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Abstract: Because of its swelling capacity, compacted bentonite clay is a suitable buffer material in
deep geological repositories for high-level nuclear waste. However, this only applies if the swelling
capacity is maintained. Accordingly, bentonites have to be stable to changing temperature, humidity,
infiltrating fluids or microbial activity. In batch experiments, we investigated combined microbial
and thermo-hydro-geochemical effects on the swelling capacity of uncompacted bentonite MX-80.
Bentonite was exposed to fluids of different ionic strength and the bacterium Stenotrophomonas
bentonitica. Bacterial growth was monitored by counting colony-forming units while the swelling
capacity of bentonite was evaluated using in situ XRD at varied temperatures and humidity. The
presence of bentonite prolonged the survival of S. bentonitica. However, electron microscopy, XRD
and ICP-OES analyses showed neither an interaction of S. bentonitica with bentonite, nor significant
changes in the swelling capacity or element composition. The swelling capacity and diffraction peak
intensity were, however, strongly reduced by the ionic strength of the fluid and the exposure time.
The study highlights that bentonite is affected by thermo-hydro-geochemical and microbial processes
to different degrees and that the complexity of different co-occurring factors in potential nuclear

waste repositories is important to consider in safety assessments.

Keywords: bentonite; swelling; MX-80; thermo-hydro-chemical behaviour; Stenotrophomonas bentonitica;
engineered barrier; deep geological repository; nuclear waste

1. Introduction

As part of a multibarrier system, clay is an important material in many deep geological
repository (DGR) designs for high-level nuclear waste (HLW) [1,2]. Besides being consid-
ered as host rock, highly compacted bentonite-based clay is the primary candidate for buffer
material because of a high sorption capacity for radionuclides [3,4], a favourable swelling
ability that enables sealing through a high swelling pressure [5], and low water activity
that has been demonstrated to suppress microbial growth [6]. Nevertheless, bentonites are
suitable materials for the production of geotechnical barriers only if the swelling capacity
is maintained at the conditions expected. Accordingly, bentonites have to be stable with
respect to changing temperature and humidity, as well as the possible impact of infiltrating
fluids and/or microorganisms.

The effect of temperature on the hydro-mechanical response of bentonite engineered
barriers is one important aspect in a DGR after placing the high-level nuclear waste into the
repository. Depending on the DGR concept, peak temperatures at the canister-bentonite
interface can reach 80 to 160 °C [7,8]. Such heating reduces the swelling and adsorption
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capacity in bentonite clay by neutralising permanent charges. The main clay mineral in
bentonite is montmorillonite (a smectite), which is characterised by a layered structure of
tetrahedral and octahedral sheets and a negative charge. Heating can cause small cations to
migrate through the tetrahedral sheet into the octahedral vacancies of the 2:1 layer [9-11]—a
mechanism which can lead to smectite degradation.

The properties of the exchangeable cations in bentonite, such as charge, hydration
energy and size affect the ability of adsorption and attenuation of water significantly [12].
The salinity of infiltrating solutions can also conceivably impact the structure of bentonite
due to cation exchange reactions, dissolution and precipitation, or recrystallisation pro-
cesses (e.g., [13-18]). Portland cement pore waters from the technical barrier, for instance,
are Ca?*-rich and alkaline [19], while formation waters in clay or crystalline host rocks are
often dominated by NaCl at moderate pH [20,21]. In particular, the presence of cations
with higher valences, i.e., a higher charge density in the interlayer, decreases the swelling
capacity of bentonite [22]. Upon reaction with NaCl solutions, some studies report on
changes in the bentonite properties such as the dissolution of smectite and formation of
other minerals [14], a decrease in the cation exchange capacity [15,16,18,23], a reduction in
swelling and XRD (X-ray diffraction) reflection broadening with increasing time [24], or
asymmetry and reflection shifting to lower d-values due to hydration heterogeneities [25].
However, Kaufhold et al. [26] only observed cation exchange but no structural changes in
NaCl solutions of moderate pH up to 60 °C.

Microorganisms have been detected in natural bentonite horizons [27], despite the
inhospitable conditions in clay formations such as low porosity [28], low water avail-
ability [29] and a lack of easily accessible and easily degradable energy sources [30,31].
Physico-chemical changes caused by the construction and operation of the DGR could
stimulate these indigenous microorganisms. In addition, foreign microorganisms can be
introduced by the intrusion of water along fractures or during the construction of the DGR.
Microbial activity is predicted to occur at less densely packed interfacial environments
and areas of disturbance, such as fractures and faults, where the bentonite barrier is dis-
rupted, at least temporarily [6]. In those environments, the physical conditions necessary
to suppress microbial activity are not always met. Microbial activity in the immediate
vicinity of waste containers or in the near-field (including the engineered barriers and
parts of the host rock in contact with the engineered barriers) may result in the corrosion
of the containers, microbial gas production, the dissolution of clay minerals or leaching
of specific elements from those minerals. On the other hand, microorganisms can adsorb
radionuclides or mediate the reduction in gas pressure build-up, reducing the volume of
gas [32]. The microbial gas production can reduce the effectiveness of the bentonite-based
barriers and/or natural barriers. The microbial adsorption of radionuclides can either
result in their immobilisation in biofilms or their enhanced migration through fractures
by microbes acting as colloids. However, apart from the exchange of interlayer cations,
leaching and dissolution of the clay minerals by microbial activity may also retard mineral
attack in a various ways or promote mineral growth [33-36]. Whether microorganisms
promote mineral alteration or protect minerals depends on the system [37].

The complex interaction of minerals, solutions and bacteria has gained increasing
attention since any reaction that leads to the reduction in the swelling capacity of smectite
and thus to a loss of safety of the waste container is of relevance. At present, it is not
well understood how different microorganisms may affect the clay mineral smectite when
in contact with different aqueous solutions. Numerous studies investigated the swelling
behaviour of bentonite clays in contact with different saline or alkaline solutions of simple
composition (e.g., [19,26,38-40]). However, the swelling in mixed salt solutions, as can
be found in groundwaters of surrounding host rocks which are blended with a variety of
chemical components, is poorly studied [22].

The present study aimed to investigate the combined microbial and thermo-hydro-
geochemical effects on the swelling capacity of uncompacted bentonite MX-80 when ex-
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posed to fluids of different ionic strength and the bentonite-dwelling bacterium Stenotroph-
omonas bentonitica BII-R7".

2. Materials and Methods
2.1. MX-80 Wyoming Bentonite

The bentonite used in this study is a Wyoming bentonite MX-80 (Na-montmorillonite),
obtained from American Colloid Company (Volclay MX-80, Wyoming clay, lot number
17912; Figure 1a, Hoffman Estates, IL, USA). MX-80 bentonite is composed of ~76% of
montmorillonite (smectite) and the accessory minerals mica (2.8-3.8%), feldspar (4.5%),
quartz (5-6%), calcite (0.3-0.4%) and pyrite (0.5%) [41,42].

Figure 1. Scanning electron microscopy images of (a) Wyoming bentonite MX80; (b) Gram-negative,
facultative anaerobic bacterium Stenotrophomonas bentonitica BII-R7T.

The bentonite was sterilised via electron beam irradiation (10 mEV, 30 kGy) using
the STERIS Herotron E-Beam Service GmBH (Bitterfeld-Wolfen, Germany). Sterilisation
slightly increased the intensity of the (001) montmorillonite peak (Figure S1). The sterilised
MX-80 was stored in autoclave sterilised containers and handled aseptically throughout
all experiments.

2.2. Stenotrophomonas Bentonitica BII-R7T

The type strain used in this study was Stenotrophomonas bentonitica BII-R7T (DSM
103927). It was obtained from the German Collection of Microorganisms and Cell Cultures
GmbH (DSMZ, Braunschweig, Germany). The purity of the strain was verified using 16S
rRNA gene sequencing.

Stenotrophomonas bentonitica BII-R7" (Figure 1b) was originally isolated from bentonite
formations in southern Spain (Cabo de Gata, Almeria, Spain) [43]. It is a facultative
anaerobic bacterium that is able to grow at temperatures between 15 and 37 °C, with
a growth optimum at 28 °C and an optimal pH of 7. It is also able to grow on NaCl
concentrations of up to 5% [44].

This particular species was chosen as a model organism for the present study on MX-80
bentonite, as it occurs in natural bentonite formations, which are an excellent and suitable
reference material of engineered barriers in DGRs for nuclear waste storage. Besides aerobic
respiration, S. bentonitica is able to reduce nitrate to nitrite, indicating that anaerobic growth
is also possible [44]. Based on its origin and lifestyle, we assume that S. bentonitica has the
ability to actively grow in and on bentonite clays. Furthermore, S. bentonitica BII-R7T was
shown to influence the chemical speciation and mobility of radionuclides such as selenite
(Se'V) and uranium (UY) [43,45] as well as europium (Eu™) and curium (Cm!) [46].
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2.3. Experimental Solutions and Growth Media

Prior to experimentation, S. bentonitica was incubated in Standard Nutrient Broth I,
whereas plate count testing was performed on Standard Nutrient agar I (Carl Roth GmbH,
Karlsruhe, Germany).

Batch experiments were performed in three differently composed aqueous solutions
covering a range of salinities (ionic strengths 0-0.38 M): (i) MilliQ water (H,O), which was
used as a control solution and results in the formation of bentonite pore water, (ii) 0.9% NaCl
solution (hereafter NaCl), which is a physiological salt solution and mimics formation
waters in clay or crystalline rocks, (iii) artificial Opalinus Clay porewater (hereafter OPW),
which is the pore water composition of the argillaceous formation Opalinus Clay at Mont
Terri Rock Laboratory in Switzerland (composed of 212 mM NaCl, 26 mM CaCl,, 14 mM
NaySOy, 1.6 mM KCl, 17 mM MgCl,, 0.51 mM SrCl, and 0.47 mM NaHCO3) [47,48]. All
solutions were prepared in autoclave sterilised MilliQ water and were finally filter sterilised
(0.2 um, Whatman Membrane Filter, GE Healthcare Life Sciences, Chicago, IL, USA). Due to
contamination, the results obtained with HyO were excluded from the study. These (Result
51, S2) and other additional figures can be examined in the Supplementary Materials, and
raw data are available in the GFZ data publication [49].

Each of the solutions were amended with acetate as the carbon source. We used an
acetate concentration of 200 pM according to the concentration in Opalinus Clay pore water
found at the Mont Terri rock lab [50]. In order to provide a nitrogen source, we added
NH,Cl at a final concentration of 2 g L ™! to a set of the batch cultures prior to inoculation.
The stock solution of NH4Cl was prepared separately and filter sterilised.

2.3.1. Batch Solution Experiments

Before inoculating the mesocosms, S. bentonitica was grown in Standard Nutrient
Broth I for 24 h. Cells were harvested in the exponential growth phase and washed in the
respective solution used for the experiment (3 washings using centrifugation at 8000 g for
10 min). Cell density was determined with a Neubauer chamber (depth 0.005 mm) using a
magnification of 40. Microscopy was performed with a Leica DM2000 microscope (Leica
Camera AG, Wetzlar, Germany).

For each condition, we prepared one mesocosm with 3 g of sterilised MX-80 that was
dispensed in 100 mL aqueous solution in 300 mL Erlenmeyer culture flasks. Suspensions
were inoculated with the washed bacterial cultures at a starting cell density of 10° cells
mL~!. Negative controls were not inoculated with bacterial cells and positive controls
contained bacterial cells but no MX-80 bentonite. Mesocosms were incubated for at least
61 days at 28 °C under continuous agitation at 50 rpm.

2.3.2. Plate Count Testing

Cell density in the batch cultures was monitored over the course of the experiment
using plate count testing. It was expressed as colony-forming units (CFU) per ml. Accord-
ing to the procedure of Miles et al. [51], we diluted slurry samples using serial dilution
(1:10'-1:10%) and applied a volume of 20 pL of each dilution in triplicates to agar plates.
Prior to sampling, sedimented bentonite was resuspended using vigorous shaking in order
to obtain a homogenous suspension.

The purity of S. bentonitica in the mesocosms was assessed regularly using a visual
control of the colony morphology on agar plates during plate count testing. Thus, important
results on mineralogical properties in NaCl and OPW were obtained with pure cultures of
S. bentonitica.

2.3.3. In Situ X-ray Diffraction Analysis

After 2, 5,15, 35 and 61 days of incubation, we sampled the mesocosms for the X-ray
diffraction analysis (XRD) of bentonite. A volume of 150 uL of the experimental slurry was
applied to a glass slide and air dried at room temperature in a laminar flow box overnight.
The glass slide was mounted in a humidity chamber attached to a PANalytical Empyrean
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X-ray diffraction device with CuK« radiation, automatic divergent and anti-scatter slits,
and a PIXel3D detector. The data were recorded from 2 to 50 °2theta via continuous scan
with a step size of 0.00131 °2theta and a scan time of 120 s per step for generator settings of
40 kV and 40 mA.

To evaluate the effects of humidity and temperature on the swelling behaviour of
the bentonite after interaction with bacteria and solutions, we used a gas-flushed hu-
midity chamber (“CHC plus” Cryo & Humidity chamber, Anton Paar GmbH, Tokyo,
Japan) attached to the XRD instrument. The reaction chamber was equipped with a
“TCU 110” temperature control unit, designed to control the temperature directly at the
sample holder. A controlled gas flow rate and regulated humidity was achieved using a
temperature/humidity sensor placed within the chamber. XRD analyses were performed
at different temperatures (27 °C, 55 °C, 80 °C) and relative humidity (RH = 0, 50, 80%).
When the sample holder was mounted to the stage, the chamber was closed and flushed
with dry gas at the certain temperature, until the relative humidity kept at constant values
of about 2 (£0.5) % RH. All XRD measurements were performed at these conditions.

2.3.4. Washing of Bentonite

In order to test whether the removal of salty solutions result in the restoration of the
swelling capacity, the MX-80 bentonite was treated as follows: 2 mL of the batch cultures
with and without bacteria in NaCl and OPW were centrifuged at 10,300 x g for 5 min. The
supernatant was discarded and 2 mL of MilliQ was added. The clay pellet was resuspended
using vigorous shaking for 5 to 10 min and centrifuged again. The procedure was repeated
three times. Finally, 150 pL of resuspended clay samples were mounted onto a glass slide
and analysed using XRD.

2.3.5. Ion Chromatography Analysis (Acetate Concentration)

The acetate concentration in all mesocosms in comparison to the initial concentra-
tion was determined after 29 days of incubation. An aliquot of 2 mL was sedimented
at 17,000x g for 5 min. The supernatant was filtered through Minisart® Syringe Filters
(0.22 pm polyether sulfone, Sartorius, Gottingen, Germany) and the acetate concentration
was determined via ion chromatography (ICS 3000 Ion Chromatography System, Thermo
Fisher Scientific, Waltham, MA, USA), using a Dionex™ OnGuard™ 11 AG/H cartridge
(EMD Millipore, Billerica, MA, USA) to remove chloride, an As11-HC column (Agl11-HC
precolumn) and a conductivity detector. The eluent was a gradient of KOH solution. The
flow rate was set to 0.38 mL min~!. The column oven temperature was 15 °C and 10 pL of
the sample was injected into the eluent stream.

2.3.6. Electron Microscopy Analysis

SEM imaging was performed with a Zeiss Merlin VP Compact (Carl Zeiss Microscopy,
Oberkochen, Germany) field emission scanning electron microscope at UFZ Leipzig. In
order to be sufficiently surface sensitive and at the same time achieve a lateral resolution
better than 5 nm, the electron acceleration voltage was set to 2 kV and a 30 um aperture. The
resulting beam current amounted to about 250 pA. The images were acquired in secondary
electron detection mode using an Everhard-Thornley type detector. In order to improve
the signal-to-noise ratio 10 times, line averaging was employed for the acquisition.

2.3.7. ICP-OES Chemical Analysis

In order to analyse the elemental composition of the clay as well as of the fluids,
after 7, 15, 35 and 61 days of incubation, an aliquot of 5 mL of each experimental solution
containing bentonite was centrifuged at 20,000 x g for 15 min. The supernatant was filtered
through Minisart® Syringe Filters (0.22 um, polyether sulfone filter, Sartorius, Gottingen,
Germany) to obtain a 2-3 mL of solution. The bentonite pellet was dried at 50 °C for several
days. The major elemental composition was analysed using inductively coupled plasma-
optical emission spectrometry (ICP-OES) using an Agilent 5110 ICP-OES instrument (Santa



Appl. Microbiol. 2024, 4

1096

10’

Clara, CA, USA). The analytical precision and reproducibility are generally better than 2%,
regularly tested using certified reference material and in-house standards.

The pH of the fluids was analysed in duplicates or triplicates with the pocket meter
LAQUAtwin pH-11 (Horiba scientific, Piscataway, NJ, USA).

2.4. Statistics

For statistical analyses of the X-ray diffraction patterns, we used the measured intensity
values at d-values ranging from 0 to 11 °2theta covering the range of the Montmorillonite
peak at 001. Analyses were performed with the software Past 4.01 [52]. Canonical corre-
spondence analysis (CCA) was used to assess the variation in peak intensity and d-values
caused by incubation time, ionic strength of the solution, relative humidity and temper-
ature. These factors, as well as the bacterial counts, were fitted into the ordination plot.
Triplots shown in the CCA had a scaling type of 0.5. Factors contributing to changes in the
peak intensity and location were determined using Mantel tests. Prior to testing, the factors
were standardised using z-score transformation. The influence of bacteria on the swelling
capacity, i.e., the smectite peak intensity and d-spacing, was assessed using a permutational
approach of a multivariate analysis of variance (PerMANOVA).

The ionic strength of each experimental solution was calculated according to the
composition and concentration of amendments before being in contact with bentonite. We
quantified the molar ionic strength I, which is a function of the concentration of all ions
present in a solution, by applying the following formula [53]:

15 5
I — 5 Z Cizi
i=1
where c; is the molar concentration of ion 7 (in M, mol/L) and z; is the charge of that ion.

3. Results
3.1. Bacterial Growth with Bentonite

The cell abundance of S. bentonitica in the mesocosms was determined over a period
of 63 days. In NaCl solution with MX-80 bentonite, the number of CFU slowly but steadily
decreased from 8 x 10* mL~! to 1 within 55 days (Figure 2a). By contrast, the number of
CFU in NaCl without MX-80 bentonite rapidly decreased from almost 10* CFU mL~! after
inoculation to 0 after 2 days of incubation.

b

10’

100 e e e e S S e T 100

0 7

—e— NaCl + MX-80 —eo— OPW + MX-80

—eo— NaCl —o— 0OPW
10° ¢

10

TTT T T TT T T T T T T T T T T T T T I T T T T T TT I T TTTTT

28 35 42 49 56 63 0 7 14 21 28 35 42 49 56 63
time [d] time [d]

Figure 2. Growth of S. bentonitica determined as CFU mL~! in solutions of different composition
with MX-80 (+MX-80) and without the addition of MX-80 bentonite. (a) CFU abundance in NaCl, and
(b) CFU abundance in OPW.
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Similar to NaCl, the CFU number in OPW with MX-80 bentonite steadily decreased
from 10° to 0 within 55 days (Figure 2b). Contrary to the NaCl mesocosms without MX-80,
the CFU in OPW without MX-80 initially decreased within 5 days to below 10° CFU mL !
but increased again to 10* mL~! after 9 days. The CFU abundance remained more or less
stable at 10* mL~! until 26 days of incubation. This was followed by a decrease down to
0 after 54 days, similar to OPW with MX-80.

3.1.1. Swelling Capacity of MX-80 Bentonite with/without S. bentonitica

In order to investigate whether the presence of S. bentonitica affects the swelling
capacity of MX-80 bentonite, the material dispersed in the aqueous solutions was analysed
with the humidity /temperature chamber connected to the XRD. Despite the presence of S.
bentonitica for 54 days in NaCl and OPW, significant differences in peak positions due to the
intake of aqueous solution into the interlayer sheets were not observed (Figure 3). In fact,
with and without the occurrence of bacteria, the d-values of the dgyp; montmorillonite peaks
correlated well, and at all temperatures and humidities investigated, the doy; peak positions
showed a similar shift in presence of S. bentonitica compared to bacteria-free bentonite
(Table S1). The occurrence of S. bentonitica did not significantly influence the swelling
behaviour at all different temperatures and humidities after 61 days in all solutions, as
confirmed by a pairwise permutational MANOVA (Table S2).

9 10 11 12 13 14 15 16

d(oo1)-values bentonite-bacteria mix

NaCl 27°C NaCl 55°C NaCl 80°C OPW 27°C OPW 55°C OPW 80°C

o 0%RH
" 50%RH
= 80%RH

0%RH ©O 0%RH o 0%RH 0%RH o 0%RH
50%RH = 50%RH ®50%RH 50%RH @ 50%RH
80%RH = 80%RH ®80%RH 80%RH @ 80%RH

Figure 3. Correlation curve of d(001)-values of montmorillonite with (x-axis) and without bacteria
(y-axis) in NaCl, and OPW solutions at different temperatures and humidities (see also Table S1).
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3.1.2. In Situ Temperature, Humidity, and Salinity Changes in the Presence of S. bentonitica

In order to confine the temperature and humidity range of a HLW repository, we
focused on the swelling capacity of MX-80 bentonite at 0, 50 and 80% RH, and at 27 °C,
55 °C and 80 °C (Figure 4). This is important, because at temperatures of 80 °C and
higher, mineral transformations can occur that lead to a loss of the swelling and sorption
capacity [54-57]. Depending on the DGR concept and simulation, 80 °C is at the lower range
of maximum temperatures to be expected in the vicinity of the spent fuel container [7,8,58].
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Figure 4. XRD spectra of MX-80 after 61 days of exposure to S. bentonitica in NaCl and OPW
determined at 27 °C (left panel) and 80 °C (right panel) at 0% and 80% relative humidity. (a,b), in
NaCl, (c,d) after washing off the NaCl solution, (e,f) in OPW, (g,h) after washing off the OPW solution.
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The impact of salinity on the swelling capacity of bentonite was evaluated by dispers-
ing MX-80 bentonite in solutions of different ionic strength. The calculated ionic strength
I of the solutions was lower in NaCl solution (I = 0.1542) and higher in OPW (I = 0.3868,
Table S3). Changes in the d-spacing of montmorillonite in the bentonite were investigated
after 2, 35 and 61 days exposure to the respective solution. When incubating the bentonite
with S. bentonitica in NaCl (Figure 4a—d) and OPW (Figure 4e-h) for 61 days, the intensity
of the 001 peak drastically decreased in the salty solutions over time (Figure S2) and, thus,
peak shifts were difficult to evaluate. While the montmorillonite peak 001 was absent in
the OPW solution, in NaCl the intensity was reduced after 2 d and it further decreased
with incubation time in NaCl (Figure S2; Figure 4a,b,e,f). Therefore, in order to analyse
the swelling capacity after having contact to salty solutions, the bentonite was rinsed with
water and analysed again (Figure 4c,d,g,h).

The NaCl-saturated samples at 27 °C showed a shift of the dgy; value from 10.2 A
(8.7 °2theta) at 0% RH to 15.0 A (5.9 °2theta) at 80% RH (ca. 15 wt% water; Figure 4c). At
80 °C, a shift from 10 A (8.8 °2theta) at 0% RH to 12.0 A (7.35 °2theta) at 80% RH (ca. 7 wt%
water; Figure 4d) was recognised. This reflects a loss of interlayer water to a minimum of
9 wt%. After incubating bentonite in OPW for 61 days, the water intake into the smectite
interlayers was reduced in comparison to NaCl (Figure 4gh). At 27 °C, the dgg; value
shifted from 10.2 A (8.7 °2theta) at 0% RH to 13.2 A (6.7 °2theta) at 80% RH (ca. 10 wt%
water; Figure 4g). At 80 °C, the d-value shift ranged from dgo; 10.0 A at 0% RH and 12.4 A
(7.25 °2theta) at 80% RH (ca. 8.7 wt% water; Figure 4h).

In order to analyse the multidimensional effect of ionic strength (salinity), time, hu-
midity and temperature on the swelling behaviour of MX-80, the diffractograms were
visualised in a CCA ordination (Figure 5). Together, both axes of the CCA explained more
than 88% of the variance of sample points, representing single diffractograms (d-values
ranging from 2 to 11 °2theta). The length of the vectors indicate that time and temperature
had the greatest influence on the variance along the x-axis, and thus the greatest impact
in general, since the x-axis explained >62% of the variation. Ionic strength and humidity
explained >25% of the variance along the y-axis.

Ionic strength was responsible for the separation of NaCl and OPW samples along the
y-axis, while humidity caused the variance within each sample cluster. The NaCl sample
clusters with the lower ionic strength were located on the bottom left of the plot, while
OPW sample clusters with elevated ionic strength were placed to the top right side of the
plot. Time separated sample clusters along the x-axis and increasing time resulted in a shift
of sample clusters to the right side of the plot. Temperature caused the variance of samples
within each sample cluster along the x-axis.

In accordance with increasing ionic strength and time MX-80 remained in the respec-
tive solution, the variance within a cluster along the y-axis decreased as the intensity of the
montmorillonite peaks decreased.

According to a Mantel test, the factors of ionic strength, time, temperature and hu-
midity altogether significantly correlated with the diffractograms (p = 0.0001, R = 0.48).
Mantel tests of the single factors revealed that time (p = 0.0001), ionic strength (p = 0.0015)
and temperature (p = 0.0130) correlated significantly, with time having the greatest im-
pact (R = 0.65) on the diffractograms of MX-80 bentonite, including peak shift and height
(Table S4). According to the diffractograms (Figure S2), the decreasing variance of clusters
along the y-axis observed in the CCA could be explained by generally lower intensities and
smaller shifts of the montmorillonite peak. The decreasing peak intensities and d-spacings
were caused by time bentonite remained in a solution. Within single clusters the variance,
i.e., the swelling capacity at a certain time point, was mainly explained by temperature on
the x-axis and by humidity along the y-axis, although humidity had no significant impact
on the diffractograms on an overall level.
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Figure 5. Canonical Correspondence Analysis (CCA) of XRD spectra of bentonite MX-80. Each
cluster represents one sample analysed at different temperatures (27, 55, 80 °C) and relative humidity
(0, 50, 80%). Dots represent samples after 2 days, triangles after 35 days and diamonds after 61 days
of incubation in each solution (brown = NaCl, green = OPW).

4. Discussion

The present study aimed at investigating microbial as well as thermo-hydro-geochemi-
cal effects on the swelling capacity of MX-80 bentonite and, thus, on the integrity of
bentonite as buffer material in a DGR.

4.1. Influence of Bentonite and Solution Composition on the Growth of S. bentonitica

In this study, S. bentonitica was used as a model organism of the bentonite microbial
population. It was grown at the optimal growth temperature of 28 °C in aerated mesocosms
containing MX-80 bentonite and fluids of different ionic strength (salinity), but with NaCl
concentrations well below the maximum, at which this organism is able to grow [44]. In fact,
the single species was not able to survive under the control conditions without MX-80 in
NaCl solutions. Slowly decreasing cell counts in NaCl and OPW in the presence of MX-80 as
well as in OPW without MX-80 indicated that S. bentonitica may have benefited from metal
nutrients or cations that were provided by minerals of MX-80 and the solution components
of OPW. Metal nutrients and cations that can be provided by MX-80 bentonite include Si,
Al, Ti, Fe, Mg, Ca, Na, K, P and S [41,42], while metal ions that were provided by OPW
included Na, Ca, K, Mg and Sr. Given that S. bentonitica immediately died in NaCl solution,
Na is not assumed to have a beneficial effect, leaving Ca, K and/or Mg as metal nutrient(s)
that may have aided S. bentonitica in OPW and on MX-80. Ca, K and Mg belong to the
interlayer cations in clay minerals which can be released most easily by cation exchange [37].
Although only Na and Ca are the typical interlayer cations of MX-80 bentonite, K and Mg
were also present in each of the solutions with increasing concentrations over the course of
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the experiment (Figure S3). Some cations such as Zn and Mg are universally essential for
life and indispensable for nearly all aspects of metabolism [59,60]. Thus, the lack of Mg in
NaCl without MX-80 supposedly caused the immediate death of S. bentonitica, while its
presence in OPW and with MX-80 may have facilitated the survival of S. bentonitica.

However, S. bentonitica was not able to grow over prolonged periods of time in NaCl
or OPW with MX-80. The lack of macronutrients such as nitrogen (N) in this experiment
might have been a growth-limiting factor. N is one of the basic elements essential for the
production of amino and nucleic acids [61]. While N in the form of nitrate can be used
as an optional electron acceptor if oxygen is not available, ammonia/ammonium is an
essential nutrient and energy source [62]. In a DGR, the introduction of N compounds
during construction could have significant implications for the long-term safety of the
stored nuclear waste, as ammonium or nitrate may increase the microbial activity. Some
minerals such as illite can provide N in the form of ammonium [63]. However, illite is not
a major mineral in MX-80 bentonite [41,42] and thus the lack of N could have been the
reason for the final death of S. bentonitica in this experiment. The addition of NH4Cl to the
mesocosms, however, did not have any beneficial effect (Figure S5).

Clay minerals are known to adsorb organic matter through different interactions
which may reduce its availability for microorganisms [37,64,65]. However, low molecular
weight compounds such as acetate, which was added to the mesocosm as carbon source,
may have not been susceptible to adsorption, as preferentially organic matter with high
molecular weight is adsorbed [66]. As the acetate content of the mesocosms was determined
in the fluid phase, it was supposedly available for microbial breakdown. Nonetheless,
as adsorption is related with the ionic strength of the surrounding solution and with
pH [67-69], the low pH in NaCl and OPW (7.5-8.5; Figure S8) may have impeded the
accessibility of acetate in those solutions. In general, the determined pH values are in the
pH range in which S. bentonitica is able to grow [44] and are thus not assumed as limiting
factors. The lower pH values of NaCl and OPW are rather favourable for S. bentonitica as a
neutral pH is optimal for its growth [44].

In general, the lacking growth of S. bentonitica alone indicated that the incubation
conditions were not favourable. Although S. bentonitica is able to grow aerobically under
nutrient rich conditions, the agitation and aeration of the mesocosms seemed to be dis-
advantageous under nutrient limited conditions. In comparison, in the pre-cultures that
were used to inoculate the mesocosms, acetate was depleted after 4 weeks (Figure S6) and
S. bentonitica grew from 108 or 10° cells mL~! to about 10! cells mL~! within 8 weeks
(Figure S7). The pre-cultures were stored without agitation and were sampled at larger
intervals than the mesocosms, creating microaerophilic conditions. S. bentonitica is capable
of anaerobic respiration via nitrate reduction [44]. Denitrifying bacteria are mostly het-
erotrophic and often facultatively anaerobic with the ability to switch between oxygen
and nitrate respiration depending on the environmental conditions [70]. Furthermore, the
ability of closely related species such as S. pavanii and S. maltophilia to fix nitrogen [71,72]
suggests that S. benfonitica may have the same capability.

In summary, the results indicate that despite the presence of a carbon and nitrogen
source, and even though MX-80 supports the survival of microorganisms by potentially
providing metal nutrients, S. bentonitica alone and under aerated conditions is not able to
grow on MX-80 bentonite in moderate saline solutions.

4.2. Influence of S. bentonitica on the Swelling of MX-80

As a consequence, similar XRD-patterns of bentonite incubated with and without S.
bentonitica (Figure 3) strongly indicate that this bacterium did not alter montmorillonite
and affect the swelling capacity of bentonite. This is underlined by a lack of significant
changes in the clay elemental composition and the fluid (Figures S3 and S4). Similar to
our observation, Perdrial et al. [42] observed a reduced growth of the bacterium S. putre-
faciens and no chemical alteration of MX-80 bentonite, and assigned this to an excess of
the monovalent cation Na* from the Na-montmorillonite. While divalent cations like Ca?*
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can facilitate bacterial adhesion and improve access to nutrients at the mineral surface,
monovalent cations reduce the bridging effect between the negatively charged clay particles
and the negatively charged bacteria [73]. This is supported by the fact that we could not
observe an attachment or interaction of S. bentonitica cells with MX-80 bentonite using elec-
tron microscopy (Figure 1). Although S. bentonitica is known for biofilm formation [46,74],
we found no evidence for biofilms on the surface of MX-80 bentonite under the given
conditions in this study. In addition to excess Na*, the access of the bacteria to mineral
particles may be restricted due to the osmotic swelling of the Na-montmorillonite. The free
movement and survival of bacteria can be significantly inhibited by the hydration of Na
and the formation of a diffuse double layer, which leads to the formation of a gel [73,75,76].
We observed such a gel mainly in the NaCl mesocosm with MX-80 bentonite.

Although we could not observe an impact of S. bentonitica on the performance of
MX-80 bentonite clay, this microbial species as part of a complex community or at different
conditions in a natural environment may behave differently than the single species under
laboratory conditions [77]. Recent studies showed that clays are inhabited by diverse
microbial communities [27,78,79]. The depletion of oxygen several weeks after closing
a DGR will inevitably change the metabolic and respiratory processes of this organism.
Thus, we cannot exclude that S. bentonitica is able to affect the swelling capacity of MX-80
bentonite under conditions different from those tested in this study.

4.3. Influence of Hydro-Geochemical Parameters on the Swelling of MX-80 Bentonite
4.3.1. Swelling Capacity of Bentonite

In addition to the possible microbial impact on the swelling capacity of MX-80 ben-
tonite, we investigated the effect of changing thermo-hydro-geochemical conditions such as
temperature and humidity increase after contact to different solutions. The swelling capac-
ity of bentonite is known to decrease with the increasing ionic strength of the surrounding
solutions [22,80-87]. Such saline solutions cause an increase in electrolyte concentration
inside the pore fluid and near the clay particle surfaces, diminishing the thickness of the
double layer and the swelling potential [82]. After being in contact with solutions of differ-
ent ionic strength, we found that an increased ionic strength, such as in NaCl and OPW
solutions, impaired the swelling capability of bentonite. This was expressed by reduced
shifts of the montmorillonite peak with increasing humidity, as well as a decreasing vari-
ance of sample clusters along the y-axis of a CCA (Figure 5). As only the water of the
respective solutions was evaporated prior to XRD, the chemical components were still
present and definitely affected the swelling behaviour. As a consequence, the contact of
bentonite to saline pore waters such as Opalinus Clay pore water in a DGR with Opalinus
Clay as the host rock is assumed to still impair the swelling of montmorillonite even though
the solution may have already been evaporated.

The longer bentonite had contact to excess volumes of solution, the stronger the
decrease in swelling was (Figures 5 and 52). Increasing concentrations primarily of Na, Ca
and Mg over time in all three solutions (Figure S3) indicate that those typical interlayer
cations [88] were leached from montmorillonite. However, they may also have their
origin in the dissolution of the other accessory minerals, such as Ca from calcite or K
from feldspars. Increasing element concentrations in the solutions could result in higher
electrolyte concentrations around the clay particles and thereby diminish the thickness of
the double layers. This is in line with the study of Herbert et al. [22] who showed that
exchangeable Na, the sum of exchangeable cations and the total cation exchange capacity
(CEC) decreased with reaction time in a solution. Higher concentrations of counterions
between quasicrystals reduce the volume of aggregates and, thus, the swelling capacity
of montmorillonite.
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The ability of montmorillonite to incorporate various cations into the interlayer (CEC)
is driven by an isomorphic substitution of cations in the octahedral sheets [89]. This leads
to a development of a net negative charge of the silicate layers. Smectites are known
for their irregular isomorphic substitution of cations, both in the octahedral as well as
tetrahedral sheets. The consequential great variability of the negative layer charges is
arbitrary, balanced by interlayer cations available from the surroundings [15]. Substitutions
in the tetra- and octahedral sheets with cations of lower valence increase the layer charge,
which is preferentially balanced by interlayer cations with higher valences. In the case
of cations of the same valency, those with the higher atomic number are preferred [76].
The incorporation of divalent cations like Ca?* leads to a lower swelling potential as a
consequence of ion—ion correlations [90,91]. Among all other cations, K* is believed to
play a special role in contact with smectites. Even traces of K* ions, as can be observed
at concentrations of ~20 and ~100 mg L~! in NaCl and OPW (Figure S3), respectively,
are believed to cause mineral transformation that may cause a collapse of the interlayer
space (e.g., [11,92,93] and degrade the bentonite performance. Kaufhold and Dohrmann
(2010) [38] reported that a loss of swelling and water uptake due to K* was not related to
illitisation, but rather to non-swelling collapsed K* smectite. Even though the salinity (ionic
strength) of a solution affects the swelling (pressure) more than the type of the main cation
in the exchange [22], both the ionic strength of the solution and the solution composition
are factors controlling the swelling capacity. Thus, besides the slightly higher ionic strength
of OPW compared to the NaCl solution, the presence of K* and/or the presence of divalent
cations such as Ca?* and Mg may be the reason for the stronger reduction in the swelling
capacity of MX-80 in OPW than in NaCl solution. This is supported from a study by
Herbert (2008) [22], who found that the swelling pressure of bentonite decreased with the
increasing salinity of a solution. They described a slight decrease in the swelling pressure
in Opalinus Clay pore water with a minimum after one or two years in the solution.

4.3.2. Reduced Peak Intensity

The strongly reduced diffraction peak intensity observed in the OPW samples made it
difficult to evaluate the peak shifts and thus the swelling capacity of montmorillonite in
OPW. The peak intensity was not only reduced in OPW but also in NaCl at the end of the
experiment (Figure S2). The reduction both correlated with the time bentonite remained in
the solution and the ionic strength of the solution. The extent of both factors influencing
the decreasing peak intensity was concluded from the CCA (Figure 5). Shifts of the sample
clusters, which reflect the decreasing peak intensity, mainly correlated with time and to a
lesser extent with ionic strength.

The intensity of a diffraction peak is determined by a variety of factors. It can depend
on the distribution of atoms in the crystal structure and it is therefore related to both the
crystal structure and atom composition. However, Hofmann (2003) [15] found no indication
for changes in the clay crystal structure caused by substitutions of the central cations in
the tetrahedral or octahedral layers in saline solutions (NaCl, KCl, Q-solution). Hence, we
assume that this was also not the reason for the decreasing peak intensity of MX-80 in NaCl
and OPW solutions. Most likely, only the loosely bound interlayer cations were exchanged
with changing solutions composition. Apart from several other factors like polarisation,
multiplicity factor, Lorentz factor and absorption factor, the crystalline nature can influence
the intensity of the scattered beam. If the crystalline nature (number of planes oriented
in a particular direction) increases, the intensity increases. Hence, the observed decrease
in XRD intensity might be due to a change in the crystal morphology. The valence of
cations in solution as well as the layer charge of the smectites can influence the formation of
aggregates. Bivalent cations in the solution can connect negatively charged layers and edges,
resulting in the so called stair-step—cardhouse structure [94]. Bauer et al. [24] dedicated a
decreasing peak intensity of Ceca smectite (a nearly pure montmorillonite) in acidic saline
(NaCl and KClI) solutions to an increasing blocky morphology. They suggested that the flat
smectite flakes cannot be piled to form a pseudo crystal on the glass sample slide with a
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high coherent diffracting domain. The increasing disorder in the particle arrangement was
concluded to be responsible for the decrease in XRD intensity as a function of time. Also,
Bauer and Velde (1999) [13] observed a change in the smectite diffracting domain size in
contact with KOH solution, which decreased with time. They assigned this observation
to a change in the crystal shape. Thus, swelling is not only sensitive to the amount of
non-swelling collapsed K* smectite layers or the presence of divalent cations, but also to
the arrangement of smectite layers. This is supported by our observation of an increasing
peak intensity after rinsing the samples with pure water. It suggests that changes in the
morphology can be restored after removing the cations.

As a consequence, a reduced swelling of bentonite and changes in the morphology
would reduce the integrity of bentonite as a technical barrier in a DGR and may facilitate
microorganisms to better access the mineral particles as well as enable mineral alteration
or migration. This would apply at least for uncompacted bentonite found at less densely
packed interfacial environments and areas of disturbance, such as fractures and faults. This
is exactly where fluid intrusion is likely to occur.

4.3.3. Influence of Temperature

In addition to the ionic strength of a solution and the time bentonite remains in that
solution, it could be shown that the temperature slightly reduced the swelling capacity
(Figure 4). However, the experiment time was limited. It is possible that the influence of
high temperature (>80 °C) will have a more significant effect on reducing the swelling
capacity with longer exposure times. Since the early publications of Hofmann and Kle-
men [9], Greene-Kelly [10] and Weiss and Koch [11], it has been well accepted that at high
temperatures, small cations like Li* can migrate through the tetrahedral sheet into the octa-
hedral sheets, where they can neutralise the layer charge. This process leads to a decrease
in the CEC, and therefore to a reduction in cations that can hydrate and cause swelling.
The dehydration of the interlayer starts at temperatures between 70 and 109 °C [95] while a
complete loss of intercrystalline swelling occurs at temperatures higher than 105-125 °C [9].
However, up to a temperature of 80 °C, properties like low permeability, water retention
ability and self-healing capacity are usually maintained [96]

5. Conclusions

The safety of a DGR system has been well studied from a geological, chemical and
physical point of view, but very few studies have investigated the combined effect of
changing thermo-hydro-geochemical conditions and microbial processes on the safety of
this disposal option. The multidisciplinary approach of this study aimed to evaluate the
risk for transformation and alteration of bentonite clay minerals associated with microbial
activity, changing pore fluid compositions and increasing temperature.

The study highlights that bentonite is affected by thermo-hydro-geochemical and
microbial processes to different degrees. We show that the ionic strength of an invading
solution and the solution composition are factors controlling the swelling behaviour of
MX-80 bentonite. The swelling of uncompacted bentonite clay is severely reduced after
exposure to moderately saline pore solutions and this effect increases with exposure time.
Specifically, areas of disturbance, where uncompacted bentonite occurs and water intrusion
is likely, are thus a safety risk for the integrity of a final repository. Further, we show that
the activity of the model organism S. bentonitica under the conditions tested neither affect
the swelling capacity significantly or alter the clay minerals.

Further work is needed to clarify whether this applies also to compacted bentonite
and whether other microbial species or more complex communities under the conditions
found in a repository have the potential to alter clay minerals and affect the swelling.
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