) and high temper atur e ( > 50–60 ◦C), despite neither
f these individually being at the upper limits of survival (Bo w ers
nd Wiegel 2011 , Harrison et al. 2013 , Nixon et al. 2022 ). A similar
bservation has been made for the lack of cultivated strains that
an grow at temperatures above 55 ◦C and salinities > 1.7 M (T ha y-
en et al. 2021 ). The nature of laboratory experimentation means
hat str esses ar e usuall y consider ed individuall y, e v en though it
s recognized that in an EBS environment, multiple stresses may
e operating as part of complex coupled pr ocesses. Consequentl y,
o increase the confidence in the data presented here, additional
 esearc h is r equir ed to inv estigate the surviv al and activity of mi-
r oor ganisms under combinations of str esses. P articular attention
hould be given to ensuring that the combination of environmen-
al stresses is relevant to a specific disposal concept so that the
ata generated can form part of a safety assessment. 

An understanding of the limits of microbial life, combined with
n understanding of the evolution of the conditions in the EBS,
an be used to predict times and locations wher e micr obial activ-
ty and survival are more or less likely. Although the specific con-
itions will vary according to geology, waste type, and repository
esign, some common features can be outlined. 

For HHGW within a bentonite-based EBS (in HSR or LSSR), tem-
er atur es and r adiation le v els will be highest in the early stages of
DF, potentially coinciding with the period when oxygen has not
et been completely consumed. The heat will limit, if not exclude,
icrobial activity in a zone extending from the waste canister sur-

ace to some distance into the bentonite buffer. This may result in
ome or all of the EBS being above palaeopasteurization temper-
tures in the early stages. Conditions are likely to drop below the
redicted limit for survival in bentonite on the order of hundreds
f years. It is not certain whether temper atur es could r eturn to
e v els supporting life before all oxygen is consumed and condi-
ions become reducing. If this is the case, then understanding of
he potential impacts of processes such as aerobic microbiologi-
all y influenced corr osion in these envir onments would need to
e impr ov ed. In these earl y sta ges, post-closur e r adiation on the
anister surface may allow microbial survival. This is another area
here data is sparse and, generally, radiation is not considered to
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Figure 3. Summary of the extent to which the variables considered in this review may limit microbial survival and activity for GDFs containing HHGW 

(upper) and LHGW (lo w er). HSR and LSSR are grouped together at the top of each section and evaporites are considered separately below. The blue 
bars give a qualitative indication of impact (thicker bars indicate greater potential to limit microbial activity and survival). Length of bar gives an 
indication of duration/distance of effect. Tapering indicates a gradual decrease or increase of effect. 
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impact microbial processes in the EBS. Any effects that do occur 
will be limited to the near-canister environment, as the radiation 

dose decr eases r a pidl y as it penetr ates the bentonite. Heating of 
the bentonite will result in desiccation and further limit micro- 
bial activity in the zone nearest to the waste. As the heat dissi- 
pates and the groundwater hydrates the bentonite, the swelling 
of the clay, and r esultant decr ease in por e space will further re- 
duce microbial activity. The precise point of exclusion will depend 

on bentonite type and be affected by heterogeneity of hydration,
particularly at interfaces such as at the edges of the bentonite 
buffer. Extremes of pH are not expected to impact microbial ac- 
tivity in bentonite EBS (with the exception of specific examples 
given within this review). Salinity may reduce microbial activity 
where the GDF is situated in geology with saline groundwater, and 

its influence will be dependent upon hydrogeological factors. 
In cementitious r epositories, typicall y intended for LHGW (in 

HSR or LSSR), the k e y stress is likely to be high pH. Bulk pH is 
expected to r emain abov e pH 12.5 for on the order of 50 000–
100 000 years, which is anticipated to exclude most microbial ac- 
tivity throughout the cementitious material except where local 
pH conditions are lo w er (e.g. within cracks on the outer edge of 
the EBS). Temper atur e incr eases r esulting fr om the curing of ce- 
ment are expected to alter the prokaryotic community but not 
exclude them completely. These temperatures could potentially 
exclude fungi or halophiles for a period of tens to hundreds of 
years. Microbial activity may also be affected if the groundwater is 
saline. As pH and salinity resistance may hav e co-e volv ed, the hy- 
per alkaliphilic comm unity that will de v elop may also be r esistant 
o an y incr eases in salinity. After around 50 000 to 100 000 years,
H will drop to around pH 10.5 and an increasing variety of al-
aliphiles can become activ e. Ev entuall y, pH will r eturn to that
f the surrounding groundwater, and increasing diversity of mi- 
r oor ganisms will become active. As this will occur on the scale
f hundreds of thousands up to a million years, this may have less
f an effect on the safe operation of the GDF due to the significant
 adioactiv e decay that will hav e occurr ed ov er this timescale. Ra-
iation from LHGW is not expected to significantly impact micro-
ial activity in the EBS. 

In e v a poritic geologies, the salinity will be the primary limiting
actor in the EBS (for both HHGW and LHGW). Although micro-
ial activity cannot be ruled out in e v en the most saline environ-
ents, activities are expected to be low and not be detrimental to

he performance of the GDF (Swanson et al. 2018 ). In addition to
his str ess, v ery high temper atur es could be gener ated by HHGW.
ombined with the r elativ el y low temper atur e limits for c har ac-

erized strains of halophilic anaerobes, this means that a zone of
onsiderable distance around the waste could remain too hot for
icrobial activity for thousands of years. 
If none of the environmental limits are exceeded, microbial 

ctivity may still not occur if the environment is limited in spe-
ific elements , nutrients , or sources of energy required for build-
ng and maintaining microbial cells. Assessments of this are likely
o remain a challenge due to the complexities of the possible
ontributions from groundwater, host rock, EBS materials, and 

aste and how these vary as the environmental conditions evolve.
f the exercise described here can narrow down the times and
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Figure 4. Illustration of how microbial limits approach could be incorporated into modelling of the evolution of conditions within an EBS. The top two 
illustr ations r epr esent ho w tw o hypothetical v ariables c hange with distance fr om the w aste sour ce and time since the closur e of GDF. In eac h case, a 
limit for life has been set at 100 arbitrary units and is indicated by the change from grey (below the limit to life) to blue (above limit to life). Data from 

m ultiple v ariables can be superimposed (her e onl y two ar e sho wn) to sho w where , in space and time , the conditions might allow microbial activity 
(grey zone). In this example, variable 1 alone indicates that the environment becomes habitable beyond a certain distance from the waste and after a 
certain period. Ho w e v er, the second variable limits life throughout the EBS for a period of time. When the two are combined (in the lo w er image), a 
better impression of the habitable space/time can be gained. This information can be used alongside other data to determine whether microbial 
activity at those times/places poses a potential risk (or benefit) to the safety case, and decisions can be made about whether additional r esearc h needs 
to be conducted to confirm the type and magnitude of microbial activity, e.g. through laboratory experimentation or modelling. 
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laces where microbial activity could occur, the task of predicting
hether there will be sufficient nutrients and energy sources will
ecome less challenging than predicting their levels throughout
he entire of the post-closure period. 

In this w ork, w e hav e intentionall y taken a br oad a ppr oac h to
emonstrate , in principle , how a knowledge of the environmen-
al limits to microbial life could be used to pr edict wher e, when,
nd what type of microbial activity could occur within the envi-
onment of an EBS for a GDF. As such, it has not been conducted
ith any specific geology, waste type, or disposal concept in mind.
ome general principles of the periods and locations where differ-
nt environmental factors might exert their influence are shown
n Fig. 3 . This figure is meant to be illustr ativ e and there may be
actors specific to the site or EBS design that mean the situation
iffers for a particular GDF. 

To a ppl y this to an y pr oposed GDF, the limits we hav e out-
ined should be used as input parameters for system models of
xpected changes to temperature, pH, resaturation, etc. Incorpo-
 ating micr obial limits into suc h models will identify the times
nd places when microbial activity could occur. An illustration
f how this might be done for two variables is shown in Fig. 4 .
his a ppr oac h could be expanded to include the r anges of m ul-
iple variables to identify a habitability space around a GDF as
onditions over time. This habitability space can then be cross-
 efer enced a gainst safety documents to assess whether activity
t those times and places has the potential to affect the safe con-
ainment of waste. If it could, then a decision can be made about
hether further experimental work is r equir ed to confirm or ex-

lude the possibility of r ele v ant micr obial activity under those
onditions. 

onclusions 

e have outlined an approach to determining the likelihood for
icrobial activity in relation to the disposal of r adioactiv e waste.

his a ppr oac h is based upon the envir onmental limits of micr oor-
anisms for stresses likely to be encountered during the lifetime
f a GDF and which is br oadl y a pplicable to pr edicting micr obial
ctivity in other environments over long periods under variable
n vironmental conditions . Where data is a vailable , different types
f microbial activity can be incor por ated so that the limits of par-
icular micr obial gr oups can be r efined by taxonomic group (e.g.
acteria or fungi) or microbial process (e.g. sulphate reducers or
ethanogens). This a ppr oac h could inform safety consider ations

y providing a series of limits to life that could be incor por ated
nto existing or new models of the environmental conditions. In
his way, a more targeted approach to understanding microbial
mpacts can be integrated into safety planning to identify whether
here is potential for negative or positive impacts on the safe con-
ainment of waste, and the outputs of this exercise could be used
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to identify any gaps in understanding microbiology within the EBS 
and inform the design of futur e r esearc h that will impr ov e our un- 
derstanding of the microbiological processes at critical times and 

locations within the EBS that have the potential for positive or 
negative impacts on the safe containment of waste. 
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