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Publishable Summary

Indigenousbacteriaare naturally present in bentonitenaterialsto be used asnengineered
barrier indeep geological repositories oficlear waste Their density is generally decreasing
with the compactness of the bentomit but they remain present even in densities above
2000kg/m? presumablyin the form of spores characterized by unbelievable durabit@gher
factors, such as temperature or water availabilido not limit the Grargpositive pore-
forming bacteriapredomirmating amongndigenous bacterias much as they dm the case
of the non-sporeforming bacteria. Sudies specifically focused on the spdmming
bacteria arghus highly needed.

Thesecond source of bacterthat may affectbentonite in deepgeologicakepository
is contamination from the surrounding environmemtostly pore water with predominating
Gramnegative norsporeforming bacteriaMoreover, bacteria will bénevitablyintroduced
from the surfaceduringconstruction ancoperation of therepositay, before its final closure
The speed openetration of allochthonousbacteria into the bentonite barriers strongly
dependert on the swelling pressureand composition of the claymaterial on
hydrogeological conditionand on the stability ofhe bentonite/host rock interface.

Our study fulfilled two most important goals. Firgte developedareliable method for
direct detectionof bacterial presence (both viabknd dead cells) in the bentonite, which
has been missing. Our method is based on theagtion of bacteria from bentonite using
density gradient centrifugation andheir subsequent Le/Dead fluorescence staining.
Although our method needs further optimization and testing of its general functionality on
different bentonite types, we believe will be very useful for future research of bacterial
presence in variouslay materials

Our second goal was to study microbial mobility within compacted BaM bentonite
from Czechi@f two different dry densitieg 1400kg/m® and 1600kg/m®. Fourteensecions
of saturated bentonitesamples differing in their distance from the source radtural
bacterid community(Josef URL, Czechvegre inspectedfor the presence of bacterid/iable
cells were observed in each section of both bentonite densities teJted. finding indicates
that bacteria are able to move througtaturatedbentonite ofevenhigher dry density (1600
kg/m®) and thushigherswelling pressuref about 5 MPaCzech BaM bentonite belongs to
Cabentonites that might generalhallow for better microbial mobility due to its physical
properties, different from Néentonites Based on previous studiesadterial mobility in
highly compacted Na Sy (i 2 Y A (0 S 9 isvery §miteul THergfare( éirther tests are
needed torevealwhether the surpriggly high bacterial mobility detected in our experiment
wascausedsolelyby the lower bentonite densitused or bythe unique propertiesof BaM
bentonite (or Cébentonites in general), or if our novel methad more sensitive than
previously used methasd
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1.1 Microbial ecology and occurrence in bentonite

1.1.1 Microorganismsn groundwater

The knowledge about the composition of microbial communitiegrmundwateris crucial,
as it represents one of the two major sources of possible microorganism contaomnait
underground waste repositories and can also influence the indigenous biota naturally
present in bentonite, which is second source of repository microbial contamination.
Microbes can grow in any environment in the presence of liquid water if theiienitr
and energy requirements are met and if they can tolerate the environment physiologically
(StroesGascoyne and West, 1997). Not surprisingly, microbes (including groups of specific
interest such as sulphateeducing prd&aryotes, acetogens or iron redacs discussed below)
have been shown to be present in many relevant geological formations, botoumdwater
and in the host rockFru and Athar, 2008; Hallbeck and Pedersen, 2012; Humphreys et al.,
2010; Pedersen et al.,, 2008, 2014). The particular ataristics of the active microbial
population is always specific to the particular environment (Humphreys et al., 2010) and
microbial communities and cell densities also varies as a function of sampling depth (Eydal
and Pedersen, 2007; Pedersen et alQ&0
Granitic aquifers, which are matter of choice in various waste disposal concepts in
Europe (Humphreys et al., 201&)ntain a relatively diverse, and mos@am-negativenon-
sporeforming mesophilic microbial communities (Fru and Athar, 2008; Pesters997). The
sampling of groundwater from various depths-800 m) in nearly 100 sites across
Fennoscandian Shield was used to estimate the overall micral@abity present in
groundwater.The observed viable cell numbers ranged from 10 tocklls mt " while the
observed total cell number ranged from *1G 2 @ &Nsamt " Shallow groundwater
(depths of 815 m) generally contained more cells than deep groundwater from depths of
20¢1000 m (Eydal and Pedersen, 2007). Bacterial load also seems tsibegty correlated
to the concentration of dissolved organic carbon (Pedersen et al., 2008).

1.1.2 Microorganisms in bentonite deposits

Bentonite is a geological term for soil materials with a high content of a swelling mineral,
most often montmorillonite. Thenontmorillonite belongs to the smectite group of minerals
and is responsible for the most important feature of bentonitethe swelling ability
(Karnland et al., 2006). Montmorillonite is an ion exchanger consisting of stationary
negatively charged silita layer and interlayer of mobile counter cations and water
molecules. The two often dominating counter ions are' ldad C4&", giving Naand Ca
bentonite respectively (Svensson et al., 2011), although the content of other ions may be



quite large (Karnlancet al., 2006). In bentonite, water molecules can be intercalated
between the individual montmorillonite layers to create an interlayer ionic solution. Because
there is demand for electrical neutrality, the cations cannot freely diffuse away from the
mineral surface. As a result, water will consequently be transported into the -latear
space, if water with a higher chemical potential is available, and the interlayer distance will
increase resulting in the swelling (Karnland et al., 2006). In a fixetiohame, the water
uptake into the interlayer space will reduce the volume of initially larger bentonite pores.
The full water saturation is reached at the moment when the uptake is forced to stop by the
complete filling of the pore volume with the introded water. The remaining difference in
ion concentration, between the high concentration interlayer solution and the water
supplying solution, leads to an osmotic pressure bupdin the clay (swelling pressure)
(Karnland et al., 2006).

High-quality comnercial bentonites contain over 80% of montmorillonite. However,
the amount of montmorillonite is rather different in various commercial bentonites ranging
from 60% to more than 80% (Pedersen, 2017; Svensson et al., 2011). Moreover, the
elemental compositin of particular montmorillonites varies a lot among different
bentonites and there is also variable amount of other accessory minerals in bentonite such
as feldspars, quartz, cristobalite, gypsum, calcite and pyrite (Karnland et al., 2006). As a
result, diferent commercial bentonites vary a lot in their quality and potential sealing
properties. The detail characteristics of various commercially available bentonites have been
described by (Bengtsson et al., 2017; Karnland, 2010; Karnland et al., 2006GePe@€x17;
Svensson et al., 2011).

The swelling ability was the most important feature of bentonite in its use to construct
engineered barriers in geological repositories for dpwntermediate and highlevel
radioactive wastes (Pedersen et al., 2017actBrial growth in swelling bentonite clay is
generally expected to be limited due to the small pore size and to the scarcity of nutrients
and electron acceptors necessary to maintain the bacterial population (Lima and Sleep
2007). Presence of bentonite isolutions decreased cell transport in porous media
regardless of cell types (Gramegative or Granpositive) and solution chemistry (ionic
strength and ion valence) (Yang et al., 2012). Furthermore, it was long expected, that the
organic carbon naturallpresent in the buffer and backfill clays may be difficult to degrade
(StroesGascoyne and West, 1996). However, recent research showed, that bentonite clay
contains various organic materials, such as alcohols, esters, ketones, aldehydes, fatty acids
or allkanes (Pedersen, 2017), as well as molecular hydrogen or carbon dioxide, which are
common energy sources used by varipugkaryotes(Svensson et al., 2011).

Although bentonite definitely represents unusual and extreme environment, bentonite
deposits are ot sterile. Fukunaga et al(2005) detected microbial activity of mostly
mesophilic bacteria at four sites in two different bentonite deposits in Japan and reported
that the activity is lower than in typical soils and aquatic sediments. Similar resules wer
reported by (Boivirlahns et al., 1996 Belgian Boom claysru and Athar(2008 and
Pedersen et al(2000a) reported natural acurrence of the sporborming Gam-positive



bacteria in MX80 bentonite. Svensson et al.2011) searched various natural denite
samples for the presence of microorganisms with special attention to aerobic heterotrophs,
anaerobic sulphate and iron reducers and autotrophic acetogens, because of their abilities to
affect the storages for nuclear waste in different ways. Varimesophilic and thermophilic
microorganism belonging to these groups were detected in all eleven studied types of
bentonite, although the differences in microbial abundances and compositions were
generally large.

Aerobic heterotrophs respire oxygen andughcould be of importance especially at the
oxidative phase of the repository development following the waste disposal (see below).
Aerobic microorganisms reduce the oxygen in the buffer environment much faster than it
happens by abiotic processes, whiahultl be beneficial for the repository, since oxygen
itself is corrosive to metal canisters (Bennett and Gens, 2008). However, many aerobic
microorganisms produce compounds not favable for a HLW repository, such as organic
acids andioligands thatan nobilize several radionuclides (Johnsson et al., 2006).

Anaerobic iron reducers may represent a threat mostly to the bentonite buffer itself.
These microorganisms are capable to rapidly reduce iron present inriclonsmectites
changing the swelling montamillonite to nonswelling illite (Kim et al. 2004), which may
dramatically reduce swelling and sealing capacity of the buffer material (Stucki et al., 2009).
Iron reducing ability was reported also in the genus Bacillus, which was reported as member
of indigenous bentonite fauna (Matschiavelli et al., 2017).

Suphate-reducing bacteria (SRB) are obligate anaerobic organisms mostly belonging to
Deltaproteobacteria, which utilize a wide range of carbon substrates or grow autotrophically
on molecular hydrogeand carbon dioxide (Muyzer and Stams, 2008). SRB are of particular
interest because of their prominent role in anaerobic metal corrosion either indirectly due to
their ability to dissimilatory reducsulphateto hydrogensulphide which corrodes canister
materials (chemical microbially influenced corrosion), or directly via direct withdrawal of
metal electrons (electrical microbially influenced corrosion) (Enning and Garrelfs, 2014).
Independent studies proved, that SRB, although they are not easy totdeyemeans of
cultivation approaches (Pedersen et al., 2000b) represents one of the most frequent and
important metabolic groups of bacteria occurring in natural bentonite samples (Masurat et
al., 2010a; Svensson et al., 2011). Some of them show extrdararnoe todesiccation high
temperatures and salinity (Masurat et al., 2010b). Notably, the sulphide is produced not only
by the dissimilatory reduction of sulphate by SRB, by also thiosulphate and sulphur by
sulphideproducing bacteria (SPB), which alscacommonly present in bentonite deposits
(Pedersen, 2017). Except for the direct corrosifiea, microbially produced sulpthe also
reduces ferric iron naturally occurring in most commercial bentonites to ferrous one. This
chemical process is responkbfor relatively high bentonite immobilisation capacity for
diffused sulphide which can significantly reduce the mass of sulphide that corrode metal
canisters (Pedersen et al., 2017), but on the other hand the reduction of ferric iron to ferrous
one mayhave destabilizing effect on montmorillonite similar to the effect described for-iron
reducers (Kim et al., 2004; Lantenois et al., 2005).



Except for presence of SRB, many of which are heterotrophic and thus require
presence of organic carbon source, segl also confirmed the natural occurrence of
autotrophic acetogens producing acetone from inorganjcaHd CQ in natural bentonite
(Fru and Athar, 2008; Svensson et al., 2011). Interestingly, a correlation between produced
acetate and sulphide was repeally observed, suggesting that acetogenesis boosted the
sulphatereducing populations in the clay mineral systems (Bengtsson et al., 2017; Svensson
et al., 2011). The other physiological group of bacteridnagnitratereducing bacteria that
have been imficated in metal corrasn (Enning and Garrelfs, 201de commonly present
in bentonite depositgJalique et al., 2016; Svensson et al., 2011)

1.1.3 Microorganisms under repository conditions

Longlived high level radioactive waste will be buried several maddneters below ground

in geological formation in canisters made of corrosion resistant materials such as copper or
stainless steel surrounded by a buffer of compacted bentonite or cement (Bennett and Gens,
2008). Bentonite buffer consists of bentoniteobks withlow water content (1017%) at
deposition of the canisters. There will be slots between the bentonite and the canister,
between the different bentonite blocks and between the bentonite and the rock, which will
enable smooth lowering of the canisteand blocks into the deposition holes. These slots
will be filled with groundwater from fractures in the rock or, alternatively, with groundwater
or surface water added at deposition. The bentonite will start to swell and will eventually
reach the plannd full compaction density (0 kg/m°®) and water content of around 26%
(Pedersen et al., 2000a).

The repository conditions in the neéield following high radioacte waste (HLW)
deposition generally evolves from initially warm aoxidizingto cool and aoxic in the long
term and consists of four phases summarized by (King et al., 2017): (i) immediate post
LI | OSYSy (s ¢6KSyYy (KS Sy @A NBRJaNoS gode rateinill be adbitS | S NP
highest level. At this stage, the conditions will be exiee The temperature at the canister
AdzNF I OS oAttt NBIFOK dppc/ T GKS NIRAFGAZ2Y R2aS
buffer and backfill materials can rise up to WPa (Simmons and Baumgartner, 1994). The
second stage is (ii) cigut, whoseduration will depend on the initial compacted bentonite
moisture content and can take from several years (in case of crystalline host rock) to several
hundreds of years (in case of sedimentary host rock). Third stage, (iii) containettneg
and buffer saturation is characterized by transition from a dry to a saturated -fie&t
environment, and consumption of residual oxygen The last stage (iv) igdonganoxic
phase, which begins once the ndald reaches full saturation. It is the period of the
continued cooling and anoxic conditions.

Because of the described extreme conditions, most early analyses considered
repository to be either a completely sterile environment, or at least not seriously threatened
by bacterial activity (StroeGascoyne andlVest, 1997). However, many microorganisms are
able to tolerate really extreme environments (Humphreys et al., 2010; Ratto and Itavaara,



2012) and citations therein) implying that the conditions in early stages post deposition does
not need to be as devaating as expected for all microorganisn$troesGascoyne and West
(1997) reviewed microbial effects on ILW repository and concluded that combination of
radiation and high temperature effects in the close proximity of ILW container could result in
the credion of zone with severely reduced microbial activity, which should however be
relatively narrow (250 cm). The potential diffusion of corrosive microbial metabolic
products to the container surface thus must be considered. The other important question,
which is the main scope of this review, is possible bacterial repopulation after the
amelioration of conditions within the repository. Further we discuss some of the most
important factors influencing microbial activity in compacted bentonites under reposit
conditions

1.1.4 Effect of pressure

In most of the waste disposal concepts, the deposited HLW canisters will be surrounded by
compacted bentonite as one of the multiple barriers (Bennett and Gens, 2008). Upon
contact with groundwater, the bentonite will egpd and develop a mechanical pressure
when constrained by the surrounding rock walls leading to the sealing of the repository
(Pedersen, 2002). Depending on the madegy of the specific bentonite type and salinity of

the groundwater, different swelling rpssures are produced at the same wet density
(Karnland et al., 2006).

A high density is believed to have an inhibiting influence on bacterial activity of the
natural bacterial populations in the bentonite clays. In the various waste disposal concepts,
the desired swelling pressure is at least 5 MPa, which requires a clay dry density of >1600
kgm® (Pedersen, 2017). Even in lalensity bentonites (wet density 1500 kg®), a pore
size in the nm range would theoretically not allow for bacterial existencesgrthe bacteria
could withstand the mechanical pressure from the separating flocs (0.09 MPa at 1500 kg/
m®)(Pedersen, 2017). Prokaryotic cells can compensate for the mechanical pressure (as in
compacted bentonite) by turgor pressure. Published data ogduipressure in prokaryotic
cells mention pressures between 0.08 MPa and 2 MPa in most species, which means that cell
integrity is generally possible at bentonite swelling pressures below 2 MPa (Pedersen, 2017;
Potts, 1994). However, there are many speaéprokaryotes specialized to survive in high
pressure environments, such as deep ocean. These orgaaigrknown as piezophiles and
were reviewed by (Ratto and Itavaara, 2012). Furthermore, endospores of anyfepaiag
bacteria can survive high prese for reasonably long time. Speferming bacteria were not
completely eliminated after 15 months at the repository conditions, although their numbers
were significantly reduced (Pedersen et al., 2000b).

WhenChoi and Oscarsqia996) compacted two typesf bentonite to dry density 1300
kg/m®, Nabentonite saturated with water developed pore sizes of around 0,01um with only
very few larger pores present, which is about 100 times smaller than size of an average
bacterium (Stroessascoyne and West, 1997he tested Gdentonite on the other hand



tended to have more large pores than {dantonite at the same density, which was ascribed

to the generally larger quasicrystal size of theb@atonite clay. This feature is further
responsible for higher diffusiocoefficients of Cdoentonite compared to Ndentonite (Choi

and Oscarson, 1996). Transport of bacterial nutrients and metabolic products in compacted
bentonites is diffusion limited due to the low porosity of buffers and backfill. Bacterial
activity will be consequently diffusion limited, because the rates of diffusion are probably
very slow as was demonstrated feulphide (Pedersen, 2017; Pedersen et al., 2017). As a
result bacterial growth will stop and their metabolic activity will cease. However, the
bacterial viability may be (and often is) preserved (Pedersen, 2017).

Although cultivable bacteria were reported in compacted bentonite of different
density both in case of indigenous bacteria (Aoki et al., 2010; Motamedi, 1996; Pedersen et
al., 2000b) orcultivable bacteria introduced to bentonite prior compaction (Bengtsson and
Pedersen, 2017; Pedersen et al., 2000b@reis strong experimental evidendbat bacterial
activity is negatively affected by compactness of bentonite. Various kinds ckpmwe-
forming bacteria inoculated in compacted M bentonite (wet density @00 kg/m?,
swelling pressure about BIPa) were significantly eliminated in 15 months under repository
conditions (Pedersen et al., 2000b). Microbial sulpipdeducing activity hasden found to
decrease with increasing density of N8R bentonite (Masurat et al., 2010b; Pedersen et al.,
2000a; Pedersen, 2010). Similarly, the sulpfpdaduction results (by infested SRB) for the
three types of bentonite (MX80 and Asha belonging to Nzentonites) and Calcigel (Ca
bentonite) indicated intervals between 1740 and 1880rkgin wet densities within which
sulphideproducing activity dropped from high to very low or below detection (Bengtsson
and Pedersen, 2017). Sulphigeducing bacteriacould be cultivated from following
compacted clay samples: Wyoming Volclay-80XUSA), Asha (India), Calcigel (Germany),
GMZ (Gaomiaozi, China, Rokle (Czech Republic) and FEBEX clay (Switzerland). Their numbers
decreased over wet density (1400 to 2000 kg) for some but not all tested claysith the
density threshold for metabolic activity (detected by the production of radioactively marked
CwS) varying between 1690 kg? (Rokle) and over 2000 kgy? (Boom Clay)Moreover,
acetate formation from naturabrganic matter was observed at all wet densities indicating
presence of bacterial activity at the higher bentonite densities, wheiphate production
could not be detected (Pedersen, 2013)milarly,Bengtsson and Pederseb((l6) reported
no clear cutoff in Boom clay density with respect to presence and activity of cultivable SRB,
sulphide production was increasingly possible at or below 180Gkg

These results indicatinat density alone does not control bacterial activity in clays, but
the other varables such as clay type, temperature, water content, presence of organic
matter and other energy sources, pore space or pore water composition must be also taken
in consideration and need further attention (Bengtsson and Pedersen, 2017; Pedersen,
2017). W shortly review the effect of some of these factors below.



1.1.5 Effect of temperature

Except from the high pressure, high temperature is other important feature of-fielar
environment in the HLW repository. The detrimental effect of temperature on microbial
activity was demonstrated by several studies mentioned below.

The surface temperature of the waste canisters is expected to be aboth @ / = A Y
some conceptsvil S @3Sy SEOSSR wmnnc/ T FYR KAIK GSYLISNI
important protectionsfrom microbial life (Bennett and Gens, 2008). In accordance with this,
Pedersenetaln nnno 0 NBLRZ2NISRX GKIF G -foriingySREwWede thd KS Ay
2yt e AdzZNBAGAY3IT o OQGSNAI Ay Hy & S-80bannitd. A YS 21
Simlarly, Lydmark and Pedersg@ n MmM0 RS&aONAOGSR GKIFG GKS KA3IKS
led to decrease in the bacterial abundance and activity in repository experiment. Results of
other experiments were however less encouraging. Heat treatment of the Inéetaat
mMmmnc/ F2NJ mtn K FEFEAESR (42 SN} RAOI-pr&luchg . AY
activity and large numbers of cultivable SPB were observed in thetresded MX80
bentonite samples (Bengtsson and Pedersen, 201Masurat et al.(2010b) in similar
SELINAYSYy(G RSGSOGSR t2aa 2F {w. OAlFoAtAGE | 7
but Bengtsson and Pederser20(6) reported the presence of indigenous SRB, which
adzZNA PSR KSIF G G NBIH YUfyng elemént of allnothése Fualids) isn y
presence and survival of speferming microorganisms, which are capable of remarkable
endurance (see below).

Moreover, the elevated temperature can also have negative effect on bentonite
sealing capability.Svensson et al.2011) detectd a significant difference in swelling
pressure between bentonite exposed to high temperatures and reference untreated
material for two of the investigated bentonite materials, Asha 505 and Deponit CAN. The
bentonite samples which were closer to the heateere affected more by the swelling
pressure decrease. These results show the need for the further detailed studies concerning
the effect of temperature on bacterial survival (with the special emphasis to spongng
microorganisms) while taking into ammnt the physical features of particular bentonite clays.

1.1.6 Effect ofdesiccation

In contrast to nutrient, energy, pressure, temperature and radioactivity constraints, few
bacteria can tolerate removal of water from the cell (Motamedi, 1996). The avayabflit
H,O for microbial processes can be represented by the water activify fdost bacteria
grow well at & around 0.98 but relatively few species cgrow at a, of 0.96 or lower
(Motamedi, 1996). The most tolerant bacteria can grow at aw of 0.85 araphitic archaea
even at aw of 0.75 (Grant, 2004).

In nonsaline soils, water availability is determined by the thickness of the water film
around soil particles. In the soils with low water content, substrate diffusion and cell motility
reduces microbialactivity and these conditions are more detrimental to microbes than
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osmotic stress in saline soils (Chowdhury et al., 2011). Reducing the water activity of buffer
material thus may be a potential approach to limiting microbial activity in the vicinity of
containers (Stroessascoyne and West, 1997). In accordance with this assumption,
Motamedi (L996) evaluated the effect of water activity on survival of introduced SRB under
repository conditions and found that water activity lower than 0.96 was lethal fer th
studied microbial species. Similarkpki et al. 2010) demonstratedhat the number of
viable aerobic heterotrophs in compacted bentonite well correlated with the water content,
which was affected by the temperature (presence of the heater).

However, nany bacteria can withstand desiccation (and other untaable
environmental conditions) by spore formation. Bacterial endospores are survival forms with
reduced water content and undetectable metabolic activities that can tolerate adverse
environmental caditions such as extreme drying, wet and dry heat, and UV and gamma
irradiation (Nicholson et al., 2000). Dormant spores exhibit remarkable longevity in the
environment. They can survive extreme conditions under repository conditions at least 15
months (Péersen et al., 2000bkee below. Many subsurface microorganisms have mean
ISYSNI GA2Y GAYSa 2F dzlJ G2 GK2dzal yRFongng & S| NI
bacteria are found among various bacteria including aerobic heterotrophs, anaerobe
acetogers or iron and sulphate reducers (Nicholson et al. 2000). Not only dorstatd
spores, but also vegetative cells of some desiccainberant bacteria can maintain viability
in the dry state. The maximum time of survival in this dormant state is howeaveanawn
(Billi & Potts 2002).

Montmorillonite with its high affinity for water could efficiently extract water from the
bacterial cells, when surrounded by bentonite, leaving them in a desiccated (and possibly
well preserved) state, because the bacteriall ceembrane is water permeable (Pedersen,
2017). Slow desiccation is a common process for bacterial preserving in microbiology
(Stamp, 1947). Interestingly, there is possible connection between the resistance to
desiccation and radiation tolerance. The rie&sed ability to survive radiation observed in
some indigenous microorganism in bentonite was ascribed to their increased tolerance to
desiccation Thedesiccationresistance requires extensive DNA repair similarly to the repair
of DNA damage from ionianradiation. Microbial cells thus seem to use similar mechanism
to reduce detrimental effect of both factors (Lucht and Str@sscoyne, 1996; Stroes
Gascoyne and West, 1997). AlthougtioesGascoyne and Wes1997) concluded, that the
presence of SRB nhignot pose a high risk to waste containers, |f @ the saturated
bentonite is kept low, the evaluation of the behauroof microorganism and especially the
sporeforming bacteria under repository conditions seems to be crucial.

1.1.7 Studies under repositorgonditions
Up to date and for obvious reasons, there is no study performed under all the extreme

conditions present within a real HLW repository and in the reasonably long time scale, so the
evaluation of possible microbial effect on it is always challengin most cases, we have to
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rely on investigation performed under realistic repository conditions without radiation
performed in underground labs e.@Arlinger et al., 2013; Jalique et al., 2016; Lydmark and
Pedersen, 20119r on mathematical modéng approaches e.g. (King et al., 1999; Zhao et al.,
2014).

Further we mention studiesvaluaing the effect bacterial survival in the bentonite at
different compaction densities under repository conditions without radiation. Pedersen et
al. (2000b) tested wability of various introduced aerobic and anaerobic bacteria in
compacted bentonite under higlevel radioactive waste repository conditions in the time
frame of 15 months. Their results confirmed the detrimental effect of swelling pressure on
bacterial suvival in the compacted bentonite with the temperature being further limiting
factor in bacterial growth and proliferation. The spdmeming microorganisms were the
only one, which survived high pressure and high temperature conditions in repositor$ for 1
months but in much lower numbers, than inoculated.

StroesGascoyne et al.2002) studied the response of buffer to resaturation by
groundwater over a 64ear period by placing 2.4 hof claybased buffer (18% moisture
content, density not stated, devebed total pressure 12.1 MPa at the end of the test) in a
02NBK2fS G4 GKS unn Y §S@St 2F 19/ [ Q& ! YRSNI
presence of the viable population of cells in the buffer. The constrictive and nu{pist
conditions inbuffer environment resulted in the loss of microbial activity and icalility
but not viability. The interfaces between buffer and surrounding environment may be
preferred sites for microbial activity and transport, the microbial populations at integface
were an order of magnitude larger than inside the bulk buffer. Authors further detected the
presence ofcultivable SQ-reducing bacteria, although $@eduction was not a dominant
process, and they detected slight reduction in oxygen level near thecgulfat not deeper
inside the buffer. The overall results suggested that microbial processes were depressed in
the buffer but may have been more active near the concrete/buffer interface. No significant
evolution towards reducing conditions occurred durthg duration of the experiment.

Aoki et al. 2010) performed 440 day long experimaesembling repository conditions
using bentonite, OB607, with mineral composition similar to Kunigel V1. The underground
compacted bentonite block included internal heat The bentonite was heated for 260 days
642 wmnnc/ 0 F2f{t26SR o0& GKS O022fAy3a LKIaS 27
depths and distances from the heater was performed at the end of each phase and authors
searched for the presence of micre® Although, they were able to detect only the aerobic
heterotrophs due to methodical obstacles in the work with bentonite samples, they found
strong correlation between the presence of living heterotrophs and water content
(influenced by heat andesiccéion). No livingheterotrophswere detected in places with
the water content below 12%. These results confirms the hypashihat microbial activity
might be severely limited near waste container in the vault for some time after disposal, due
to desiccatbn as a result of the heat output of the waste container.

Lydmark and Pederse2({11) performed analysis of microbial diversity in compacted
MX-80 bentonite (density over 2000 ky®) after five years under authentic KBSstorage
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conditions in the rock. e only source of microbial life in bentonite could be indigenous
bentonite microorganisms or bacteria naturally present in groundwater. They detected
presence of viable and active sulphattlucing bacteria, acetogenic bacteria and
heterotrophic aerobic hcteria in collected bentonite samples by means of cultivation
experiments, measurements of sulphide and acetate production and ATP measurements.
Detected numbers were lower than in underground water surrounding repository. Most of
the bacteria were dete@d in the bentonite buffer close to the rock but in a few samples
also in bentonite close to the copper canister. Bacteria from various distances from the rock
and the inside of the bentonite were viable and active, but the higher temperatures in some
parthi 2F GKS NBLRAAG2NE 06dzld G2 ypc/ 03X 200A2dza
survive.

In the subsequent experimemrlinger et al. 2013) reported low numbers of bacteria
in buffer and on canister surfaces, but they detected presence of anaetbbrmophilic
bacteria and other thermophilic aerobic bacteria with the potential to form spores in buffer
areas with high water saturation and low density and traces of (probably unviable) SRB on
canister surface. Authors hypothesized that these bactaerigst have been dormant since
the formation of the bentonite blocks, but viable when given appropriate growing
conditions.

Finally, Stroe$sascoyne et al(2010)short term study andalique et al.Z016)eight
years long study with highlgompacted Wyonmig MX80 bentonite under repository
O2yRAGAZYy & NBGSI f SE0kgin® (redultihg in& swdllindRiBegsiire dbdve x M d
2000 Pa, aw < 0.96 and an average pore size®n H > Y 0 cultzhbliliNdg Badtediar
(and presumably activity and grolt Viable cell countaere similar to those in the original
non-compacted bentonite and most of the detected bacteria belongedGrampositive
sporeformers.

1.1.8 Microbial migration in compacted bentonite

Size distribution of pores and pore throats is anpartant factor controlling microbial
FOUAGAGE Ay &a2Aftad {YIFHif LR2NB OGKNRFGa fAYADQ
al., 2011).Although there is huge number of bacteria living in various types of soils, it is
largely unknown how bactera A @S | YR Y2 @S GKNRdAK LIR2NBa 27
2009). Filtering through the pores of OKLY &AT S A& 3ISYSNItfte O2yanil
sterilize the solutionbut microbialability to pass through 0.km poresize filters and grow
thereafter was reporteqWang et al., 2007).

aNYyyAl 20806) pdrfdrrded detailed study on bacterial growth and motility in
cavities smaller than onenicrometre These authors showed thdscherichia coland
Bacillus subtiliare motile in channels witthe width exceeding their diameters only by 30%.
For smaller widths, the motility vanishes but bacteria can penetrate even narrower channels
by initiating growth into the channels, when elongation and division pushes bacteria forward
until they fill the whole channel. Whild. subtilisexhibits less morphological plasticity than
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E. coliand is able to growth through channels of similar width as its diam&tecplare even
able to penetrate channels twice smaller than their diameter (penetration thresi®D,3
04kY OKIFIYyySt RAIFIYSGUSNL® {dzOK 3INRBgUGK NBadzZ Ga
change ofE. colicell shape and reversible loss of motility. Interestingdpeated transitions
from aberrant to regular cells occas the bacterial populatio repeatedly advances from
one chamber to the next through the narrow tunnels. The difference in motility of both
species was ascribed to the difference in the cell wall thickness and composition, which is
caused by a clear tradeff between the motility &nd morphological variability) and pressure
tolerance. Submicrometre-size pores and cavities thus can be much more prolific bacterial
habitats than previously assumed.

Natural bentonite and other clay types are typidal their compact structure and
smédl pore sizes, with gradual decrease of pore sizes in bentonite compacted for use as the
repository buffer (Appelo, 2013). However, as we demonstrated above, bacterial survival
and activity is possible even is such extreme conditions and presence of rg@n@ems
belonging to wide range of species and metabolic groups was repeatedly reported from
various clay types under different environmental conditions. Nevertheless, the key question
remains, how exactly these microorganisms managed to inhabit the elagishow fast
process such bacterial penetration is.

The information about the motility of bacteria in compacted bentonite is rather scarce.
The conducted laboratory experiments almost identically reported existence of bacterial
motility in compacted bentoite but in a very limited formStroesGascoyne and West
(1997) studied mobility of introduceBseudomonas stutzewith cell size 13 x 0.50.8 xkm
(Niel and Allen, 1952) in the MBO bentonitecompacted to the densities of680 and B00
kg/ m*. Results Isowed that, although the bentonite plugs were slowly saturating and water
activities were suitable for microbial growth (aw0.96), no evidence fdt. stutzercould be
found in the plugs except for the first 0.5 cm of the plugs in 16 week period of the
experiment. Similarlyl-ukunaga et al2000) studied transport dE coliwith mean diameter
ofn®Tc XY oO0aNyyaAl S Fftods wanndpd GGKNRdIZZAK 02 YL
and silica sand with a density ofd® 1600 or 1800 kg/m°. The bacteridreely diffused when
the proportion of Nabentonite was 20 w6 or that of Cdentonite was 50 webo. Bacterial
movement was less than 5 mm in three weeks when the proportion dbd&tdonite was 70
100 wt% or that of Cdentonite was 100 wb. LastlyPecersen et al. Z000a) studied the
process of bacterial migration into compacted ¥ bentonite clay (190 ky/ m® dry
density) during swelling phase using various aerobic and anaerobic bacterial species in four
different experimental temperatures. Bentonitefested with bacteria was sampled for the
presence and activity of bacteria at three depth zonels 0-3, 36 mm in four times- 8 h, 2,
12 and 28 weeks. In general, fewer cultivable bactemse detected with increasing depth
and experimental durationThe highest numbers of cultivable bacteria were observed after
8 h and the aerobic bacteria were detected in higher depths, than anaerobes regardless of
time. Some bacterial species remained cultivable at all sampled depths during the whole
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course of theexperiment at lower temperatures, but their numbers significantly decreased.
b2yS 2F (KS &aLISOASE NBYIFAYSR OdzZ 6AGlIo6tS TGS

Although above mentioned laboratory studies showed, that bacterial motility in
compacted bentonite is principallyossible, they operated on a very short time scale of a
few weeks or mostly months. This is definitely not sufficient, when reported generation
GAYSa Ay &adzomadcaNFIFIOS YAONR2NHIyAavYa O2dzZ R oS
Boetius, 2007) and the asmed HLW repository cedown time can be up to several
hundreds of years (King et al., 2017). Indirect evidence of the possible bacterial mobility can
give us studies on microbial compositions of clay depoBitsvinJahns et al.1996) and
Fukunaga etal. 2005) studied the presence of indigenous microorganism in natural
undisturbed clay deposits and both identically reported decrease in bacterial densities as a
function of sampling depths. Such results may imply that the bacterial movement through
natural bentonite is a slow process. Similatlydmark and Pederse@{11) in their 5 years
underground experiment reported, that most of the detected bacteria were found in the
bentonite buffer close to the rock and could thus represent the microorganisginating
from the surrounding groundwater.

The most relevant study concerning microbial mobility in situ conditions was
performed by (Fru and Athar, 2008). These authors studied how indigenous groundwater
bacteria interact with MX30 bentonite buffer mateals in the long term HLW repository
simulating experiments conducted in the aquifers. They concluded that the repository
simulating conditions appeared to retard the overalcsess of the predominantly rém-
negative mesophilic groundwater maorganisms. The sporeforming Gam-positive
bacteria commonly found in the clay predominated, suggesting that thespore-forming
microorganisms and r@m-negative microorganisms predominant in granitic growwaters
might not form a prominent portion of the bactali community that will develop in
bentonite under repository conditions. Furthermegrthe complete absence of ther&n-
negative microorgg A aYa Ay (GKS 06Syd2y Al Sc il YLAYS a0 2iyKi Nit
their presence in the lower temperature blocks implied that their survival was most likely
controlled by temperature and not by compaction density or the porosity of the bentonite.
Authors described some bacterial lineages unique for bentonite or groundwater.
Interestingly, some bacterial lineages showed a potential to coexist with bothéhéonite
and groundwater (e.gSedimentibacteand DesulfosporosingsAlthough SRB appeared not
to predominate in the clay, they were sufficiently active to medistéphatereduction with
the resultant production of hydrogersulphide Authors further spedéd the microbial
lineages that might survive the longest in repository such [Rssulfosporosius
Pseudomonas stutzeBacillus megateriummandSedimentibacter hydroxybenzoicus

1.2 Methods for detectionof bacteriain bentonite samples

Here, we shortly discuss some of the most important methods used to detect and distinguish
bacteria in the samplsvith the special emphasis on the methods applicableldentonite
samples. We will showhat bentonite is very specific medium, which often disables the
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usage of common microbiology methods or requires at least significant optimization of
traditional working protocols.

Microbial cells can be either viable (are able to reproduce) orviahle (damaged or
dead), viable cells can further be active or ramtive (Olsen et al.,, 2016). The simple
bacterial presence in the studied sample thus does not necessanily that the bacteria
must be active, it only states that bacteria are able to become activated when a suitable
environment presents itself (Pedersen, 2017). In soil generally, the active microorganisms
compose only about 0-2% of the total microbial ibomass and very seldom exceed 5% in
soils without input of easily available substrates. Nonetheless, the fraction of potentially
active (microorganisms ready to start utilization of available substrates within few hours) is
much higher, contributing betwae 10 and 40% (up to 60%) of the total microbial biomass
(Blagodatskaya and Kuzyakov, 2013). Furthermore, dormant bacteria in form of endospores
can survive for a very long time, sometimes for millions of years as was described in
ddzoaSlk ¥t 22 NpeasSrRard¥BSefiLis,2008) WDANJ

There are several possible attitudes, how to study the bacterial presence, viability and
activity in bentonite samples. The easiest way, how to detect the presence of bacteria in
studied sample and enumerate their density is dirdluorescent staining followed by
epifluorescerwe microscopy or flow cytometry (Olsen et al.,, 2016). There are various
commercially available dyes, such as frequently used acridine orange or DAPI which
indiscriminately dyes all present cells. Other dgesectively stain eithewiable cells (e.g.
carboxyfluorescein diacetate acetoxymethyl est&FDAAM) or dead (damaged) cells (e.qg.
propidium iodide) It is possible to distinguish between viable cells with intact cell walls and
dead (damaged) cells irmé sample l{ve/dead staining)by combining dyes of various
properties(ltavaara et al., 2008). Although thesiningmethods work well when studying
water samples, electronegatively charged bentonite (for details see 2.1.2) negatively
interferes with dten electrically charged dyes, which excludes most of the commonly used
dyes (such & DAPI or acridine orange) fronse on bentonite samples (Aoki et al., 2010;
StroesGascoyne et al., 1996). The CHAM belongs to dyes used for detection whble
cells and has uncharged molecule that can permeate cell membranes. Because of
electroneutral state of CFDAM, this dyewas successfully used to detect bacteria in
0Syu2yAGS &l YLX S& oCdzldzyl 3 SG |fdXT HAanpOD
BaO[ A 3 K {rial Viahili§y KKifor microscopy (Invitrogen) for monitoring the viability of
bacterial populations in bentonite samples. Tlvg/dead staining kit consists of two dyes
SYTO 9 generally labels all bacteria in a population (those with intact memlaiashéisose
with damaged membranes) while propidium iodide penetrates only bacteria with damaged
membranes, causing a reduction in the SYTO 9 stain fluorescence when both dyes are
present (kit manual).

Viability of bacteria can be further measured by meahsarious cultivation methods
using either liquid or solid media. Plate counts are commonly used to enumerate aerobic
heterotrophic microorganism in bentonite (Svensson et al., 2011). Although the cultivation
of anaerobic microorganisms is generally mahallenging and requires very accurate and
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complex media, various anaerobic bacterial groups of interest present in bentonite, such as
acetogens, iron reducers or sulphate reducers, can be cultivated and enumerated by means
of most probable number methoHaveman and Pedersen, 2002). The major drawback of
all cultivation methods is that only a minor fraction of the bacteria present in the sample is
generally cultivable. Furthermore, as we will demonstrate below, the indigenous bacterial
composition of benbnite deposits and deep groundwater, which represent two most
important sources of bacterial contamination of bentonite seals in high level waste
repositories, is very specific and not easy to cultivate. As a result, cultivability of bacteria in
deep grartic aquifers measured as total number of cells percentage ranged from 0.01 to
35.9 %, averaging 5.12 % (Hallbeck and Pedersen, 2012) and similar results are reported in
other studies (Eydal and Pedersen, 2007; Haveman and Pedersen, 2002). The protifability
cultivation methods in bentonite studies is thus rather limited.

Problems related to cultivation methodology can be circumvented by studying
microbial activity, a clear measure pfesenceof viable cells. Bacterial activity can be
generally measuredybthe amount and/or turrover of one or several metabolic products
such as acetate, sulphide, oxygen or ATP (Eydal and Pedersen, 2007; Pedersen, 2017). These
methods are especially useful for simple bacterial detection in the sample, but are not very
suitable for precise estimation of bacterial density, because such estimation requires
knowledge of the metabolite rate per cell. the case of ATP measurements, although it is
possible to use a simple Aper-cell conversion rate published in previous studees.

(Eydal and Pedersen, 2007) to estimate cell concentrations from detected ATP concentration
in the sample, particular care should be exercised with this approach, because three main
factors can influence the amount of Aper-cell (Fammes et al., 2010 firstly, different
bacterial species can have different ATP contents. Secondly, physiological differences can
account for differences in microbial ATP concentrations. The third factor is biomass or
biovolume. Larger cellgenerally have more ATPper cel than smaller cells. ATP
measurements are thus specifically relevant when calibrated e.g. to total number of cells
detected by direct stainingnd flow cytometry (Hammes et al., 2010). The other problem of
ATP analysis (and also DNA analysis describedvpé& the presence of extracellular ATP
resulting from damaged or lysed cells in the sample. Although ATP hydrolyses easily in the
natural environment with a halife on the order of a few hours at-2 c / ol 261y Iy
Casanueva, 2007Kammes et al. 2010) reported 3 - 97% of total sample ATP being
extracellular in various water samples. These results indicate that ATP analysis is not a clear
measure of bacterial activity unless the source of ATP in the sansplearefully
distinguisted. Unsurprisingly, presnce of bentonite in the sample further hinders the ATP
analyses, because clays very effectively bind ATP, similarly to the situation with fluorescent
dyes. Barnett 010) showedthat ATP recovery was less than 10% in high clay samples,
which were spiked ¥ the known amount of ATP. The ATP recovery rate was unfortunately
not stated in case of the only one published ATP analysis performed in compacted bentonite
(Lydmark and Pedersen, 2011).
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The last common microbiological approach we want to shortly meni®rDNA
sequencing. This method is based on existence of nucleic acid sequence variability enabling
accurate discrimination of present taxa. Although DNA sequencing might give us a good idea
about microbial composition in studied matrix, results can be ssyebiased by the
presence of extracellular DNA resulting from cell death and subsequent cell lysis caused by
various factors (Alawi et al., 2014). Traditional DNA extraction protocols do not distinguish
between intracellular (microbial) DNA and extrackt DNA although it is known, that
extracellular DNA represent a major part of the total DNA pool in marine sediments or
various soils (Ceccherini et al., 2009; Corinaldesi et al., 2011, 2008). Furthermore, DNA
attached to mineral surfaces was showntie well protected from degradation (Yu et al.,
2013) and is commonly reported as ancient or fossil DNA, although there are concerns about
credibility of experimental setups and authentication of results in many studies reporting the
oldest (geologically ament) DNA (Hebsgaard et al., 2005). The yields of DNA extracted from
bentonite are indeed often very low, which promotes the development of optimized
extraction protocols. If we want to take advantage of the DNA sequencing in bentonite
studies to describ present bacterial composition, we should take care to eliminate the
extracellular DNA as described by (Alawi et al., 2@hd) try to maximizehe DNA recovery
from bentonite by means of specialized protocols targeted on bentonite extraction.

1.3 Aims of he study
The generalaim of DL 2.10 wat enhance the knowledgen the ability of bacteria to
migrate through the compacted bentonite.
We specifically aim
1) To developa reliable method for detectiorof bacteria inthe bentonite (both viable
and deadcelk)
2) Tomonitor bacterial mobility inthe compactedBaMbentonite with a focus on
A the differences in bacterial mobility among bentonites compacted to two different
dry densities (140@g/m* and 1600kg/m?),
A detection ofdistances that are bacteria able toeachfrom the sourceg(VITA water)
through the compacted bentonitef both densitiesand
A comparison ofthe bacterial abundancéviable cells)n various zones withinhe
compacted bentonite samples
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2.1 Clay typecharacteristics

Bentonite BaM isa CaMg bentonite exploited in the northern part othe Czech Republic
and produced by the Keramost company, Obrnice plant as BentBniteconsists 0f78.2%
of montmorillonite and its natural water content is up to 8 % by weighhe elemental
compositon analysis showedhat BaM bentonite includes 7.59% of Fel8%6 of K2.46% of
Mg and 122% of Ca by weigliMatal et al., 2018)The bentonitecompacted todry density
of approximately 140kg/m® results in the wet densityof about 1900 kg/m® after full
saturation withwater conent 38% and swelling pressurel MPa. The bentonite compacted
to dry density of approximatel§600kg/m?® results in the wet densitpver 2000kg/m? after
full saturation withwater content 5% and swelling pressusbove SMPa(L f 2yt 2 a LINO]
{ © w!pérsonal communication

2.2 Preparation ofcompacted bentonite samples

A set of experimental cells with accessoriess designed andconstructed in order to
provide a simple tool to study the bacterial migrationsaturatedbentonite. The method of
preparation compactedbentonite on required density anébllowing saturation irside the
test cellwasbased on previous experimental applicatiq@engtsson et al., 2015; Bengtsson
and Pedersen, 2016)

2.2.1 Testcell

Test cellwasmade ofa chemically inert materiablack Polyamide 6. The cylindrisplace for

sample hasa diameter of 40 mm and thicknss of 20 mm. The construction ofhe cell is

described irFigure2-1. The celbodycan be attached tohe pressing equipmenExceed E45
andthe equipmentusedfor the water saturation.

CCli1i1)

,,,,,,,,,,,,,

b g

’/7\ 1o ‘ 7
‘\/> o/ Cell body

Figure2-1. The scheme of arrangement for bentonite pressing into thele&)land complete cell designight)
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2.2.2 Pressng of bentonite on required density

The pressing equipment conssif three main partsg the bottom, the cell body andhe
piston holderwith a piston.These parts are screwddgether, piston is movabléigure2-1,
Figure 2-2). The calculated mass of bentonite (converted to bentonite with residual
moisture) is loaded into the cedind consequently pressed to required denditythe device
Exceed E45, MTS System Corporafforce capacity 300 kN, velocity movement min. 0.001
mm.s*, min. 0.01 kN:§ (Figure2-3, Figure2-4). The very precise position and shift of the
piston is controlledy the software TW Elite. For the migration experiment we prepared two
cells with compacted bentonite of 140¢@/m® and 1600kg/m® dry densities.

Figure2-2. Dismantled assembly for bentonite pressiogli(body in the middle)
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Figure2-3. Laboratory with pressure source MTS Exceed E45

Figure2-4. Cell body with compssed BaM bentonite, diameter 40 mm
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2.2.3 Preparation of saturated samples

The compressed bentonite is coverbgstainless sieves on the top and bottqfFigure2-5).
Sieves havéherefore adirect contact witha bentonite. Grings serve as a seal in tioell.
First ve tested sieves with diametesrofmn > Hn L TRE pm ®wY Jodn8©OS A
be most suitable and thusurther usedin the migration experimens. After completing the
cell, thepressed bentonite sample remad 24h inan anaerobic envonment for degassing
oxygenprior beginning of water saturation

0

Figure2-5. Dismantled complete cell consist of top lid, cell body, bottom lid and two stainless steel sieves

2.2.4 Saturation

The waterwaspushed into the cell using high pressure pu(&P 5020 Ingogjth a double
acting piston and sensitivesystem of pressureontrol. The pressureised for pumpingvas
limited by the value of 2 MPaWhen a higher pressure was measured, the pwstgpped to
pump the water into the cell, untthe lower value waseached The saturation process took
placein the glove box under strictly anaerobic conditiongd< 1 ppm)Figure2-7) andfull
saturation was reacheth 11 days irthe case of 140kg/m® sample and in 55 days the
case of 160&g/m?* sample.Duration of he whole experimentvas94 days
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Figure2-6. Assembled complete cell with bentonite prepared fouisdion

Figure2-7. Saturation of bentonite sample in tlamaerobicglove box
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2.3 Detection of bacteriain bentonite samples
2.3.1 Processing of the samples

The cells were disconnected from the source of VITA miatéhe glove boximmediately
closed into the ahproof plastic bags and transported to the lab for tlsebsequent
microbiologicalanalyses. The samples were processed within two working days, each cell in
one day.

The cell was opened by means of two speers. Cell consists of three metal parts
(Figure2-8). We removed thetop andthe bottom lid of the cell, we took ofthe upperin-
flow stainless sievand bottom outflow sievefrom the surface of the&eompactedbentonite
stuck in thebody of thecell andprepared samples of them by washing edghlml of 0.1 M
NaOH in a vialsample 1 and R Further,we eitherdirectly cut the ring one from the cell
body by the ring cutterRigure2-8) in the case of less dense 14@6/m? bentonite sampleor
we gently pusled the whole bentonite plug from thecell bodyand cut it with the ring cutter
as described belowin the case 0f1600 kg/m* sample) In each case & took the sample
from the inner surface of theell body(sample 3 and also sratched the upper surface of
the compactedbentonite by razor blade gample 4. We usedmetal ring cutters with the
diameter varying by $nm to slice the bentonite into concentriengs, each one fa5 mm
thickness. We used the largest ring cutter to slice off the most outer ring (ring 1)uiXeec
ring 1 into threehorizontal layers and tookeparate sample from each layer (sampie$,

7). Further, we slicethe residual bentonite column by theecond largest ring cutter to get
the second ring (ring 2), which we also sliced into three layers and took samp&sl(B,

The resdual bentonitewas finally slicedy the smallest ring cutteto get the third ring (ring

3), which was again dividedtinthree layers and sampled (samples 11, 12, 13). Finally we
took one more sample from the&ery innermost part of the redual bentonite column
(sample 14)The schema of bentonite slicing is shownhkig(re2-9) and samples are listed

in (Table2-1).

Figure2-8. Cell filled with bentonite of density 14C§g/m3 (left) and using the ring cutter for the bentonite samplingkt)
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Figure2-9. Schemef bentonite slicing

Table2-1. List of the samplesamefor both densities)

Sample number Description

1

© 00 N O O B~ W DN

e o e =
A W N R O

In-flow sieve

Outflow sieve

Inner surface of the cell body
Upper surface of theompactedoentonite
Ring 1, layer 1

Ring 1, layer 2

Ring 1, layer 3

Ring 2, layer 1

Ring 2, layer 2

Ring 2, layer 3

Ring 3, layer 1

Ring 3, layer 2

Ring 3Jayer 3

The innermost part of the residual bentonite
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All 14 samples from each cell were dividetbitwo parts ¢ one half of each sample was
used for the extraction protocol antive/dead staining, the other half was used for the
cultivation purpose described below.

2.3.2 Extraction protocol andstainingof bacteria

Direct microscopic countvas impossible due tohe presence of bentonite in the sample,
which isa problem also known from the literatur@Aoki et al., 2010; StroeSascoyne et al.,
1996) Threrefore,we had to develom special methodor the extraction ofbacteria from the
bentonite based on the protocols used for various soil sampl&asr to cell staining/Alawi et
al., 2014; Liu et al., 2010; Vasiliadou and Chrysikopoulos, 2011; Yangeia)

The cell sanples (except for the samples 1 and -2sieve§ were weighted on the
laboratory scalesWe added 3 parts of @.M NaOH by weight to 1 part of the sample by
weight and mixed it properly to get smooth suspensitvee took 1ml of each susgmsion
and mixedit with 4ml 01 M NaOH.Sodium hydroxide wasgsedto help the detachment of
bacteria from the mineral matri{Yang et al., 2012After shakingthe sampleproperly to
wash the bacteria to the solutigrwe useda density gradient centrifugéon with Percoll
(SigmaAldrich). Wegently pipetted 1 ml of Percollunderneatheachsampleand centrifuged
it for 5 min & 1000 x g (Figure 2-1). Sucha treatment results in the sedimentation of
bentonite particeésto the bottom, while bacteriastay in the solutiordue to the presence of
Percoll. We carefully transfeed the complete supernatant into a new tube without
disturbing the sediment and centrifuged the supernatant at 600Q for 15 min. We
discarced the supernatantand resuspended the pelleh 50- 100 kI of sterile water(the
amount of water was amendeblased onthe density of bacteria in the supernatar(gigure
2-11).

Figure2-10. Homogenized bentonite suspension with Percoll (left), centrifuged tube at 1000g for 5 min (right)
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Figure2-11. Supernatants (left), tube centrifuged at 6009 for 15 min with a péet (middle)rS & dzA LISY RSR LISt € S Ay
sterile water(right) - sample ready for Live/Dead stay.

For the subsequentvisualization of bacteriainder the fluorescerte microscopewe
used LiveDead staining by means df L+ 9k 59! 5x . | O ViabiitK &ite for. I OG SN
microscopy (Invitrogen) This kit includestwo dyes which differ in their spectral
characteristics and ability to penetrate the bacteralls. SYTO, greenfluorescent nucleic
acid stain, generally labels all bacteria in a populaaod the redfluorescent nucleic acid
stain, propidium iodide, penetrates only bacteria with damaged membranes and causes the
reduction in the SYTO 9 stain fluorescence when both dyes are present. The
excitation/emission maxima for these dyes are about /880 nm for SYTO 9 stain and
490/635 nm for propidium iodide (kits manual).

We prepared the 3 diluted (in water) working mixture ofSYTO 9 and propidium
iodide from the stock solutions of both stainfor each sample, & & 2 2 | Mo kft
homogenized resusmnded pelletand mixed it withy x f o a1 E nikiure dra Sriall R& S
tube and incubate in dark for 15 midfter this time we tansfered 10 I of sampledye
mixture on the clean slide and covered it with the cover slide. The amount of sample was
determined in order tocompletely fill the space between both slides and no liquid leaks out.
The slide was observed under fluorescence microscAp® Imager M2 (Carl Zeiss) by
software Axiovision andising 63x objective Typically20 representativeimagesof the
various slide parts were takdor each slide

To compare the results from theompacted bentoniteto original BaM bentonite
powder, we further prepared the suspension ofg3f dry bentonite powder in10 ml of
deionisedwater andprocessed it acordingthe protocoldescribedabove.

2.3.3 Cultivation methods

One gram of eachentonite sample(samples 3L4, samples fronsieveswere notincluded
was diluted in 10nl of physblogical saline andesulting suspension washaken on a shaker
for one hour Afterwards we prepared the dilution series. One ml of prepared suspension
was diluted in 9nl of physiological saline (dilution pand the procedure was repeated five
more times (up tadilution 10°).

We performed both aerobic and anaerobic cultivation on agéates using PCA
medium.We preparedsamples in dilutionfrom 10 to 10° for aerobic cultivatior(six plates
per sample) and from(° to 10° for anaerobic cultivatiorffour plates per sample). Samples
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for the anaerobic cultivations were sealed in th&-proof plastic bagsor anaerobic jars
(Figure2-12) with oxygen binding medium and oxygen indicator inside. We cultivated the
platesunder aerobic conditions for six days apthtesin anaerobic conditions for 1@ays.

We expressed the resulting number of cultivable bacteriaadsny forming unitsGQFU per 1

g of sampledaturatedbentonite.

Figure2-12. Examples of agaplates cultivated aerobically (fand 10 dilution) on the left, the plates in anaerobic jar on
the right

3 wSadzZyiRa RAaOdzaaAzy

Our studywas divided into threemportant tasks. Firstly we needed ttesign and construct
an experimental cell for bentonite compaction and saturation, secavelhad todevelopa
reliable method for direct detection of bacterie¢lls(both viableand dead) in bentonitand
final task was to study mobility ofaturalbacteria in bentonitecompacted to 1400 and 1600
kg/m®.

Reliablemethod for detection of bactea in bentoniteis still missingalthough it would
representvery importanttool for future bentonite studiesThe direct count of bacteria by
means of cell staining is not possible, because bentonite severely interferes with the
analysis. Some of the dgyeommonly used to visualize the bacteria, such as acridine orange
or DAP] bind to the bentonite particlesesulting in strong fluorescence of the background.
The others (such as CFHBM, or SYTO @)oo not bind so strongly to the bentonite particles
but still the mere presence of large amount of bentonite partictegether with limited
number of bacterial cedlin the samplemakes the counting impossibléve thus decided to
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develop a protocol, which would extrathe bacteria from the bentonite prioto their
staining.

Our newly developed protocol for the bacterial extraction followed by thergDead
staining was successful. The method enabled us to déttegbresence obacteria in various
zoneswithin compacted bentonite samplediffering in theirdistance from the source of
bacteria (VITA waterand we could also compare both bentonite samples of different
densities in this matterHowever,the method needs further optimization (problemsare
discussedn separate sectiorbelow). for this reason, wedecided not to perform direct
counting of the cellswhich could beartially misleading but rather to evaluate the samples
only visuallyTheimageschosen br the purposes of this reporvere specifically choseto
demonstrate the presence of bactena the particular sample The density of cell®n the
imagesthusdoes not correspond to their true density in tparticularsample.

3.1 Presence of bacteria in bentonite samples

Firstly we searched for the presence of bacteria witthie dry BaM bentonite powderand
we detected bothviable and dead bacterial cellbere. BaM bentonite thus contains
indigenousmicrobiota similarly to other bentonite studiedefore (Fru and Athar, 2008;
Pedersen et al., 2000a; Svensson et al., 20dyever, most of the cdk were dead and
only a fewviable bacteriawere visible within the dry BaM bentonite powde(Figure3-1).
This result suggests thdahe major source of bacteria observed in tbempactedbentonite
sampless thusVITA water used fdhe bentonite saturation.

Figure3-1 Live/Deadstained bacteria from driBAMbentonitepowderin fluorescence microscopRedg dead cells, greeq
viablecells
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We detected the presene of viable bacter in all 28 studied samplem the
compacted bentonite samples of density 14a§m* and 1600kg/m® (seeFigure3-2 - Figure

3-23).

Figure3-2. Viable(greenfluorescencgand dead (redluorescencgcells detected in the sample 5 (ring 1, layer 1) of 1400
kg/m® bentonite

Figure3-3. Viable(greenfluorexenceg and dead (reluorescencgcells detected in the sample 6 (ring 1, layer 2) of 1400
kg/m?® bentonite.

Figure3-4. Viable(greenfluorescenckgand dead (reluorescenccells detected in the sample(ring 1, layer 3) of 1400
kg/m® bentonite.



Figure3-5. Viable(greenfluorescencand dead (redluorescencgcells detected in the sample 8 (ring 2, layer 1) of 1400
kg/m>bentonite.

Figure3-6. Viable(greenfluorescencgand dead (redluorescencgcells detected in the sample 9 (ring 2, layer 2) of 1400
kg/m® bentonite.

Figure3-7. Viable(green fluorescenckand dead (refluorescencgcells detected in the sample 10 (ring 2, layer 3) of 1400
kg/m3 bentonite
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