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This Special Issue “Clay Mineral Transformations after Bentonite/Clayrocks and
Heater/Water Interactions from Lab and Large-Scale Tests” covers a broad range of
relevant and interesting topics related to deep geological disposal of nuclear fuels and
radioactive waste.

Most countries that generate nuclear power have developed radioactive waste man-
agement programmes during the last 50 years to emplace long-lived and/or high-level
radioactive wastes in a deep underground repository in a suitably chosen host rock for-
mation. The aim is to remove these wastes from the human environment, considering the
ethical undertaking that this geological disposal should be pursued now and not left to
future generations [1,2]. Because radioactive waste retains potentially harmful levels of
radioactivity for hundreds of thousands of years, safely disposing of high-level nuclear
waste is not a temporary problem, but it involves a million-year solution.

The earliest discussions of solutions for the disposal of nuclear waste date from the
mid-1950s and the first US National Academy of Sciences (NAS) Committee on Waste
Disposal report [3], where it was proposed that the waste could be disposed of hundreds of
meters underground in specially constructed mined cavities. If a site were properly chosen,
a repository system comprising both natural and engineered barriers would provide a high
level of protection from the toxic effects of the waste. Since then, all countries having a
long-term management strategy have accepted this approach [4].

The search for technically suitable and socially acceptable repository sites for high-
level radioactive waste (HLRW) and spent fuel (SF) began in the mid-1960s. Nuclear
nations in Western Europe and elsewhere began to plan for geological disposal during
the late 1970s and 1980s. Since the mid-1980s, France and Belgium initiated projects
for analysing the disposal of HLRW in clayrocks, whereas Finland, Sweden, Canada,
Switzerland and Spain did the same in crystalline granitic rocks. In 1998, the European
Community recommended to its members to “continue activities on siting, construction,
operation and closure of HLRW repositories”. For this purpose, most countries have
interacted through the International Atomic Energy Authority, which has established safety
requirements for the disposal of radioactive waste [5] and guidance on how geological
disposal facilities should be developed [6].

Nowadays, the site-selection process for HLRW has been reached in only three coun-
tries: Finland, Sweden and France. The first construction license for a geological disposal
facility was presented by Posiva at Olkiluoto in Finland in 2012, which was accepted in 2015.
Final disposal activities are expected to start in 2025. On 16 March 2011, SKB applied for a
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license to build a repository for spent nuclear fuel at the Forsmark Site (Sweden, north of
Stockholm), which was finally approved in January 2022. In France, the National Radioac-
tive Waste Management Agency (ANDRA) is currently preparing its license application
for the Industrial Centre for Geological Disposal (Cigeo project, Meuse/Haute-Marne
Site). In Canada and Switzerland, national waste management agencies (NWMO and
NAGRA, respectively) are still investigating appropriate sites through site characterisation
programmes. In other countries, such as the United States, Germany and Spain, the process
appears to have stalled [2,7]. In the case of Russia, the research into the searching of
geological formations and sites for building an underground facility for HLRW disposal
started in 1993, later than in the other countries. In 2015, it approved the programme
“Maintaining Nuclear and Radiation Safety, 2016-2030", for the construction of a high-level
and intermediate-level radioactive waste isolation facility in the Nizhnekansk Granitic
Gneiss Crystalline Massif (Krasnoyarsk Territory, Central Siberia) [8].

Significant research efforts world-wide have increased our knowledge and understand-
ing of how underground disposal systems will function over very long periods of time.
Characterisation works have been performed, not only at laboratory scale but also by large
scale in situ tests in underground research laboratories (URLs). These URLs, conducted for
experimental and demonstration programmes, have played an important role in the assess-
ment of the geological and the engineered barrier systems, the development of research
methodologies and techniques, the development of construction techniques, the demon-
stration of repository operations, confidence building and international co-operation [1,7].

The first URLs were already developed in the ninety-sixties and ninety-seventies. Since
then, the main URLs constructed were [9]: Asse Mine (salt formation, Germany, 1965-1997),
Nevada Test Site (tuff, USA, 1979-1990), Sellafield (tuff, UK, stopped in 1997), HADES-URF
(clay, Belgium, since 1980), Konrad (limestone, Fe-mine, Germany, since 1980), URC Josef
(volcanic and sedimentary rock, Czech Republic, since 1981), Grimsel Test Site (granite,
Switzerland, since 1983), Lac du Bonnet (granite, Canada, since 1984), Gorleben (salt dome,
Germany, 1985-2020), Tono (sandstone, Japan, since 1986), Aspt') (granite, Sweden, since
1990), Tournemire (clay, France, since 1990), Olkiluoto (granite, Finland, since 1993), Mont
Terri (clay, Switzerland, since 1995), Yucca Mountain (tuff, 1996-2010), Meuse/Haute-
Marne (clay, Bure, France, since 2000), ONKALO (granite, Okiluoto, Finland, since 2003),
Mizunami URL (granite, Japan, since 2004), Horonobe (sedimentary rock, Japan, since
2005), KURT (granite, Korea, since 2006) and Beishan URL (igneous rock, Gobi Desert,
China, since 2021). An underground research laboratory will be built in the Nizhnekansk
Granitic Massif in 2025-2030, as the first phase in constructing a HLRW final isolation
facility in Russia [8].

The 17 papers published in this Special Issue show that bentonites and clayrocks are
an essential component of the multi-barrier system ensuring the long-term safety of the
final disposal of nuclear waste. The efficiency of such engineered and natural clay barriers
relies on their physical and chemical confinement properties, which should be preserved in
the long-term. From a geochemical point of view, the clayey mineral’s function to isolate
the canisters from water and retard the migration of radionuclides also means maintaining
a suitable chemical and mineralogical environment for canister integrity, radionuclide
retention and mechanical stability over time, buffering possible alteration/deterioration
processes of the nanoporous clay materials [10,11].

The selected papers can be grouped in four main investigating issues: (a) charac-
terisation of the barrier materials and their properties [12,13], (b) impact of transient
variables and external perturbations on clay minerals’ properties: cement, temperature,
organics and microbial activity [14-18], (c) long-term behaviour of bentonite and clayrock
barriers from large-scale tests inside URLs [19-25] and (d) long-term predictions of clay
behaviour by means of reactive-transport modelling after different perturbations linked to
interactions between the clay materials and the allochthonous engineered solid materials
(ground-/pore-water, heat, cement/concrete, iron corrosion, organics, etc.) [26-28]. Most
of these studies are currently being performed in the framework of various international
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co-operation programmes, such as the Mont Terri Project and the European Commission
BEACON and EURAD (tasks ACED, HITEC, CONCORD) Projects, which are a base for
improving technical and scientific knowledge in the context of nuclear waste disposal.
The Guest Editors would like to acknowledge the authors and reviewers for their foremost
contributions and the Minerals journal for the opportunity to share this valuable knowledge.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The removal of potentially harmful radioactive waste from the anthroposphere will require
disposal in geological repositories, the designs of which often favour the inclusion of a clay backfill
or engineered barrier around the waste. Bentonite is often proposed as this engineered barrier and
understanding its long-term performance and behaviour is vital in establishing the safety case for
its usage. There are many different compositions of bentonite that exist and much research has
focussed on the properties and behaviour of both sodium (Na) and calcium (Ca) bentonites. This
study focusses on the results of a swelling test on Bulgarian Ca bentonite that showed an unusual
gel formation at the expanding front, unobserved in previous tests of this type using the sodium
bentonite MX80. The Bulgarian Ca bentonite was able to swell to completely fill an internal void
space over the duration of the test, with a thin gel layer present on one end of the sample. The
properties of the gel, along with the rest of the bulk sample, have been investigated using ESEM,
EXDA and XRD analyses and the formation mechanism has been attributed to the migration of
nanoparticulate smectite through a more silica-rich matrix of the bentonite substrate. The migration
of smectite clay out of the bulk of the sample has important implications for bentonite erosion where
this engineered barrier interacts with flowing groundwater in repository host rocks.

Keywords: calcium bentonite; gel; swelling; water uptake; ESEM; EDXA; surface area; XRD;
radioactive waste disposal

1. Introduction

Geological disposal of intermediate and high level hazardous waste in an especially
constructed repository is the favoured choice for the long-term removal of radioactive
material from the anthroposphere [1-3]. The repository designs often include a number
of different natural and engineered barriers to prevent the waste from contaminating
the environment (e.g., [1,4,5]). Bentonite is commonly included as the clay backfill or
engineered barrier in these designs [6-8] because of its low permeability, high swelling
capacity and self-sealing properties [9-12]. Many different compositions of bentonite exist,
and much research has been focussed on the properties and behaviour of sodium (Na)
and calcium (Ca) bentonites [13-19]. Within Europe to date, more focus has been turned
towards the sodium bentonites for example the MX80 [20] and Turkish Resadiye [21]
bentonites. However, numerous nations [22-24] are still considering the use of a Ca
bentonite at different dry densities in their radioactive waste disposal concepts, because of
a natural availability (e.g., Fourges Clay, Cerny Vrch deposit).

Studies have looked at the differences in performance between these two types of
bentonite. Marcial et al. [25] have investigated the water retention, permeability and
compression characteristics, and Ben Rhaiem et al. [26] have looked at pore size distribution,
hydration and swelling capacity. The studies demonstrated that the Ca-bentonite had fewer
small pores, and a larger void ratio at higher compressional stresses than the Na-bentonite,
with Marcial et al. [25] attributing the higher void ratios of the Ca-bentonite to the larger size

Minerals 2021, 11, 215. https:/ /doi.org/10.3390/min11020215 5

https:/ /www.mdpi.com/journal/minerals



Minerals 2021, 11, 215

of the Ca2" cation. Their results [25] were consistent with the observations of Tessier [27]
and Ben Rhaiem et al. [26], who documented the removal of water molecules from calcium
smectites at high suction pressures (>5 MPa). Ben Rhaiem et al. [26] also suggested that
the reduced number of smaller pores in the Ca-bentonite led to a decrease in both the
hydration and swelling capacity compared to Na-bentonites. This is congruous with the
slightly higher water permeability values derived from consolidation curves for the Ca-
bentonite, and observed using a constant head procedure [25]. However, for void ratios (e)
of 1, the permeabilities of the Ca-bentonites tested (the natural Fourges bentonite, and the
non-Na-activated equivalent of the FoCa7 clay) were on the order of 10712 to 1073 and
close to the values obtained for the other Na-bentonites in their study (Na-Kunigel and
Na-Ca MX80).

The formation of bentonite gels from the suspension of low clay concentrations (of a
few weight %) in water has long had useful applications in drilling, pharmaceuticals and
paper manufacture, amongst other industries [28]. These gels are held together by electro-
static and van der Waals forces and have been found to have a pseudoplastic rheological
behaviour. When the gels have clay particles in a sufficient concentration, the interactions
between the particles gives the gel a yield stress which causes thixotropic behaviour, whilst
concentrations below a threshold will result in soft-elastic behaviour, both of which can
be represented by the Bingham Model [28,29]. In radioactive waste repository design,
bentonite gels have not been considered because the dry densities of the clay backfill and
engineered barriers are intended to be significantly higher than the low clay percentages
required for gel formation. However, the disposal concepts frequently incorporate the engi-
neered barrier as a series of stacked individual blocks [4,30-32], which will introduce void
spaces between the blocks and at their edge next to the host rock [33]. The high swelling
capacity of the bentonite barrier and the availability of water will cause the clay to swell to
fill these spaces, removing their ability to transmit fluids and effectively sealing the waste
away from the environment. Studies have looked at the material behaviour at ambient and
elevated temperatures, examining the swelling capacity [9-11,34] and swelling (or suction)
pressure, both at steady-state and over time [33,35-48]. The most recent studies [47,48]
have investigated the development and evolution of swelling pressure within the barrier,
looking at a case where the void space is nearly equivalent in size to that of the clay mate-
rial. These large void spaces are especially likely to occur at the edges of the engineered
barrier [33], where the availability of water is also likely to be high as it migrates away from
the waste canister and heat source (e.g., [49]). Moreover, at the outer edge of the barrier
where the bentonite abuts the host rock formation, the presence of fractures and fluid-filled
pathways may provide an additional opportunity for the barrier to expand. Should these
fractures contain flowing groundwater, there is a significant concern that the bentonite may
erode, gradually reducing the effectiveness of the barrier [1,50,51].

In this paper we present the results of an experimental swelling pressure development
test conducted on Bulgarian Ca bentonite where the formation of a gel was observed at
the swelling front of the clay. The results of this test are compared against analyses made
on an MX80 bentonite sample that has undergone a similar test history but does not show
the gel formation. The formation of a gel is an unusual observation and this segregation of
the sample into a hydrated bentonite with a gel layer has implications for the mechanical
properties and behaviour of the material within the repository, and for the erosion of
bentonites into fluid-filled fractures in the host rock.

2. Materials and Methods

A Bulgarian Ca bentonite was used for the laboratory experimentation presented in
this study. The material was supplied as a granular powder by Imerys (sourced by Svensk
Kérnbranslehantering AB) and was compacted to form test samples. The powder had been
previously analysed and found to contain 82.6 wt.% montmorillonite, 6.4 wt.% cristobalite,
6.3 wt.% mica/illite and 4.0 wt.% calcite, as well as <1 wt.% gypsum and tridymite, and the
bulk material had a cation exchange capacity (CEC) of 79.4 (cmol(+)/kg) [52]. In the study
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by Svenson et al. [52], the material is termed Bulgaria 2018 20 tonnes batch. The powder was
mixed with a specified quantity of water using a dispersing spray bottle and pallete knife to
ensure that the mixture was as homogenous as possible. The mixture was then compacted
axially with a ram at 80 MPa to produce a 100% saturated cylindrical sample with a target
dry density of 1700 kg/ m? and a diameter of 60 mm (Table 1). The sample was turned
down using a machine lathe to precisely fit the testing apparatus. A figure (Figure S1) and
description of the testing apparatus are included in the Supplementary Materials.

Table 1. Sample geotechnical parameters. The sample pre-test dimensions were measured using digital calipers and can be

considered accurate to the nearest 0.1 mm. The sample weight is accurate to the nearest 0.01 g.

Sample Void Sample Sample Bulk Moisture Fluid Test
Composition  Length Length  Diameter =~ Weight  Density Content Pressure  Duration
(mm) (mm) (mm) (g (kg/m3) (kPa) (Days)
Bulgarian 6497 5103 59.76 36832 202116  0.1525 4500 101.7

Ca bentonite

The apparatus was instrumented with 5 load cells (3 radial and 2 axial) to measure the
stress distribution in the sample and 12 radial pore pressure transducers. The apparatus
tubework was sequentially flushed with distilled water (the test fluid) through each avail-
able port to remove any residual air before being connected together and the apparatus
calibrated. The calibration for each of the sensors was compared against the laboratory
standard, providing a linear least squares regression which was used to apply a correction
to the measured data from that sensor. This calibration, in increasing and decreasing incre-
ments, also allowed the hysteresis in the apparatus to be quantified. The sample installation
took place immediately after the apparatus had been flushed and calibrated to minimise
any drying of the sample. Distilled water was used as the test fluid in two Teledyne ISCO
260 D Series high-precision syringe pumps that supplied a porewater pressure of 4500 kPa
to each end of the apparatus and were used to control and monitor the flow into and out of
the sample. Distilled water was also used to fill the remaining void space inside the vessel
after the sample had been inserted and pushed to the left-hand end of the vessel. After the
sample had been inserted and porewater pressure had been applied to both ends of the
sample, the porewater pressure was held constant and no hydraulic gradient was applied
to the sample. The position of the syringe pumps was determined by an optically encoded
disc with increments equivalent to a volume change of 16.63 nL. Both were controlled by
a single digital control unit connected to a microprocessor within the pump piston that
could monitor and adjust the rate of rotation of the encoded disc using a geared worm
drive and a DC motor connected to the piston assembly. As such, the pumps could run in
either continuous flow or constant pressure modes. The testing procedure was designed
to minimise possible pump errors, because although the volumetric control system for
each pump was factory calibrated, laboratory calibration of the volumetric data was not
practical with the available equipment. FieldPoint™ and cRIO logging hardware com-
bined with the LabVIEW™ data acquisition software (National Instruments Corporation,
Austin, TX, USA) were used to record the total stress, pore pressures and pump flow rates
at intervals of 2 min, providing detailed time series information. The total testing duration
was 101.7 days, which was long enough to ensure that the swelling response of the clay
was observed [47,48].

Once the swelling response had reached an asymptote, the test was terminated and
the sample was carefully and incrementally removed from the vessel using a hydraulic
jack. As the sample was removed from the vessel, it was sliced into ~10 mm thick slices
using a sharp blade; 11 slices were obtained. Each of these 11 slices was then cut in half
along its horizontal midplane to provide a top half (pieces A to K) and bottom half (pieces
AA to KK) that could be separately analysed to quantify differences in the post-test sample
that might be attributable to gravitational effects. Slicing the sample in this manner also
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allowed the moisture content of the sample to be quantified at intervals along the final
sample length. The slices were weighed immediately after removal and were then dried in
an oven at 105 °C for 48 h to provide the moisture content information.

After drying, two half slices of the final sample were taken for detailed petrographic
and microchemical characterisation by scanning electron microscopy (SEM) (piece AA
from slice 1 and piece BB from slice 2). These slices were taken from the end of the sam-
ple that was originally sited next to the internal void space. High-resolution secondary
electron (SE) images were recorded using an FEI Quanta 600 environmental scanning
electron microscope (ESEM). This was equipped with an Oxford Instruments INCA Energy
450 energy-dispersive X-ray microanalysis (EDXA) system, with a 50 mm? Peltier-cooled
silicon drift detector (SSD) calibrated using pure metal, metal oxide and mineral standards.
EDXA spectra were processed and interpreted using the Oxford Energy INCA Suite soft-
ware package (Version 4.15 Issue 18d + SP3, 2009), and used to provide microchemical
characterisation and aid mineralogical identification during SEM observation. Freshly
broken pieces (~5-10 mm in size) were taken from each sample slice, representing slice
surfaces and a cross-section surface, and mounted onto 10 mm diameter aluminium SEM
stubs using Leit-C conductive carbon cement. To limit further drying and damage to the
microfabric during sample preparation and SEM observation, the uncoated sample surfaces
were examined directly in the ESEM instrument under a water vapour atmosphere of 130
Pa (variable pressure mode). SE images were recorded using the bespoke FEI large field
secondary electron detector, using electron beam accelerating voltages of 10-20 kV and
beam probe currents of 0.25-1.25 nA, at a working distance of 10 mm.

In addition, half of each sample slice was hand-crushed in a pestle and mortar and
half of the crushate was ball-milled to a fine powder for whole-rock X-ray diffraction (XRD)
and 2-ethoxyethanol (EGME) surface area analyses. The same set of tests was also run
on a sample of MX80 bentonite that had experienced the same experimental history (the
Test 4 sample from Harrington et al. [47]), to provide a reference for comparison with
the Bulgarian Ca bentonite. To provide a finer and uniform particle-size for powder XRD
analysis, a 2.7 g portion of each sample was micronised under acetone for 10 min with
10% (0.3 g) corundum (American Elements—PN:AL-OY-03-P). The addition of an internal
standard allowed the validation and quantification of the results and also the detection
of any amorphous species present in the samples. Corundum was selected because its
principal XRD peaks are suitably remote from those produced by most of the phases present
in the samples. The micronised samples were then dried at 55 °C, disaggregated and back-
loaded into standard stainless steel sample holders for analysis. To separate a fine fraction
for clay mineral XRD analysis, portions of the crushed samples were dispersed in distilled
water using a reciprocal shaker combined with ultrasound treatment. The suspensions
were then sieved on 63 um and the <63 um material placed in a measuring cylinder and
allowed to stand. No deflocculant was added to ensure preservation of the interlayer cation
chemistry of the samples. After a time period determined from Stokes” Law, a nominal
<2 pm fraction was removed and dried at 55 °C. Approximately 100 mg of the <2 um
material was then re-suspended in a minimum of distilled water and pipetted onto a
ceramic tile in a vacuum apparatus to produce an oriented mount, and allowed to air-
dry overnight.

XRD analysis was carried out using a PANalytical X'Pert Pro series diffractometer
equipped with a cobalt-target tube, X'Celerator detector and operated at 45 kV and 40 mA.
The micronised powder samples were scanned from 4.5-85° 26 at 2.06° 26 /minute. Diffrac-
tion data were initially analysed using PANalytical X'Pert HighScore Plus version 4.9
software coupled to the latest version of the International Centre for Diffraction Data
(ICDD) database. Following identification of the mineral species present in the samples,
mineral quantification was achieved using the Rietveld refinement technique (e.g., [53])
using SiroQuant v4 software. This method avoids the need to produce synthetic mixtures
and involves the least squares fitting of measured to calculated XRD profiles using a crystal
structure databank. Errors for the quoted mineral concentrations calculated from synthetic
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mixtures of minerals, are better than +1% for concentrations >50 wt.%, +5% for concen-
trations between 50 and 20 wt.% and +10% for concentrations <10 wt.% [54]. Where a
phase was detected but its concentration was indicated to be below 0.5%, it was assigned a
value of <0.5%, since the error associated with quantification at such low levels becomes
too large. The <2 pm oriented mounts were scanned from 2-40° 26 at 1.02° 26 /minute
after air-drying, after glycol-solvation and after heating to 550 °C for 2 h. Total surface area
determinations were carried out using the 2-ethoxyethanol (ethylene glycol monoethyl
ether, EGME) adsorption method [55]. Briefly, the method is based on the formation of a
monolayer of EGME molecules on the clay surface under vacuum. Errors for the surface
area values are +3%. The Bulgarian Ca bentonite sample data were compared against
the same set of analyses conducted on the sliced sample of MX80 bentonite used in Test
4 presented in Harrington et al. [47]. This sample was analysed for comparison because
it was manufactured to the same sample size and dry density, had undergone the same
experimental procedure and was removed from the test vessel and dried in the same
manner as the Bulgarian Ca bentonite sample.

3. Results
3.1. Development of Swelling and Pore Pressure

Over the duration of the test period, the test sample swelled from its original length
(Table 1) to completely fill the internal dimensions of the test vessel (48.3% increase in size).
The swelling pressure recorded over this period showed an evolving picture of material
swelling occurring at different locations within the test vessel at different times during
the test (Figure 1). The swelling pressure development was both spatially and temporally
complicated, but there were patterns to the behaviour observed. At early times, a rapid
rise in the swelling pressure was recorded on the axial Al sensor, where the sample was
originally sited at the start of the test (Figure 1A). The swelling pressure recorded by radial
load cells R2 and R3 also quickly increased at the start of the test, both of which were sited
next to the clay at the start of the test. Load cell R3 was located on the sample midplane (for
precise sensor locations, please see Figure S1), and as such, although it was in contact with
the sample, it was close to the starting internal void space. As soon as the test was started,
the water was able to infiltrate into the sample from both ends. As a result that the radial
R3 load cell on the vessel midplane was closer to the right-hand end of the sample than the
radial R2 sensor was to the left-hand end, swelling pressures were seen on the R3 sensor
before the R2 sensor (Figure 1B). However, because the clay then expanded rightwards
(i.e., towards the R4 sensor) filling the internal void space, the maximum swelling pressure
observed on sensor R3 was lower than the pressure seen on sensor R2. This is because the
density of clay situated next to the R2 sensor remained higher for longer as the sample
could not expand equally towards the left. Load cell R4 at the start of the test was located
adjacent to the distilled water filling the internal void space. This was the same for the axial
A5 load cell, which was located in the right hand end-closure of the test vessel. With time,
as the sample started to swell to fill the internal fluid-filled void, the swelling pressure
recorded by these last two sensors gradually increased, although the swelling pressures
remained low (below 1 MPa) (Figure 1). By the end of the test, the swelling pressures
measured by sensors Al, R2 and R3 had decreased to an approximate asymptote, whilst the
swelling pressures measured by sensors R4 and A5 had increased to give values in a similar
range. By the time the test was terminated at 101.7 days, a variance in the range of recorded
swelling pressures from the different sensors still existed (~600 kPa), although given how
slowly they were evolving at this stage in the test, it is unclear how long it would have
taken for the pressures to completely converge.
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Figure 1. (A) Swelling pressures recorded on all sensors over the duration of the test, and (B) over the first 10 days. (C) Pore

pressures recorded on all transducers over the duration of the test, and (D) over the first 45 days.

This pattern of sample expansion corresponding with the swelling pressure changes

was consistent with the data recorded

by the pore pressure transducers over the three

arrays along the length of the test vessel (Figure 1). The pore pressure recorded by the 4
transducers (PT13-16) that were sited in line with the internal void immediately recorded
the applied pore pressure of 4500 kPa. As the water percolated into the sample both from
the voidage and the filter at the left-hand end of the sample, a pore pressure increase was

seen. This occurred first on the transduc

ers (PT5, PT10-12), which were on the midplane of

the vessel. The pore pressure data showed that the water did not percolate into the sample
in an even manner and did not arrive at each of the transducers in a given array at the same
time. There was as much as 15 days difference in the arrival times, observed as a change
in the recorded pore pressure (Figure 1). An overview of the swelling and pore pressure

data is also available from Harrington

et al. [47], where the swelling and pore pressure

data from this test have been compared to tests conducted using a different composition of

bentonite and in a vertical orientation.

10



Minerals 2021, 11, 215

Moisture content
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3.2. Post-Test Moisture Contents

The moisture content of the post-test sample was determined at increments along
its final length by slicing the sample across its long-axis into ~10 mm pieces (slices 1-11).
The slices were also divided into a top (pieces A to K) and bottom (pieces AA to KK) half
to ascertain whether gravity altered the moisture content through the sample. Samples
were weighed initially, then placed in an oven to dry at 105° for 48 h; the samples were
then reweighed to calculate the moisture content (Figure 2). The moisture content changed
along the length of the sample, with the lowest moisture contents recorded at the end of
the sample furthest away from the starting internal void space. The moisture contents at
the right hand end of the final sample were significantly higher (4-6 times larger). Here,
the sample took in the distilled water filling the initial void space and expanded to fill
the entire cavity. The moisture content data supported the pore pressure observations
and showed that the distilled water did not penetrate evenly through the test sample
(Figure 1C,D). That the moisture contents were different along the length of the sample at
the end of the test also showed that the sample had not fully homogenised in the 102 days
of testing.

B) Dry densities

T T T 2 T T
Starting moisture content o
O Top (pieces A to K) 18 -+
Top power law fit
O Base (pieces AA to KK) 1 16 -
Base power law fit
= = =Top minus base 141 1
E
> ]
=
2 i
1 ‘@
o 3
o© ]
fal
&
T 0.6 Starting dry density ,
1 O Top (pieces A to K)
U 04r Top power law fit
r O Base (pieces AA to KK)
,, 02+ Base power law fit ]
’ = = =Top minus base _- “
. - - - 0 - - . -
20 40 60 80 100 0 20 40 60 80 100

Distance along sample (mm)

Distance along sample (mm)

Figure 2. (A) Moisture contents and (B) dry densities along the length of the post-test sample. The moisture content has increased and

the dry density has decreased at all points along the length of the sample from the starting values.

Minor differences were observed between the moisture content of the top and bot-
tom halves of the oven-dried slices (Figure 2A). These differences were most notable at
the right-hand end of the sample, where the sample had the highest moisture contents.
The measurement of moisture content made at the far right-hand end showed that the
top half of the slice had a moisture content that was 150% of the moisture content of the
bottom half. This provided some evidence of gravitational settling of clay particles at the
right-hand end of the sample, presumably made possible by the high moisture contents
and the lack of redistribution of water evenly through the sample during the test period.
The dry density of each slice was calculated using the moisture content value, a specific
gravity of 2.77 and a saturation of 1. The dry density profiles along the sample length for
the two halves of each slice showed the same trend as the moisture contents (Figure 2B),
and were calculated in the range 0.29-1.08 kg/m?3. This indicated that, despite placing a
small swelling pressure on the entire surface area of the interior of the vessel, the post-test
sample was very pastelike and only semi-solid. Using an exponential fit to the moisture
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content data from each half of the sample, the continuous difference in moisture content
and calculated dry density between the two halves along the length of the sample could
be plotted (Figure 2, black dashed line). This clearly showed that the only significant
difference in the moisture content and dry density between the two halves occurred at the
extreme right-hand end of the sample.

3.3. Gel Formation

As well as having a much higher moisture content, the right-most slice of the post-test
sample was interesting because it showed that a layer of extremely fine clay particles
formed on the advancing face of the right-hand end of the sample. As the sample swelled
sideways through the internal fluid-filled void space, this collection of much smaller clay
particles formed a gel ~5 mm thick at the very front of the sample (Figure 3). Whilst it is
not possible to draw firm conclusions from a single test study, this gel formation appears to
be a unique feature of using a Ca bentonite in this type of swelling test, as it has not been
observed in any of the same tests using sodium bentonites [47,48]. Clearly, further work is
required to establish the conditions required for its formation and understand why it has
not been seen in the same type of test using MX80.

Figure 3. (A,B) The right-hand end of the sample being extruded from the test vessel. (C) Cross-section through the gel

showing the top and bottom halves of the first sample slice.

12
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3.3.1. Petrographic and Microchemical Analysis

The dried post-test bentonite sample was imaged under an ESEM to provide a more
detailed picture of the processes that had occurred at the front face of the swelling material.
ESEM imaging was carried out on the bottom halves of the first two slices removed from
the apparatus (Figure 4); this was the material closest to the right hand end of the vessel
at the end of the test period. The bottom halves of two slices (AA the rightmost end of
the sample, and BB the slice behind the rightmost piece) were chosen for imaging under
ESEM because both of these slices had a slight paler discolouration of the bentonite within
the bottom section of the slice. The discolouration was only evident in the first two slices
and was more pronounced in the first slice (slice 1 piece AA) than the second (slice 2 piece
BB). The slices had already been dried to provide post-test moisture content information
before examining under the ESEM, so there were some initial differences between the two
slices associated with the oven drying of the material (Figure 4). Slice 1 piece AA had a
moisture content of nearly 200% compared to the ~125% of slice 2 piece BB, which affected
the amount of contraction of the sample as it dried. Visual inspection of the front face of
slice 1 piece AA showed a smooth surface with very little cracking except for two large
cracks in the bottom edge of the slice, making the surface appear as though it was covered
by a skin (Figure 4). The rear side however showed deep cracks from top to bottom of the
slice that had opened by up to 5 mm (Figure 4). Both sides of slice 1 piece AA showed
that the material was extremely fine grained. The surface of both sides of slice 2 piece BB
looked much more grainy with larger particles of the original clay matrix clearly visible
on both sides of the slice (Figure 4). The cracking on the front face of slice 2 piece BB was
more prevalent than slice 1 piece AA, but individually the cracks had opened a smaller
amount than those evident on the rear of slice 1 piece AA.

Slice 1 (piece AA) Slice 2 (piece BB)

Figure 4. Front and rear views of the dried post-test sample slices 1 (piece AA) and 2 (piece BB) (bottom halves).

Detailed SEM observations of the gel formed on the external end of slice 1 piece
AA revealed that although the outer surface of the gel was smooth and featureless, frac-
tured cross-sections through the gel displayed a very finely-laminated fabric (Figure 5A).
The laminae were extremely thin (typically <10 pum thick), and showed significant distor-
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tion, parting and spalling between the layers, as a result of shrinkage, caused by water-loss
during drying. In addition, the gel laminae displayed a highly wrinkled skin texture
(Figure 5B-D), again indicative of shrinkage due to loss of a significant volume of water
consistent with the very high measured moisture content (described earlier). Although the
gel displayed a wrinkled texture, the material was extremely fine grained and very uniform
(Figure 5D); the bulk of the material was clearly nanoparticulate with a particle size well
below the resolution of the SE imaging (i.e., much finer than 50 nm). In contrast, the com-
pacted bentonite substrate surface immediately beneath the gel layer was notably much
coarser, with clearly discernable close-packed grains of aggregate clasts of partially ex-
panded bentonite, and minor quartz, feldspar, calcite and gypsum, within a clay-gel matrix
(Figure 5E). These particles ranged in size from 5 to 200 um in diameter. Irregular sigmoidal
shrinkage cracks were common around the grain boundaries. Similarly, the bentonite in
slice 2 piece BB was much coarser than the gel layer on the outer surface of slice 1. However,
whilst aggregate particles of bentonite and minor quartz, feldspar, gypsum and calcite
could be discerned, they were less obvious than in the bentonite substrate immediately
beneath the gel in slice 1 piece AA (Figure 5F). Grain boundary shrinkage cracks were
also relatively uncommon in slice 2 piece BB compared to the bentonite substrate in slice 1
piece AA.

EDXA spectra recorded from the gel layer (slice 1) were consistent with that expected
from a montmorillonite, comprising: major Si, Al, O and subordinate Mg, Na, Ca, Fe
(Figure 6A). Traces of Ti and S were also detected in most analyses. Rare microcrystals
(<2 um) and microcrystalline aggregates (up to 50 um) were occasionally observed within
the gel under high magnification SE imaging (Figure 5B,C). EDXA spectra (processed to
strip the background X-ray signal from the host gel) clearly identified this trace phase to be
Ca-S-rich (Figure 6B), and it therefore most likely represented microcrystalline gypsum. It is
unclear whether this gypsum nucleated within the gel phase during the experiment, or pre-
cipitated from the porewater solution during the post-experimental drying of the sample.

Although fully-quantitative EDXA was not possible, semi-quantitative estimates of
the composition of the smectitic gel and clay matrix in the background bentonite were
obtained from suitably orientated surfaces. EDXA analytical totals were very low for the
gel (typically 20-30 wt.%) indicative of a very high degree of microporosity (void space)
included within the electron probe volume of this material, and which was consistent with
the very high water content determined from slice 1 piece AA. Higher and more variable
analytical totals (25-80 wt.%) were obtained from the bentonite clay matrix but again were
low due to the high water content and/or nanoporosity. Semi-quantitative EDXA data
obtained from the gel and bentonite substrate from slice 1 piece AA, and the bentonite from
slice 2 piece BB are summarised in Figures 7 and 8, and more detailed background data
are provided in Tables S1 and S2. The EDXA data processing assumes all Fe was present as
Fe3* (the most common valence state in smectite), and O was calculated on the basis of the
oxide stoichiometry (note: HoO and OH are not determined by EDXA). As a result of the
very low and variable analytical totals, the analyses have been normalised to 100 wt.% to
enable comparison of the data.
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Figure 5. Secondary electron (SE) images of the bottom half of the post-test sample (slice 1 piece AA and slice 2 piece BB).
(A) Finely-laminated smectitic gel layer resting on bentonite substrate in slice 1 piece AA. Parting of the lamination is visible
in the gel layer. (B) “Wrinkled skin” texture caused by drying and shrinkage of the smectitic gel from slice 1 piece AA.
A lenticular aggregate of microcrystalline gypsum (arrowed) can be seen to nucleate within the gel. (C) SE image of the
smectitic gel layer (slice 1 piece AA), showing higher-resolution detail of the “wrinkled skin” texture. Tiny microcrystals of
gypsum (arrowed) can be seen within the gel (slice 1 piece AA). (D) Higher magnification SE image of the extremely fine
and uniform nature of the gel on slice 1 piece AA, within which no discrete clay particles can be resolved under the SEM.
(E) SE image illustrating the relatively coarse, granular fabric of the bentonite substrate immediately beneath the gel layer
(slice 1 piece AA). Subrounded, partially-hydrated bentonite aggregate grains within a fine, smectite-rich clay matrix are
clearly discernable. A discrete grain of gypsum (arrowed) is also shown. Fine, sigmoidal grain boundary microfractures are
evident. (F) Typical compacted bentonite fabric from slice 2 piece BB, showing close-packed bentonite aggregate grains
within tight clay matrix.
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Figure 6. (A) Typical energy-dispersive X-ray microanalysis (EDXA) spectrum of the hydrous gel formed on the external
surface of slice 1 piece AA. (B) Residual processed EDXA spectrum (after subtraction of background from the host gel
matrix), indicative of calcium sulphate, recorded from the microcrystalline secondary phase that nucleated within the
hydrous gel on the external surface of slice 1 piece AA.

Figure 7 illustrates the chemical variation between the gel and the immediately un-
derlying bentonite, presented as a triplot of the molar ratios of [Si]: [total Al, Fe, Mg,
Ti]: [total N, K, Ca]. The data clearly showed that there was a difference between the
composition of the gel formed on the external surface of slice 1 piece AA and the clay
matrix of the background bentonite in slice 2 piece BB. The EDXA data for the gel clustered
tightly with little variation, and lay close to a composition compatible with a dioctahedral
smectite composition, suggesting that it corresponded to a virtually pure smectite gel.
In contrast, the EDXA data from the background bentonite (slice 2 piece BB) and bentonite
substrate (slice 1 piece AA) varied significantly, lying on a mixing line between the smectite
composition and a much more silica-rich material. Published X-ray diffraction data [52]
showed that the original bentonite contained a significant amount of amorphous or poorly
crystalline silica minerals (including >6 wt.% cristobalite and tridymite). Together with
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the ESEM observations, the EDXA data in Figure 6 suggest the gel in slice 1 piece AA may
have represented very fine smectite that has been physically mobilised and has migrated
from the bentonite matrix exposed in the end surface of the core, leaving a more silica-rich
residual matrix in the substrate beneath.

[Na+K+Ca]
100%

O Slice AA gel
@ Slice AA gel substrate

Slice BB

O Ideal montmorillonite stoichiometry

50%

Pad

100% e V9\100%
[Si] 50% [Al+Mg+Fe+Ti]

Figure 7. Molar ratio triplot of [Si] : [total Al, Fe, Mg, Ti] : [total N, K, Ca] from EDXA, illustrating the compositional
variations between the hydrous gel (field A) and gel substrate (field B) from slice 1 piece AA, and background bentonite
matrix (field C) from slice 2 piece BB. 'Ideal’ montmorillonite stoichiometry is shown for comparison.

Figure 8 shows the variation in the composition of the gel (slice 1 piece AA) and
background bentonite (slice 2 piece BB) determined by EDXA presented as a molar ratio
plot of Ca:Na:K, which will be largely attributable to the interlayer cation component
in the smectite. These data have been corrected to allow for any contribution of Ca
from the potentially small amounts of CaSOy (gypsum) detected by EDXA (seen in the
Supplementary Materials Tables S1 and S2). The analyses of the gel and clay matrix of the
background bentonite (Figure 8) showed a large scatter of data points, with some degree of
overlap. Overall, however, the data appeared to suggest that the smectite gel was lower in
Ca and higher in Na/K than the smectite in the background bentonite. The precipitation
of Ca as gypsum within the gel may have played a part in this by reducing the Ca:(Na,K)
ratio in solution in the pore fluid within the gel.
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Figure 8. Molar ratio triplot for Ca-Na-K from EDXA. The EDXA illustrates the compositional variations of the hydrous gel
and gel substrate (slice 1 piece AA) and background bentonite matrix (slice 2 piece BB). Note: these data have been corrected
to allow for the potential contribution of Ca from the presence of minor amounts of gypsum detected during EDXA.

3.3.2. Surface Area Determinations

The surface area analysis was conducted on slices 1-11 pieces A-K (top halves of the
11 slices) (Table 2). Pieces B-K had a mean surface area of 590 m2/ g (Figure 9A). Slice 1
piece A had a relatively higher surface area of 629 m?/g. Slice 9 piece I had an anomalously
low surface area of 530 m?/g. In isolation, this suggested that the smectite concentration
in the gel (slice 1 piece A) was higher (by ~5%) than in the rest of the Ca-bentonite. Pure
smectite has a surface area of ~800 m?/g. Unsurprisingly, therefore these samples with
their high smectite content produced high surface areas in the range 530-704 m?/g. In the
equivalent experiment using MX80 rather than Bulgarian Ca bentonite (Test 4 from [47]),
slices 4-13 (the majority of the sample) had a mean surface area of 695 m?/g (Figure 9B).
Slices 3 to 1 had sequentially lower surface areas of 663 m?/g, 659 m?/g and 631 m?/g,
respectively. In isolation, this suggested that the smectite concentration in MX80 slices 1-3
were between ~4-8% lower than in the rest of the MX80 slices.
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Figure 9. Surface area data for (A) the Bulgarian Ca bentonite and (B) the MX80 slices of the post-test samples. For both
materials, the post-test samples were sliced into ~10 mm slices, and each of these was subdivided into a top and bottom
half. The top-half data are presented for both samples.

3.3.3. <2 pm and Whole-Rock XRD Analysis

Four of the Bulgarian Ca bentonite and MX80 slices were used for <2 um oriented-
mount XRD analysis (Table 2, Figure 10). These were from the top halves of the post-test
samples. The analyses suggest that the clay mineral assemblages of both the Bulgarian Ca
bentonite and MX80 are principally composed of a smectite-group mineral, dioctahedral
(on the basis of its d060 spacing from whole-rock analysis) and most likely to be a montmo-
rillonite. Small quantities of illite were also detected in all of the Bulgarian Ca bentonite
slices analysed. The d001 spacing provided an indication of the interlayer cation chemistry
of the smectite mineral. In general terms, an air-dry d001 spacing of ~14.5-15 A would
indicate a predominance of divalent (Ca/Mg) interlayer cations and a double layer of
water molecules, while a ~12.5 A would indicate a predominance of monovalent (Na/K)
interlayer cations and a single water layer. The air-dry d001 spacing for the montmorillonite
in the Bulgarian Ca bentonite pieces B, F and K were in the range ~14.5-15.4 A, confirming
a predominance of divalent interlayer cations (Ca/Mg). However, the significantly smaller
d001 spacing measured for piece A of 13.3 A would suggest an approximately equal mix
of divalent (Ca/Mg) and monovalent (Na/K) interlayer cations. The air-dry d001 spacing
for the montmorillonite in the MX80 bentonite was consistently 12.7 £ 0.2 A suggesting an
approximately uniform monovalent (Na, K) interlayer cation chemistry.

The width of XRD peaks (e.g., full width at half maximum height, FNHM) can be
used to assess the crystallite size distribution of mineral species, with broader peaks
indicating smaller crystallite sizes and sharper peaks indicating larger crystallite sizes.
For the Bulgarian Ca bentonite, the mean FWHM of the smectite air-dry 001 peak was
~2.23° 20 but slice A had a broader FWHM of 2.95° 26. This suggested that the smectite in
piece A had a smaller crystallite-size distribution compared to the general Bulgarian Ca
bentonite. The MX80 slices showed a mean FWHM of ~2.24 4 0.1° 20 for the smectite
air-dry 001 peak which suggested a generally similar crystallite size distribution for all
the subsamples. It should be noted that the measurements in the present study were
sub-optimal since they were made on potentially mixed-interlayer cation smectite species,
with no control on the ambient humidity.

Like the <2 pm oriented-mount XRD analysis, whole-rock XRD analysis was carried
out on 4 of the Bulgarian Ca bentonite and MX80 slices (Table 2). The analyses showed that
both the Bulgarian Ca bentonite and MX80 test samples were essentially homogeneous,
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with no significant variation in smectite content along their length. For the Bulgarian
Ca bentonite, there was a small increase in the amount of quartz observed in slice 1
piece A compared to the measured amounts throughout the remainder of the sample.
In comparison, the MX80 sample showed a very slight decrease in the quartz content at
the equivalent end of the test sample (slice 1). However, the compositional differences
between the slices were small. In addition, whilst the EDXA analyses were conducted
separately on the gel and the substrate as discrete entities beneath within slice 1 piece
AA, the surface area and XRD measurements were made on the whole of slice 1 piece A
together, and therefore represent the average values across the slice.

Table 2. Surface area, <2 um oriented and whole-rock powder XRD data. Analyses have been carried out on the Bulgarian
Ca bentonite sample as well as a comparable MX80 sample (Test 4) from Harrington et al. [47]. The piece of each slice used
is given in brackets in column 2. ‘Mica” indicates undifferentiated mica species possibly including muscovite, biotite, illite,

illite /smectite.
<2 pum
Surface Oriented XRD Whole-Rock Powder XRD
Bentonite Slice Area doo1 Smectite  'Mica’” Quartz Calcite Cristo- Total
Type No. (m?/g) (A) FWHM Balite
1(A) 629 13.28 2.95 77.8 15.1 1.7 4.1 1.2 100.0
2 (B) 598 14.50 2.35 77.2 15.4 0.8 4.8 1.8 100.0
3(0) 570 — — — — — — — —
4 (D) 591 — — — — — — — —
5(E) 605 — — — — — — — —
Ca 6 (F) 597 15.38 1.98 77 .4 14.7 <0.5 5.8 1.7 100.0
7 (G) 609 — — — — — —
8 (H) 617 — — — — — — — —
9 () 530 — — — — — — — —
10 (J) 573 — — — — — — — —
11 (K) 606 14.47 2.36 779 15.0 <0.5 5.0 1.7 100.0
1 631 12.61 2.13 77.0 17.2 4.0 1.5 <0.5 100.0
2 659 12.62 2.29 78.4 16.8 3.6 1.3 <0.5 100.0
3 663 — — — — — — — —
4 700 — — — — — — — —
5 691 — — — — — — — —
6 690 — — — — — — — —
MX80 7 687 1291 2.26 77.7 15.8 4.8 1.2 <0.5 100.0
8 689 — — — — — — —
9 697 — — — — — — — —
10 704 — — — — — — — —
11 703 — — — — — — — —
12 704 — — — — — — — —
13 682 12.87 227 774 16.5 45 1.1 0.5 100.0
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Figure 10. (A) Whole-rock powder XRD traces for selected Ca-bentonite subsamples showing the similarity of the traces
and the diagnostic dioctahedral smectite d060 peak spacing at 1.495 A. The lower part of the figure shows the extracted peak
positions and intensities (shown orange) compared to similar data for the identified International Centre for Diffraction
Data (ICDD) mineral standards. (B) <2 um ethylene glycol-solvated oriented mount XRD traces for the same selected
Ca-bentonite subsamples showing the very similar positions of the smectite peak positions (labelled with their appropriate

001 and d spacing in A).
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4. Discussion

The test results presented in this study show that the formation of a gel at the front
of an expanding Ca bentonite can occur under the specific conditions of an ambient
temperature, zero hydraulic gradient, large sample to void ratio and free access to water at
the expanding bentonite face. In this study, the sample swelling took place slowly; the pore
pressure data (Figure 1C,D) showed that the sample took at least 30 days to swell to fill the
initial void space in the experimental set up. This was consistent with the swelling pressure
data (Figure 1A); these data indicated that the peaks in swelling pressure that occurred on
the axial and radial load cells sited next to the sample at the start of the test (Axial 1 and
Radial 2), had dropped and asymptoted to constant values that were consistent with all of
the sensors on the vessel, between days 30 and 45 of the test. At the end of the test period,
the material had expanded to fully fill the initial void space, with a ~5 mm thick very fine
grained gel at the front end of the sample. Observations made by the ESEM showed that
the gel that formed on the external surface of slice 1 (i.e., the very front of the expanding
sample) was extremely fine grained (<50 nm) and uniform, with the particle size well
below the resolution of the SEM instrument (Figure 5D). This is consistent with the high
surface area value (629 m?/g) obtained for slice 1 piece A, which was significantly larger
(~7%) than the average background Bulgarian Ca bentonite. In isolation this suggests
a higher smectite content; this is consistent with the ESEM-EDXA observations, which
indicate the gel layer had a composition that was very close to the composition expected for
a pure smectite (Figure 6). However, a higher surface area might also be the result of a finer
overall particle size, which is consistent with the significantly broader d001 diffraction peak
for smectite (FWHM = 2.95° 20 in slice 1 piece A compared to FWHM = ~2.23° 20 in the
background Bulgarian Ca bentonite) suggesting that gel smectite has a smaller crystallite
size than the background bentonite. Both the increased surface area and the indication
of a finer crystallite size concurs with the ESEM-EDXA observations that the gel is very
fine grained and nanoparticulate, whereas the smectite in the substrate and background
bentonite is much coarser grained and granular (slice 2 piece BB; Figure 5E,F). The ESEM-
EDXA observations also showed that the bentonite substrate composition was much richer
in silica (Figure 7), and demonstrated highly variable silica contents further away from
the gel (slice 2 piece BB). Furthermore, the air-dried XRD d001 diffraction peak spacing
difference between the gel and the smectite in the background bentonite suggests that
the smectite in the gel has significantly more monovalent (Na/K) interlayer cations than
the background bentonite, which is predominantly divalent (Ca/Mg) interlayer cations.
This confirms the observations from EDXA that show that smectite in the gel and the
residual substrate in slice 1 piece AA have significantly higher Na/K than that expected
from previous characterisation of the Bulgarian Ca bentonites [52]. A finer sampling
discrimination was conducted for the ESEM-EDXA, whereby discrimination was made in
slice 1 piece A between the outer gel coating and the residual silica-rich substrate; these data
further suggest that the outer gel is even more Na/K rich than the smectite remaining in
the residual substrate. This is an interesting finding, which implies that there is a difference
in the exchangeable cation component between the two parts of slice 1. The reason for this
remains unclear but possibly the precipitation of Ca as gypsum within the gel may have
played a part in this by reducing the Ca:(Na,K) ratio in solution in the pore fluid within the
gel, and thereby enhancing the exchange of Na/K for Ca.

The presence of higher concentrations of monovalent Na and K cations in the gel
is consistent with the results of Missana et al. [56] who found that colloid detachment
was preferentially favoured by Na compared to Ca. It should be noted however, that
the absolute quantities of Na and K measured here are low and close to the detection
limits, indicating that there could be additional noise in these data. The Missana et al. [56]
experiments suspended 1 g/L of a bulk material (fifteen different clays including the MX80,
FEBEX and three Czech bentonites were used) in deionised water and centrifuged the
suspension to obtain particle sizes <1 um. These colloids were dried and the particle
quantities measured by gravimetry. The results showed that the Ca bentonites produced
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a significantly smaller colloid fraction compared to the Na bentonites (e.g., Ca-MX80
53 &£ 7 ppm, Na-MX80 600 + 50 ppm), and that whilst the Na and Na-Ca mixed clays
showed a positive relationship between colloid formation and starting smectite content,
the Ca clays colloid formation was invariant with smectite content [56]. The smectite
content of the Ca bentonite used in this study and in the MX80 of the bentonites tested
in the same way in previous studies [47,48] was very similar (~83 wt.%), and below that
of the MX80 tested by Missana et al. [56] (89 wt.%). The lower smectite contents of the
materials tested in these studies (this study and [47,48]) are closer to the values measured
for the Czech bentonite samples (e.g., Rokle-565: 78 wt.% smectite), which produced a
much smaller quantity of colloidal material (153 + 19 ppm), possibly explaining why a gel
was not observed in the tests using MX80 [47,48].

The formation of a gel is unusual and has not been previously observed in swelling
tests of this type incorporating a large initial void space [47,48], although the tests presented
in these studies were conducted using an MX80 bentonite rather than a Ca bentonite
composition. Together, the ESEM and EDXA observations suggest that during hydration
and expansion of the bentonite, very fine (nanoparticulate) smectite effectively migrated
from the bentonite matrix towards the front of the expanding sample, forming a layer
between the sample and the void space; here it formed an extremely hydrous gel. This
flushing of the smectite minerals towards the front has acted as a mechanical sieve and
purified the smectite into this layer. The loss of the smectite from the bentonite matrix left
a more silica-rich residual substrate, which appeared to be less mobile. The ESEM and
EDXA observations also indicated that the fine grained silica and other components in
the bentonite that formed the substrate did not migrate during the bentonite expansion.
However, the whole-rock (i.e., whole-sample) XRD results contradict the ESEM-EDXA and
surface area results by indicating that there is slightly more quartz in slice 1 piece A than in
the background Bulgarian Ca bentonite. One possible reconciliation may lie in the degree of
the subsampling undertaken during analysis of slice 1 between the two approaches. In the
ESEM-EDXA case, discrimination is drawn between the actual nanoparticulate gel and the
substrate immediately beneath, on which the gel was observed to rest. The ESEM-EDXA
analysed these separately, showing that the outer gel layer was chemically consistent with
a nearly pure smectite, whereas in contrast, the immediately-underlying residual substrate
was notably less smectitic and very silica-rich. The XRD analysis by contrast represents the
whole of slice 1 piece A and does not discriminate between the two fabric layers within the
slice (Figure 3); the apparent difference between the XRD and ESEM-EDXA results may
simply arise from this.

When compacted bentonite is hydrated, it swells and expands into available void
spaces. In the case of this experiment, the bentonite was able to expand into the water-filled
void space in the test cell. The chemistry of the system has a significant effect on the
swelling and dispersion behaviour; porewaters with low ionic strength and a low concen-
tration of divalent cations (e.g., Ca?*) promote peptisation (deflocculation) of smectite and
encourage the separation of individual smectite layers, which can lead to spontaneous
colloid formation [57-59]. This experiment used deionised water as the saturating fluid,
and this would be expected to encourage deflocculation of the smectite during hydration
and swelling. As no hydraulic gradient was applied during the experiment, diffusion must
have been the driving force for any colloid release and migration (cf. Kallay et al. [60],
as cited by Alonso et al. [51]) from the bentonite matrix to give rise to the formation of the
gel at the end of the test sample. Previous studies [51,56] have shown that the nature of
interlayer cation strongly influences the smectite colloid generation. The predominance of
more hydrated ions in the interlayer cation site (such as Na™) leads to the disaggregation of
clay platelets and formation of smaller tactoids (liquid-crystal colloidal phase) with higher
electrophoretic mobilities. In contrast, Ca®* is a more strongly binding cation producing a
tighter, more compact smectite structure, which favours the formation of larger aggregates
and lower colloid detachment and mobility. Interestingly, both the XRD analyses and the
ESEM-EDXA observations of the gel formed from the bentonite during this experiment
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suggested that it was relatively Na/K-rich compared to the smectite in the background
matrix of the bentonite. Although the reason for this apparent compositional difference is
not clear, the extremely fine nanoparticulate (<50 nm) nature of this material is consistent
with formation of a Na-rich colloidal smectite. Whilst the ESEM observations indicated
that the nanoparticulate material imaged in slice 1 piece A was extremely fine-grained and
uniform, because the resolution of the ESEM was 50 nm, it is not possible to discount both
micro- and mesoporosity existing in the sample that could take up water in addition to the
interlayer water.

There was very little change in the moisture content along the majority of the length
of the sample (Figure 2A), except in the three slices (1, 2 and 3) that were from the end
of the sample that had been adjacent to the void space at the start of the test. In these
slices, especially slice 1 where the gel was located, the moisture contents were markedly
higher; this corresponded with a very low dry density measurement for the sample in this
same region (Figure 2B). It should also be noted that the moisture content measurement
for slice 1 incorporated both the gel layer (approximately half the thickness of the slice)
and the more silica-rich residual substrate underneath (Figure 3). The specific moisture
content of the gel layer alone is not known. However, given the fine-grained nature of the
gel and the large cracks and wrinkled texture of the material post-drying, it is likely that
the moisture content of the gel layer alone would have been much higher; the residual
substrate is likely to have had a moisture content closer to the value obtained for slice 2.
The averaged moisture content of the gel and the residual substrate together are therefore
likely to be lower than the moisture content of the gel alone. The liquid limit for Ca
bentonites is reported to be lower than for Na bentonites, but within the range 150-600%
(determined using the Casagrande method for a variety of commercial Ca bentonites) [61].
The measured moisture content for slice 1 was 307% indicating that the moisture content
could have been much higher whilst the sample still demonstrated plastic behaviour.

As would be expected in a repository, the void space in the experiment was finite; it
is not expected therefore that this mechanical separation of the smectite could continue
indefinitely because, whilst it continues to contain smectite minerals, the matrix would
also expand filling the void space and competing against the migration of the smectite to
the expanding front of the material. In addition, the measured stresses (Figure 1A) reached
an asymptote indicating that the gel layer was stable and further homogenisation or segre-
gation would not occur mechanically. Whether chemical processes could lead to homogeni-
sation or continued formation of the gel layer, it is not possible to say from the analysis
presented. It is possible that previous studies using MX80 bentonite [47,48] have not seen
this gel layer formation because the expansion of the matrix took place more quickly than it
did in the Bulgarian Ca bentonite in this study. Figure 7 in Harrington et al. [47] suggests
that the swelling pressures have asymptoted by approximately day 35 for the MX80 (Test
4) and day 40 for the Bulgarian Ca bentonite (Test 5), although the data are noisy and the
other tests presented (in a vertical rather than horizontal orientation) show asymptotes in
the stress data much later. The cumulative inflow of distilled water into the Bulgarian Ca
bentonite however is much larger than in any of the MX80 tests presented by Harrington
et al. [47]. Without the presence of a hydraulic gradient across the sample, this could
be attributed to a lower starting saturation of the Bulgarian Ca bentonite compared to
the MX80, although the saturations are reported as close to 100% and the dry densities
all 1.7 g/cm®. For bentonites that contain a lower smectite content and where material
expansion upon contact with water can be expected to take place more slowly, a larger
gel layer may be able to form, subject to the smectite content also being high enough to
supply the nanoparticulate material to migrate. A decrease of only 5 wt.% in the smectite
content has been seen to substantially increase the hydraulic conductivity and decrease the
swelling pressures of bentonites [52]. Previous XRD analysis of the Bulgarian Ca bentonite
has found that it has a smectite (montmorillonite) content of 82.6 wt.% [52], whilst the
MX80 Wyoming bentonite used in the swelling studies [47,48] has been analysed to contain
85.43% montmorillonite [62], which may in part explain the lack of gel formation seen in
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the tests using MX80 bentonite, due to the differences between these materials in terms of
their swelling capacity.

This mechanism of gel formation has important implications for bentonites being
used as barriers where the material has free access to flowing water, as might occur
within fractures in the host rock. This gel formation shows that bentonite in contact with
an open void containing water will expand and the fine grained and swelling smectite
minerals may migrate towards the expanding face of the bentonite. If the water in the
voidage is moving, the smecite leaving the silica matrix could erode and eventually all the
smectite would be lost from the matrix. The high swelling capacity and low permeability
of the smectite minerals provide the sealing ability of the bentonite as a barrier to flow,
and thus the loss of the smectite content will severely impact the performance of the
barrier. For how long this process may continue in the presence of flowing water cannot be
predicted from the results presented here, however they may be showing a snapshot of
the process that is initiating bentonite erosion in voidages. Bentonite erosion is considered
to be one of the main processes leading to mass loss, which could deleteriously affect
the ability of the bentonite to perform as a barrier [1,50,51]. It is also thought that the
erosion of colloids (<1 um fluid-suspended clay particles) could provide a mechanism
for radionuclide transport [63-65]. The data presented in this study seem to suggest that
smectite particles can be chemically flushed through the bentonite matrix to form a gel
with a particle size below 50 nm, and that this could occur with free access to water. It is
important to note that the test was conducted using distilled water as the fluid in the void
space and the test fluid. Distilled water is likely to have been more aggressive in terms of
cation dissolution than a groundwater composition might have been expected to be on the
test sample, and additional cations may have dissolved into the test fluid. Indeed, bentonite
erosion is considered to be more likely to occur when non-saline groundwaters, and waters
with a low ionic strength, interact with the bentonite barrier around the wasteform [58,66].
In addition, clay colloid dispersion is likely to be maximised by the use of a test fluid
that does not contain any salts [56], suggesting that the test fluid will have exacerbated
the formation of the gel layer. Regardless of the testing fluid, some exchange with the
hydroxyl ions in the water that interacted with the bentonite would have been expected,
and in situ, the extent would be dictated by the type of groundwater present. In the
UK, where Ca bentonites are being considered for use as the engineered barrier for the
geological disposal of high heat generating radioactive waste, there is a variety of different
groundwaters that the engineered barrier might encounter. Groundwater chemistry is
dependent on the reactions that have taken place between the groundwater and the host
rock it is flowing through [67]. It is also controlled by the soils and unsaturated substrate
that it passes through on the way to the saturated zone beneath. Thus, depending on
the location and geology, the groundwater hardness and salinity will be different [67].
In addition, the depth of a repository and the proximity to the coastline will also control
the groundwater chemistry present. The type of groundwater present and the composition
of the bentonite chosen in radioactive waste repository designs will thus have an effect on
the performance and behaviour of the barrier. Bentonite erosion is an important topic of
research for the safety assessment of radioactive waste repositories. Previous work has
investigated both experimentally (e.g., [58,59,66,68-70]) and numerically ( e.g., [71]) the
expansion of a range of bentonites [51,72] into fractures filled with flowing groundwater.
These studies have found that whilst accessory minerals may prevent the loss of material,
bentonite barriers with high smectite concentrations are likely to erode given the expected
fluid compositions and flowrates [58]. Whilst only one test has been undertaken here,
the data suggest that a process of physical separation and mobilisation of smectite from
the bentonite matrix occurs during hydration and expansion; further work using relevant
fluid and bentonite compositions is required to elucidate the mechanisms behind these
processes more clearly, as these results may have important implications for understanding
the erosion of bentonite in contact with moving groundwater.
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5. Conclusions

The results of this study have shown that a Ca bentonite in contact with a fluid-filled
void space is able to form a gel layer at the expanding front, which comprises smectite
particles with diameters <50 nm. This gel layer also has a significantly higher moisture
content than the rest of the test sample. This is an unusual observation, and has not
previously been observed in experimental tests of this type [47,48]. ESEM and EDXA
analyses have shown that the gel layer itself is composed of pure smectite, whilst the
residual substrate beneath the gel is enriched in silica. The surface area analysis supports
the ESEM-EXDA data showing a higher surface area value for the slice containing the gel.
The <2 um XRD analysis and EDXA data also both show an increase in monovalent Na
and K cations in the slice containing the gel. The whole-rock XRD data do not show a
change in the amount of smectite in slice 1 piece A, but this is likely due to the averaging
of the slice 1 piece A data. Together the observations are supportive of a chemically driven
flushing mechanism occurring towards the front of the bentonite sample during expansion,
whereby the very fine grained smectite is carried through a silica matrix to be deposited in
a layer at the front of the sample. This finding has important implications for the erosion of
bentonite in radioactive waste repositories, where the bentonite barrier material between
the cannister and the host rock encounters fractures filled with flowing groundwater.
Under these circumstances, expansion of the bentonite into the fracture would occur and
the fine grained smectite particles would be expected to be removed from the front of the
expanding bentonite by the flowing groundwater. This process could gradually deplete
the barrier of the smectite content, adversely affecting its performance by reducing the
swelling capacity and increasing the permeability.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-163
X/11/2/215/s1, Figure S1: Testing apparatus. Table S1: EDXA analyses (weight % element). Table S2:
EDXA analyses (molar % ions).
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Abstract: Bentonites from the 10th Khutor deposit (Republic of Khakassia, Russia) are considered
a potential buffer material for isolation of radioactive waste in the crystalline rocks of Yeniseyskiy
site (Krasnoyarskiy region). This study presents the results of a series of permeameter experi-
ments with bentonite compacted to dry densities of 1.4, 1.6, and 1.8 g/ cm?, saturated and per-
meated by the artificial groundwater from Yeniseyskiy Site. Permeation was conducted at hy-
draulic gradients of 180-80,000 m/m to simulate potential hydraulic conditions in the early post-
closure phase of a deep geological repository (DGR). The respective swelling pressures of 0.8 4- 0.3,
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consolidation and/or reorganisation of bentonite microstructure are considered possible reasons for
Academic Editors: Ana these decreases.
Maria Fernandez, Stephan Kaufhold,
Markus Olin, Lian-Ge Zheng, Keywords: radioactive waste; bentonite; swelling pressure; permeability; hydraulic gradient; engi-
Paul Wersin and James Wilson neered barriers; geological repository

Received: 5 May 2021
Accepted: 28 June 2021
Published: 7 July 2021 1. Introduction

In the Russian Federation, a concept is being developed to isolate class 1 and 2
high-level radioactive waste and spent nuclear fuel in crystalline rocks (Yeniseyskiy Site,
Krasnoyarskiy region) at depths of about 500-700 m [1-4]. In this case, the safety function
of radioactive waste disposal is provided by a passive multi-barrier system that ensures
the isolation of radioactive waste from the biosphere [5-7].

The current Russian sealing concept of a deep geological radioactive waste disposal
facility (DGR) in crystalline rocks foresees the use of compacted bentonite as a buffer mate-

- rial enclosing containers with radioactive waste [1-4] due to the stability of its properties
and ability to prevent the mass transfer of radionuclides from advection and diffusion
mechanisms [2-7]. The 10th Khutor bentonite deposit is located relatively close to the area
of the deep geological disposal site and considered as a source for the potential buffer mate-
rial in study [4] based on its favourable sealing properties and deposit resources. Swelling
pressure and permeability (or proportional to that hydraulic conductivity) of compacted
bentonite are key parameters in determining the sealing performance of bentonite-based
geotechnical barriers. A direct determination of these parameters for a realistic buffer
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configuration under in situ conditions of DGR would require conducting sophisticated,
long-term, and expensive experiments in an Underground Research Laboratory. Laboratory
experiments with small specimens of compacted bentonite provide a feasible way to obtain
estimates of the parameters necessary to conduct preliminary performance assessments of
bentonite-based geotechnical barriers and facilitate the planning and optimisation in situ
studies, possibly reducing their extent.

During the construction of geotechnical barriers, unsaturated bentonites will expe-
rience high fluid pressure differences—up to several MPa—which may result across the
buffer in the course of establishing hydraulic conditions characteristic of the host formation.
Therefore, fluid pressure differences of up to 8 MPa across the compacted specimens were
imposed on the present study in order to test the sealing performance of a bentonite sample
from the 10th Khutor deposit (described as “10X” or “10X bentonite”). Swelling pressure
and hydraulic conductivity of 10X were estimated in a series of preliminary laboratory
experiments with distilled water [4]. The present study provides an independent laboratory
estimation of swelling pressure and permeability for 10X upon saturation and permeation
with the synthetic groundwater of crystalline rocks at the Yeniseyskiy site.

2. Materials and Methods

2.1. Geological Site and Composition of 10X

The 10th Khutor deposit is located in the steppe area 8 km southwest of Chernogorsk
city (Republic of Khakassia). It has reserves of about 3—4 million tons and belongs to a
group of deposits with total reserves of approximately 13 million [8]. The deposit has a
Carboniferous age (Cy) expressed in several bentonite layers interbedded with clay rocks
and carbonaceous layers [8-10]. Its genesis is considered volcanogenic-sedimentary.

In the process of studying bentonite powder with specified technical conditions,
obtained characteristics were required to justify the use of clay material as a component of
engineering safety barriers. This material was assigned a commercial name,10X.

The study of particle size distribution was conducted using laser deflation on an
Analysette-22 (Fritsch GmbH, Idar-Oberstein, Germany) particle analyser in suspension
for the measurement range of 0.1-300 um in five different positions of the measuring cell
and 100 measurements in each position. The results are shown in Table 1.

Table 1. Basic characteristics of bentonite powder 10X.

a—Particle Size Distribution

Mods, pm Median, um

Particle Size Distribution, %

0.1-1 pm 1-10 pm 10-25 um
1.79 2.90 15.6 72.6 11.8
b—Mineral Composition (%)
(M()Srrlitlxe:(:itiilonite) Chlorite Quartz (Microfl?rllclsa?:ESAlbite) Calcite Anatase  Gypsum
73.0 0.9 13.9 10.8 0.7 0.3 0.4
c—Chemical Composition
Na,O MgO ALO; SiO, K,O CaO TiO, Fe;O3  FeO MnO  LOI (105-1000 °C)
0.107 2.67 18.84 51.87 0.48 6.58 0.70 3.37 0.33 0.01 7.64

The mineral composition of the 10X bentonite [10,11] was estimated by X-ray diffrac-
tion using an Ultima-IV (Rigaku, Tokyo, Japan) X-ray diffractometer (Cu-K radiation,
detector—D/Tex-Ultra, scan range 3-65° 20). The quantitative mineral analysis (Table 1)
was conducted using the Rietveld method [12] with PROFEX GUI ver. 3.1.3, (Nicola
Doeblin, Solothurn, Switzerland) software for BGMN [13].

The chemical composition (Table 1) was determined using X-ray fluorescence analysis
using an Axios mAX (PANalytical, Almelo, the Netherlands) according to standard meth-
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ods [11]. The hygroscopic water content of 8.94% was determined upon drying at 105 °C.
The suction of the 10X bentonite was not determined.

The density of the solid phase was measured using the pycnometer method with
kerosene following [14,15] and amounted to 2.8 g/cm3.

The value of the cation exchange capacity was determined from the adsorption of
the Cu(Il)-trien-complex using the spectrophotometric method [16-18] and amounted
to 73.5 meq/100g. The composition of the exchangeable complex is mainly Na-Mg, and
comprises Na—23.6, Ca—16.6, Mg—30.3, and K—1.2 meq/100g, measured with atomic
absorption spectrometry (AAS) after repeated extraction with ammonium acetate solution.

2.2. Experiments and Conditions

For the research, triplicate experiments of 10X bentonite at the dry densities of 1.4, 1.6,
and 1.8 g/cm® were conducted using nine constant-head, rigid-wall permeameter cells
made of titanium (Figure 1a). Compacted specimens were prepared by pressing directly
into permeameter cells. Bentonite powder (Table 1a) was filled into a permeameter between
two sintered steel filters (GKN SIKA-R 20 AX, a porosity of 43%, an average pore diameter
of 23 um, with an average permeability—measured in triplicate using three permeameter
cells—of (3.4 + 0.5) x 10~'* m?) and, after installing a load-transfer ram and a press flange
above the top sintered filter, it was statically compacted (without adding any water) to a
pellet specimen with a diameter of 5 cm, a height of 1 cm, and a dry density of 1.4, 1.6, and
1.8 g/cm’. The cap nut of the press flange was then tightened without adding axial stress.
Based on the density of soil solids (2.80 g/cm?), porosity of specimens can be estimated to
equal 0.50, 0.43, and 0.36, pore volumes to 9.8, 8.4, and 7.0 cm?, and saturation to 25%, 33%,
and 45%, respectively. Respective bulk densities equal 2.02,2.17, and 2.32 g/ cm®.

rigid wall

g

(b)

Figure 1. A construction drawing of experiments; (a); supply of SGW to inlets at cell bases by a piston pump; (b) permeability

experiments (note that burettes connected to outlets at cell tops to collect percolating solutions).

The swelling pressure of the specimens in the permeameter cells was measured
continuously by force transducers FKA613 (Ahlborn Mess- und Regelungstechnik GmbH,
Holzkirchen, Germany). It should be noted that for the specimen in the ninth cell (at
1.8¢g/ cm?, the leftmost cell in Figure 1b), a behaviour strongly deviating from the other
two specimens at 1.8 g/cm? was observed, as its swelling pressure exceeded the measuring
capacity of force transducers at 10.2 MPa within two days of starting the experiment. Two
restarts and additional tests suggested a permeameter malfunction as the reason for this
deviating behaviour; therefore, the experiment with the ninth cell was discontinued.

Since no reliable data currently exists on the composition of the groundwater of the
Yeniseyskiy Site at the target depth, synthetic groundwater (hereafter referred to as SGW)
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was used in the experiments and developed based on available hydrogeological data and
data in [19], which is characterized by a pH of 8.1, ionic strength of 6.5 mmol/L, and ionic
composition: Na*—0.760, Mg?*—0.494, Ca®>*—1.217, K*—0.115, C1~—2.549, SO,>~—0.494,
and HCO3~—0.76 mmol /L.

Compacted bentonite specimens were allowed to saturate by absorbing SGW from
burettes connected to inlets at cell bases to let trapped air escape through outlets at cell tops
for 28 days, then to inlets at cell tops for 87 days to reach the most homogeneous saturation
of bentonite possible (Figure 1b). The duration of 28 days for the first saturation stage was
chosen based on a preceding study involving 15 different bentonites [20,21]. According
to the experimental protocol established in that study, the second saturation stage was
continued until the swelling pressure of the specimens was judged to level off. The fluid
pressure difference across the specimens was equal to 0.018 MPa during this stage.

After disconnecting the burettes, permeation tests were started on the 133rd day (after
a delay due to a malfunction and temporary unavailability of the pump) by injecting SGW
through inlets at cell bases using a piston pump (BESTA HD 2-200, BESTA-Technik GmbH,
Wilhelmsfeld, Germany) and a bypass (Figure 1b) to prevent uncontrolled fluid injection
pressure surges observed in a preceding study discussed in [20,21]. Outlets at cell tops
were connected to burettes for measuring volumes of percolating SGW used to calculate
permeability. Swelling of compacted bentonites upon saturation was assumed to seal off
possible flow pathways along the bentonite-cell interface with the solution percolating
only through bentonite pores during permeability measurements, which was confirmed by
the observed low permeabilities of specimens. The fluid pressure difference of 0.018 MPa
maintained across the specimens for 132 days by the water column in the burettes and
was then incrementally increased to 0.2, 0.5, 2.0, and 8.0 MPa using the pump. These fluid
pressure differences correspond to hydraulic gradients of 180 up to 80,000 m/m across the
compacted bentonite specimens. For the first stage of the permeation tests at a hydraulic
gradient of 2000 m/m, levelling off of permeabilities while observing for the levelling off
of swelling pressures, if reasonably possible, was used as a termination criterion. During
this stage, the pore volume of specimens was replaced on average 13.7, 2.2, and 0.5 times at
a dry density of 1.4, 1.6, and 1.8 g/cm?, respectively. For the following stages, a sufficient
number of measurement points to capture the permeability trend was aimed, and the pore
volume of specimens was replaced at a respective dry density of 1.4, 1.6, and 1.8 g/cm?
on average 0.9, 0.1, and 0.02 times at a hydraulic gradient of 5000 m/m up to 6.9, 4.0,
and 1.8 times at a hydraulic gradient of 80,000 m/m. Room temperature and relative
humidity during the entire experiment were 18.1 & 0.4 °C and 48% == 7%, respectively. A
dynamic viscosity of 1.014 4 0.009 uPa-s was determined for SGW from eight replicate
measurements at room temperature.

Apart from the specimens for the swelling and permeation experiments described
above, but from the same batch of 10X, further specimens were compacted at hygroscopic
humidity for studies using the method of computed microtomography (uCT, using Yamato
TDM1000H-2) and qualitative analyses of the microstructure by scanning electron mi-
croscopy (SEM) using LEO 1450 VP (Zeiss, Jena, Germany) with a guaranteed resolution of
5nm). These specimens were prepared in the same manner as the swelling and permeation
experiments with distilled water described in [4]. To study changes in the microstructure
of 10X during swelling, SEM analyses were conducted with specimens after permeation
with distilled water [4].

3. Results and Discussion

The uCT study of the structure of compacted 10X showed that the specimen at a
density of 1.4 g/cm? is characterized by an uneven distribution of moisture (Figure 2), and
areas of non-compacted material are no more than 0.25 mm in size. The specimen at a
density of 1.6 g/cm? is characterized by greater homogeneity, although a small amount of
a non-compacted material (up to 0.1 mm on average, some areas with 0.5 mm) and some
moisture inhomogeneity are observed. When compacted to a density of 1.8 g/cm?, the
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obtained specimen does not contain any non-compacted parts, and no inhomogeneous
distribution of moisture between the formed aggregates was observed. The appearance of
cracks at the edges of the specimen at a density of 1.8 g/cm? (Figure 2c) was attributed to a
relaxation of the 10X’s fabric upon taking the specimen out of the compaction mold for the
uCT study.

Figure 2. uCT images of 10X specimens compacted to dry densities of (a) 1.4 g/cm?; (b) 1.6 g/cm?; (c) 1.8 g/cm?.

The initial stage of bentonite swelling upon saturation with solutions of low salin-
ity [22,23] and—for some bentonites—with brines [20,21] is characterized by a “double-
peak” pattern as a result of (i) swelling of aggregates (the first peak), (ii) their subsequent
partial decomposition and a collapse of the inter-aggregate pores (the depression), and (iii)
swelling of the reorganised aggregates (the second peak). This pattern is also observed for
10X specimens at the studied densities (graphs on left-side in Figure 3). The variation of this
pattern with changing density further exemplifies that the collapse of the inter-aggregate
pores is more strongly pronounced at the higher porosity so that the second peak is much
lower than the first peak at 1.4 g/cm?3. This effect diminishes with decreasing porosity so
that the second peak becomes higher than the first peak within 1 to 4 days at 1.8 g/cm?. The
higher second peak was observed previously for low- and high-salinity solutions ([20-25]
and references therein), whereas the lower second peak was observed for high-salinity
solutions [20,21]. By combining the latter observation with the present one, it can be
suggested that the collapse of the inter-aggregate pores may depend on the electrostatic
repulsion between diffuse-double layers (DDL) of single montmorillonite particles or their
aggregates, as high salinity is known to depress their DDL [26] and increase pore volume
available for their reorganisation accordingly.
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Figure 3. Total pressure at tops of permeameter cells for 10X specimens compacted to dry densities of 1.4 g/cm? (cells
A1-A3); 1.6 g/cm? (cells B1-B3); and 1.8 g/cm? (cells C2, C3), saturated and permeated by SGW. Graphs on left-side
represent x- and y-axis close-ups of the data measured within the first four days of saturation. Vertical dotted lines mark
onsets of solution supply by burettes through cell tops (28th day) and by the pump at hydraulic gradients of 2000 m/m
(133rd day), 5000 m/m (246th day), and 20,000 m/m (261st day) (note that corresponding labels in the 2nd graph on

right-side).

It can be further seen in Figure 3 that despite the identical preparation protocol of
specimens, the method used did not eliminate the inherent inhomogeneity of the mi-
crostructure of compacted bentonites. As a result of this inhomogeneity, measured swelling
pressures and the time span of development for the second peak of the swelling pattern
show significant variation at a given density and are otherwise similar to initial swelling
patterns. This variation would not disappear (and even became larger at the densities of 1.4
and 1.6 g/cm®) upon switching the solution supply from cell bases to cell tops on the 28th
day. Possible reasons for this behaviour can be better understood considering the solution
volumes absorbed by specimens and channels of permeameter cells from burettes within
the first 115 days of the experiment (Figure 4). Firstly, these data reveal that the bentonite
saturation was not accomplished within this stage, as the solution uptake did not level off.
This occurrence is a well-known drawback of permeameter tests performed without a back
pressure high enough to ensure full saturation of compacted specimens [27]. Secondly, for
specimens with estimated pore volumes of 7.0-9.8 cm® at a given density, a variation in
the absorbed solution volumes of up to 10.7 cm® was observed, which clarifies that the air
was still present in the channels of some permeameters or even in the specimens. Hence, a
reliable determination of the solution uptake by specimens upon saturation from burettes
in the experimental setup used seems only possible through a test termination, dismantling
of permeameters, and weighing the specimens.
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Figure 4. Uptake of SGW by permeameter cells with 10X specimens compacted to dry densities
of 1.4 g/cm3 (A1-A3); 1.6 g/cm3 (B1-B3); and 1.8 g/cm3 (C2, C3), upon saturation from burettes
connected to inlets at cell bases for 27 days and cell tops afterwards.

The subsequent application of the hydraulic gradient of 2000 m/m led to a signif-
icant gradual increase of swelling pressure in all specimens, presumably, as a result of
displacement of residual air from specimens by the injected solution (as discussed below
to permeabilities) and / or microstructural reorganisation (as discussed below). During this
stage and the preceding saturation stage using burettes, the total pressure measured at cell
tops was equal to the swelling pressure of specimens. Starting from the 246th day, however,
it was equal to the sum of the swelling pressure of the specimens and the fluid pressure
established at cell tops upon imposing the hydraulic gradient of >5000 m/m across the
specimens. This can be seen in steep increases of the total pressure at top of all cells on the
246th, 261st (Figure 3), and 281st day (Figure 5) upon increasing the hydraulic gradient
to 5000; 20,000, and 80,000 m/m, respectively. It also results from its steep decrease to the
values measured before the 246th day upon the intermediate and final switching off the
pump on the 294th and 297th day, respectively (Figure 5). Therefore, the swelling pressure
of 10X compacted to the densities of 1.4, 1.6, and 1.8 g/cm? can be concluded to equal to
0.8 £0.3,2.2 £ 0.6, and 6.3 £ 0.3 MPa, respectively, measured at the hydraulic gradient of
2000 m/m (Table 2).
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Figure 5. Total pressure at tops of permeameter cells for 10X specimens compacted to dry densities of
1.4 g/cm? (A1-A3), 1.6 g/cm3 (B1-B3), and 1.8 g/cm? (C2, C3) and permeated by SGW at a hydraulic
gradient of 80,000 m/m. Real fluid injection pressure imposed by the pump is shown in the upper
graph (note that the abrupt fluid injection pressure changes were caused by short switching off the
pump before weekends to disconnect cells A1-A3, preventing an overflow of burettes connected to
them and after weekends, reconnecting them).

Table 2. Total pressures at the top (¢) and permeabilities (k) averaged over the last two weeks of
measurement at a given hydraulic gradient (i) of 10X specimens compacted to dry densities of 1.4,
1.6, and 1.8 g/cm?; saturated and permeated by SGW.

— o, MPa x, 10720 m?

if, m/m

f l4g/em®  16g/em®  18g/m®  1d4g/m® 16g/m®  1.8g/cm?

180 0.7+£02 1.5+£0.6 53£09 - - -

2000 0.8+£03 22+06 6.3 £03 27 +15 34+08 0.96 £ 0.26
5000 09+03 23£06 64+£03 25+ 14 32+04 0.54 £0.10
20,000 21+£02 3.1£06 69£03 11+4 29+04 0.68 £ 0.02
80,000 7.6+£0.1 83£0.8 9.7£03 54+15 20£0.2 0.67 £ 0.07

Based on these values, the fluid pressure at cell tops can be estimated to equal 1.3, 0.9,
and 0.6 MPa for the fluid pressure of 2.0 MPa at cell base (hydraulic gradient of 20,000 m/m)
and 6.8, 6.1, and 3.4 MPa for the fluid pressure of 8.0 MPa at cell base (hydraulic gradient of
80,000 m/m) at dry densities of 1.4, 1.6, and 1.8 g/cm3, respectively. The decrease of fluid
pressure from cell bases to cell tops is in line with previous observations of the non-linear
variation of the excess fluid pressure across specimens in constant-head experiments with
compacted clays [28]. A decrease in these values with increasing density further indicates
that the degree of non-linearity in this variation increases with the decreasing porosity of
the specimens (0.50, 0.43, and 0.36, respectively).
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In the preliminary 7-day experiments [4] with 10X and distilled water using per-
meameters similar to those of the present study, for dry densities in the range of
1.44-1.82 g/cm?®, swelling pressures in the range of 0.52-9.39 MPa and a relationship
of the form P = exp(6.4p4 — 9.403) between swelling pressure P (MPa) and dry density
pd (g/cm®) were obtained. At the hydraulic gradient of 2000 m/m in the present study,
a somewhat different relationship P = exp(5.16p4 — 7.445) was obtained (Figure 6). The
difference might be due to the use of only three data points for obtaining the relation-
ship in the present study, or the difference between SGW and distilled water, or for other
reasons, which cannot be identified in view of the limited information on parameters
of the experiments and statistical weight of fitted data in the study [4]. In the study by
Wang et al. [29], relationships of the form P = exp(6.7504 — 8.634), P = exp(6.8504 — 9.231),
and P = exp(3.3204 — 5.608) were provided for MX-80 (75-90% smectite), FEBEX (92%
smectite), and Kunigel V1 (48% smectite) bentonites, respectively. Based on the smectite
content of 73 mass% of 10X [4], it may be speculated that the value of the coefficient preced-
ing the density ought to be in a range from 3.3 to 6.8. Although the values obtained in [4]
and in the present study agree with this range, establishing values that are characteristic of
10X would require additional experimental data.
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Figure 6. Swelling pressure and permeability (m?) of 10X specimens permeated by SGW as a function
of dry density pq. Circles and solid lines represent measured values and fitted curves of the present
study, whereas dashed lines represent fitted curves of the study [4] (hydraulic conductivities reported
in [4] were converted to permeabilities for the purpose of comparison).

Permeabilities measured for 10X in the present study show a gradual decrease at
all densities during the initial experimental stage at the hydraulic gradient of 2000 m/m
(Figure 7). The gradual decrease of permeabilities suggests that the residual air, if any, was
largely displaced from the specimens at the very beginning of this stage since air removal
would otherwise lead to a non-transient increase of permeability [27], which was not
observed later on. At densities of 1.4 and 1.6 g/ cm?, a double linear decrease was observed
with a steeper initial decrease during the first 10 days at 1.4 g/cm® and 40 days at 1.6 g/cm?
followed by a flatter one. Shortly after further increasing the hydraulic gradients at these
densities, considerably higher transient permeabilities were measured (data points on the
vertical dotted lines in Figure 7, which should not be treated as outliers but rather attributed
to the additional amount of water squeezed out of specimens by seepage-induced (local)
consolidation under the pressure gradient [28,30]. According to [30], the initial transient
response preceding the steady-state flow condition can take up to a few hours for clay
specimens due to time-dependent changes in the volume or distribution of pore space in
a specimen.
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Figure 7. Permeability (m?) of 10X specimens compacted to dry densities of 1.4 g/cm® (A1-A3);
1.6 g/cm® (B1-B3); 1.8 g/cm? (C2, C3), and permeated by SGW. Vertical dotted lines mark increases
of hydraulic gradient to 5000 m/m (246th day); 20,000 m/m (261st day), and 80,000 m/m (281st day).

As a result of hydraulic gradient increases above 2000 m/m, steady-state permeability
showed two major decreases by a factor of ~2-2.5 at a density of 1.4 g/cm3 and one major
decrease by a factor of ~1.5 at 1.6 g/cm3, whereas it stabilized at ~6 x 1072 m? at 1.8 g/cm?
(Figure 7, Table 2). The seepage-induced consolidation, which reduces the specimen’s pore
volume, was proposed as a reason for permeability decrease with increasing pressure
gradient [28,30]. This reason cannot be discarded for the present experiment, as the
observed dependence of the extent of permeability decrease on the density would be in line
with a larger seepage-induced consolidation for less dense specimens. If this proposal is
valid, a larger hydraulic gradient than those applied in the present study can be expected to
cause a major decrease of steady-state permeability of 10X specimen at 1.8 g/cm? as well.

Alternatively, the hydraulic conductivity of expansive materials was observed to
decrease after full saturation due to reorganisation of microstructure in the course of
a water potential re-equilibration and corresponding water redistribution between the
inter-aggregate and intra-aggregate pores [31]. Accordingly, it can be assumed that such
microstructural reorganisation may have occurred to a larger extent for 10X specimen at
a density of 1.4 g/ cm? and to a lesser extent at 1.6 g/ cm?, whereas it did not take place
at 1.8 g/cm?, at least for hydraulic gradients >5000 m/m. This assumption would be in
line with the decreasing pore volume available for a microstructural reorganisation with
increasing density.

A change in the pore space during the SGW saturation was detected by scanning
electron microscopy. The microstructure of the original compacted 10X is characterized by
the predominance of fine interparticle micropores and large inter-micro-aggregate pores.
During saturation with the SGW, the number and size of pores are decreased (Figure 8),

40



Minerals 2021, 11, 742

inter-micro-aggregate and small inter-micro-aggregate micropores predominate, and an
increase in the size and isometricity of large inter-micro-aggregate pores is also noted.
There is also a decrease in the degree of orientation of structural elements (clay aggregates
of different sizes) in the plane orthogonal to the pressing direction, acquired during the
process of compacting the specimen, in which the microstructure becomes more uniform.

Figure 8. SEM images of the compacted 10X, fraction <0.25 mm, density 1.65 g/cm?, at 32,000 (a) natural micro-aggregates
of clay particles after an air-drying; (b) partially swelled micro-aggregate of clay particles. Sidebars on the top corners:
structural model of clay swelling with different moisture (W) content: (a) W < Wmg; (b) Wp < W < Wsw (Wmg—maximal

hygroscopic moisture content; Wp—moisture of the plastic limit; Wsw—moisture of swelling). 1—clay particle; 2—adsorbed
water; 3—osmotic water.

This uniformity in microstructure is explained by the processes of hydration of highly
hydrophilic clay particles upon saturation of the specimens and accompanying swelling
of microaggregates, closure of fine pores, and opening of inter-ultra-micro-aggregate
(inter-micro-aggregate) micropores. As a result, the microstructure of the specimens after
permeation becomes more homogeneous, intra- and inter-micro-aggregate pores become
predominant since they open significantly during the swelling stage but are not affected by
the fluid pressure during the permeation stage. This effect can also be associated with the
swelling of the specimens during saturation and with the so-called “hinge-joint effect” of
clay particles in a micro-aggregate during hydration [32].

The swelling of clays is often characterized by the effect of disordering the microstruc-
ture. According to the results of experiments and calculations given in the article [33], this
effect is associated with the distribution of forces acting on particles and microaggregates,
the result of which leads to the appearance of the hinge-joint effect. Thus, as a result of
the wedging pressure of the hydration shells around the particles, their mutual repulsion
occurs, while the forces of attraction at their edges prevent complete separation, resulting
in the formation of a honeycomb structure with higher porosity and a lower degree of
microstructure uniformity (Figure 8, sidebars).

A displacement of particles, which are not directly involved in the load-carrying of
specimen’s fabric downward the flow direction, resulting in clogging of specimen’s pores
was proposed as a further possible reason for seepage-induced changes in the permeabil-
ity [30]. In the study by Al-Taie et al. [34], clogging of sintered filters by this mechanism
was proposed as an alternative explanation for permeability decreases observed upon
increases of hydraulic gradients above 1000 m/m in experiments with a smectite-rich
clay and distilled water. However, in the infiltration tests of hydraulic gradients up to
~64,000 m/m [29], no density changes along the profile of a bentonite specimen, which
would provide evidence of such displacement, were found. Furthermore, the initial perme-
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ability of compacted 10X was ~107'8 m? at 1.4 g/cm? (Figure 7), whereas that of sintered
filters was (3.4 + 0.5) x 10~ m?, so that clogging of pore space would be more probable
than that of sintered filters at 1.4 g/ c¢m® and even more so at 1.8 g/ cm®. Since, no major
decreases of steady-state permeability occurred at this density, clogging of pore space or
sintered filters due to displacement of particles within the studied specimens was not
a factor contributing significantly to the observed permeability decreases. Indeed, the
permeability of uncleaned sintered filters after the experiment was measured to equal
(1.9 +1.2) x 107, (1.5 £ 0.6) x 10714, and (1.2 4 0.2) x 10~ m? at a dry density of 1.4,
1.6, and 1.8 g/cm?, respectively, or a factor of 2 to 3 lower than that before the experi-
ment. Thus, though some clogging of sintered filters occurred during the experiment, its
contribution to the observed permeability decreases can be neglected.

In view of remaining uncertainty about the mechanism behind the permeability
decreases observed at higher hydraulic gradients, permeability values of (27 + 15) x 102,
(344 0.8) x 1072, and (0.96 + 0.26) x 10~2° m? (Table 2) obtained at a hydraulic gradient
of 2000 m/m were suggested as conservative estimates of permeabilities of 10X for SGW at
a temperature of 18.1 4 0.4 °C and dry densities of 1.4, 1.6, and 1.8 g/cm?, respectively.
When assessing the performance of the bentonite in the early post-closure phase of DGR at
hydraulic gradients higher than 2000 m/m, corresponding permeability estimates given in
Table 2 may be used.

In the experiments with seawater, permeability x (expressed in millidarcies, 9.869233 x
1071 m?) of pure smectite and kaolinite was found to be related to bulk density ppy (g/cm®)
by respective equations Inpy,x = —0.037Inx + 0.27 and Inpy, = —0.074Inx + 0.40 [35]. No-
tably, as can be seen from the equations derived in the present study (Figure 9), the
coefficient preceding In x at hydraulic gradients of 2000 and 5000 m/m (0.040 +£ 0.005 and
0.035 £ 0.001, respectively) is close to the value obtained in study [35] for pure smectite,
whereas at 80,000 m/m it is close to that for a mixture of 20% smectite and 80% kaolinite.

1.8 —
Inp_  =-0.065Ink +0.22
5 bulk 80,000

Inp  =-0.0481Ink +0.38
20

2.2

Bulk density, g/cm3

24 .
Inp =-0.035Inx___+0.50
bulk 5,000

Inp,  =-0.040Ink, +0.47 1

26
1075 1074 1073 1072

Permeability, mD

Figure 9. Permeability (mD) of 10X permeated by SGW at hydraulic gradients of 2000-80,000 m/m
as a function of bulk density. Circles and solid lines represent measured values and fitted curves.

The equation In ppy = —0.040Inx () + 0.47 (Figure 9), obtained in the present study
at the hydraulic gradient of 2000 m/m, corresponds to In K(mz) = —134Inpg,y — 38.3
(Figure 6), with x being a power function of p4. In this form it can be compared with
the relationship In K(mz) = —9.03p4 — 14.778 obtained in the experiments with distilled
water [4] where « is an exponential function of pq4. In the semi-logarithmic plot (Figure 6),
the latter relationship has the linear form whereas that used in the present study and the
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study by Mondol et al. [35] does not. In view of this difference, it appears that establishing
the form of the relationship between permeability and density that is characteristic of 10X
requires additional experimental data.

The comparison of the fitted curves in Figure 6 further reveals that permeabilities
obtained in [4] at hydraulic gradients of 22,000 up to 92,000 m/m are about 2.5 times
smaller than those in the present study obtained at a hydraulic gradient of 2000 m/m. Upon
increasing the hydraulic gradient to 20,000 m/m in the present study, the permeability
decreased by a factor of 2.5 at 1.4 g/cm?® and of 1.5 at 1.8 g/cm?® (Table 2), whereas at
1.6 g/cm? it decreased by a factor of 1.7 only upon an increase of hydraulic gradient to
80,000 m/m. Therefore, the difference between the permeabilities measured in the present
study and in [4] may be due to hydraulic gradients higher than 2000 m/m in the latter
study. A contribution of other reasons to this difference cannot be excluded and needs to
be verified in additional experiments.

4. Conclusions

Differences in the swelling pressures and permeabilities observed in the present study
for 10X bentonite at given dry densities suggests that because of inherent inhomogeneity
in the microstructure of compacted bentonites, at least duplicate, preferably triplicate,
experiments should be conducted when using the present method to estimate swelling
pressures or permeabilities. In this regard, a saturation of compacted bentonite specimens
and measurements of their swelling pressure and permeability are recommended to be
conducted at a hydraulic gradient of 2000 m/m. As higher hydraulic gradients cause
modifications of compacted bentonite microstructure, which are still not well understood,
the estimates obtained with those should be used with care, and their applicability may be
restricted to the early post-closure phase of DGR.

To obtain a reliable estimate of the dependence of swelling pressure and permeability
of compacted bentonite on its density, a series of triplicate experiments for at least 7—
8 densities, preferably with an even distribution over a broader density range than that of
1.4-1.8 g/cm? studied in work [4] and the present study, is needed. The dataset for 10X
bentonite should be accordingly extended.
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Abstract: Compacted bentonite is currently being considered as a suitable backfill material for sealing
underground repositories for radioactive waste as part of a multi-barrier concept. Although showing
favorable properties for this purpose (swelling capability, low permeability, and high adsorption
capacity), the best choice of material remains unclear. The goal of this study was to examine and
compare the hydration behavior of a Milos (Greek) Ca-bentonite sample (SD80) in two types of
simulated ground water: (i) Opalinus clay pore water, and (ii) a diluted saline cap rock brine using
a confined volume, flow-through reaction cell adapted for in situ monitoring by X-ray diffraction.
Based on wet-cell X-ray diffractometry (XRD) and calculations with the software CALCMIX of the
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model to the observed data. Hydrating SD80 bentonite with Opalinus clay pore water resulted
in the formation of a dominant mixture of 3- and 4-WLs. The preservation of ca. 10% 1-WLs and
the apparent disappearance of 2-WLs in this hydrated sample are attributed to small quantities of
interlayer K (ca. 8% of exchangeable cations). The SD80 bentonite of equivalent packing density
that was hydrated in diluted cap rock brine also contained ca. 15% 1-WLs, associated with a slightly
higher concentration of interlayer K. However, this sample showed notable suppression of WL
Academic Editor: Keiko Sasaki thickness with 2- and 3-WLs dominating in the steady-state condition. This effect is to be expected for
the higher salt content of the brine but the observed generation of CO; gas in this experiment, derived
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Accepted: 26 September 2021 on a comparison with all published wet-cell bentonite hydration experiments, the ratio of packing
Published: 30 September 2021 density to the total layer charge of smectite is suggested as a useful proxy for predicting the relative

amounts of interlayer and non-interlayer water incorporated during hydration. Such information is
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Bentonites are currently of interest as backfill material for the underground sealing of
nuclear waste repositories. They are particularly suitable for engineering a multi-barrier
system in hard crystalline rocks such as granite, where a low-permeability buffer material
is required to fill the gap between the host rock and the radioactive waste containers [1-3].
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ity, these smectite-enriched materials are considered as suitable for retaining radioactive
elements and thus preventing them from entering the host rock or biosphere [4,5].

The vital property of bentonite in forming a low permeability barrier is the ability
of smectite to swell during hydration in aqueous solutions of varying electrolyte con-
centrations [6]. Hydrated bentonite can develop extremely low hydraulic conductivities
in the order of <1071 m/s [7]. As bentonites are likely to be emplaced in the dry state
either as compressed blocks or loser pellets (packing densities typically between 1.4 and
2.2 g/cm? [8]), it is important to study their hydration behavior once in contact with natural
waters and to establish the mechanisms and rates of hydration during the early stages of
saturation. Particularly relevant is to establish the mechanism by which water is stored in
the bentonite and the way it affects the rate of subsequent chemical transport through the
clay barrier.

There are three basic sites for non-crystalline water in hydrated bentonite [9]: (i) inter-
layer water adsorbed between two closely spaced negatively charged layers within smectite
particles, (ii) adsorbed water on smectite particle surfaces and variably charged edge sites,
and (iii) free pore water located in the spaces between grains. Bentonites dominated by
interlayer water will be characterized by the lowest rates of chemical transport that reach
the rates of diffusion [10,11] whereas bentonites with abundant free pore water will display
higher rates of transport more characteristic of porous materials [12-14].

This study reports on the short-term hydration behavior of a Milos bentonite clay
known as the SD80 sample, and evaluates its suitability when infiltrated by two types of
solutions that simulate the natural groundwater of repository conditions in a mudrock
formation and within a salt body. For this, the solutions used were an Opalinus clay pore
water composition for the former, and a diluted cap rock brine for the latter. The hydration
experiments were conducted as part of a long-term German research program known as
the UMB (Umwandlungsmechanismen in Bentonitbarrieren) to aid the selection of the
most suitable bentonite material in terms of their physical properties and mineral stability
based on laboratory experimentation [12].

For the in situ experimental study of the hydration behavior of the SD80 bentonite,
wet-cell diffractometry was used [9,15]. Compared to previously studied bentonites using
this technique, the hydration patterns of the Milos bentonite shows some unusual features
that may be related to some interlayer K as well as the generation of CO; gas from the
dissolution of calcite. An assessment of related studies suggests the ratio of packing density
to total layer charge provides a useful measure for predicting the hydration behavior of Ca-
and Na-bentonites in advance of conducting a more detailed experimentation study.

2. Materials and Methods

For the experimental investigation, industrial bentonite from Milos, Greece (SD80) was
used, for which the properties are well characterized (Table 1). Previous quantifications
by X-ray diffraction (XRD) Rietveld analyses show the raw powder material contains
89% smectite and 11% accessory minerals such as feldspar and traces of quartz, calcite,
pyrite, and baryte (Table 1). Assuming a pure dioctahedral nature, compositional analyses
of the purified smectite fraction by energy dispersive X-ray analyses (EDX) produced a
total interlayer charge of —0.36 e/phuc with —0.06 e/phuc distributed in the tetrahedral
sheet and —0.30 e/phuc in the octahedral sheet [16]. The mineral formula calculation also
indicates an interlayer content of 0.01 K, 0.03 Na, 0.09 Ca, and 0.06 Mg per half-unit cell
(phuc), confirming Ca as the dominant exchangeable cation. The CEC of the bulk powder
measured using the Cu-trien method [17,18] is 87 cmol/kg.
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Table 1. Mineral assemblages and properties of SD80 bentonite compared to previously studied bentonite clays investigated
by wet-cell X-ray diffractometry. Ant: anatase, Brt: baryte, Cal: calcite, Fsp: feldspar, Sme: smectite, Py: pyrite, Qz: quartz,
n.d.: not determined, &: total layer charge, CEC: cation exchange capacity. IMA-CNMNC approved mineral symbols, after

Warr [19].
Sample Sme  Fsp  Mea Qz Ant cal Py Brt 3 CEC
wt.% wt% wt% wt% wt% wt% wt% wt% e/phuc cmol/kg
(Ca—ber?zi?te) [18] 89 7 n.d. <1 <1 <1 <1 <1 —0.36 87
(Nab elféfge) 0] 76 5 34 5-6 nd. ) <1 nd.  —028 70
N ;b;ecr?t;i?tlj?ﬂ ] >80 <3 <3 nd.  nd 812 nd  nd  —033 82
Tixoton-TE -80 5.6 - 69 d “ o o 020 o

(Ca-bentonite) [21]

To evaluate the hydration behavior of the bentonite, two synthetic solutions were
used as infiltrating fluids to simulate: (i) an Opalinus clay pore water (OPA), and (ii) a
diluted cap rock brine (CAP) (Table 2). The Opalinus clay pore solution had a total salt
concentration of 0.27 mol/L and a Na:Ca ratio of 8.1, whereas the diluted saline cap rock
brine had a total salt concentration of 2.57 mol/L and a Na:Ca ratio of 78. The salinity of
the two solutions was 19 g/L and 155 g/L, respectively, with starting pH values of 7.8 and
7.3[12].

Table 2. Chemical composition of the Opalinus clay pore water (OPA) and the diluted cap rock brine
(CAP) [12]. TDS = total dissolved solids.

. . Opalinus Clay Pore Water Diluted Cap Rock Brine
Dissolved Solids (OPA) [g/L] (CAP) [g/L]
NaCl 12.39 145.87
CaCl, 2.89 3.55
NapSOy4 1.99 5.40
KCl1 1.27 0.37
MgCl, 1.62
SrCly 0.08
NaHCO;3 0.04
TDS 20.23 155.19

Wet cells were used as confined volume reaction chambers to study the in situ hydra-
tion behavior of the SD80 bentonite powder [15]. A detailed description of the device and
how it can be used to quantify the amount of interlayer and non-interlayer water uptake is
given in previous publications [9,22]. An overview of the experimental set up is given in
Figure 1. Before experimentation, the samples were equilibrated at laboratory conditions at
25 °C and ca. 50% relative humidity. In the SD80 experiments, the powder was introduced
incrementally into the wet cell chamber and compacted using a metal cylinder of the
same diameter. This way, relatively higher bulk densities of 1.48 and 1.50 g/cm? could be
achieved. A thin X-ray transparent Kapton (polyimide) foil was used to cover the sample
and reduce fluid evaporation (Figure 1a). This was fixed into place using a Teflon O-ring.
Between XRD measurements, the wet cell was sealed with a Teflon lid that was held by
a metal plate and screws. This ensured that a constant volume was maintained during
hydration. For solution flow, two Teflon bottles were connected to each end of the wet
cell using two-sided threads (Figure 1b). The upper bottle contained about 50 mL of the
migrating solution and the bottom bottle was used to catch any percolating fluid. In the
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case of the SD80 bentonite experiments, no water accumulated in the lower bottle. The
amount of inflow solution was determined by regular weighing of the well-cell holder.

Figure 1. (a) Overview of the components of the wet cell. (b) Assembled wet cell assemblage. (1) Threaded inlets on
each side of the cell. (2) Teflon O-ring seal. (3) Kapton foil (7.5 um thick) used for sealing the sample chamber containing
the compacted SD80 bentonite powder. (4) Modification bracket to mount the wet cell on the Bruker D8 Advance stage.
(5) Teflon cover. (6) Metal plates and screws used to seal the cell with the Teflon cover to maintain a confined volume system.
(7) Adaptors used to connect the wet cell and the Teflon bottles. (8) Teflon bottles to supply and capture the percolating

solution.

For the XRD analysis, a Bruker D8 Advance diffractometer (D8 ADVANCE, Bruker,
Billerica, MA, USA) with Fe-filtered CoK« radiation (40 kV, 30 mA) was used. The diffrac-
tometer was equipped with a 1D Lynx Eye Detector and a 0.5° divergence slit. The scans
were collected from 3° to 50° 26 with a scanning rate of 2° 20 /min. The software CALCMIX
(created by A. Plangon and V.A. Drits) [23], was applied to quantify the number of water
layers (WLs) in the interlayer. For this, XRD patterns were matched using combinations of
any three distinct WL configurations for smectite. The CALCMIX-calculated 001-reflection
was adjusted to best fit the measured reflection by varying the percentage abundance of
the specific WL configurations. It was assumed that the Reichweite R is ordered and was
set to R = 1 accordingly, and the particle thicknesses (the XRD-scattering domain sizes)
had log-normal distributions with a mean around N = 9 as the average number of lattice
layers. These assumptions represent a simplification of the variables used in previous
studies [9,22], but comparisons of the sample XRD patterns used for the different studies
produced consistent results within the errors of the method applied.

Based on the quantified percentages of the WLs and knowledge of the total amount of
water inflow, it was possible to differentiate between interlayer water and non-interlayer
water. Non-interlayer water is defined as the sum of adsorbed water and pore water not
incorporated into interlayer sites. The interlayer water content was calculated as follows:

4
Y 1:Gu WLy 1)

n=1
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where 7 is equivalent to the number of water layers, G, = 0.09 cm?/g is the water content
per layer [22,24-26], and WL, is the number of water layers derived from CALCMIX. The
difference between the total intake monitored by weight change and the interlayer water
content describes the amount of non-interlayer water content. As no surface area data
was available for the SD80 bentonite, no attempt was made in this study to differentiate
between the amounts of surface and pore water.

3. Results

While no visual changes were observed in the bentonite powders during the first 48 h,
the monitoring of the weight change indicated some water uptake of around 0.05 mL/g
(Figure 2).
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Figure 2. Comparison of the inflow of solution into the SD80 bentonite with Opalinus clay pore
water (OPA), and diluted cap rock brine (CAP). Volumes were calculated from weight measurements
after correction for salt content.

During the first 200 h of experimentation, both cells showed a similar rate of water
intake with an average of 0.85 x 1072 mL/g-h. After 200 h, differences in the water uptake
appeared, whereby SD80 with Opalinus clay pore water continued hydrating at a slow
rate up to 1100 h before reaching its steady state. This was in contrast to the bentonite in
diluted cap rock brine, which reached its maximum water uptake after 600 h. The slight
decrease in water in the steady-state can be attributed to minor evaporation loss through
the Kapton foil, which occurred at a rate that was faster than the inflow of water. At the
end of the experimental run, when both SD80 samples of similar packing density reached
a steady state of hydration, the sample reacted with Opalinus clay solution had taken in
ca. 10% more water than the sample reacted with diluted cap rock brine (0.270 mL/g and
0.248 mL /g, respectively).

The first changes in sample appearance occurred after 167 h, when a radial darkening
of samples occurred during water intake. This contrasts with the fast hydration front
that crossed the samples observed by Warr and Berger [9] and indicates the wetting of
the sample was slower and largely from below (Figure 3). That the Opalinus clay pore
water sample showed clear darkening at the inlet indicated that a full wet state was not
attained. In contrast, the diluted cap rock brine sample was fully darkened at the end of the
experimental period, indicating a full wet state had been reached. Also, small gas bubbles
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could be observed in the diluted cap rock sample trapped between the clay and Kapton
foil. This feature was not observed in the SD80 cell infiltrated by Opalinus clay pore water.

flow direction flow direction

Figure 3. Photographs of the well cell experiments of hydrated SD80 bentonite close to the steady-state condition (a) infil-
trated by Opalinus clay pore water and (b) infiltrated by diluted cap rock brine. gb = gas bubbles.

The measurement of the initial basal spacing of the dry SD80 powder determined by
XRD before hydration was around 15 A, as expected for a Ca-montmorillonite [27]. That
indicates the dominance of the 2-WL structure in the interlayer under laboratory humidity
conditions (ca. 50%). Modelling of the 001 basal planes using CALCMIX (Figure 4) indi-
cated the 2-WL and 1-WL mixtures dominated the starting mixtures (Figure 5). The slight
variation in abundance between the two samples probably reflected small differences in
the air humidity at the time of measurement, whereby the wet cell that was infiltrated with
diluted cap rock brine contained relatively less 2-WL and more 1-WL compared to the
Opalinus clay solution-treated bentonite.

During the hydration of sample SD80 with the Opalinus clay solution, a rapid shift
of the initial reflection towards higher basal spacing between 18 and 18.5 A was observed
after 69 h (Figure 4a). During the first 400 h of dehydration, this sample was characterized
by the increase in 3-WLs at the expense of the less abundant 2-WL and 1-WL structures.
After 450 h, when all 2-WLs had disappeared, some 3-WL structures grew to form 4-WL
structures that varied in abundance between 18 and 25%. After 200 h, ca. 10% of 1-WLs
remained intact during the remaining course of the experimentation and coexisted in a
steady state with ca. 65% 3-WL and ca. 25% 2-WL.

A different pattern of interlayer hydration was observed in the diluted cap rock brine
experiment (Figure 5b). In contrast to the first experiment, the basal spacing showed
only a minor change towards large values with a shift of the initial reflection to a basal
spacing of up to 15.2 A (Figure 4b). CALCMIX calculations indicated the abundance of
2-WLs increased over the first 100 h and then stabilized at ca. 55%. This occurred at the
expense of the 0 and 1 WLs, whereby the 0 WL structure only existed for the first hours
of experimentation and the 1-WL structure decreased to a steady state of ca. 20%. The
hydrated interlayer structure reached the steady-state condition after around 300 h with a
mixture of ca. 55% 2-WL, ca. 25% 3-WL, and around 20% 1-WL. No WL structures >3 were
detected.
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Figure 4. Comparison between observed and calculated XRD patterns for the varying hydration states of Milos bentonite.
(a) SD80 infiltrated by Opalinus clay pore water, and (b) SD80 infiltrated by diluted cap rock brine.

Calculations of the amount of interlayer and non-interlayer water using Equation (1)
showed major differences between the SD80 bentonite hydrated in the two types of solu-
tions used. During the first 200 h when infiltrated by Opalinus clay pore water, the smectite
incorporated a roughly equal amount of interlayer and non-interlayer water. After 200 h,
more non-interlayer water instead of interlayer water entered the cell, resulting in a 57%
and 43% mixture in a steady state. Overall, ca. 0.27 mL/g entered the SD80 bentonite by
the end of the experiment.

The SD80 bentonite infiltrated with the diluted cap rock brine showed a similar rapid
uptake of equal proportions of interlayer and non-interlayer water during the first 50 h of
the experiment. However, after 50 h, the amount of interlayer water stopped at 0.05 mL/g
and the uptake continued only as non-interlayer water. In the steady state, ca. 0.25 mL/g
of total water content was comprised of ca. 80% non-interlayer water and just ca. 20%
interlayer water. Compared with the Opalinus clay pore water hydrated sample, the diluted
cap rock brine-infiltrated bentonite contained less than half the amount of interlayer water
(0.05 mL/g compared to 0.12 mL/g).
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Figure 5. Relative abundance of water-layers developed (a,b) and the location of stored water (c,d) during the hydration of
bentonite within the two wet cell experiments. The numbers of water layers (0, 1, 2, 3, 4) are shown in circles. (a) SD80
infiltrated by Opalinus clay pore water, (b) SD80 infiltrated by diluted cap rock brine, (c) partitioning of interlayer and
non-interlayer (surface and pore) water in SD80 infiltrated by Opalinus clay pore water, (d) partitioning of interlayer and
non-interlayer (surface and pore) water in SD80 hydrated by diluted cap rock brine. The total water uptake curve (w) is

normalized to 100%.

4. Discussion
4.1. Hydration Mechanism of the Milos SD80 Bentonite

The overall hydration behavior of the Milos SD80 bentonite shows the expected
pattern of interlayer expansion whereby the number of WLs increased until a steady state
was reached. As the two hydration experiments were prepared with the same packing
density and using the sample powdered material, the differences observed between the
two wet cells can be solely attributed to the different chemistry of the infiltrating solutions
used.

Considering the SD80 bentonite hydrated in Opalinus clay pore water (total dissolved
solids (TDS) content = 19 g/L), the initial mixture of 2-, 1- and 0-WLs, expanded to 3- and
4-WLs. This is similar to the documented Ca-bentonite interlayer expansion in solutions
of relatively high electrolyte concentration (13.9 g/L) where similar mixtures of 3-, 4-,
and 2-WLs developed in a sample of low packing density [9]. However, the apparent
disappearance of the 2-WL structure in the SD80 sample after 600 h while retaining ca. 10%
1-WLs is an unusual feature not seen in previously published experiments and requires
explanation. As the CALCMIX program cannot model mixtures with more than three WL
combinations, it may be partly an artifact, whereby the combination of 3-, 4-, and 1-WLs
matched the patterns better than a mixture of 3-, 4-, and 2-WLs. Due to this limitation, some
2-WLs were likely retained in the steady state of hydration: albeit with a lower abundance
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than the remaining 1-WL structures. The precise reason why 1-WL structures remained
more abundant than 2-WLs in the Opalinus clay pore water once hydrated indicates that
some of the interlayers in the Milos smectite were inhibited from swelling. One clear
possibility could be the presence of small amounts of K (+0.03 e/phuc) in the interlayer
sites, which are less prone to expansion and are likely to retain the 1-WL structure, even in
the water-saturated state [28]. As ca. 8% of the layer charge (—0.36 e/phuc) was occupied
by K*, this corresponds well with the ca. 10% of 1-WLs remaining in the steady-state
condition. The Opalinus clay pore solution contains 0.002 mol/L KCl, and given the
high preference of K* adsorption to interlayer sites, some cation exchange is a possibility.
Based on exchangeable cations as measured by the atomic adsorption spectroscopy (AAS)
of SD80 smectite treated in long-term batch experiments at various temperatures, the
amount of K* was lower than the unaltered smectite material with a ca. 20-40% decrease in
concentration [16]. In contrast, the interlayer K content of untreated and treated bentonite
measured by SEM-EDX analyses showed no significant difference between the two samples.
These differences may reflect variations in the amounts of exchangeable and fixed K that
occurred following experimental treatment.

The idea that the remaining 1-WL structures are related to some K cations in the
smectite interlayer of the SD80 sample is also supported by the bentonite infiltrated by
diluted cap rock brine. In this case, the higher abundance of 1-WLs remaining after
hydration was over 15%, and this result corresponds with the higher amount of KCl in
the solution (0.005 mol/L), which was 2.5 times more than in the Opalinus clay pore
water sample. Composition measurements of the interlayer cations in the SD80 bentonite
analyses following batch reactor experiments at 25 °C also showed less (20-40%) interlayer
K following treatment with diluted cap rock brine [13,18]. SEM-EDX analyses of similar
materials measured slightly higher (+0.02 e/phuc) amounts of interlayer K following
treatment with the same brine [18]. The higher concentration of K remaining after hydration
explains the higher abundance of remaining 1-WLs in this sample.

In contrast to the SD80 bentonite treated with Opalinus clay pore water, the same
bentonite hydrated in diluted cap rock brine with a very high electrolyte concentration
(TDS content = 155 g/L) showed a notably low degree of interlayer expansion, with a
mixture of 2-, 3- and 1-WLs. As this is the most saline solution yet studied by wet-cell
diffractometry, the strong suppression of thicker water layers and the high amounts of
non-interlayer water in this experiment were likely to result from the high salinity of this
brine. Such saline solutions significantly reduce the thickness of the double diffuse layer,
and inhibit interlayer expansion by minimizing the difference in the concentration of ions
in the interlayer and the surrounding pore water [6].

Another feature of interest was the occurrence of gas bubbles in the SD80 bentonite
experiment hydrated by the diluted cap rock brine, which were trapped in solution between
the upper surface of the bentonite clay and the Kapton foil. This can be attributed to the
release of CO, gas associated with the dissolution of the calcite present in the bentonite
sample. This gas was detected in batch reaction experiments conducted using the same
material, and was responsible for generating significant gas pressures [12]. Batch reactions
after 1 year produced some of the highest swelling pressures in diluted cap solution,
reaching values of 2.21 4= 0.01 MPa [6].

The reason why gas bubbles were only observed in the more saline solution and not
in the Opalinus clay pore water remains unclear. The intensity of the XRD reflections for
calcite was notably higher than the sample containing the CO, bubbles, so it may have
been due to heterogeneity of the material and small-scale differences in calcite abundance
(both <1%). Furthermore, the pH of the diluted cap rock brine was slightly lower (pH 7.3)
than the more alkane (pH 7.8) Opalinus clay pore water, but these small differences are
unlikely to give rise to significantly different calcite dissolution rates and the pH was
strongly buffered by the smectite clay in these experiments. One possible explanation
could relate to the significantly higher Na:Ca ratio of the CAP solution (78) compared to the
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Opalinus clay pore water (8.1) and its higher molar concentration of Ca*, which is known
to increase the rate of calcite dissolution in Na-Ca—Mg—Cl brines (Tables 2 and 3) [29].

Table 3. List of samples with corresponding parameters from this study L. Warr and Berger 2,2007; Perdrial and Warr 3,
2011; Berger, 2008 * [9,22,30]. BD = bulk density, DD = dry density, & = total layer charge, SSA = specific surface area,
TWU = total water uptake, TDS = total dissolved solids, NIW = non-interlayer water. * = Na-smectite, # = Ca-smectite,
+ = estimation for Millipore water. n.d. = not determined.

Sample BD DD 3 SSA TWU TDS Na:Ca 1-WL 2-WL 3-WL >3-WL NIW

g/em®  g/em® phuc! m%g  mLig g/L Ratio [%] [%] [%] [%]  mL/g

#SD80 1 1.502 1.47 —0.36 n.d. 0.27 19 8.1 10 0 63 27 0.16

#SD80 ! 1.476 1.44 —0.36 n.d. 0.25 155 78 15 60 25 0 0.20

#TTE 2 0.94 0.76 —0.29 103.01 0.61 0.041 0.3 0 13 42 45 0.46

#TTE 2 0.94 0.78 —-0.29 103.01 0.69 13.6 26.4 0 7 63 30 0.53

* 1580 2 1.15 1.08 —0.33 55.33 0.35 0.041 0.3 29 11 60 0 0.18

*1580 2 1.14 1.04 —0.33 55.33 0.45 13.6 26.4 0 55 40 5 0.23

* +MX80 3 1.43 1.41 —0.28 30.03 0.40 0.0011 - 0 15 77 8 0.05
* 1 MX80 3 1.35 1.23 —0.28 30.03 0.55 0.0116 - 0 0 61 39 0.18
* +MX80 3 1.60 1.31 —0.28 30.03 0.34 0.0116 - 0 10 79 11 0.06
*Swy-2 4 1.37 X1.28 —-0.32 27.64 0.44 0.0011 - 13 63 24 0 0.18
*Swy-2 4 1.36 X1.27 —-0.32 27.64 0.45 58.44 Na only 22 64 14 0 0.19

Although the controlling parameters of CO, release remain uncertain, the generation
of gas pressure in confined volume experiments is likely to influence the swelling behavior
of the bentonite and may affect the thickness of the WLs developed. Compared to other
bentonite experiments, the combination of the high swelling pressures produced by this
clay and the limited interlayer expansion whereby the 2-WL was retained as the most
abundant form may have been influenced by the additional effects of the CO, gas pressure.
The interaction between gas generation and the swelling behavior of smectite in confined
volume systems is a topic that requires further experimental study.

4.2. Predicting Bentonite Hydration in Confined Volume Systems Based on the Physical-Chemical
Properties of the Bentonite

The mechanisms of smectite hydration are generally well understood. In addition to
the effects of packing density and the volume of space available, the process is influenced by
(i) the interlayer charge and its distribution, (ii) the type of interlayer cations present, and
(iii) the chemistry and concentration of dissolved ions in the solution. After compiling all
the available results of experiments conducted by X-ray wet-cell diffractometry (Table 3), it
is of interest to discuss the overall patterns of hydration for variably compacted bentonites
and the main controlling parameters. Based on this assessment, we consider whether or not
a diagrammatic plot can be developed as a predictive tool for assessing bentonite hydration
without actually conducting time-consuming experimental hydration tests.

Plotting the packing density versus the total water uptake reveals the expected trend
of increasing packing density and decreasing water uptake (Figure 6a). The lowest amount
of solution inflow was achieved in the two SD80 bentonite experiments of this study due to
the higher dry densities used. This overall tendency appears to be largely independent of
whether Na or Ca dominate the interlayer of the smectite. The type of interlayer cation is,
however, a primary factor in determining the amount of interlayer versus non-interlayer
water incorporated during hydration. Considering the relationships between the dominant
interlayer cations of smectites (Figure 6b) shows clearly that relatively more non-interlayer
water is incorporated into Ca-smectites than into Na-smectites, as established in previous
studies [9,22]. These relationships appear to be largely independent of solution Na:Ca ratio,
and the total content of dissolved salts indicates that any exchange reactions that occur
during the hydration and wetting of the bentonite are far from incomplete. This is not
unexpected given the very low solution-to-bentonite ratios involved in these experiments.
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Figure 6. Summary of the amounts of interlayer and non-interlayer water in hydrated bentonite samples studied by wet-cell
X-ray diffractometry [9,22,30]. (a) water uptake verses packing density, (b)water uptake verses total dissolved solids (TDS),
(c) water uptake verse total layer charge.

The relationship between hydration and the total layer charge is less clear due to the
small spread of charge values ranging between —0.28 to —0.36 e/phuc. The most water
uptake occurs in Tixoton bentonite with a charge of —0.29 e/phuc and a decrease towards
the higher layer charges of the SD80 bentonite. This pattern may, however, be partially
explained by the differences in dry densities between these samples.

When considering the WL structures of all hydrated bentonite samples, some notable
patterns can be recognized (Figure 7). For both Ca- and Na-smectites, higher dry packing
densities lead to a lower number of WL structures due to the restriction of space, and, in the
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case of Na-smectites, due to the build of higher swelling pressures caused by the additional
osmotic gradients characteristic of Na interlayers (Figure 7a). As revealed by this study of
the SD80 bentonite sample, which is dominated by Ca in the interlayer, the reduction in the
thickness of the double diffuse layer in the brine and the additional generation of CO, are
predicted to have a similar effect in repressing the thickness of the WLs that may develop.
These effects have so far received little attention in previous swelling experiments.

In all Ca-smectites studied, the dominant thicknesses were 2 or 3 WLs, and the 2-WL
was more common when using solutions with a high TDS content (Table 2; Figure 7b). In
contrast, Na-smecties developed abundant 3 or >3 WLs, except for the purified Wyoming
montmorillonite sample [30], where the very high smectite abundance of this clay did
not develop thicker WL structures due to the higher swelling pressures generated when
using a purified smectite sample. In this case, the Na-smectite of the Swy-2 samples in
1M NaCl (58.44 g/L) developed a very similar hydration structure to the Ca-smectite
of the SD80 sample, with the dominance of 2-WLs and the preservation of some 1-WL
structures. The precise role of the total layer charge on the WL structure remains uncertain
from the interlayer hydration patterns (Figure 7c), although there is a tendency for the
higher layer-charged smectites to retain fewer WLs compared to the lower-layer charges
that generally favor thicker structures.

Despite the multitude of parameters that can affect WL structure and the partitioning
between interlayer and non-interlayer water, the four most important physical-chemical
features that can be used to describe the hydration behavior of bentonites can be plotted
(Figure 8). By calculating the ratios of the interlayer water/total water uptake versus the
packing density/total layer charge, general linear relationships are observed for both Ca-
and Na-smectites. Bentonites dominated by interlayer hydration, high packing densities,
and low layer charge plot more in the upper right part of the curve, whereas bentonites
with high amounts of more mobile non-interlayer water, low packing densities, and higher
layer charge fall in the lower left part of the curve. The plot also reflects how Na-bentonites
are characterized by systematically higher interlayer/total water uptake ratios for any
given state of packing density/total layer charge. As there are more data points for the
Na-bentonite correlation (R? = 0.91, n = 7), this line is considered to be the more accurate of
the two curves. With only four data points, the Ca-bentonite line (R? = 0.68) represents only
a rough approximation and may well run quasi-parallel to the Na-bentonite correlation.
Such a plot may be used as a useful predictive tool for assessing the mobility of water in
hydrated bentonites whereby the upper-right parts of the curve represent low diffusion-
controlled transport rates and the lower-left parts of the curve present faster rates of
chemical transport due to the abundance of more loosely held surface and pore water. In
terms of hydration behavior, the SD80 Milos bentonite is viewed as one of the more suitable
backfill materials containing Ca-smectite, whereas the MX80 bentonite appears to be the
most favorable Na-smectite variety considered here.
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Figure 7. Summary of the number of water layers developed in hydrated bentonite samples studied
by wet-cell X-ray diffractometry [9,22,30]. (a) water uptake verses packing density, (b) water uptake
verses total dissolved solids (TDS), (c) water uptake verse total layer charge.
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source given in Table 3). The shaded areas correspond to the standard deviation of the data sets.

5. Conclusions

(1) The hydration of smectite studied by wet-cell X-ray diffractometry provides useful
constraints for assessing the primary parameters of bentonite wetting that are controlled
by the interacting parameters of the packing density, the total layer charge, and the type of
interlayer cations.

(2) Hydration of the SD80 Milos bentonite shows some unusual features compared to
published experiments. The retention of some 1-WLs in both the Opalinus clay pore water
and the diluted cap rock brine is suggested to reflect K remaining in some interlayer sites.
Also, the notably smaller thickness of WLs developed in the diluted cap rock brine probably
resulted from the high total solid content of the solution, the generation of CO, bubbles,
and the additional internal gas pressure within the bentonite clay, which is suggested to
have additionally suppressed WL thicknesses.

(3) Whereas the chemistry and concentration of dissolved ions are also important, the
overall patterns of bentonite hydration in many types of solutions indicate this factor to be
more of a secondary effect during initial hydration and water saturation.

(4) For Ca- and Na-bentonite, determining the packing density/total layer charge
ratio can be used as a predictive parameter for estimating the relative amount of interlayer-
versus-non-interlayer water that will be stored in the system, which in turn will help assess
the probable rates of chemical transport.
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Abstract: The construction of a repository for the geological disposal of radioactive waste will
utilize cement-based materials. Following closure, resaturation will result in the development of
a highly alkaline porewater. The alkaline fluid will migrate and react with host rock, producing
a chemically disturbed zone (CDZ) around the repository. To understand how these conditions
may evolve, a series of batch and flow experiments were conducted with Horonobe mudstone and
fluids representative of the alkaline leachates expected from a cementitious repository. Both ordinary
Portland cement (OPC) and low alkali cement (LAC) leachates were examined. The impact of the
LAC leachates was more limited than the OPC leachates, with experiments using the LAC leachate
showing the least reaction and lowest long-term pH of the different leachate types. The reaction
was dominated by primary mineral dissolution, and in the case of OPC leachates, precipitation of
secondary calcium-silicate-hydrate (C-S-H) phases. Flow experiments revealed that precipitation of
the secondary phases was restricted to close to the initial contact zone of the fluids and mudstone. The
experimental results demonstrate that a combination of both batch and flow-through experiments
can provide the insights required for the understanding of the key geochemical interactions and the
impact of transport.

Keywords: radioactive waste; cement-clay interaction; OPC; LAC; alkaline leachate

1. Introduction

The construction of a repository for geological disposal of radioactive waste will by
necessity include the use of cementitious materials in a multiplicity of ways, such as fillers,
liners, plugs, and seals [1-4]. Ordinary Portland cement (OPC)-based materials will be
extensively used in the construction, and following closure, groundwater will saturate the
repository and the use of OPC will result in the development of highly alkaline porewater
(pH > 12.5), [5,6]. The alkaline fluid will migrate and react with the host rock to form a
chemically disturbed zone (CDZ) around the repository [2]. A series of chemical gradients
will develop over time and distance from the repository, disturbing the pH, redox, and fluid
chemistry of the migrating fluid. It is important, particularly in the case of a radioactive
waste repository, to understand the evolution of the CDZ in both time and space and
subsequent impacts on the behavior and transport of any radionuclides in the CDZ.

The extent of the CDZ, beyond the host rock-cement interface, will depend upon
several factors with both physical and chemical properties, i.e., host rock mineralogy, poros-
ity /permeability, fracture density, groundwater composition, flow rates, and chemical
buffering capacity. Previous studies have shown that in the host rock, silicate minerals
dissolve in the highly alkaline pore fluid [2,7,8], followed by the precipitation of secondary
minerals (calcium-silicate-hydrate, calcium-aluminum-silicate-hydrate (C-S-H, C-A-S-H),
calcite) and aluminosilicates (zeolites, feldspars, feldspathoids) [9]. Other authors [10-12]
have reported the interactions between cement pore fluids and argillaceous rocks, which
demonstrated the alteration of argillaceous rocks by the high pH fluids and the buffering of

Minerals 2021, 11, 588. https:/ /doi.org/10.3390/min11060588 63

https:/ /www.mdpi.com/journal/minerals



Minerals 2021, 11, 588

the elevated pH by the clays and the reaction pathways. The degree of buffering and alter-
ation of the primary minerals is dependent upon the starting mineralogy, i.e., clay mineral
dissolution vs. carbonate reaction (including, when present, de-dolomitization [13]), cation
exchange reactions, and the fluid chemistry, with Ca(OH),-dominated fluids tending to
result in greater formation of C-S-H phases.

The general sequence of reaction of host rock with OPC leachates is generally well
understood [2,7-9]. The high pH develops from the leaching of the concretes and cements
used in the waste containment and repository construction, resulting in primary mineral
dissolution, which partly mitigates the high pH in the CDZ. This is then followed by
secondary phase formation with OPC, particularly C-(A-)S-H phases and zeolites. The
extent of the zone of interaction is dependent not only upon the host rock but also upon
the reactant fluid chemistry. To mitigate the degree of alteration of the host rock, ‘low
pH’ or ‘low alkali’ cements (LACs) have been developed to provide a target porewater
pH < 11. LACs are based on pozzolanic cements with 30-80 wt% of the OPC clinker
replaced by siliceous materials, such as silica fume (SF), fly ash (FA), blast furnace slag,
and/or metakaolin. The high siliceous content in the LAC lowers the pH of the porewater
by several complementary mechanisms. Firstly, the OPC content is reduced, and the
pozzolanic reaction of silica with portlandite and calcium increases the C-S-H gel content.
However, the extent of the reaction of host rock with LACs is less well understood. Studies
have often been limited to batch experiments [14,15] or modelling studies [16]. In batch
experiments conducted with Freedland Ton clay and a ‘low pH cement” pore fluid [14],
the clay did not undergo significant degradation. In other work examining the reaction
zones at interfaces of Opalinus claystone (OPA) with two different concrete types (OPC and
LAC) [17], again there was little evidence for chemical alteration of the claystone. Other
batch experimental studies [15] have concluded that zeolitic phases would form in the
interaction zones between rock-forming minerals and low-pH cements. In addition, some
studies have focused on the degradation of the low-pH cement itself, e.g., [18], with clay
pore fluids, rather than the impact on the host rock.

Unlike OPC, there is no standard LAC composition; different compositions of LAC
have been considered by different radioactive waste disposal implementers. For example,
many European operators are considering the use of LACs based on cement, silica, and
blast furnace slag [19], whilst the LAC formulation, being considered for use in Japan, uses
fly ash in place of the blast furnace slag. In Japan, the Japan Atomic Energy Agency (JAEA)
developed a low alkaline cement called HFSC424 (high content fly-ash silica fume cement),
composed of fly-ash (FA) 40 wt%, silica fume (SF) 20 wt%, and OPC 40 wt% [20,21], which
results in a target porewater pH < 11.

Many previous studies have used only batch experiments to study the interaction of
alkaline fluids with host rocks, since they are particularly suited to long duration studies,
being simpler and easier to set up and maintain. The effects of time can be studied by
running multiple identical experiments for differing durations [22]. In addition, elevated
temperatures can be used to enhance mineral dissolution kinetics, speeding up reaction
progress so that they may be observed more easily in the laboratory. Previously, batch
experiments have been used to study the interactions between cement pore fluids and
argillaceous rocks [10-12,18]. These studies demonstrated that the high pH leachates
reacted with the argillaceous rocks, leading to the buffering of the elevated pH of the
cement pore fluids by the clays and other host rock minerals, e.g., dolomite [13]. However,
batch experiments, whilst useful, do not precisely replicate the sequence of mineral changes
observed in the CDZ of a radioactive waste repository, since with batch experiments, the
effects of transport are not addressed. In addition, batch experiments can be affected by
the presence of transient phases or constrained availability of key components.

Flow-through experiments adapted from chemical engineering studies [23] are a
useful technique to study transport processes, allowing the investigation of the spatial as
well as temporal changes. Flow experiments are by their nature more complex than batch
experiments and are best suited to shorter timescales, usually only a few months duration.
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Typically, a flow system set-up is comprised of a fluid reservoir, a pump to control flow
rate, and the reactor itself with length scales of millimeters to meters. On completion of the
experiment, it is possible to study the changes in mineralogy with distance by sectioning
of the reacted solid. In addition, unlike batch experiments, it is possible to extract some
physical properties from flow experiments, such as variations in porosity / permeability,
using tracer tests. In addition, flow experiments can provide valuable well-constrained
‘test cases’ for the validation and calibration of reactive transport geochemical models. Such
models may then be used, with increased confidence, to model the longer term evolution
of the fluid rock interactions beyond that possible experimentally, which in the case of
radioactive waste disposal extends to tens of thousands of years.

Flow-through column experiments have been used to investigate the reaction of
cement pore fluids with single minerals and a variety of potential host rocks [24-26], but few
previous studies have considered the impact on argillaceous rocks. This study, comparing
the impact of leachates from traditional OPC-based materials with leachates from a LAC
(specifically HFSC424) with a mudstone host rock used a combination of both batch
experiments to provide an indication of the evolution of the alkaline leachate/mudstone
system, together with flow-through experiments, which allowed the investigation of the
spatial as well as temporal changes.

2. Materials and Methods

Samples of mudstone were collected from the Horonobe Underground Research Lab-
oratory (URL) site, Hokkaido, Japan. The samples were taken from the gallery walls from
the Koetoi formation, which is a massive and lithologically homogeneous, diatomaceous
mudstone that contains amorphous silica (40-50 wt%), clay (17-25 wt%), quartz (7-10 wt%),
and feldspar (5-10 wt%) [27,28]. The mudstone samples were crushed to <500 um prior
to being used in the experiments. Crushed materials were used, since the greater surface
area allows greater (chemical) reaction and hence greater degree of reaction within the
time constraints of a laboratory study. However, it is recognized that the crushing process
could also result in the generation of ‘experimental artefacts’ by production of highly
reactive ‘fines’.

Cement pore fluids representative of the alkaline leachates expected from a cemen-
titious repository [29,30] were used in the batch and flow experiments. The first fluid
represented a ‘young’ OPC leachate pH ~13.4 with high [Na] and [K]. A second fluid, an
‘evolved” OPC leachate, was saturated with respect to portlandite, pH ~12.5. The third fluid
represented the leaching of HFSC424 concrete with Horonobe groundwater, pH ~11 [21].
Details of the concentration of ions in the fluids are given in Table 1. The OPC leachates
were prepared from analytical grade reagents; Na and K were added as hydroxides, and
Ca as CaO. The HFSC424 leachate was prepared, under a N, atmosphere, by equilibrating
in equal masses, Horonobe groundwater, from the 07-V140-M03 borehole (located in the
Koetoi Formation), with crushed HFSF424 concrete together, for 14 days before use.

Table 1. Initial concentrations of ions in the fluids used for the experiments.

Components (mg/L)
Leachate Type
pHat24°C Na K Ca Si0, CI° SO~
‘young’ OPC leachate _ B _
(Na-K-Ca-OH) 13.4 1500 7300 60
‘evolved” OPC leachate
(saturated Ca(OH),) 125 800 - B -
HFSC424 leachate 11 3300 1330 94 370 3300 760
Horonobe ground water, 79 2960 160 80 _ 3400 585

borehole 07-V140-M03
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2.1. Equipment

The batch experiments used in this study consisted of simple non-reactive equipment
comprised of 50, 100, and 250 mL capacity polypropylene bottles. All experiments were
conducted inside a glove box that was continuously flushed with Nj. The primary aim of
the flushing with N, was to remove any carbon dioxide to prevent precipitation of CaCO3
from the alkaline leachates; a consequence of this was that oxygen levels also remained
low (<0.5%), but no attempt was made to impose redox control. The oxygen concentration
inside the glove box was monitored using a JIKCO JKO-02LJD3 meter/sensor combination
(ICHINEN JIKCO Co., Ltd., Shibaura, Japan). Fluid:solid (F:S) ratios, ranging from solid to
fluid dominated systems, of 1:1, 10:1, and 100:1 (mL:g) were used, with typical durations
for the experiments of 24 h, and 7, 28, and 56 days. All batch experiments were performed
at lab temperature of ~24 °C. On termination of the batch experiments, the fluids were
sampled within the N, glove box, and the solids were recovered by filtration and then
vacuum dried before being prepared for subsequent mineralogical analysis.

As well as batch experiments, flow-through experiments with continuous collection
of reacted fluids allowing the changes in fluid chemistry to be tracked over time were
also conducted. As with the batch experiments, the reacted solid was only sampled on
termination, but by sectioning of the reacted solids, it was possible to study the changes in
mineralogy with distance. Two different approaches were used in this study for the flow
experiments. The first was comprised of PEEK (polyetheretherketone) columns (300 mm
long, and 7.5 mmi.d.) packed with crushed mudstone and connected to fluid reservoirs and
sample collection bottles (Figure 1). Similar experimental equipment has been used in other
studies [24-26] to examine the impact of alkaline fluids on potential host rock materials. The
second approach consisted of a small flow cell (SFC) constructed from acrylic plastic and
sealed by a combination of ‘O-rings’ and bolts (Figure 1). Filters and porous polypropylene
disks (on both inlet and outlet sides) acted both to distribute the incoming fluid across
the whole face of the mudstone sample and prevent blockage of the outlet tubing. An
advantage of the SFC equipment was the larger diameter of the cell, which reduced the
chance of blockages forming due to movement of ‘fines’, preventing flow through the cell.
A slight disadvantage was the reduced sample length (only 10 mm compared to the 300 mm
length of the columns). Table 2 gives a comparison between the physical parameters for
the different flow equipment. For both flow setups, the volumetric flow rate was typically
~0.5 mL per hour (~12 mL per day). Flow for both types of equipment was controlled
by a Cole-Parmer MASTERFLEX® peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA).
Although fast compared to the flow rates likely to be encountered in a radioactive waste
repository, the flowrate chosen was a compromise between maintaining the lowest possible
steady flow rate with the peristaltic pump and maximizing the number of pore volumes
passing through the flow experiments in a laboratory time frame. Periodically, the reacted
fluids from the flow experiments were sub-sampled and prepared for chemical analysis. As
with the batch experiments, the flow experiments were again performed at lab temperature
of ~24 °C.

Table 2. Comparison of the physical parameters for the different flow equipment.

Column Small Flow Cell (SFC)
Total mudstone weight (g) 10.3 3.14
Length (mm) 300 10
Cross-sectional area (mm?2) 44 314
Volumetric flow rate (mL/h) ~0.5 ~0.5
Residence time (h) ~15 ~3.5
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Figure 1. Schematic of flow set-up, with inset detail of small flow cell (SFC). Note: ‘O-rings’, porous disks, and filters were
fitted to both sides of the SFC.

2.2. Analysis

All collected fluids were filtered using 0.2 um syringe filters and then sub-sampled
for determination of cations and anions. Typically, a 4 mL sample of the fluid was diluted
two-fold with 18 MQ) demineralized water (Millipore Simplicity® ultrapure water system)
and then acidified with concentrated HNO; (1% v/v) to preserve the sample. This sample
was used for the analysis of major cations by a combination of ICP-OES (inductively
coupled plasma-optical emission spectrometry) using a Shimadzu ICPE-9800 (Shimadzu
Corporation, Kyoto, Japan), and ICP-MS (inductively coupled plasma-mass spectrometry),
using a Perkin-Elmer NexION 300x (PerkinElmer, Inc., Waltham, MA, USA), both calibrated
using matrix matched standards. A second subsample was taken for determination of major
anions by IC (ion chromatography) using a Dionex ICS-5000 (Thermo Fisher Scientific,
Waltham, MA, USA) ion chromatograph system calibrated using a mixed standard solution
(Kanto Chemical Co., Inc, Tokyo, Japan). All fluid samples were stored at <5 °C until
required for analysis.

The pH of the experimental fluids was determined immediately upon sampling using
a DKK-TOA Corp. model HM-30P meter and combination electrode calibrated using
DKK-TOA Corp. buffers at 4.01, 6.86, and 9.18 pH (Japanese standard), pH accurate to
+0.02 pH.

On completion of the flow experiments, columns were sectioned into ~15 mm long
pieces using a small rotary cutting saw (Proxxon KG 50, Kiso Power Tool Co., Ltd, Osaka,
Japan) and then vacuumed dried before being prepared for subsequent mineralogical
analysis. The samples from the SFC were vacuumed dried, whilst still held in the central
section, before being carefully extruded and sectioned into ~1.5 mm thick slices using a
thin blade. Samples from the batch experiments were filtered to remove excess fluid and
then vacuumed dried.

Once dried, the solid samples were prepared for petrographic analysis by a combi-
nation of scanning electron microscopy (SEM), using a JEOL JSM-6510 Series SEM, (JEOL
Ltd., Tokyo, Japan) and X-ray diffraction (XRD) analysis (RigaKu SmartLab XRD, Rigaku
Corporation, Tokyo, Japan), with a 9 kW X-ray source). Sub-samples for SEM analysis
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were prepared as either gold or carbon coated random mount stub samples. Techniques
included SEM using both secondary electron imaging (SE) and backscattered electron (BSE)
imaging, and element distribution analysis using energy-dispersive X-ray spectroscopy
(EDS). Samples for XRD were prepared for analysis by taking a representative sub-sample
and grinding it to a fine powder.

The saturation indices (SI = log (IAP/Ks), where IAP: ion activity product; Ks: solubil-
ity constant) of the primary and potential secondary minerals, in the reacted fluids, were
calculated using the PHREEQC v3.6.3 geochemical code [31]. Calculations were performed
using the JAEA thermodynamic database (TDB) [32]. JAEA-TDB version PHREEQC 19.dat
(v1.2, 03.Mar.2020) was used for the calculations, being the latest version available at
the time.

3. Results
3.1. Aqueous Chemistry
3.1.1. Changes in pH

The changes in pH with time for the batch and flow experiments are shown in
Figure 2a. In the 1:1 F:S batch experiments, a large decrease in pH was observed, with
the greatest change being seen in the experiments with the HFSC424 leachate (pH ~3.5)
compared to the experiments with the OPC leachates. The pH reduction in the 10:1 F:S
experiments was smaller, and again so in the 100:1 F:S experiments. In all cases, the pH
drop was the least in the experiments with the “young” OPC leachate and greatest with the
HFSC424 leachate. In the 100:1 F:S experiments with the ‘young” OPC leachate, the pH was
only ~0.2 pH units below the initial leachate.

In all the flow experiments, there was an initial drop in pH before it later recovered
to around ~0.2 pH units below that of the initial fluids. These initial changes in pH were
similar to those seen in the equivalent 1:1 batch experiments, and the later ‘steady-state’ pH
was similar to that observed in the 100:1 F:S batch experiments. Again, as with the batch
experiments, the initial decrease was greatest in the experiments with the HFSC424 leachate.

Since the Horonobe mudstone contains a small amount of pyrite (<2 wt%) [27,28],
and the samples used here had not been preserved in a reducing environment, it is highly
likely that the low pH seen in some batches and all flow experiments were due to the
dissolution of sulphate phases formed by the oxidation of pyrite during sample storage
and preparation. Indeed, corresponding increases in [SO42] up to ~8000 mg/L in the 1:1
batch experiments, and in the first two days of the flow experiments, were seen in the fluids
with low pH, and XRD analysis (Figures S1 and S2) of the unreacted mudstone indicated
the presence of jarosite and /or gypsum. Previous analysis of cores from Horonobe [33]
have also shown the oxidation of pyrite and the precipitation of calcium sulphates such
as gypsum.

3.1.2. Changes in Na Concentration

The variation in Na concentration is shown in Figure 2b. With the ‘young’ OPC
leachate, the concentrations of Na in the 100:1 and 10:1 F:S batch experiments (which were
fluid dominated) were close to that of the initial leachate (~1500 mg/L), but the 1:1 E:S
experiments showed increases in [Na] compared to the initial leachate, up to ~2600 mg/L.
A similar increase in [Na] was seen in the 1:1 F:S experiments with the ‘evolved” OPC
leachate (from below detection to ~1500 mg/L), with a smaller ~200 mg/L increase seen in
the 10:1 F:S but no change in the 100:1 F:S experiments.

With the HFSC424 leachate, again there was an increase in the [Na] in the reacted
fluids in the 1:1 F:S experiments, to ~3600 mg/L, but in the 10:1 and 100:1 F:S experiments,
there was a ~300 mg/L decrease. In the flow experiments (Figure 2b), there was an
initial decrease in [Na] with both the ‘young” OPC and HFSC424 leachates from ~1500 to
~1300 mg/L and from ~3300 to 1200 mg/L, respectively. The Na concentrations in both
fluids then slowly increased over the next 16 d until the concentrations were close to but
still below those of the original leachates.
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Figure 2. Changes in fluid chemistry with time. (a) pH batch and flow experiments; (b) [Na] batch and flow experiments;
(c) [K] batch and flow experiments; (d) [Ca] batch experiments; (e) [Ca] and [SiO;] flow experiments; (f) [SiO;] batch
experiments (inset shows “young” OPC 10:1 data). Diamonds on the vertical axis indicate initial leachate concentrations. In
the graphs where both batch and flow data are shown together (a—c), the single points indicate data from batch experiments,
and the lines the flow experiments. Legend text: yOPC—'young’ OPC leachate; eOPC—'evolved” OPC leachate; HFSC—
HFSC424 leachate. For batch experiments, the F:S is indicated.

3.1.3. Changes in K Concentration

In the batch experiments (Figure 2c), with the “young” OPC leachate, [K] decreased,
most notably so in the 1:1 F:S experiments where concentrations dropped to ~2000 mg/L.
Smaller decreases were seen in the higher F:S experiments, with [K] in the 100:1 F:S
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experiments being slightly below the initial concentrations. With the ‘evolved” OPC
leachate, [K] was typically <100 mg/L. In the case of the HFSC424 leachate, [K] decreased
in all the batch experiments, from ~1330 to <150 mg/L.

In the flow experiments (Figure 2c) with the ‘young” OPC leachate, [K] decreased
initially by around 1300 mg/L, but in the later fluids, there was only a slight decrease
compared to the initial leachate concentration. With the HFSC424 leachate, [K] in the
reacted fluids flow experiments decreased from the initial concentration to <1 mg/L.

3.1.4. Changes in Ca Concentration

The behavior of Ca in the batch experiments was more complex than that of the other
alkali metals (Figure 2d). With the ‘young’ OPC leachate, in the 1:1 F:S experiments, [Ca]
increased to ~250 mg/L after 56 d. However, in the higher F:S experiments, [Ca] decreased
to below that of the ‘young” OPC leachate, i.e., <2 mg/L after 56 days. With the ‘evolved’
OPC leachate, [Ca] initially decreased significantly, the largest decreases to ~44 mg/L being
seen after 24 h in the 1:1 experiments. In the longer duration 1:1 and 10:1 F:S experiments,
[Ca] then increased to 470 and 240 mg/L, respectively, but remained below that of the
original OPC leachate. In the 100:1 F:S experiments, [Ca] remained low (<100 mg/L) and
did not recover with time.

In the flow experiments with the ‘young’ OPC leachate (Figure 2e), [Ca] decreased
from the original leachate, stabilizing at ~25 mg/L after ~16 d. In the flow experiments with
the HFSC424 leachate, [Ca] increased from ~100 mg/L to ~500 mg/L before decreasing to
similar concentrations (~25 mg/L), as seen in the OPC leachate flow experiments.

3.1.5. Changes in Silica Concentration

In the 1:1 F:S batch experiments with the ‘young” OPC leachate, silica concentrations
(Figure 2f) initially increased to ~300 mg/L but then decreased over time to ~80 mg/L. How-
ever, with the ‘young” OPC leachate, very high silica concentrations were observed in the 28
and 56 d, 10:1 F:S batch experiments, ~10,000 mg/L (inset in Figure 2f) and <2000 mg/L
in the 100:1 experiments. Concentrations in the batch experiments with the ‘evolved” OPC
leachate were significantly lower, at <100 mg/L. In the HFSC424 leachate batch experiments,
silica concentrations remained close to or lower than the original leachate.

In the flow experiments with the ‘young” OPC leachate (Figure 2e), the dissolved silica
concentration initially increased to ~3800 mg/L in the column experiment, and ~1900 mg /L
in the SFC experiment; thereafter, the concentration of silica in the fluids decreased to
~1300 mg/L in the columns and <300 mg/L in the SFC. The higher silica concentrations
observed in the columns, compared to the SFC experiments, reflects the greater mass of
mudstone in the columns as well as the longer residence time (Table 2). In both HFSC424
leachate flow experiments (Figure 2e), silica concentrations were always lower than the
original HFSC424 leachates, and significantly lower than with the ‘young” OPC leachate.

3.1.6. Changes in Other Cations

Dissolved iron tracked the dissolution of sulphate (see Section 3.1.1) with increases
in [total Fe] up to ~250 mg/L in the 1:1 batch experiments, and in the first two days of
the flow experiments, coinciding with the changes in sulphate concentrations. In all the
flow experiments following the peak in [total Fe], the concentration in the reacted fluids
decreased to <0.01 mg/L by ~16 d of flow (equivalent to ~50 pore volumes).

With the exception of Rb and Sr, which tracked the concentrations of Na and Ca, respec-
tively, the concentrations of other cations analyzed (e.g., Al, Ba, Cs, Cu, Li, Mg, Mn, Ni, Pb)
were either below detection or showed no significant change from the original leachates.

3.1.7. Changes in Anions

As previously mentioned, increases in sulphate concentration, due to presence of
pyrite, were seen in the fluids that had low pH values. However, chloride, which is a
component of the Horonobe groundwater and therefore present in the HFSC424 leachate,
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behaved in a conservative manner, remaining close to the concentration of the initial
HFSC424 leachate. The other anions analyzed (Br, F, NO3;~,NO;~, and PO43’) were either
below detection or showed no significant change from the original leachates.

3.2. Solid Analysis
3.2.1. Batch Experiments

Samples from the 1:1 F:S batch experiments with the ‘young” OPC leachate were
analyzed by SEM, including EDS and XRD. There was evidence of primary material
dissolution (removal of fine material present in the original mudstone), but SEM-EDS
analysis found no evidence for the formation of secondary phases. XRD analysis (Figure S1)
of the unreacted mudstone indicated the presence of jarosite and/or gypsum alongside
the primary minerals. XRD analysis of the reacted solids (Figure S1) was less informative;
the main peaks identified were those of the original primary minerals, though some peaks
could be attributed to crystalline C-S-H phases, but the relative peak intensities were
too low to make a definitive interpretation. In addition, since many C-S-H phases are
amorphous gels, XRD is of limited value.

In the higher F:S “young’ OPC leachate experiments, again the absence of fines suggested
primary mineral dissolution, but only in the experiments with the ‘evolved” OPC leachates
was evidence found by SEM EDS analysis for secondary C-(A-)S-H phases (Figure 3); semi-
quantitative analysis gave Ca:Si ranging from 0.89 to 1.1. In the batch experiments with the
HFSC424 leachates, no mineralogical evidence (SEM observations and analysis by SEM-EDS,
and XRD) was found for the formation of any secondary C-S-H phases.
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Figure 3. Secondary electron (SE) image and SEM-EDS analysis of reacted mudstone. Batch experiment 10:1 F:S with the
‘evolved” OPC leachate. The white squares (a—c) in the SEM image indicate areas used for SEM-EDS analysis, and the
corresponding figures (a—c) show the presence of primary minerals (a) and secondary C-S-H (b,c).
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3.2.2. Flow Experiments

A summary of the evolution of the mineralogical analysis from the column experiment
with the ‘young’ OPC leachate is shown in Figure 4. Section 1 of the column (~0-20 mm)
under SEM analysis showed extensive precipitation of secondary C-S-H and C-A-S-H
gel-like (hydrous) phases (Figure 4) with different Ca:Si ratios (from 0.5 to 1.4). However,
SEM examination of the remaining sections of the column showed no evidence of further
precipitation of any secondary phases, and only the presence of the primary mineral
phases (Figure 4), some of which appeared to be free of fines, suggesting a degree of
mineral dissolution.

Counts

~20 mm

Primary mudstone minerals

~25 mm
Primary mudstone minerals

Figure 4. Summary of mineralogy, column experiment with the “young’ OPC leachate. Arrows indicate direction of flow;

numerals refer to Section numbers; each Section (apart from Sections 1 and 19) ~15 mm long. All SEM photos are secondary
electron (SE) images. White squares (a,b) in the SEM image from Section 1 indicate areas used for SEM-EDS analysis of

C(A)-S-H phases.

The equivalent experiment was performed using the SFC with the ‘young” OPC
leachate (Figure 5). In Section 1 (~0-1.5 mm) under SEM observation, only primary minerals
and diatom fragments present in the original mudstone [28] were visible (Figure 5); there
was no evidence (SEM EDS element mapping) found for the formation of any secondary
phases. However, in Section 2 (~1.5-3 mm), a variety of secondary C-S-H and C-A-S-
H phases (Ca:Si 0.5-0.7) were observed (Figure 5). In examination by SEM of Sections
3-6 (3-10 mm), no secondary phase(s) were observed, and the primary mineral surfaces
showed little sign of reaction.

In the SFC experiment using the HFSC424 leachate (Figure 6) in Section 1 (~0-2.5 mm)
and Section 2 (~2.5-5 mm), unlike the equivalent experiment with the ‘young” OPC leachate
(Figure 5), only primary minerals, which were relatively free of fines, were present. Addi-
tionally, there was no mineralogical evidence (SEM observations and SEM-EDS element
mapping) for the precipitation of any secondary C-S-H phases, though occasional very rare
crystals with zeolitic-type compositions were detected by SEM-EDS analysis.
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Close up of C-(A)S-H ‘ball SEM-EDS analysis of Si-rich C-(A)S-H ‘balls’

Direction of fluid flow
Nominal flow rate 0.5 mi/h

i
Primary mudstone minerals Secondary C-(A)S-H ‘balls’ and
and diatom fragment (circled) diatom fragment (circled)

Figure 5. Summary of mineralogy, SFC experiment with the ‘young” OPC leachate. Arrow indicates direction of flow;
numerals refer to Section numbers. Each section was ~1.5 mm long. All SEM photos are secondary electron (SE) images.
The white square in the SEM image from Section 2 indicates the area used for SEM-EDS analysis of C(A)-S-H phases.

Primary mudstone minerals and
diatom fragment (circled)

L X Primary mudstone minerals
Direction of fluid flow

Nominal flow rate 0.5 mi/h

Primary mudstone minerals

Figure 6. Summary of mineralogy, SFC experiment with the HFSC424 leachate. Arrow indicates direction of flow; numerals
refer to Section numbers. Each section was ~2.5 mm long. All SEM photos are secondary electron (SE) images.

All of the solids from the flow experiments were also examined by XRD, but the results
were inclusive with the main peaks present belonging to the primary minerals (e.g., SFC
experiment with the ‘young’” OPC leachate, Figure S2), and as in the batch experiments,
although some peaks could be attributed to C-S-H phases, the relative peak intensities
were again too low to make a definite interpretation.
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4. Discussion
4.1. Chemical Evolution and Buffering Behavior

In this study, using samples of Horonobe mudstone, both OPC and LAC leachate types
showed a similar behavior with regard to pH trends (see Figure 2a and Section 3.1). The
longer term reduction in pH was not as large as seen in some other studies of argillaceous
clays, such as the Opalinus claystone (OPA) [13], but unlike the Horonobe mudstone, OPA
also contained significant dolomite that reacted to form calcite and precipitate Mg-hydroxides,
which aided the reduction in pH. However, the longer-term pH changes were similar to
those seen in other studies using OPC type leachates with a variety of mineralogies [24-26].

With regard to the behavior of both Na and K (Figure 2b,c) in the absence of any identi-
fiable K- or Na-bearing secondary precipitates, the initial decreases in their concentrations
observed in both the batch experiments and the early stages of the flow experiments suggests
possible ion exchange reactions with the clays in the mudstone. In the flow experiments,
the latter recovery of [Na] and [K] (Figure 2b,c) suggests that all the accessible exchangeable
sites may have been occupied. In the case of the Horonobe mudstone, Koetoi formation,
studied here, smectite typically represents ~10 wt% of the primary minerals [27,28]. Ion
exchange has been identified in other studies on argillaceous clays [13,34], in which it was
demonstrated to have a significant impact on the fluid chemistry, but it was not possible to
confirm the ion exchange by cation exchange capacity analysis in these experiments due to
the small solid sample size (in particular for the flow experiments) available.

The trend in [Ca] (Figure 2d,e) was thus complicated by the apparent ion exchange re-
actions. The observed increases in [Ca] in the 1:1 F:S batch experiments (both ‘young” OPC
and HFSC424 leachates) and the initial stages of the flow experiments were likely due to ion
exchange. However, with both “young” OPC and HFSC424 leachates, the latter Ca concen-
trations in the flow experiments and those in the higher F:S batch experiments decreased,
which would indicate the precipitation of Ca-bearing phase(s). In contrast, in all the batch
experiments with the ‘evolved” OPC leachate, [Ca] in the reacted fluids was always lower
than the original leachate, again suggesting the formation of Ca-bearing secondary phase(s).
Taken together with the changes in silica concentrations in the experiments, it is likely that
the secondary phase(s) would be C-S-H phases.

The continued presence of dissolved silica in the flow experiments suggests that there
was continued dissolution of the primary silicate phases present in the mudstone, and this
was most significant with the highly alkaline ‘young” OPC leachate.

4.2. Mineral Dissolution and Precipitation Processes

In terms of mineralogical observations, in all the experiments there was SEM evidence
for primary mineral dissolution (Figures 3-6), but only in the flow experiments with the
OPC leachate and in some of the higher F:S batch experiments was secondary phase
formation observed. These were comprised of C-(A)S-H phases of differing morphologies
(see Figures 3-5), from “gel-like’ to more ‘fibrous’ phases and C-S-H ‘balls’, of varying
Ca:Si ratios. In the experiments with the HFSC424 leachates, there was little analytical
mineralogical evidence to support secondary phase formation.

As noted above, the changes in [Ca] and the relationship with dissolved silica suggests
the formation of Ca-silicate phases in most of the experiments, most likely secondary C-S-H
and C-A-S-H phases, though they were only directly observed in the experiments with the
OPC leachates. The elevated silica concentrations most likely reflect the dissolution of the
primary amorphous silica and aluminosilicate minerals.

Aluminum concentrations would be expected to increase alongside silica due to
dissolution of the primary aluminosilicates, so the absence of Al in the fluids suggests the
preferential dissolution of the amorphous silica or possible incorporation in secondary
minerals, such as C-A-S-H phases or zeolites.

To examine the relationship between the reacted fluid chemistry and mineralogy,
the PHREEQCvV3 geochemical code [31] was used to calculate mineral saturation indices
(SI) in the reacted fluids. This showed that in the 1:1 OPC leachate batch experiments,
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C-S-H phases were likely to be undersaturated, i.e., SI < 0 (Figure 7a), whereas in the
higher F:S, OPC leachate batch experiments C-S5-H phases were saturated (i.e., SI > 0).
The SI calculations also suggested that zeolites (e.g., phillipsites and analcime) could be
possible secondary phases (i.e., SI > 0) in these batch experiments (Figure 7a). The degree
of saturation decreased with higher F:S ratios, and in some of the 100:1 F:S experiments,
some zeolites, e.g., analcime, were undersaturated. However, no mineralogical evidence
was found for the precipitation of zeolites. It is worth noting that a previous review of
bentonite alteration by alkaline fluids [7] concluded that the available thermodynamic data
for zeolites used in models tend to overestimate their stability.

In addition to C-S-H, M-S-H (magnesium silicate hydrate) have been identified in
other studies [35-37] as potential products of cement-clay interactions (including LAC),
though in some studies [15,18] they were only observed on the cement side of the interface
and not within the mudstone. However, in the experiments conducted here, there was
no mineralogical evidence found for their precipitation. The saturation state calculations
suggested that only in the flow experiments with the ‘young” OPC leachates were M-S-H
phases saturated (Figure S3). In the batch experiments with all three fluids, only in the
100:1 F:S experiments (Figure S3) were some M-S-H phases found to be saturated.

In the flow experiments, the mineralogical observations showed that with the ‘young’
OPC leachates, there had been dissolution of the primary minerals and subsequent sec-
ondary C-(A-)S-H formation. The SI calculations for the reacted fluids (Figure 7d) indicated
that, like the higher F:S OPC leachate batch experiments, C-S-H phases were likely to be
saturated (i.e., SI > 0). However, unlike the batch experiments, most zeolites were under-
saturated. In addition, the degree of undersaturation increased with time, i.e., number of
pore volumes, which was a similar pattern to the batch experiments, where in the 100:1
F:S experiments, some zeolites were unsaturated (Figure 7a). The assessment of mineral
saturation also showed that the primary mineral phases were slightly undersaturated,
suggesting continued dissolution (i.e., SI < 0).

In the ‘evolved” OPC batch experiments, the SI calculations suggested that as with the
‘young’ leachate, the C-S-H phases were undersaturated in the 1:1 experiments (i.e., SI < 0),
but that as the F:S ratio (and pH) increased, they approached or exceeded saturation
(i.e., SI > 0), and indeed C-S-H phases were observed in the higher F:S experiments
(Figure 2b). Again, zeolites, although not observed, were predicted to be saturated in
the 1:1 experiments, becoming less saturated with higher F:S ratios.

In the batch experiments with HFSC424 leachates, no mineralogical evidence was
found for precipitation of any secondary phases. The saturation state calculations found
that only in the reacted fluids from the 100:1 F:S experiments (Figure 7c) were some C-
S-H phases close to saturation (i.e., SI > 0). In addition, zeolites were again identified as
potential secondary phases in both the 10:1 and 100:1 experiments (Figure 7c), though
unlike with the OPC leachate, zeolites were more saturated in the higher F:S experiments.

The saturation state calculations for the fluids from HFSC424 leachate flow experi-
ments (Figure 7e), indicted that in the early fluids, like the 1:1 and 10:1 batch experiments,
that C-S-H phases were undersaturated (i.e., SI < 0). In addition, as with the 100:1 batch
experiments, in the later fluids some C-S-H phases were close to saturation (i.e., SI ~0)
or even slightly saturated, which suggests that they could have precipitated, though no
mineralogical evidence was found. Mass balance calculations for the precipitation of
possible C-S-H phases, based on the difference in [Ca] between the incoming HFSC424
leachate and the reacted fluids, suggested that the maximum possible mass of C-S5-H that
could have formed would have been very low (i.e., Hillebrandite-type C-S-H < 0.01 g,
Tobermorite 14A-type < 0.02 g). The SI calculations also indicated that zeolites, as with
the 1:1 batch experiments, were undersaturated (i.e., SI < 0). In the later fluids (Figure 7e),
some zeolites, e.g., Ca-phillipsite, were slightly saturated, which was the same as the batch
experiments (Figure 7c). Although no zeolites were seen in this study, other studies with
LAC leachates [15] found that as well as C-S-H phases, zeolitic phases could also form in
experiments with LAC leachates, but those studies [15] were conducted above ambient

75



Minerals 2021, 11, 588

temperatures, which would have increased dissolution of the primary minerals, potentially
leading to higher saturation states for both C-S-H and zeolitic phases. Primary mineral
phases were undersaturated throughout, again suggesting continued dissolution.
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4.3. Implications of Static vs. Dynamic Experiments

As can be seen by the comparison between the results of the batch and flow experi-
ments, the 1:1 batch experiments are analogous to the initial conditions observed in flow
experiments and thus representative of the early stage reactions. However, if the host rock
contains a minor but highly reactive phase(s) that dominates early stage reaction but is
not representative of the long-term evolution, as is the case with the Horonobe mudstone
(i.e., dissolution of jarosite and/or gypsum), the low F:S batch experiments are liable to
lead to unrealistic conclusions being drawn. In this case, the flow experiments give a
better representation of the likely longer-term reactions, since transient reactions (i.e., initial
changes in pH) are more easily identified. In addition, although the changes in [Na] and
[K] suggested that ion exchange may have occurred in both batch and flow experiments,
the higher concentrations of Na and K after ~20 d in the flow experiments suggest that it
may only have a transient effect on the fluid chemistry.

The results from the fluid dominated, higher F:S ratio experiments were similar to the
latter conditions seen in the flow experiments and give an indication of the longer-term
evolution. However, as with the lower F:S batch experiments, there is the possibility
of incorrect conclusions being drawn about the long term behavior if one of the species
required for secondary phases formation is present only in one component (fluid or solid),
and thus in the case of batch experiments it is finite. This is clearly illustrated in the higher
F:S batch experiments with the ‘young” OPC fluids, where extremely high concentrations
of dissolved silica (Figure 3f) were present once the Ca from the original leachate was
exhausted (Figure 3f).

The use of different configurations for flow experiments can also give better insight
into the sequence of the reaction. In this study, the small flow cell (SFC) had advantages
over the columns, for the fast reactive clay system evaluated here, in being able to better
capture the spatial changes.

Batch reactors are well suited to long duration studies, being simpler and easier to
maintain, and since they will tend towards equilibrium they are essential to the understand-
ing of the long-term fluid-rock interactions. Flow experiments by introducing transport
allows the investigation of the spatial and temporal extend of reactions, as well as being
able to identify transient processes. In addition, they can be used to identify (key) compo-
nents, which if constrained by availability, could influence the reaction sequence. Thus,
the combination of static and dynamic approaches together with the linking of batch and
flow data sets can provide an ideal mix of experimental methods with which to explore the
long-term evolution of the alkaline fluid /mudstone system and identify key parameters
and constraints. In addition, the configuration of the flow experiments, particularly in
terms of length and sampling scale, needs to be appropriate to the (likely) reactivity of the
experimental system under investigation. It is also recognized that laboratory experiments
tend to yield faster reaction rates (due to use of crushed samples in the lab and the lower
permeability, porosity, etc., in the field) compared to those observed in the field [38] and
that allowance must be made for this when designing the experiments and extrapolating
lab results to the field.

4.4. Implications for Spatial and Temporal Evolution

In terms of the spatial extent of the reactions, although there was evidence for contin-
ued dissolution of the primary minerals, i.e., trends in silica concentration, and the lack
of fines in the reacted solids seen under SEM, the zone of precipitation in the flow experi-
ments was limited to only the first few tens of millimeters in the case of the columns and
~3 mm for the SFC. Although the extent of the zone of precipitation was physically shorter
in the SFC experiment compared to the column, comparison of the mass of Horonobe
mudstone present in each set-up showed the actual extent of the reaction in each case to be
similar. Section 1 of the column contained ~0.7 g of mudstone, whilst the first two sections
of the SFC combined together contained ~0.6 g. One of the benefits of using dynamic
flow experiments compared to the static batch experiments is in the determination of
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the extent of the zone of precipitation. In particular, the use of the SFC with its greater
cross-sectional area and the ability to prepare thinner sliced samples is advantageous in
this study, since it demonstrated that there was a slight delay before the precipitation of sec-
ondary phases, likely due to the need for silicate release from primary mineral dissolution
and C-(A-)S-H nucleation.

Column experiments have been previously conducted [39], using samples of crushed
smectite and OPA, to determine the extent of reaction using a similar simplified OPC
leachate to this study, and although larger columns were used than those in this study,
even after an 18-month duration the precipitation zone extended only ~20 mm into the
OPA, where C-A-S-H phases were observed. The flow experiments presented here were of
relatively short duration (<3 months) and were conducted at higher flow rates (potentially
increasing the available Ca); nevertheless, the extent of the precipitation zone was similar,
being observed only in the first sections (i.e., up to ~20 mm in the column, and ~3 mm
with the SFC). The results of this study are also consistent with previous modelling and
experimental studies on the extent of the reactions in argillaceous rocks [8,17,40], which all
concluded that the zone of precipitation would be limited to only a few centimeters for in
situ experiments and even more limited in the case of laboratory experiments [41]. Thus,
the available data suggests that for mudstones, the extent of mineral precipitation is likely
to be limited to the centimeter scale.

The experiments with the HFSC424 LAC leachates showed much less overall reac-
tion compared to the OPC leachates, particularly in terms of the lack of observation of
secondary phases.

There have been few other experimental studies [15,17,18,42] that have considered
the impact of the use of LACs. The data available from this and these previous studies
demonstrate that the primary objective of reducing pH and minimizing clay mineral
dissolution can be achieved. However, some authors [17] have suggested that given the
limited extent of reaction between OPC and argillaceous host rocks, the use of LACs is
not necessary. Indeed, the use of OPC may favor secondary phase formation, especially
that of C-S-H phases, which may then reduce transport of the leachates by reducing the
permeability and porosity and so further limit the extent of CDZ. However, as well as
changing the transport properties of the host rock, the secondary minerals formed by the
reaction of OPC leachates with the host rock may also alter the sorption capacity with
respect to radionuclides. Both C-S-H phases, and zeolites if present, may not exhibit
an equally strong sorption capacity as the pristine host rock minerals, so reducing the
potential for radionuclide retardation by sorption. In addition, sorption onto C-S-H can
vary with Ca:Si ratio; for example, Cs sorbs well onto C-S-H phases with a low Ca:Si
ratio [43]. This balance between reduced alteration and radionuclide migration may be an
important consideration when deciding on the use or not of LACs. As well as influencing
the radionuclide migration, the formation of secondary phases may limit access to the
underlying reacting minerals by reducing the reactive surface area, since the secondary
minerals will form a ‘skin’ on the primary mineral [17] but also by reducing the available
porosity and permeability of the flowing system. The nature of this ‘skin” of secondary
minerals is not well characterized and will depend upon which secondary phases are
precipitated, i.e., C-5-H and/or zeolites; the crystallinity of these secondary phases (for
example C-S-H phases often initially form as gels becoming more crystalline with time [7]),
which may affect fluid diffusion to the mineral surface; and also on the persistence of the
skin, since the secondary phases formed may re-dissolve as the alkaline fluid chemistry
evolves with time.

Flow experiments as used in this study can be useful here as the sequence of primary
mineral dissolution, secondary mineral precipitation, and persistence can be directly
observed. However, the experiments presented here employed crushed materials with
high surface areas that will have enhanced the rate reaction and primary dissolution and
are time limited.
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5. Conclusions

In summary, both batch and flow-through experiments were conducted, reacting
Horonobe mudstone with ordinary Portland cement (OPC) and low alkali cement (LAC)
leachates to gain new insights into the reaction of host rock and such leachates. Typically, in
the long term, pH decreased only slightly for all the leachates investigated. Major changes
in the fluid chemistry were limited to a decrease in [Ca] due to precipitation of secondary
C-(A-)S-H phases and the presence of dissolved silica from the continued dissolution of
primary minerals.

The ‘young’ OPC leachate experiments showed the greatest reaction and alteration of
the mudstone, but the zone of precipitation of C-(A-)S-H phases in the flow experiments
was limited to only the first few tens of millimeters in the case of the columns, and
~3 mm for the small flow cell. Ion exchange reactions may have initially altered the fluid
chemistry, but thereafter the reactions were dominated by primary mineral dissolution and
the precipitation of secondary phases, particularly C-(A-)S-H.

It should be noted that unlike OPC there is no standard LAC composition, and that
different compositions of LAC have been considered by different radioactive waste disposal
implementers. It is also worth considering that disposal sites may have a combination of
both OPC and LAC cements used for construction, so the effects of a mixed leachate or
different spatially distributed leachates as well as different LAC compositions may need to
be investigated and understood.

The results presented here demonstrate that a combination of both batch and flow-
through experiments can provide the insights required for the understanding of the key
geochemical interactions and the impact of transport, allowing the spatial as well as tem-
poral evolution of the alkaline leachate/ mudstone system to be successfully investigated.
However, these experiments employed crushed materials, so the use of intact samples
and in situ experiments with lower more realistic flow rates, together with data from
monitoring boreholes in existing underground structures where cement and concretes have
been deployed, is required to understand fully the spatial extent of the reactions to evaluate
mineral evolution and the effect on radionuclide migration.

In addition, this research concentrated on the chemical and mineralogical effects
within the mudstone and did not study the impact on the radionuclide migration, so
further work with the altered mineral assemblage is required to determine the extent of
the impact on the radionuclide behavior. The data from the experiments here can provide
‘test cases’ for the validation and calibration of reactive transport geochemical models,
which can then be used to model the longer term evolution of the fluid rock interactions
beyond what is possible experimentally. The experiments presented here suggest, together
with other studies of argillaceous rocks, that in a mudstone, similar in composition to the
Horonobe mudstone studied here, that the zone of greatest reaction in the CDZ is likely to
be limited in extent, perhaps on the scale of centimeters.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/min11060588/s1, Figure S1: XRD analysis of mudstone samples from 10:1 F:S batch experi-
ments with OPC leachates. Figure 52: XRD analysis of mudstone samples from SFC flow experiment
with the “young” OPC leachate. Figure S3 Indicative M-S-H saturation indices (SI) with time, together
with pH.
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Abstract: Bentonite buffers at temperatures beyond 100 °C could reduce the amount of high-level
radioactive waste in a deep geological repository. However, it is necessary to demonstrate that
the buffer surrounding the canisters withstands such elevated temperatures, while maintaining its
safety functions (regarding long-term performance). For this reason, an experiment with thermal
loading of bentonite powder at 150 °C was arranged. The paper presents changes that the Czech
Mg/Ca bentonite underwent during heating for one year. These changes were examined by X-
ray diffraction (XRD), thermal analysis with evolved gas analysis (TA-EGA), aqueous leachates,
Cs sorption, cation exchange capacity (CEC), specific surface area (SSA), free swelling, saturated
hydraulic conductivity, water retention curves (WRC), quantitative polymerase chain reaction (qPCR),
and next-generation sequencing (NGS). It was concluded that montmorillonite was partially altered,
in terms of the magnitude of the surface charge density of montmorillonite particles, based on the
measurement interpretations of CEC, SSA, and Cs sorption. Montmorillonite alteration towards low-
or non-swelling clay structures corresponded well to significantly lower swelling ability and water
uptake ability, and higher saturated hydraulic conductivity of thermally loaded samples. Microbial
survivability decreased with the thermal loading time, but it was not completely diminished, even in
samples heated for one year.

Keywords: magnesium bentonite; radioactive waste disposal; thermal loading; montmorillonite
content; thermal analysis with evolved gas analysis; cation exchange capacity; specific surface area;
saturated hydraulic conductivity; water retention curves; microbial survivability

1. Introduction

Spent nuclear fuel (SNF) generates significant heat via radioactive decay. After a
period of aboveground cooling, a deep geological repository (DGR) is considered the only
suitable way to dispose of such high-level radioactive waste. For many DGR concepts, the
temperature on the interface between disposal canisters and bentonite buffer is typically
designed to be lower than 100 °C. If a higher temperature is allowed (beyond 100 °C),
the cooling and storage period could shorten, or more SNF assemblies could be loaded
in the disposal canister. Both would positively affect the economy of radioactive waste
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disposal, especially when considering size optimisation [1]. However, possible changes in
DGR designs must be justified, by proving that the performance targets for the engineered
barrier safety functions are fulfilled, even at an elevated temperature, and confirming that
the repository ensures post-closure radiation safety.

The thermal criterion of not exceeding a buffer peak temperature of 100 °C was chosen
to avoid bentonite alteration [2]. Alteration here refers to mineral transformations of
montmorillonite, leading to low- or non-swelling clay structures, which may not meet the
buffer safety criteria for swelling pressure and hydraulic conductivity. Several possible
processes, such as atomic substitutions (eventually, iron reduction/oxidation) in the mineral
structure, layer charge redistribution, balanced by the compensating cations and congruent
dissolution, are involved in the montmorillonite transformation [2]. The main alteration
processes involve the transformation to illite/ montmorillonite mixed layers, illite, beidellite,
saponite, or chlorite [2,3].

Moreover, bentonite soluble components dissolve under hydrothermal conditions
and the solutes may interact with silica released by the montmorillonite transformation,
resulting in precipitation of new Si phases (so-called cementation), also contributing to a
reduction of buffer plasticity and an increase of hydraulic conductivity [2,3]. Cementation
can also be caused by non-Si compounds (e.g., sulphate and carbonate minerals), showing
increased stability at higher temperatures [3].

Based on the critical review of the performance of the bentonite barrier, at temperatures
beyond 100 °C, Wersin et al. [3] supported the idea of raising the thermal criterion to
120 °C; they identified higher thermal stability of bentonite under dry conditions (up to
300 °C) and noted the scarce data on hydraulic and mechanical properties of heat-exposed
bentonites. The highest temperature yet applied in-situ was in the ABM5 experiment
at Aspd Hard Rock Laboratory (Sweden). Temperatures up to 250 °C were achieved
at the steel heater interface with compacted bentonites [1,4]. No significantly different
chemical and mineralogical reactions were observed compared to the previous ABM tests
or similar tests performed in the temperature range of 90-130 °C. In this test, the extent of
magnesium enrichment, in the vicinity of the heater, observed in many large-scale tests,
was small [4]. No data on the characterisation of bentonites from the ABM5 experiment
from the geotechnical point of view is yet available. Complete ABM experiments provided
geotechnical data for MX-80, Asha 505, Deponit CAN, and Friedland clay. Slightly lower
swelling pressure was determined for heat-exposed materials Asha 505, Deponit CAN, and
Friedland clay. No changes in hydraulic conductivities between the above reference and
in-situ exposed materials were observed [5-7].

The influence of higher temperatures on bentonite performance and the lack of data
from the thermo-hydro-mechanical (THM) behaviour of clay-based materials led to identi-
fying this topic as a high priority subject within the framework of the EURAD project—WP7
HITEC. In general, two approaches are used to investigate thermally induced effects on
clay-based materials.

The first approach examined HM properties at different temperatures. Geotechni-
cal parameters of water-saturated compacted bentonites (FEBEX, MX-80, and Korean
Ca-bentonite) were determined at temperatures ranging from 20 to 150 °C [8-12]. Decreas-
ing swelling pressure and suction pressure and increasing hydraulic conductivity with
temperature were assigned to the temperature-dependent water properties and physico-
chemical interactions of water at the microscopic level [9]. However, once corrected for
temperature-dependent water density and viscosity, the intrinsic permeability was not
significantly temperature dependent [11,12]. This approach demonstrates buffer safety
functions (namely swelling pressure and hydraulic conductivity) at all thermal stages
within the DGR evolution.

In the second approach, the material property changes of preheated material were
analysed. The material was mainly provided from in-situ experiments, which were de-
signed to simulate the heat released from waste canisters containing radioactive waste.
MX-80 bentonite, the “reference” one, and the one exposed to the temperature of 130 °C
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at the copper heater in the form of parcel samples trimmed to the experimental cells, or
re-compacted parcel samples to the original bulk density up to 2000 kg/m?, was subjected
to the determination of hydraulic conductivity (among other determinations). Slightly
lower hydraulic conductivity in the trimmed samples in comparison to the re-compacted
ones was observed. However, no significant difference between samples from different
positions (warm, cool) in the parcel was observed; therefore, the decrease could not be
related to temperature gradients [13]. A mixture of FoCa clay with 35 wt.% sand and
5 wt.% graphite was used in OPHELIE mock-up experiment where a temperature up to
140 °C was maintained for 4.5 years [14]. Slightly higher hydraulic conductivity of exposed
material was determined. The authors explain this fact with thermally induced changes of
the sample microstructure. An increase in intermediate pore sizes within the samples with
temperature, which caused an increase in water and the cross-sectional area available for
water to flow, was indicated by mercury intrusion porosimetry. Moreover, water retention
curves were determined. Thermally loaded samples showed lower water retention capacity
than the initial ones for the lower suction levels. For suction pressure over 150 MPa, no
difference was observed. Thermally loaded samples showed less pronounced hysteresis
than the initial ones, which was also attributed to the microstructural changes mentioned
above [14].

Natural clay materials (e.g., bentonites) also represent an important source of indige-
nous microorganisms [5,15]. The microbial activity might negatively affect the long-term
safety of DGR as it can result in microbiologically influenced corrosion of the canister
and possibly alter the bentonite mineralogy [16,17]. Microbial survival and growth are
generally inhibited by thermal and radiation performance after deposition of the canis-
ter [17]. However, bacterial endospores that are microbial survival forms with reduced
water content, and undetectable metabolic activities, can tolerate adverse environmental
conditions, such as desiccation, wet and dry heat (above 100 °C), and UV and gamma
irradiation for extended periods [18,19]. Several studies in the bentonite environment have
also demonstrated microbial survivability. Masurat et al. [20,21] found a loss of sulphate-
reducing bacteria (SRB) viability after loading MX-80 bentonite at 120 °C for 20 h. However,
another experiment with even more prolonged heating for one week failed to eradicate
SRB [22]. Similarly, the presence of indigenous SRB, which survived heat loading of Boom
Clay at 120 °C for 48 h, was reported [23]. Eleven compacted bentonites were exposed
to groundwater saturation and high temperatures (90-130 °C) in the in-situ experiment—
Alternative Buffer Material at the Aspo Hard Rock Laboratory—for approximately one year.
Microbial analyses of three bentonites within the first test package showed a detrimental
effect of heat on bacterial activity. The bacterial growth was scarce; only mesophilic aerobic
heterotrophs in the range of 10>-10% g~! wet weight were cultivated [5].

It can be presumed that, during the early stage of disposal, when the buffer is exposed
to an elevated temperature induced by the radioactive waste and, concurrently, is not yet
saturated by the groundwater, the microbial activity would be insignificant. However,
the safety functions of bentonite may be affected at this stage. Therefore, it is crucial to
identify potential changes in the safety functions of bentonite when exposed to elevated
temperatures. This work explores Czech Mg/Ca bentonite before and after medium-term
thermal loading at 150 °C in a powder state. Several techniques and methods were chosen
for geochemical and geotechnical characterisation (e.g., XRD, TA-EGA, aqueous leachates,
CEC, SSA, free swelling, saturated hydraulic conductivity, WRC). In addition, microbiolog-
ical methods were used to investigate bacterial survivability in thermally loaded bentonite
and the ability to regenerate from spores in favourable cultivation conditions.

2. Materials and Methods
2.1. Bentonite Powder

It is anticipated that Czech bentonites will be used in the construction of engineered
barriers in the future Czech DGR project [24]. For this study, a commercial bentonite
product originating from the Cerny vrch deposit (Keramost PLC, Most, Czech Republic)
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was chosen. Bentonite Cerny vrch (BCV) is dominated by montmorillonite, with prevailing
divalent exchangeable cations (mainly magnesium). Basic characteristics of the BCV
bentonite were summarised in an HITEC SotA report [1].

Since December 2019, approximately 10 kg of bentonite powder in open stainless-steel
vessels have been exposed to a 150 °C temperature in a heating chamber (Binder, Tuttlingen,
Germany). This set-up was designed to simulate an early post-closure state of the DGR;
when radioactive decay generates a significant amount of heat, oxygen is still available,
and the buffer is not saturated by the groundwater. Overall, thermal loading of bentonite
powder was planned for two years. This paper deals with the characterisation of the initial
BCV bentonite (denoted as BCV_IN) and two subsamples taken from the thermally loaded
bentonite after a year and a half (denoted as BCV_0.5_y and BCV_1.0_y, respectively).

The first sampling revealed a colour change of bentonite on the surface, from light
brown to dark brown (see Figure 1). The thin surface layer was sampled as a separate
sample. The same procedure was then followed for the second sampling, after one year.
This paper only focuses on the characterisation of the bentonite powder beneath the thin
surface layer. This sample defines the barrier properties and allows evaluating the impact of
the thermal loading. The effect of the potential thermally induced surface buffer layer near
the containers on the DGR is expected to be negligible (regarding long-term safety) due
to the minimal thickness. However, future research should focus on the properties of the
thermally induced surface layer and the extent to which it will form in a compacted state.

(b)

Figure 1. (a) Thermal loading of bentonite powder in open vessels, and (b) visible colour change
from light brown to dark brown at the powder surface observed during sampling.

2.2. Geochemical Characterisation

Bentonite powder samples were subjected to various determinations, providing in-
sight into geochemical properties, such as the composition of major minerals, the identifica-
tion of gaseous products evolved upon heating, or soluble phases released on contact with
water. Cation exchange capacity (CEC), specific surface area (SSA), and caesium sorption
determination were selected to characterise the clay component in bentonite.

Powder X-ray diffractometry (XRD) was conducted on an Empyrean third generation
diffractometer (Malvern Panalytical B.V., Almelo, Netherlands) with the following mea-
surement conditions: Co-K radiation, a PIXcel3D detector, a range 3.5-105° 20, a step of
0.026° 20, and a total counting time of 5.25 h. Randomly oriented powder mounts (with
inner ZnO standard) and clay fraction (oriented specimens) were analysed. Minerals were
identified using HighScore Plus version 4.8 (Malvern Panalytical B.V., Almelo, The Nether-
lands) software and PDF-4+ 2020 database. Quantitative analysis was performed using a
graphical user interface Profex v.4.2.1 (Nicola Dobelin, Solothurn, Switzerland) [25].

Thermal analysis with evolved gas analysis (TA-EGA) was performed on SetSys
Evolution’s apparatus (Setaram, Calurie-et-Curie, France). The weight of the as-received
samples was approximately 10 mg. Thermal degradations of bentonites were studied
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under an argon atmosphere (flow of 60 mL/min) in x-Al,O3 crucible. The heating rate
was set to 10 °C/min in the temperature range of 30-1000 °C. Gases that evolved during
heating were analysed with a quadrupole mass spectrometer QMG 700 (Pfeiffer Vacuum,
Asslar, Germany) connected to a thermal analyser through a Supersonic System (Setaram,
Calurie-et-Curie, France). Specific fragments corresponding to water, carbon dioxide, and
sulphur oxides, were recorded.

The soluble salts were identified based on aqueous leachates. The dried (105 °C)
samples were contacted with deionised water (40 mL) at three solid-to-liquid ratios for
seven days. The suspensions were centrifuged, and supernatants were filtered using a
0.2 um syringe filter. The main cations in the filtrates were analysed using atomic absorp-
tion spectrometer SavantAA (GBC Scientific Equipment, Braeside, Australia). The total
alkalinity of the filtrates was determined by potentiometric titration using Titralab TIM800
(Radiometer Analytical, Loveland, USA). The concentrations of sulphates, chlorides, and
fluorides were determined by ion chromatography (ALS Global, Prague, Czech Republic).

The highest solid-to-liquid ratio was also tested for caesium sorption. After seven days
of shaking, the bentonite suspension of 200 g/L, aliquots of CsCl spiked with 13*Cs were
added and interacted for another seven days. Two initial caesium concentrations of spiking
aliquots (0.001 mol/L and 6.4 mol/L) were chosen. Aliquots from supernatants, separated
by centrifugation, were determined for '3*Cs activity on gamma counter 1480 Wizard 3
(Perkin Elmer, Waltham, USA). Blank samples (without solid phase) were prepared and
processed in the same way to evaluate the distribution coefficient of Cs. Each sorption
experiment under the given conditions was performed in duplicate.

The CEC and exchangeable cations were determined by the Cu(Il)-triethylenetetramine
(Cu-trien) method [26,27]. Cu-trien (0.01 mol/L) was mixed with dried (105 °C) samples
in the solid-to-liquid ratio of 25 g/L. After interaction for 30 min, the suspensions were
centrifuged, and supernatants were analysed. The Cu®* concentration was determined by
UV /Vis spectrophotometer Specord 205 (Analytik Jena, Jena, Germany). The concentration
of displaced cations (Na*, K*, Ca?*, and Mg2+) was determined by atomic absorption
spectrometer SavantAA (GBC Scientific Equipment, Braeside, Australia). Two values of
cation exchange capacity were derived: CECy;s from copper depletion and CECsyym by
summing equivalent concentrations of displaced cations.

The specific surface area (SSA) was determined based on the sorption of ethylene
glycol monoethyl ether (EGME) [28,29]. Moreover, 1 g of bentonite powder (dried at 105 °C)
was mixed with 2 mL of EGME and equilibrated in a desiccator with CaCl,-EGME solvate.
The applied procedure [30] consisted of regular desiccator evacuation and monitoring of
the samples until a constant weight was reached. The SSA was derived from the mass ratio
of adsorbed EGME and dried bentonite sample.

2.3. Geotechnical Characterisation

Free swelling tests, determination of water retention curves (WRC), and saturated
hydraulic conductivity were selected for geotechnical characterisation. Free swelling tests
were performed with 10 mL deionised water and 0.6 g powders (previously dried at 105 °C).
This solid-to-liquid ratio allows a better determination of the swell index in graduated
cylinders for low swelling materials (such as Ca- and Mg-bentonites), highlighting the
differences between the input and the thermally loaded bentonite samples. The standard
ratio of 0.02 g/L [31] did not allow the determination of the swell index nor the comparison
between the samples.

Bentonite dry densities of 1400, 1600, and 1800 kg/m3 were chosen for determining
saturated hydraulic conductivity and WRC. Bentonite powder was compacted in the
cylindrical space of a cell body (diameter of 30 mm, thickness of 15 mm) using a hydraulic
press MEGA 11-300 DM1S (FORM+TEST Seidner & Co., Riedlingen, Germany). In the
WRC experiments, a hole was drilled for placing a wireless sensor (diameter of 17 mm,
depth of 6 mm). The compacted sample was closed with end plates composed of stainless
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steel fabrics placed on the carbon composite percolator [32]. Three-quarter section views of
the experimental cells are shown in Figure 2.

(@) (b)

Figure 2. Experimental cell set-up for measuring (a) saturated hydraulic conductivity and (b) water
retention curves.

Saturated hydraulic conductivity of compacted bentonite was determined according
to ISO 17892-11:2019. The cells were placed into a desiccator filled with deionised water.
The desiccator was regularly vacuumed for at least two weeks. After water saturation, the
cell was connected via pressure hoses to the assembly for measuring saturated hydraulic
conductivity consisted of an input and output pressure controller (HPDPC and ELDPC,
GDS Instruments, Hook, UK). Hydraulic heads of 5, 8, and 10 MPa were applied for the
dry density of 1400, 1600, and 1800 kg/m?3, respectively. The experiment was terminated
when a steady-state water flow was reached, and the output water flow equalled the
input water flow. The cell was dismantled, and the actual dry density was determined.
The hydraulic conductivity was calculated according to Darcy’s law and converted to a
referential temperature of 10 °C according to the ISO standard.

The block/sensor method [33] was used to determine WRC. A wireless sensor with its
internal memory, Hygrochron iButton (Maxim Integrated, San Jose, CA, USA), was applied
for measuring relative humidity and temperature inside the compacted sample exposed to
saturated air with water vapour inside a desiccator filled with water. The cell was regularly
weighed until a constant mass was reached. When constant mass was achieved, the cells
were dismantled and the sensors removed. The measured data of relative humidity and
temperature were used to calculate the suction pressure according to the Kelvin equation
for each time interval. WRC were then constructed as a dependence between suction
pressure and gravimetric water content.

2.4. Microbiological Characterisation

Cultivation of bentonite suspensions in an anaerobic atmosphere rich in H,, with a
subsequent molecular genetic analysis, was used for studying microbial survivability in
bentonite samples exposed to thermal loading. The bentonite suspensions were prepared
from 2 g of naturally wet bentonite powders, mixed with 10 mL sterile Milli-Q water.
Samples were incubated in an anaerobic workstation (Don Whitley Scientific, Bingley,
United Kingdom) under an atmosphere containing 94% Ar and 6% Hj at room temperature.
Suspensions were sampled at three different cultivation times, immediately after phases
mixing (0 d), after 14 and 28 days, and kept in a freezer until DNA isolation. Zero-point
(0 d) samples and BCV_IN samples were prepared in duplicate, whereas the heat-loaded
samples in triplicate.

The DNA from the bentonite samples was extracted by DNeasy® PowerMax® Soil
Kit (QIAGEN, Germantown, TN, USA) according to the manufacturer’s protocol. The
extracted DNA was concentrated and purified by the DNA Clean & Concentrator Kit (Zymo
Research, Irvine, CA, USA) and quantified by a Qubit 2.0 fluorometer (Life Technologies,
Carlsbad, CA, USA). One background kit control without the sample was co-extracted
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together with samples in each DNA extraction batch to see the laboratory background and
possible contaminations resulting from the kit or the laboratory. The extracted DNA was
used to describe the microbial composition in the samples (165 rDNA amplicon sequencing,
NGS) and for the relative quantification of microbial biomass in the samples (16S rDNA
quantitative PCR). For these DNA-based analyses, protocols similar to [34] were followed.

3. Results
3.1. XRD

The bulk mineralogical composition of the bentonites is shown in Table 1. Bentonite
samples are dominated by montmorillonite (dggy ~ 1.50 A), accompanied mainly by quartz
and kaolinite. According to the position of the basal diffraction of the untreated sample
(doo1 ~ 14.9 A), Ca-montmorillonite was identified. The presence of saponite and nontronite
was excluded in all samples based on an absence of dggg spacing at 1.52 A. Of all remaining
crystalline phases, illite, goethite, anatase, calcite, aragonite, siderite, and sanidine were
quantified in amount <5 wt.%. Analcime, ankerite, and augite were detected in very
small amounts (bellow quantification limit). Measurements of as-received samples with
ZnO inner standard indicated a reduction of amorphous phases in thermally loaded sam-
ples. Therefore, depending on the quantification method used, montmorillonite content
decreased slightly or remained almost unchanged in thermally loaded samples. No signifi-
cant bentonite alteration in terms of mineral transformation can be established considering
the uncertainties of the XRD method, especially when dealing with clay minerals and
trace minerals. However, basal diffraction of montmorillonite progressively disappeared,
indicating increasing disorder of the montmorillonite layers and dehydration connected to
the thermal loading.

Table 1. Semiquantitative XRD analysis of randomly oriented powder mounts (wt.%); bgl—below
quantification limit, nd—not detected.

Phases BCV_IN BCV_0.5_y BCV_1.0_y
Montmorillonite 72 68 71
Quartz 10 10 10
Kaolinite-1A 6 8 6
Mlite-2M1 2 3 3
Sanidine 2 3 3
Goethite ! 3 3 3
Anatase 2 2 2
Calcite 1 1 1
Aragonite 1 1 1
Siderite 1 1 bql
Ankerite bql bql bql
Augite nd bgl nd
Analcime nd bgl bql
Total 100 100 100

T Amount of goethite may be underestimated due to the small size of crystallites.

3.2. TA-EGA

The results of simultaneously performed thermogravimetry (TG) and differential
thermal analysis (DTA) supplemented with mass spectrometry identification of evolved
gases can be seen in Figure 3. Variability of endothermic and exothermic processes in DTA
curves suggests a complex composition of BVC bentonite. Four major mass losses were
identified from the derivative thermogravimetric (dTG) curves: at approximately 30-200,
200-300, 300-600, and 600-800 °C. Water-related mass losses were found for the first three
processes. A shift of 240 °C peak of BCV_IN to higher temperatures was observed for
thermally loaded samples. The same shift was also observed in the EGA curves of evolved
water. Another difference in the EGA curve for CO; can be seen at 105 °C and in the region
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of 350-550 °C. A very low signal for SO, was registered around 800 °C, decreasing in order:
BCV_IN > BCV_0.5_y > BCV_1.0_y.

3.3. Aqueous Leachates

Interaction of bentonite samples with deionised water at three solid-to-liquid ratios
resulted in the leachate composition of studied ions are presented in Table 2. The dominant
aqueous species were Na* and HCO3; . The HCO;3 ™ source is the dissolution of carbonate
phases, which are abundant in BCV bentonite. Dissolution of carbonate phases is followed
by cation exchange reactions releasing cations, particularly Na*, into the leachate [35,36].
The concentrations of all ions increase with increasing bentonite content. All ion con-
centrations, except for chloride and sulphate, also increase with the heating period of
bentonite powder. It follows that the reactivity of soluble phases has changed. The thermal
loading somehow affected the bentonite, possibly in terms of mineral transformation or
recrystallisation. More considerable changes in bentonite/water reactivity were detected
in the first heating period.

Differences in leachable cation concentrations between the heated and input samples
were found mostly for calcium, then potassium and magnesium. The released Na* concen-
tration is comparable for all materials corresponding to the lowest capability of sodium to
compete at montmorillonite exchange sites. Powder heating at 150 °C resulted in the most
pronounced increase in leachable fluoride concentrations, up to 2.2 times. The bicarbonate
concentration in leachates from the heated samples was up to 1.6 times higher than from
the BCV_IN sample. The concentration of leachable S042~ and Cl~, on the other hand,
decreased with the thermal loading of bentonite powders, indicating a decrease in the
solubility of the chloride and sulphate phases.
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Figure 3. TA-EGA. Differential thermal analysis (a), derivative thermogravimetry curves (b), EGA
curves for water (c), and CO; (d) of the powder samples.

Table 2. Aqueous leachates data for the studied BCV samples at three different solid-to-liquid ratios.

mmol/L IN 0.5_y 1.0_y IN 0.5_y 1.0_y IN 0.5_y 1.0_y
25¢g/L 25 g/L 25g/L 1125g/L  1125g/L.  1125g/L 200 g/L 200 g/L 200 g/L

Na* 14 15 1.5 3.8 4.1 4.1 4.9 5.5 5.9
K* 0.13 0.26 0.32 0.26 0.51 0.60 0.33 0.62 0.81
Ca%t 0.061 0.19 0.24 0.10 0.22 0.26 0.13 0.27 0.33
Mg?* 0.11 0.23 0.22 0.23 0.36 0.33 0.29 0.49 0.49

HCO;~ 17 2.4 2.6 3.8 5.1 52 4.8 6.6 7.3
50,2~ 0.065 0.062 0.060 0.25 0.23 0.21 0.44 0.36 0.35
Cl™ 0.011 0.009 0.009 0.032 0.024 0.021 0.053 0.040 0.040
F~ 0.028 0.061 0.059 0.089 0.14 0.12 0.097 0.16 0.14

3.4. Caesium Sorption

The used methodology of sorption experiments covered two extremes of the Cs
concentration range: 0.0008 and 62 mmol/L of the initial carrier concentration, resulting
in the distribution coefficients presented in Table 3. In both cases, the lowest decrease in
Cs concentration was observed in the supernatant of the BCV_1.0_y sample. This sample
contained the largest amount of leachable ions that may compete in the sorption process.
The lowest K4 for BCV_1.0_y could be caused by cation competition or reflects an alteration
of the sorption sites. Cs sorption experiments at a wide concentration range of carrier and
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competing cations on bentonites, smectite-rich clays, and illite-rich clay identified K* as the
major competitive cation, followed by Ca?* and finally by Na* at low Cs concentration [37].
In our experiments, the main competing cation was Na*; the concentrations of other
competing cations (see Table 2) were much lower than those affecting the Cs sorption
process [37]. Competition of Cs* with leachable cations for sorption sites can also be ruled
out in experiments with the applied high concentration, where caesium represents the
dominant cation. Decreasing K4 values thus indicate a reduction in the sorption sites for
Cs when bentonite powder was thermally loaded.

Table 3. Caesium distribution coefficients Ky at two different carrier concentrations (low~0.0008
mmol/L Cs, high~62 mmol/L Cs).

Bentonite K4_low Kg4_high
Sample (mL/g)
BCV_IN 5322 + 533 29.28 £ 0.66
BCV_0.5_y 4478 + 379 28.66 =+ 0.65
BCV_1.0_y 2621 + 164 27.73 £0.62

3.5. Cation Exchange Capacity, Specific Surface Area

The results of the CEC and SSA measurements are shown in Table 4. Both determined
parameters decrease upon heating bentonite at 150 °C. While the SSA changed substantially
after the first heating phase and then remained unaffected, the CEC steadily declined. The
difference between the CECsynm and CECyg, stating the proportion of minerals dissolution
on the CEC value, increased. The rising amount of dissolved cations with the heating
period of bentonite powder is consistent with the results of the aqueous leachates (see
Table 2). Thus, the cation exchange experiment provides summary information about the
cation replacements in the montmorillonite interlayers and the interaction of Cu-trien with
the sample. Since these two phenomena cannot be discriminated, Figure 4 displays two
variants of data processing. The first one does not allow the dissolution of any minerals
or impurities. The concentration of displaced cations was related to the CECgyy value.
The latter allows the same interaction of Cu-trien with the sample as water at the same
solid-to-liquid ratio. The concentration of displaced cations was reduced by subtracting
aqueous leachable cations at 25 g/L and was related to the reduced CECgyy value. No
measurable amount of displaced iron in supernatants (in the CEC determination or in
aqueous leachates) was detected.

Table 4. Cation exchange capacity and specific surface area data; n corresponds to the number of replicates.

. CECvj;s CECsym CECgsym-CECyj;s SSA n
Bentonite Sample (meq/100 g) n (m?2/g)
BCV_IN 592+14 62.6 £1.0 35+£17 13 468 + 18 14
BCV_0.5_y 55.0£15 592+14 43+21 12 436 + 4 6
BCV_1.0_y 509 £1.0 583 +£21 74+£23 9 435+ 7 6

Depending on the CEC data processing and, thus, considering the dissolution reac-
tions followed by the cation exchange reactions, the sodium population has significantly
changed, because Na* was identified as the major water-leachable cation. Nevertheless,
the trends in the exchangeable cations are identical regardless of the CEC data processing.
Most of the exchangeable sites in BCV bentonite were occupied by magnesium and calcium.
The exchangeable cations in thermally loaded samples varied with heating time. Magne-
sium proportion decreased at the expense of calcium and potassium; sodium remained
unaffected upon heating.
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Figure 4. Exchangeable cations displaced by Cu-trien (a) and corrected by aqueous leachable
cations (b).

3.6. Geotechnical Parameters

Free swelling of dried powders in water resulted in different volumes of swollen
material. Steady-state volumes of BCV_IN, BCV_0.5_y, and BCV_1.0_y were 4.8, 2.1, and
1.8 mL, respectively.

Table 5 presents the results of saturated hydraulic conductivity measurements. Ther-
mally loaded samples showed higher saturated hydraulic conductivities; the longer the
loading period, the higher the saturated hydraulic conductivity. For all dry densities,
saturated hydraulic conductivity increased ca 1.3 times when thermally loaded for half a
year and ca 1.6 times when thermally loaded for one year.

Table 5. Saturated hydraulic conductivity kjy data for studied samples at actual bentonite dry
density pq4.

Bentonite Sample pq (kg/m3) k1o (m/s)
1420 2810713

BCV_IN 1581 1.0-10713
1784 4110714

1427 3.7.10~13

BCV_0.5_y 1605 1.3-10713
1730 6.3-10714

1434 4110713

BCV_1.0_y 1587 1.6:10°13
1773 6.1-10°14

Wetting paths of water retention curves are displayed in Figure 5. It can be seen
that the water retention ability of BCV bentonite decreases when thermally loaded. The
biggest difference was found between the unloaded sample and the loaded ones; thermal
loading time seemed to have a lesser impact. This trend was more significant for lower
water content.
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Figure 5. Water retention curves of compacted bentonite samples at given dry density (kg/m?).

3.7. Microbiological Characterisation

Generally, the DNA extraction resulted in very low DNA yields, as revealed by Qubit
measurement. Therefore, the qPCR method by 16S rDNA marker was used to better
distinguish between the samples and estimate the changes in gene copy number in the
studied samples. The quantification cycle (Cq) values were related to the Cq values of
freshly mixed suspensions (0 d) for each bentonite powder to quantify the magnitude of
relative change in gene copy numbers. The PCR efficiency for the 16S rDNA marker was
estimated beforehand by measuring the slope of curves constructed from a serial dilution
of template DNA from several environmental samples. Relative quantification, displayed
in Figure 6, showed an increase in the relative abundance of 16S rDNA copies in all samples
after 28 days of cultivation in anaerobic conditions. The relative increase varied among
samples. The highest relative increase was detected in BCV_0.5_y samples after 28 days of
cultivation. A slightly lower relative increase was found for BCV_IN. The lowest relative
increase in the gene copies was determined for BCV_1.0_y. Our data also show that 14 days
of recovery time for restoring microbial activity from dormant stages is insufficient for
most samples.
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Figure 6. gPCR analysis of the 165 rDNA gene in anaerobically cultivated bentonite suspensions.

NGS sequencing technique enabled describing the microbial composition in the sus-
pensions. The results of NGS sequencing (see Figure 7) were consistent with the gPCR
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analyses. The low NGS signal was found for the studied samples with low 16S rDNA copy
numbers and microbial abundance.
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Figure 7. Relative abundance of detected microbial genera by NGS sequencing. The sample notation
reflects the number from replicates, the cultivation time, and background (BG) controls co-extracted
with each batch.

Various facultative anaerobic nitrate-reducing (NRB) genera such as Alkalibacter, Acine-
tobacter, Bacillus, Pseudomonas, Paenibacillus, Symbiobacterium, or Massilia, or iron-reducing
(IRB) genus Thermincola were detected in BCV_IN samples. All of these genera are typ-
ical for Czech Mg/Ca bentonite [38]. Much lower genera diversity was found in the
BCV_0.5_y samples. After 14 or 28 days of cultivation, the suspensions contained mostly
the NRB genus Bacillus or the IRB genus Thermincola. In the samples 0.5_y_3(14 d)_BG3
and 0.5_y_2(28 d)_BG2, the presence of an unspecified bacterial clone from the family
Symbiobacteraceae was detected. Sequencing of DNA from BCV_1.0_y samples resulted in
poor NGS results. Only sample 1.0_y_1(28 d)_BG2 showed an increased frequency of the
thermophilic genus Thermincola compared with the background controls (BG) co-extracted
with the samples. This result indicates that, although the relative increase in 165 rDNA
copy numbers in the BCV_1.0_y samples cultivated for 28 days was detected, this increase
did not result in sufficiently high absolute gene copy numbers for successful NGS analysis.
Microbial composition of all zero-point samples was very similar to the pattern detected in
co-extracted background controls, which reflects their very low DNA content and lack of
DNA signal similarly to the situation observed in 1.0_y samples. The only difference was
observed in IN_1(0 d) and IN_2(0 d) samples, with lower proportion of Oxalobacteraceae
family members compared to BG1 control. However, the relative frequencies of particular
taxa are rather sensitive to several biases introduced during DNA extraction and PCR in
low-DNA samples, and we consider the observed difference insignificant.

4. Discussion

The applied geochemical characterisation, targeting both the overall composition (in
terms of mineralogy, thermolabile, and soluble phases) and the clay component, allowed
investigating the effect of heating on individual components. The XRD analysis of BCV
bentonite provided a substantial number of various phases, which may be affected by the
exposition to the high temperatures, i.e., montmorillonite component, other clay minerals
and non-clay minerals. Based on the XRD analysis, considering its uncertainties in detecting
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variations in the structural chemical composition of clay minerals, it is not possible to
deduce any significant mineral transformation upon heating.

The processes that the bentonite underwent up to 150 °C are indicated by the results
of thermal analysis. Besides the apparent loss of water content in as-received samples,
TA-EGA identified a release of CO; from the BCV_IN sample. Several CO,-related mass
losses were recorded when heating the bentonite samples to higher temperatures, up
to 1000 °C. The CO; release can be attributed mainly to the carbonate phases, which
XRD and aqueous leachates detected. Assigning peaks to given minerals is difficult due
to superimpositions of double carbonates with calcite [39,40]. The presence of various
carbonates in BCV might be reflected in the broad CO; peak at 600-800 °C. The main
difference in thermal behaviour between BCV_IN and thermally loaded samples was
found in the shift of HyO and CO, peaks. These shifts, and release of CO, from the BCV_IN
sample up to 150 °C, indicate some alteration process during bentonite heating. Altered
reactivity of carbonates was also detected by aqueous leachates. A significantly higher
concentration of leachable HCO3;™~ from thermally loaded samples indicates an intense
alteration of carbonate minerals, supported by the increased leaching of cations.

The impact of bentonite heating to 150 °C can also be inferred based on the leaching
of fluorides, sulphates, and chlorides. A change, though to a minor extent, in sulphate
content was also registered by TA-EGA. Nevertheless, no mineral phases containing
fluorides, sulphates, and chlorides were detected by XRD. However, they may be present
as impurities in minerals and/or in accessory amounts. For example, fluoride is commonly
found in montmorillonites [5,41,42]. It can substitute the hydroxyl groups in the octahedral
sheets [41]. The most significant increase in leachable concentration with exposure to
elevated temperature has been determined for fluoride. An increased release of F~ into the
solution might indicate montmorillonite lattice modification.

The effect of thermal loading on clay component was examined in detail using the
determination of SSA and CEC and sorption experiments with caesium. The thermal load-
ing caused a decrease in the SSA. A decrease in SSA upon heating up to 200 °C was also
observed for Barmer bentonite [43]. A lower specific surface area may indicate recrystallisa-
tion of minerals or montmorillonite collapse. Lower amorphous phases in thermally loaded
samples may indicate recrystallisation of minerals, often leading to textural coarsening.
Coarsening then may facilitate the release of species when contacted with water. Higher
leachable concentrations were found for thermally loaded samples. However, since EGME
penetrates in the montmorillonite interlayers due to its polarity, the SSA decrease can be
more attributed to the montmorillonite alteration than to recrystallisation of minerals.

Montmorillonite lattice modification in thermally loaded samples can be deduced
from the experiments with selectively interacting cations (such as Cu-trien cation or Cs*).
The 34Cs distribution coefficient at both studied carrier concentration decreased in the
order: IN > 0.5_y > 1.0_y. The same trend was determined for the CEC determination with
Cu-trien. Decreasing CEC due to extensive drying was observed in various bentonites
and one illite/ montmorillonite clay and was attributed to the type of exchangeable cations
and their fixation [44]. Generally, the origin of the CEC is a permanent negative charge
of montmorillonite clay layers due to isomorphous substitutions [45]. Altered reactivity
of the applied selective cations, interacting by the cation exchange, clearly indicates a
change in surface charge density of clay particles. Such a partial alteration can result
in the formation of new phases (low-swelling or even non-swelling) at the expense of
montmorillonite content.

To support the finding of reduced montmorillonite content, which could not be
confirmed using XRD, data analysis of CEC, SSA was performed. The interlocking of SSA,
CEC and smectite content is illustrated in Figure 8. Data selection (see Table 6) was mainly
restricted by existing SSA values measured according to the EGME method. Previously
published data were compared with the results from the current study. Five groups of
bentonites can be distinguished corresponding to their smectite content. The lowest SSA
and CEC values are typical for bentonites containing up to 50 wt.% of smectite. The highest
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SSA and CEC values are typical for bentonites containing almost 100 wt.% of smectite.
The CECy;s and SSA values of the BCV_IN sample correspond well with the correlation

matching the group of bentonites containing 50-80 wt.% of smectite.
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Figure 8. Correlation between CEC and SSA for various bentonites depending on their smectite

content (wt.%).

Table 6. Data on smectite content, SSA and CEC of selected bentonites.

Bentonite Location Smectite SSA CEC
Sample Content (wt.%) (m?/g) (meq/100 g)
SAz-1 Cheto (USA) 98 [46] 770 + 39 [30] 123 + 3 [47]
SWy-2 Wyoming (USA) 75 [46] 618 + 37 [30] 85 + 3 [47]
MX-80 Wyoming (USA) 81.3 [6] 610 £ 3 [6] 84 [6]
FEBEX Cortijo de Archidona (Spain) 92 [48] 725 + 47 [48] 102 + 4 [48]
SPA 050 Cortijo de Archidona (Spain) 88 [37] 656 + 14 [30] 93.1[37]
SPA 04 Cortijo de Archidona (Spain) 75 [37] 588 + 4 [30] 87.5[37]
SPA 051 Cortijo de Archidona (Spain) 54 [37] 475 £ 19 [30] 64.9 [37]
Volclay KWK 20-80 Stidchemie (Germany) 90 [49] 708 + 14 [30] 81 [49]
Friedland clay Friedland (Germany) 31.8[6] 144 +2[6] 26 [6]
Deponit CAN Milos (Greece) 72.1[6] 550 £ 5 [6] 82 [6]
Asha Kutch (India) 67.1[6] 419 + 6 [6] 90 [6]
VSK 11 10.5 Jastraba F. (Slovakia) 89 [50] 616 [50] 101 [50]
VSK 11 30.5 Jastraba F. (Slovakia) 52 [50] 462 [50] 61 [50]
VSK 11 31.5 Jastraba F. (Slovakia) 78 [50] 565 [50] 84 [50]
RO-M Rokle (Czech Republic) 59 [49] 464 + 5 [30] 57 + 1 [49]
BM Rokle (Czech Republic) 52 [51] 531 + 6 [30] 62 [51]

The most interesting finding of this study is in the composition of exchangeable

cations. Magnesium dominated bentonite lost a significant amount of exchangeable Mg

2+

when heated. The proportion of Ca?* and K* increased with heating, while Na* remained
unaffected (see Figure 4). These changes in exchangeable cations took place in the solid
state, without the influence of external fluids. In comparison, in the in situ experiments
with access to groundwater, a gradually increasing proportion of the divalent cations
towards the heater was observed [13]. Only water originally present in BCV_IN and
escaping due to thermal loading could act as a transport medium. From this point of
view, it is necessary to analyse the top layers of bentonite, which were excluded from
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current research due to the small amount (see Section 2.1). The loss of exchangeable Mg?*
can be explained by increased fixation between charged surfaces [44] or crystal lattice
transformation. Magnesium in the montmorillonite structure is located in the octahedral
sheet together with Al and Fe [13]. It can be expected that when the montmorillonite lattice
is damaged, Mg2+ is released from the structure, and the surface charge is redistributed. A
very slight decrease in the mean layer charge density for montmorillonite was detected
in compacted bentonite (Almeria, Spain) exposed in situ to 100 °C [52]. The change
in surface charge density was deduced from our results of CEC, SSA and Cs sorption.
Moreover, 1.5-2 times higher Mg concentrations were determined in the aqueous leachates
from the thermally loaded samples compared to the input sample. Therefore, we are
inclined to explain the changes in exchangeable cations to the partial lattice modifications.
Plotze et al. [52], however, observed Mg enrichment in samples from the heater region,
as in many large-scale tests [4,13]. The mechanism behind the Mg enrichment is not yet
clear [4]. Both mechanisms, magnesium enrichment and depletion (as observed in this
study), would be worth investigating thoroughly in future research.

The studied geotechnical parameters (free swelling, saturated hydraulic conductivity,
and water retention curves) showed worsening with the thermal loading time. All these
parameters are related to the behaviour of water in bentonite (maximal expansion of ex-
pandable structures in free swelling test, water uptake and transport through confined clay
particles). As the water uptake ability of montmorillonite depends critically on the magni-
tude of the surface charge density of the particles [45], the observed geotechnical behaviour
indicates changes in surface charge distribution. The resulting reduction of expandable
clay structures towards low- or non-swelling clay structures upon heating was therefore
subjected to data analysis of saturated hydraulic conductivity. Figure 9 displays hydraulic
conductivities converted to a referential temperature of 10 °C, according to ISO 17892-11,
for BCV bentonite and selected bentonites (from Table 6) tested by Karnland et al. [53]. A
correlation between saturated hydraulic conductivity and montmorillonite content can be
seen. The higher the ky(, the lower the montmorillonite content. The ko values for BCV
can be categorised between Rokle bentonite and Friedland clay, which corresponds well to
their low montmorillonite content. The saturated hydraulic conductivity of Deponit CAN,
MX-80 and Asha is one order of magnitude smaller due to higher montmorillonite content.
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Figure 9. Saturated hydraulic conductivity of BCV compared to data for Friedland clay, Rokle,
Deponit CAN, MX-80, and Asha [53].
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A shift of measured saturated hydraulic conductivity for BCV towards clay material
of lower montmorillonite content with thermal loading period can be clearly seen. Nev-
ertheless, BCV meets an acceptance safety limit for saturated hydraulic conductivity of
buffer lower than 10~12 m/s [17], even after the thermal loading. It can also be noticed
in Figure 9 that the differences between input and thermally loaded BCV samples were
more dramatic for lower dry densities, whereas for dry densities over 1700 kg/m?, the
differences induced by the thermal loading seem to be reduced. Based on this observation,
it can be hypothesised that no significant effect of thermal loading on saturated hydraulic
conductivity [13] might be due to the high density of bentonite samples. On the other hand,
the most notable difference between BCV samples was found in free swelling tests, where
the dry density was very low. Therefore, it seems that the thermally induced changes
manifest more in less dense systems. For further investigation, higher dry densities or,
and vice-versa, lower ones than those used (e.g., 2000 kg/m3 and 1000 kg/m3) would be
promising to determine saturated hydraulic conductivity and WRC to highlight the impact
of the thermal loading on buffer mass.

Water retention ability for all dry densities decreased with the thermal loading period.
This behaviour was more relevant for lower water content; for water content above 20%,
the water retention ability of both thermally unloaded and thermally loaded samples
became closer to each other. This trend was also observed by [9]. The most significant
difference is between the BCV_IN samples and the BCV_0.5_y ones; the difference between
BCV_0.5_y and BCV_1.0_y is minor. It indicates that most of the material changes took
place during the first half-year of thermal loading. This fact corresponds well with SSA
values, where between BCV_IN and BCV_0.5_y, a crucial decrease was observed, whereas
between BCV_0.5_y and BCV_1.0_y no visible change was detected.

Microbiological experiments under very hospitable conditions in a suspended state
(i.e., without space and water availability limitation) with continuous electron donor
supply in the form of H; present in an anaerobic atmosphere showed that heating of
bentonite powder at 150 °C for up to one year did not result in bentonite sterilisation.
However, a reduction of microbial load with increasing thermal loading time was observed.
This reduction was especially true for the BCV_1.0_y samples, where microbial recovery
was lower than BCV_IN and BCV_0.5_y. Our experiment further showed that microbial
recovery from the dormant stages is a lengthy and probably partially stochastic procedure.
After 14 days of cultivation, the signal in relative quantification seems to be rather random
in the case of thermally loaded samples, while after 28 days of cultivation, the pattern was
much more consistent, and this cultivation time proved to be more suitable for the detection
of microbial activity restoration in bentonite samples at given environmental conditions.

Although we showed that bacteria could at least partially resume their activity after
medium-term heat loading when cultivated at suitable conditions, the results imply that a
substantial reduction in microbial load or even complete sterilisation of bentonite powder
could be possible when the heating time exceeds one year. An equilibrium between an
increase of the temperature limit at the canister surface resulting in bentonite sterilisation
and the potential risk of losing favourable geochemical and geotechnical properties should
therefore be addressed in the DGR performance assessment.

5. Conclusions

A medium-term thermal loading of bentonite powder resulted in detectable changes of
properties, important directly or indirectly for the safety performance as a barrier material
in a deep geological repository. No significant bentonite alteration, in terms of miner-
alogical composition, was observed by XRD. The thermal loading resulted in progressive
disappearance of basal diffraction of montmorillonite, indicating increasing disorder of the
montmorillonite layers. The impact of thermal loading on the overall bentonite composi-
tion was registered by aqueous leachates and TA-EGA mainly for carbonate phases, then
for sulphates and fluorides.
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References

Based on the determination of cation exchange capacity, total surface area and caesium
distribution coefficient and interpretation of these parameters, it was concluded that
montmorillonite had been partially altered in terms of the magnitude of the surface charge
density of montmorillonite particles. Montmorillonite alteration towards low- or non-
swelling clay structures was also supported by the determined geotechnical behaviour.
Swelling ability and water uptake ability of thermally loaded samples were lower, and
saturated hydraulic conductivity higher than for the input bentonite material.

This study has shown that XRD is a suitable method for mineralogical characterisation,
but it was found to be insensitive for detecting slight variations of minerals in bentonite. In
order to identify the altered montmorillonite fraction in more detail, a future investigation
will focus on the clay fraction separation and its detailed analysis. We also plan to sample
the heated bentonite powder after two years of thermal loading. Therefore, the current
methods applied in this study to characterise bentonite properties will be amended to
capture an alteration of clay minerals, especially by monitoring silica, aluminium, iron,
and magnesium, which could confirm the hypothesis of thermal stress damage to the
montmorillonite lattice.

The thermal loading also resulted in a reduction of microbial survivability and, thus,
affected possible future microbial activity in bentonite. Thermal loading could play an
important role in a permanent reduction of microbial activity in the bentonite buffer. How-
ever, more extended experiments focused on the stress-induced hindrances to microbial
growth are needed.
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Abstract: Bentonites are considered to be the most suitable materials for the multibarrier system of
high-level radioactive waste repositories. Since BCV bentonite has been proved to be an ideal repre-
sentative of Czech Ca-Mg bentonites in this respect, it has been included in the Czech Radioactive
Waste Repository Authority (SURAO) buffer and backfill R&D programme. Detailed knowledge
of processes in the material induced by thermal loading provides invaluable assistance regarding
the evolution of the material under repository conditions. Samples of both original BCV 2017 ben-
tonite and the same material thermally treated at 200 °C were characterised by means of chemical
analysis, powder X-ray diffraction, infrared spectroscopy, thermal analysis, cation exchange capacity,
specific surface area (BET) measurements, the determination of the swell index, the liquid limit, the
swelling pressure and water retention curves. The smectite in BCV 2017 bentonite comprises Ca-Mg
montmorillonite with a significant degree of Fe>* substitution in the octahedral sheet. Two main
transformation processes were observed following heating at 200 °C over 27 months, the first of
which comprised the dehydration of the montmorillonite and the subsequent reduction of the 001
basal distance from 14.5 A (the original BCV 2017) to 9.8 A, thus indicating the absence of water
molecules in the interlayer space. The second concerned the dehydration and partial dehydrox-
ylation of goethite. With the exception of the dehydration of the interlayer space, the PXRD and
FTIR study revealed the crystallochemical stability of the montmorillonite in BCV 2017 bentonite
under the selected experimental conditions. The geotechnical tests indicated no major changes in the
mechanical properties of the thermally treated BCV 2017 bentonite, as demonstrated by the similar
swelling pressure values. However, the variation in the swell index and the gradual increase in the
liquid limit with the wetting time indicated a lower hydration rate. The retention curves consistently
showed the lower retention capacity of the thermally treated samples, thus indicating the incomplete
re-hydration of the thermally treated BCV 2017 exposed to air humidity and the difference in its
behaviour compared to the material exposed to liquid water.

Keywords: bentonite; smectite; crystal structure; water in the smectite interlayer; XRD; mineralogical
changes; thermal treatment; BET; swell index; liquid limit; swelling pressure; water retention curves
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1. Introduction

Bentonites are considered to be the most suitable materials for the multibarrier system
of high-level radioactive waste (HLRW) repositories [1-4]. The favourable behaviour
of bentonites is mainly influenced by the presence of smectites having unique physical
and physico-chemical properties [3,5]. The stability of smectites is a key factor for all
concepts that consider the use of bentonites in the engineered barriers of nuclear waste
repositories [3]. The physico-chemical properties of smectites can be deteriorated by
interaction with groundwater coming from the surrounding rock mass and by the heat
generated from the radioactive decay of the waste [5-9].

The Czech deep geological repository concept is based on the use of bentonites and
montmorillonite-rich clays of Czech origin as the buffer and backfill materials. Research
work has been conducted to date primarily with respect to four Czech bentonites, each
of which is of the calcium/magnesium (Ca/Mg) type. The first bentonite to be tested
was extracted from the Rokle deposit, followed by industrially processed B75 bentonite,
BAM—a mixture of Rokle, Strance and Cerny vrch bentonites and BCV—bentonite from
the Cerny vrch deposit.

Following the pilot characterisation of the various types of bentonites and montmo-
rillonite-rich clays, experiments focused on the construction and operation of physical
models of the buffer (Mock-Up-CZ and Mock-up Josef). The Mock-Up-CZ experiment
comprised a physical model that followed the KBS-3V arrangement using Czech Rokle
bentonite in the form of compressed blocks. A heater enabled the heating of the bentonite
layer to a maximum of 95 °C. This physical model conducted in a laboratory environment
was artificially saturated with synthetic granitic water. A detailed description of the
experiment and the results can be found in [10].

The Mock-up Josef experiment [11] was installed in the real rock environment of
the Josef Underground Research Laboratory. The project continues to provide valuable
information on the behaviour of B75 bentonite that has been subjected to continuous
loading in a similar way to that anticipated under deep geological repository conditions.
The dismantling of this project is planned for 2022.

The BCV 2017 bentonite considered in this study comprises an industrially processed
(dried and milled) bentonite extracted from the Cerny vrch deposit and processed at the
Keramost Ltd. Obrnice plant, Most, Czech Republic.

BCV bentonite was first subjected to testing in 2017 [12]. The basic characteristics
of this material have been summarised in [13]. BCV bentonite is currently being used in
the HotBENT full-scale experiment [14], the Interaction physical in situ models experi-
ment underway at the Bukov underground research facility [15], the BEACON European
project [16] and the Engineering barrier 200C project [17].

The Czech Radioactive Waste Repository Authority (SURAO) anticipates that this
material will be subjected to extensive testing in a number of upcoming research projects
and demonstration and full-scale experiments aimed at determining the bentonite to be
used in the future Czech deep geological repository for used nuclear fuel.

Most concepts currently consider temperatures up to 100 °C to prevent water boiling
and to prevent possible changes in the bentonite which could lead to decreased perfor-
mance. The aim of presented research is to investigate the potential for increasing the
temperature limit of the bentonite buffer. This could lead to significant cost savings due to
increased disposal capacity. Moreover, it has the potential to enhance the safety margin in
case of emergency events.

This paper presents a laboratory experiment based on the long-term heating of BCV
2017 bentonite at 200 °C. Special attention was drawn to investigate what changes in terms
of impact on the barrier performance will happen at temperatures up to 200 °C. Even if
there are mineralogical changes happening, it does not mean that material is losing its
required properties (such as sealing or retention action) to perform its function fully (or
in reduce manner). It is important to note that an increase in temperature up to 200 °C
affects only a very small part of the barrier. A detailed description of the various properties
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affected by thermal treatment will provide invaluable assistance regarding the evolution of
the material under repository conditions.

2. Materials and Methods
2.1. Material

The subject of this study comprised BCV 2017 bentonite (denoted “original BCV
2017”) and the same material subjected to heating at 200 °C for 12, 15 and 27 months
(“thermally-treated BCV 2017”).

2.2. Analytical Techniques

The chemical and mineralogical composition of the experimental material (before and
after heating at 200 °C) was studied via the powder X-ray diffraction (PXRD), infrared
spectroscopy (FTIR), cation exchange capacity (CEC), thermal analysis and specific surface
area measurement (BET). Selected geotechnical characteristics including the swell index,
liquid limit, swelling pressure and water retention curves were subsequently determined.

2.2.1. Chemical Analysis and Powder X-ray Diffraction (PXRD)

The chemical composition of the original and thermally treated BCV 2017 bentonite
was determined via standard wet chemistry in the laboratories of the Czech Geological
Survey, Prague. The material was not subjected to any form of treatment prior to analysis
except for drying at room temperature and grinding by McCrone mill. The chemical
composition of solid samples was determined by standard techniques for silicate analysis
summarized by Dempirova et al. [18]. 5iO,, Al,O3 and FeO were determined by titration.
TiO,, Fe; 03, MgO, MnO, CaO, Na,O and K,O were analysed by atomic absorption spec-
trometry (AAS) after decomposition of silicate matrix in a mixture of HF, HNO3; and H»SOj.
P,05 was measured photometrically. Carbonate carbon was measured by infrared spec-
troscopy as CO, evolved from the sample by its reaction with orthophosphoric acid. C and
S were determined by infrared spectroscopy after heating of the sample to 1350-1450 °C.
The humidity (H,O™) was quantified as a loss in weight by drying at 110 °C until a constant
mass of the sample was reached. For determination of the structural water (H,O"), the
sample is heated at 1050 °C until a constant mass was reached. The H,O" content was
calculated by subtracting of volatile components (CO,, C, S) from the weight loss obtained
by heating at 1050 °C. The relative 20 uncertainties did not exceed 1% (SiO,), 2% (FeO), 5%
(A1203, Kzo, NaZO), 7% (TiOz, MnO, CaO), 6% (MgO) and 10% (FEZOg, P205) [18]

The mineralogical composition of the original and the thermally treated BCV 2017
bentonite was studied via powder X-ray diffraction (PXRD) analysis. The diffraction data
were collected in a Bragg—-Brentano reflection geometry on a Bruker D8 diffractometer
equipped with a LynxEye XE detector. CoK« radiation and a 10 mm variable divergence
slit were applied. The data were collected in the angular range 4-80° of 20, with a 0.015°
step size and a time of 5 s per step. The semiquantitative phase analysis was conducted
by means of the Rietveld method applying the BGMN program with Profex 4.0 [19] as the
graphical user interface. The models of the crystal structures used in the refinement were
taken from the Profex 4.0 program internal database. The amorphous phase content was
not quantified.

2.2.2. Infrared Spectroscopy

The infrared (IR) spectra of both the original and the thermally treated BCV 2017
material were recorded on a Nicolet 6700 FTIR spectrometer (Thermo Scientific, Waltham,
MA, USA) equipped with a DTGS/KBr detector. Two IR spectroscopy techniques were
used for the evaluation of the structural changes in the BCV 2017 due to long-term heating
at 200 °C, i.e., the pressed bromide (KBr) pellet and the attenuated total reflection (ATR)
methods. Samples of 2 and 0.5 mg were homogenised in an agate mortar with 200 mg
of optically pure KBr for the recording of the optimal spectra in the 4000-3000 cm~! and
4000-400 cm~! regions, respectively. A total of 64 scans were taken with a resolution of
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4 cm~! for each spectrum. Prior to measurement, the KBr disks intended for the spectral
region of 4000-3000 cm ! were heated at 150 °C for 24 h so as to eliminate the effect of
surface-bound water. The reflective ATR technique was included in the experimental study
since it allows for the direct measurement of powdered samples. The ATR spectra were
collected using a single-reflective ATR accessory/Smart Orbit Diamond Crystal/ in the
absorbance mode. A total of 32 scans were taken in the range 4000-400 cm ™! with a spectral
resolution of 4 cm~! for each spectrum. The final IR spectra were adjusted by means of
ATR correction.

2.2.3. Cation Exchange Capacity (CEC)

The cation exchange capacity was determined using the Cu(ll)-triethylenetetramine
method according to [20]. Thus, 250 mg of the sample was mixed with 10 mL of 0.01 M
of Cu(ll)-triethylenetetramine. The samples were shaken for at least 30 min and then
centrifuged at 3000 rpm for 10 min. A volume of 3 mL of the supernatant was then
transferred into cuvettes and the concentration of the Cu(ll) complex was measured via
spectrophotometry. The solution absorbance was measured at 577 nm. The amount of
the copper complex adsorbed was calculated from the concentration differences. The
proportion of the main exchangeable cations (Na*, K*, Ca?t, Mg2+) was analysed in the
supernatant solution by means of atomic absorption (Cu, Mg) and atomic emission (Ca,
Na, K) spectroscopy.

2.2.4. Thermal Analysis Measurement

Simultaneous thermal analysis (TG-DTA) combined with evolved gas analysis (EGA)
was employed for the study of the bentonite samples. The TG-DTA analysis was conducted
using a Setsys Evolution device (Setaram, Caluire, France) coupled with an Omnistar
Mass Spectrometer (Pfeiffer, Asslar, Germany). The experiments were performed within a
temperature range of 20 °C to 1000 °C in an air atmosphere with a flow rate of 20 mL-min .
The heating rate was 10 K-min~!. The evolved gases CO, and H,O were monitored by

means of the Mass Spectrometer.

2.2.5. Specific Surface Area (BET)

The specific surface area and the distributions of the volume mesopores were mea-
sured using a 3Flex analyser (Micromeritics, Norcross, GA, USA) employing the gas
sorption technique (the adsorption of nitrogen). The adsorption isotherms were fitted
applying the Brunauer-Emmett-Teller (BET) method for the specific surface area.

2.2.6. Saturation of Thermally Treated BCV 2017 from the Aqueous Phase

The ability of certain 2:1 phyllosilicates, including smectites, to incorporate interlayer
water molecules and the subsequent change in basal spacing has been studied extensively
in the past (e.g., [21-24] and references therein). In order to demonstrate the ability of
montmorillonite to incorporate water molecules following long-term heating at 200 °C,
experiments were performed involving direct saturation from the aqueous phase. One
gram of thermally treated BCV 2017 was added to 25 mL of demineralised water and mixed
during the experiment. The bentonite reacted with the water in a beaker covered with foil
for 44 days at a temperature of 21 °C. As the sample incorporated water, it was necessary
to add demineralised water regularly up to the initial level. The bentonite material was
analysed after 7, 14, 22, 30, 44 and 54 days of saturation by means of PXRD. Qualitative
descriptions were compiled, i.e., on the position (dy;) and full width at half maximum
(FWHM) of the 001 montmorillonite reflection for the characterisation of the smectite
hydration.

2.2.7. Swell Index

The determination of the swell index (SI, mL/2 g) was performed according to the
ASTM D5890—11 Standard Test Method for the Swell Index of the Clay Mineral Component
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of Geosynthetic Clay Liners [25]. The resulting value indicated a volume of 2 g of dried
material following one day of free swelling (24 h).

The tests involved the dispersion of approx. 2 g samples of dry bentonite in 100 mL
graduated cylinders in increments of 0.1 mL. The material was added at intervals of at
least 10 min so as to allow for full hydration and the settlement of the clay at the bottom
of the cylinder. The process continued until the entire 2 g samples had been added to the
cylinders. The samples were then covered and protected from disturbance for a period of
16-24 h, following which the levels of the settled and swollen clay were recorded to the
nearest 0.5 mL. The final volumes relating to 2 g of the dry material were then calculated.
Five samples/cylinders were processed at a time so as to allow for the calculation of the
average values. Some of the samples have been left additional time (up to 10 days) in
dispersion in order to evaluate influence of longer saturation time.

2.2.8. Liquid Limit

The liquid limit (wy ; %) comprises the water content at which a soil changes from the
liquid to the plastic state. The determination of the liquid limit was performed via the fall
cone method according to standard CSN EN ISO 17892-12 [26]. A cone with a tip angle of
30° and a mass of 80 g was used for testing purposes. In this case, the liquid limit equalled
the water content at a penetration (depth) of 20 mm.

Distilled water was used for the wetting of the samples before and during the tests.
The bentonite samples were carefully mixed and patiently kneaded with water so as to
attain an initial penetration of 15 mm (according to the standard) and maintained in this
state for 24 h. More water was then added, and the sample kneaded so as to once more
attain 15mm penetration prior to the commencement of the testing process.

2.2.9. Swelling Pressure

The swelling pressure was measured in a constant volume cell apparatus that allows
for the combination of the investigation of both the water permeability and the total
pressure. The cells were designed for bottom-up saturation and the continuous monitoring
of the evolution of total pressure. The tops and bottoms of the samples were fitted with
sintered steel permeable plates so as to prevent the leaching (“mobilisation”) of the material.
The piston and force sensor for the measurement of the total (or swelling) pressure of the
bentonite are positioned between the upper flange of the chamber and the upper surface of
the sample. Force sensors were connected to a central data logger.

The bentonite BCV 2017 was uniaxially compacted into the hollow steel cylinders that
formed the central part of the cell. Distilled water was used as the saturation medium.
The test continued until the flow and the total pressure stabilised. The water pressure
source was subsequently disconnected so as to allow for the determination of the swelling
pressure.

2.2.10. Water Retention Curves

The water retention curves were determined by means of the commonly used vapour
equilibrium method [27]. The relative humidity in the closed containers was investigated
via the application of eight different saturated salt solutions [28] and was found to vary in
the range 12.0-97.6%. The unique relationship between the imposed relative humidity and
total suction is given by Kelvin’s law. Samples with three differing initial dry densities (1.27,
1.60 and 1.90 g/cm?) were prepared from bentonite powder by means of static uniaxial
compaction under controlled loading. The compacted samples were carefully cut into
pieces with irregular dimensions and typical volumes of 2-5 cm® and placed in vessels
containing the various salt solutions. Three sets of samples were tested. The first set was
prepared from original BCV 2017 bentonite with its natural water content of 11%. The
second set was prepared in the same way; however, the pieces of compacted bentonite
had been subjected to one year of thermal loading at 200 °C. The third set of samples was
compacted from thermally treated powder (1 year, 200 °C). The heated powder used for
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the latter set of samples was equilibrated at a relative humidity of 43% (i.e., the standard
laboratory environment) prior to compaction so as to replicate the compaction conditions
of the first two sets of samples.

3. Results and Discussion
3.1. Chemical and Mineralogical Composition of BCV 2017

A comparison of the chemical compositions of the original and thermally treated
bentonite BCV 2017 (27 months at 200 °C) is provided in Table 1. The results indicate a rela-
tively high content of Fe;O3, e.g., in comparison with that of Bentonite 75 (5.57 wt.% [29]).
The chemical composition of the original and thermally treated materials were found to be
similar, with the exception of the differing hydration water contents (H,O™), which was a
direct consequence of the heating of the material at 200 °C. As indicated by the PXRD study
(see below), the heating of the material at 200 °C resulted in the complete dehydration of
the interlayer space of the montmorillonite and its structural collapse to the 9.8 A structure.
Hence, the Ho O™ content of thermally treated material is significantly lower than that for
the original one.

Table 1. Chemical composition of the original and the thermally treated bentonite BCV 2017.

Wt.% Original BCV 2017 Thermally Treated BCV 2017
SiO, 51.86 52.39
TiO, 2.34 2.60
AL O3 15.56 15.13
Fep O3 11.41 13.69
FeO 0.14 0.10
MgO 2.82 3.01
MnO 0.20 0.24
CaO 2.83 2.99
NayO 0.37 0.41
KO 1.02 0.95
P,05 0.51 0.53
F 0.12 0.10
CO, 1.68 1.60
C 0.17 0.11
S <0.010 0.02
H,O* 9.06 6.34
Total 100.09 100.22
Hy,O~ 9.23 1.48

The lower structural water content (H,O") in the thermally treated material was
related to the transformation of goethite to hematite which occurred during the long-term
heating of the material at 200 °C.

The mineralogical composition of the original BCV 2017 consists of clay minerals—
montmorillonite, kaolinite and illite. Among non-clay minerals, quartz, goethite, Mg-
bearing calcite, siderite, anatase and ankerite were detected. Since the smectite hydration
state is characterised by the evolution of (001) basal-spacing (dop1) under variable relative
humidity [23,24,30-32], a variation was observed in the d-value of the (001) basal spacing
between 14.1 and 14.7 A depending on the relative humidity (RH) in the laboratory. For
an RH of 40%, the 001 reflection appeared at 14.5 A. The usual hydration state of smectite
has been described in terms of three-layer types that evince differing layer thicknesses
that correspond to the common hydration states for smectites: dehydrated layers (OW,
doo1 =9.7-10.2 A), monohydrated layers (1W, dgp; = 11.6-12.9 A) and bihydrated layers
(2W, doo; = 14.9-15.7 A) [32]. The dg; value of 14.5 A observed for montmorillonite in
the BCV 2017 is an intermediate value between those basal spacing corresponding to
the discrete IW and 2W hydration states. Consequently, it indicates presence of high
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Intensity (counts)

amount of bihydrated layers (2W) and a small amount of monohydrated layers (1IW) in the
montmorillonite structure at an RH of 40%.

The mineralogical compositions of the original and the thermally treated BCV are
shown in Table 2, while Figure 1 provides a comparison of the powder X-ray diffraction
patterns (PXRD). The PXRD pattern reflects two main changes in the samples of the ther-
mally treated BCV 2017 compared to the original material. It is clear from Figure 1 that the
most remarkable change concerned the shift in the (001) montmorillonite reflection from
14.5 t0 9.8 A for the material subjected to heating accompanied by an intensity decrease.
This basal spacing corresponds to dehydrated montmorillonite, i.e., montmorillonite with-
out the presence of water molecules in the interlayer. A second feature observed in the
PXRD patterns is disappearance of goethite in the material subjected to heating and its
dehydration to hematite according to the equation:

2 x-FeOOH — «-Fe, O3 + H,O 1)

Table 2. Semiquantitative PXRD phase analysis of the original and the thermally treated BCV 2017
bentonite (in wt.%).

Wt.% Original BCV 2017 Thermally Treated BCV 2017 (200 °C)
Anatase 2.3 2.6
Quartz 114 11.8

Montmorillonite 69.7 70.7 *

Mg-calcite 3.7 3.3
Goethite 3.1 n.d.
Hematite n.d. 1.7
Kaolinite 5.0 5.5
Ankerite 0.6 0.6
Siderite 0.5 0.4
lite 3.7 34

* Corresponds to dehydrated montmorillonite (OW). n.d. not detected.
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Figure 1. Comparison of the PXRD patterns of the original and thermally treated (200 °C) BCV 2017 (CoK« radiation).
The left inset illustrates the change in the 001 reflection of montmorillonite following thermal treatment; the right inset
illustrates the disappearance of the goethite reflection following heating. (Mt = montmorillonite, Mt-OW = dehydrated
montmorillonite, Ka = kaolinite, Q = quartz, I = illite, Ant = anatase, G = goethite, He = hematite, Mg-Cc = Mg-calcite,
Sd = siderite, An = ankerite).
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The newly formed hematite exhibits broad peaks in its PXRD pattern which indicate
that this phase is present as micro to nano-domains. Ruan et al. [33] described the formation
of hematite from goethite at 240 °C and the further development of the hematite structure
from 250° to 300 °C. De Faria and Lopes [34] and Gonzéles et al. [35] indicated a temper-
ature interval of 260-280 °C for this dehydration process. Conversely, Walter et al. [36]
observed the dependence of the goethite-hematite transformation temperature on the
particle size and determined a transformation temperature of 191.7 °C for small goethite
particles (with a BET specific surface of 149 m?- g_l) according to high-temperature XRD
measurements. It is worth noting that a temperature of 250 °C was observed for the
goethite-hematite transformation by the thermal analysis (see below) of an original BCV
2017 sample. However, the long-term heating of BCV 2017 at 200 °C over 27 months was
sufficient to lead to the dehydration of goethite.

An apparent consequence of this reaction comprises a change in the colour of the
sample following long-term heating. Original BCV 2017 is yellow-coloured while heated
BCV 2017 exhibits a pale brown colour with red shading (Figure 2).

g

Figure 2. Comparison of (a) original and (b) thermally treated BCV 2017 at 200 °C. Note the presence
of a thin dark crust on the surface of the thermally treated material.

It is interesting to note that a thin dark crust formed over the bulk of the BCV 2017
during heating at 200 °C (Figure 2). The crust exhibited a dark brown colour and was
apparently coarser than the bulk material (Figure 3). From the mineralogical point of
view, the crust appeared to be identical to the bulk of the thermally treated material; the
PXRD study revealed no notable differences between the crust and the bulk material. Its
formation was most likely related to the sinte ring process that acted upon the surface layer
of the BCV 2017 sample during heating. Similar observations were made concerning a raw
bentonite material extracted from the Rokle deposit (Kadari, Chomutov District Czech Rep.)
following heating at elevated temperatures (up to 500 °C) [37]. Data from silicate analysis
and XRD data are available in Supplementary Material (Silicate analysis, XRD data).
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Figure 3. Microscopic images of thermally treated BCV 2017: (a,b) a crust that formed on the surface
of the sample; (c,d) bulk material. Note the difference in grain size between the crust and bulk
material.

3.2. Infrared Spectroscopy (IR)

The IR spectra of the original and the thermally treated BCV 2017 (200 °C) bentonite
samples measured via the KBr pellet and ATR techniques are shown in Figure 4a,b. The IR
spectroscopy confirmed the presence of montmorillonite as the dominant mineral phase in
both bentonite samples. In addition to montmorillonite, kaolinite, a quartz admixture and
traces of carbonates were also detected in the samples. A detailed list of the spectral bands
that correspond to the montmorillonite and other minerals present in the original and ther-
mally treated BCV 2017 are listed in Table 3. The assignment of the bands was performed
according to [38-41]. The OH deformation band at around 874 cm~! (AlFeOH) in all the
types of IR spectra of both samples indicates the significant substitution of octahedral Al*3
by Fe*? in the montmorillonite structure. Other features in the spectra that are common to
dioctahedral montmorillonites include a Si-O stretching band at around 1037 cm ™! and Al-
O-Si and Si-O-Si deformations at around 524 and 469 cm ™, respectively. It is clear from
Figure 4 that the IR spectra of the original and thermally treated materials are very similar;
the intensities of the absorption bands and their positions remained virtually unchanged.
Subsequently, the IR spectroscopic study also proved the crystallochemical stability of
the montmorillonite in BCV 2017 bentonite under selected experimental conditions. As
was indicated by the PXRD study, the main mineralogical change in the thermally treated
compared to the original material comprised the dehydration of the interlayer water in
the montmorillonite and the subsequent reduction of the dyo; spacing to 9.8 A. Unlike the
PXRD and TG/DTA thermal analysis, conventional IR spectroscopy did not directly reveal
the dehydration of the interlayer. Montmorillonites could contain water in several forms:
interlayer water that form part of hydration envelopes of interlayer cations, adsorbed
water surrounding the outside surface of montmorillonite, free water in voids between
soil particles and hydroxyl water [38,42,43]. The overlap of the bands originating from the
structural OH groups and the OH groups from the adsorbed and interlayer water in the
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stretching vibrations region (3700-3000 cm ') complicated the detection of the dehydration
of the interlayer by conventional IR approach.
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Figure 4. Infrared spectra of the original and the thermally treated BCV 2017 obtained via the (a) KBr pellet and (b) the ATR
techniques.

Table 3. Positions of the absorption bands (cm™!) in the IR spectra of the original and the thermally treated (200 °C) samples
of BCV 2017 acquired via the by KBr and ATR measuring techniques, and their assignments.

Original BCV 2017 Thermally Treated BCV 2017
Assignment of the Spectral Bands
KBr ATR KBr ATR
Kaolinite (minor phase) " N
OH stretching of the inner-surface hydroxyl groups 3698 3695 3699 3695
Kaolinite (minor phase) " "

OH stretching of the inner-surface hydroxyl groups 3647 3643 3647 )
OH stretching of the structural hydroxyl groups 3623 * 3618 3622 * 3618

Chlorite (admixture) 3565 * - - -

OH stretching of the adsorbed water molecules 3385 * - 3385 * -
OH deformation of the adsorbed water molecules 1646 1626 1636 1628
Carbonates (minor phases) 1424 1454 1429 1445

Quartz (admixture) 1170 - 1167 -
Si—O stretching (longitudinal mode) 1118 1116 1116 1116
In plane Si—O stretching 1037 1022 1041 1025
In plane Si—O stretching - 1004 - 1004
Al—Al-OH deformation 912 916 917 912
Al—Fe—OH deformation 877 875 874 877
Quartz (minor phase) 798 798 798 798
Quartz (minor phase) 776 779 776 779
Quartz (minor phase) 695 692 694 695
Al—O-Si deformation 524 518 527 518
Si—O—Si deformation 469 453 470 458
Si—O deformation 422 416 420 414

* KBr pellet prepared from 2.0 mg of the sample with a 200 mg/KBr pellet heated overnight at 150 °C. - not observed.

3.3. Thermal Analysis

The differential thermal analysis (DTA) and thermogravimetric analysis (TG) curves
together with the mass spectroscopy signals for CO, and water molecules for the original
and the thermally treated (200 °C, 27 months) BCV 2017 bentonite are shown in Figure 5. It
is clear from the Figure 5 that five and six main reactions were observed for the thermally
treated and the original BCV 2017, respectively. The first endothermal reaction occurred
in the temperature range 30-200 °C, with an endothermic peak centred at 100 °C and
resulting mass losses of 10.4 and 3.4 wt.% for the original and the thermally treated BCV
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Figure 5. Comparison of (a) DTA, (b) TG curves and mass spectroscopy signals for (c) water and (d) carbon dioxide for the

2017 samples, respectively. Concerning the original material, this reaction corresponded
to the dehydration of the external surface, the pores and the interlayer space in the mont-
morillonite [44,45]. According to our PXRD study, the montmorillonite in the thermally
treated BCV 2017 shows dyg; position 9.8 A, which indicates a state in which no water
molecules are present in the interlayer ([32] and references therein), while the original
material contained monohydrated and bihydrated water layers in the interlayer space.
Consequently, the reaction in the thermally treated material includes dehydration of the
external surface and pores, which resulted in a significant weight loss during the reaction.
A second endothermic reaction, which was observed only for the original material, oc-
curred at around 250 °C and represented the dehydroxylation of the goethite to hematite
according to Equation (1). This thermal effect was absent in the thermally treated BCV 2017
since the goethite had already been transformed into hematite during the 27 months of
heating. The long-term heating of the material at 200 °C resulted in the transformation of
the goethite to hematite at a temperature lower than the 250 °C indicated by the thermal
analysis. This can be explained by the fact that the thermal analysis experiment is highly
dynamic, and the detected temperature of a process taking place in the sample is also
dependent on the heating rate during the experiment. The long-time experiment is close
to the equilibrium conditions. The equilibrium temperature could be found by thermal

analysis performed at a (virtual) heating rate zero K-min~!, which is impossible.
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original and the thermally treated BCV 2017.

The third endothermic reaction, observed for both the original and the thermally
treated BCV between 450 and 550 °C, corresponded to the dehydroxylation of the mont-
morillonite structure. According to Drits et al. [46,47], trans-vacant smectites have dehy-
droxylation temperatures of between 500 and 550 °C, while cis-vacant variants have a
dehydroxylation temperature of around 700 °C. This suggests that the trans-vacant mont-
morillonite configuration prevails in BCV 2017 bentonite. This is in agreement with the
observed Fe3* substitution in the octahedral sheet in montmorillonite as confirmed by
the IR spectroscopy, since this substitution on the octahedral sheets of the dioctahedral
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phyllosilicates prefers to form trans-vacant forms [48-51]. The fourth endothermic reaction,
with a peak at around 700 °C and related significant release of CO, visible for both samples,
indicated the decomposition of the Mg-Ca carbonate [52]. The fifth endothermic reaction,
with a peak at approximately 880 °C, was related to the disappearance of the layered
structure of the montmorillonite in both types of BCV 2017 samples [53]. This reaction was
accompanied by a negligible loss of weight. The sixth exothermic effect that occurred in
the range 890-920 °C was associated with the development of high-temperature phases
including spinel and affected both the original and the thermally treated BCV 2017 samples.
Thermal analysis data are provided in Supplementary Materials (thermal analysis data).

3.4. Cation Exchange Capacity (CEC)

The interlayer cations in the montmorillonite in the original BCV 2017 consist mainly
of Mg?* (38.7 meg/100 g) and Ca®* (19.9 meg/100 g), with some minor amounts of Na*
(7.2 meg/100 g) and K* (2.1 meg/100 g). The CEC values determined for the original and
the thermally treated materials are shown in Figure 6. Accordingly, the smectite type in BCV
2017 bentonite can be characterized as Ca-Mg montmorillonite. The CEC values decreased
from an initial value of 60.9 meg/100 g to 54.5 meg/100 g following thermal treatment.
It is assumed that the change in the CEC values before and after thermal treatment was
related to the collapse of the interlayer structure avoiding further cation replacements.
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Figure 6. Cation exchange capacity (CEC) of the original and the thermally treated BCV 2017.

3.5. Saturation of Thermally Treated BCV 2017 from the Aqueous Phase

Figure 7a,b shows the evolution of the PXRD 001 profiles of the montmorillonite in
the thermally treated BCV 2017 during saturation from the aqueous phase of the sample
a function of the saturation time. The values of basal spacing (dg1) together with the
full width at half maximum (FWHM) of the 001 reflection are presented in Figure 7. The
montmorillonite in the thermally treated BCV 2017 showed the dgg; value of 9.8 A, which
corresponds to the hydration state without the presence of water molecules in the interlayer
(OW) [32]. After 7 days of saturation in water, the montmorillonite evinced the dyg; value
of 13.12 A, which indicated the intermediate hydration state, i.e., between the 1W and 2W
discrete hydration states. In accordance with a study by Ferrage et al. [31], the heterogeneity
of the hydration state led to the interstratification of the various different layer types, which
produced increased FWHM value of 2.22° 26 compared to an FWHM value of 1.11° 20 for
the thermally treated material. After 15 days of saturation, the 001 reflection appeared at
14.45 A, thus indicating the increasing proportion of the 2W layers in the montmorillonite
structure; the FWHM value decreased to 1.96° 26. After 30 days of saturation, a slight shift
in the position of the 001 reflection to 14.66 A was observed followed by a slight decrease
in the FWHM value to 1.89° 20. After 44 days, the 001 position was observed to occur
at 15.1 A and the FWHM was seen to have further decreased to 1.57° 20, thus indicating
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bihydrated layers (2W) within the montmorillonite structure. No notable further changes
in the 001 profile were observed by PXRD after 54 days of saturation.

151A  98A
@ i\ o) ]
VARTERN \ 1 .5
S N Ka -
==, AN M 44 days
5| 7 : = 2
o AN\ 30 days < u
~ Se =y N v oy
2 PN 3 13 =
b , P 22 days © 155 8
c N \ > 42
2 P S 15 days = =
£ \/\ o 1 ® d(001) value (A) I
' : (=) s FWHM () 12
. S~ 7days T 10‘ w
W thermally treated 9
M\ 0 BCV 2017 05
it N W 8
I original BCV 2017
T 0
2 345678 9101112131415 0 5 10 15 20 25 30 35 40 45 50 55 60
2Theta (°) days

Figure 7. Evolution of (a) the PXRD profile, (b) the d and FWHM of the 001 montmorillonite
reflection for the thermally treated BCV 2017 sample during saturation from the aqueous phase
(CoKe radiation). The days indicate the duration of saturation. I: illite, Ka: kaolinite.

As is evident from Figure 7, relatively broad and often asymmetric peaks occurred
in the PXRD during saturation with no apparent indication of homogenous stepwise
hydration. In accordance with Holmboe et al. [54] and Ferrage et al. [32], the evolution of
hydration exhibits a somewhat heterogeneous character that indicates the coexistence of
different layer types (1W and 2W) in the interlayer space. It is interesting to note that the
saturation of the thermally treated BCV 2017 for 44 days resulted in montmorillonite with
bihydrated layers (2W) in the crystal structure. Conversely, the same thermally treated
material placed at under standard room conditions (~40% RH, 21 °C) evinced different
saturation behaviour. The PXRD patterns exhibited broad and diffuse 001 profiles that
indicated significantly slower hydration than that induced via saturation from the liquid
water. The behaviour also depended on the relative humidity, a topic that will form the
subject of a separate study.

3.6. Specific Surface Area (BET)

The original BCV 2017 material is characterized by a BET-N, specific area of 91 m2/ g,
which falls within the broad distribution of BET-Nj specific area values for Ca-Mg-dominated
bentonites, which range from 50 to 130 m? /g [55]. A slightly decreased value of 89 m?/g
was determined for the thermally treated material. BET-N, values are known to depend
on the exchangeable cation population [56], the microporosity and the accessible areas
of the interlayer [55]. Lang et al. [57] noted that the removal of absorbed water during
heating provides new adsorptive sites for N, molecules. Conversely, the dehydration of
the interlayer space induces a decrease in the interlayer space. Consequently, changes in
the specific surface area values depend on the competing effects of the dehydration of the
external surface and the interlayer space. With respect to the thermally treated BCV 2017,
the reduction of the interlayer space is most likely compensated for by the creation of new
sites for N molecules as a consequence of the removal of the absorbed water. Thus, the
BET-Nj specific surface area values were observed to be very similar for the original and
the thermally treated materials.

The isotherms determined for the original and the thermally treated BCV 2017 are
displayed in Figure 8. Both samples exhibit the type IV isotherm according to the IUAPC
classification with noticeable H4-type hysteresis loops that are characteristic of slit-shaped
pores. These findings suggest that both BCV 2017 samples comprise mesoporous materials
with the limited contribution of microporosity. The micropore volumes, estimated from
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the t-plot method, are 0.0143 and 0.0093 cm3 /g for the original and the thermally treated
material. These values represent 13.4% and 8.6% of the total pore volume (up to 40.31 nm).
The total pore volume values (up to 40.31 nm), obtained from the N, adsorption isotherm,
are 0.1065 and 0.1085 cm3/ g, respectively.
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Figure 8. Absorption and desorption isotherms for original and thermally treated bentonite BCV
2017.

3.7. Swell Index and Liquid Limit

Swell index tests were performed on the original and the thermally treated materials
(200 °C; 15 and 27 months). Two types of samples were investigated in the case of 27 months,
i.e., a “bulk” sample that represented most of the volume of the treated material and a top
surface layer that comprised the thin dark crust that formed on the surface of the bentonite
BCV 2017 during thermal treatment (see Figures 2 and 3). The results are presented in
Table 4; although a certain decrease (approx. 25%) is evident due to the thermal treatment,
no differences were detected between the bulk material and the crust thermally treated for
27 months. The results indicate a reduction in the free swelling ability following treatment;
however, it is important to bear in mind the short duration (24 h) of the testing process. To
address that issue, some of the samples were left in cylinder up to 10 days in total in order
to observe if an additional swelling occurs over time (see values with @ in Table 4 denoting
time from test start). The treated samples exhibit delayed start of additional swelling. This
indicates that some of the swelling capacity may be recuperated over time.

Table 4. Swell index and liquid limit of the BCV 2017.

Treatment Swell Index SI (mL/2g) Liquid Limit wy, (%)
original 7.5@1d (7.12.2020) 130%;
& 8.3@1d, 8.8@2d, 9.3@7d, 9.4@10d (14.6.2021) 139% [3,4]

200 °C; 15 months

200 °C; 27 months

111% (wetted 24 h);
5.5@1d, 5.5@2d, 5.6@7d, 6.5@10d (bulk, 14.6.2021) 118% (wetted 10 daye)
5.7@1d (bulk)

5.8@1d (top layer)

X

x not measured, @ time from test start.

The liquid limit was determined for the original and the thermally treated materials
(200 °C; 15 months; Table 4). In the case of the treated sample, an additional 10-day
wetting test was also performed. Bentonite samples are usually wetted for 24 h prior
to the determination of the liquid limit. As the result showed lower value for thermally
treated material, and indication of slower resaturation was discussed (see Section 3.5), total
time of 10 days was used for wetting before liquid limit test. Water was added each day
and the samples kneaded so as to maintain the water content at 15 mm penetration. The

116



Minerals 2021, 11, 871

visual observation revealed that a significantly higher amount of water was required than
usual. The results indicate a lower (immediate) water adsorption ability following thermal
treatment, with a partial resaturation ability when a time of 10 days was allowed.

3.8. Swelling Pressure

The swelling pressure results for the original and the thermally treated BCV 2017
(200 °C; 15 month) are presented in Figure 9. The data concerning the original BCV 2017
material were taken from [13,16], H2020 Beacon project [16], IE Bukov [15,58]. Even though
the results were determined by two independent laboratories, i.e., at the Charles University
(CU) and the Czech Technical University (CTU), they are consistent with each other, which
suggests that the measurements are not biased due to some hidden experimental problems.
Figure 9 presents three results for the thermally treated material (red squares).
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Figure 9. Dependency of swelling pressure on dry density—the original BCV 2017 material in black
and the thermally treated material in red. Results were obtained by laboratories at Charles University
(CU) and Czech Technical University (CTU).

The results for the thermally treated material do not indicate a significant shift from
the original material; however, the scatter of the results appears to be more extensive.

A further consideration concerns the evolution of (total) pressure following the com-
mencement of saturation. Samples with dry densities of approx. 1400-1500 kg-m > were
selected for comparison purposes. Figure 10 clearly indicates the significantly more rapid
process with respect to the treated material, i.e., approx. two days was sufficient to attain at
least 90% of the final total pressure. The original material required approx. 3 times longer
(6 days) to attain the same pressure level. The temporary “sagging” of the pressure was
absent during the early phase of the saturation of the thermally treated samples.

The potential slower water adsorption due to thermal treatment may have been the
reason of the higher level of permeability of the sample at the beginning of the test; the
probable consequence comprises the more uniform and more rapid saturation throughout
the whole of the volume of the thermally treated sample.

117



Minerals 2021, 11, 871

BCV_2017
7
[ pg = 1391 kg/m3 P619 5 g = 1404 kg/m3 P803 @200°C _g_
Pq = 1457 kgim3 P625 o pq = 1456 kg/m® P784 @200°C _o_
[ Pq = 1471 kgim3 P620 _, pg = 1459 kg/m3 P786 @200°C _o
61 pg = 1508 kg/m3 P639 ..
g |

Total pressure (MPa)

0 | i | |
0 2 4 6 8 10 12 14
Time (Days)

Figure 10. Evolution of the swelling pressure—the original material (black) and the thermally treated (red) materials; dry
density of approx. 1400-1500 kg-m 3.

3.9. Water Retention Curves

Figure 11 provides a summary of three sets of water retention curves. It reveals
the negligible effect of the initial density on the water content, which can be explained
by the double porosity structure typical for bentonites [59,60]. At high suctions, water is
concentrated predominantly in micropores inside the aggregates, which are not significantly
influenced by compaction [61].
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Figure 11. Water retention curves determined for three sets of samples of BCV 2017. The samples
compacted before thermal treatment are marked “pre”, while the samples compacted after thermal
loading are marked “post”.
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The results clearly demonstrate the lower retention capacity of the thermally treated
samples than that of the original BCV 2017 bentonite. The reduction was approximately
constant over the whole of the suction range (3-287 MPa), which corresponds to relative hu-
midities of 12-98%. Only a small difference was observed between the samples compacted
before and after thermal treatment. Results are compiled in Supplementary Materials (data
water retention curves).

The results indicate that thermally treated bentonite BCV 2017 fully rehydrates when
it is exposed to free water (Figure 7) and its mechanical behaviour is reaching similar values
compared to original BCV 2017 bentonite as demonstrated by swelling pressures (Figure 9)
or overall trend in liquid limit determination (Table 4). On the other hand, when exposed
to air humidity, re-hydration process is only partial and takes significantly longer time
(Section 3.5, Figure 10). This behaviour is very likely related to the irreversible collapse of
the interlayer structure of some smectite crystallites after heating.

4. Conclusions

Both the original BCV 2017 bentonite and the material thermally treated at 200 °C
were characterised via chemical, mineralogical and thermal analysis, infrared spectroscopy,
the specific area (BET), the swell index, the liquid limit, the swelling pressure and water
retention curves. The results of the various methods were subsequently quantitatively
analysed and compared, which led to the following main conclusions:

(i)  The original BCV 2017 bentonite contains around 69.7 wt.% of montmorillonite, which
is characterised by Fe3* substitution in the octahedral sheet and Mg and Ca prevailing
cations in the interlayer space.

(ii) The BCV 2017 bentonite underwent two main transformation processes following
thermal treatment at 200 °C over 27 months. The first transformation process com-
prised the dehydration of the smectite (i.e., the removal of the interlayer water) and
a reduction in the 001 basal spacing from 14.5 A (the original BCV 2017) to 9.8 A
following thermal treatment, which indicated the absence of water molecules in the
interlayer space. The second reaction concerned the -dehydroxylation of goethite to
hematite, which was related to the apparent change in the colour of the samples from
yellow to pale brown with red shading.

(iii) The PXRD and IR spectroscopic study revealed the crystallochemical stability of
the montmorillonite in the BCV 2017 bentonite under selected experimental condi-
tions. With the exception of the dehydration of the interlayer space, no deterioration
occurred in the montmorillonite crystal structure during the experiment.

(iv) Heating at 200 °C was found to have little effect on the BET-N2 specific area. The
isotherms determined for the original and the thermally treated BCV 2017 were of the
IV type with H4 hysteresis loops that indicated that both types of BCV 2017 samples
comprise mesoporous materials with the limited contribution of microporosity.

(v) The saturation of the thermally treated BCV 2017 (i.e., with a dgp; of 9.8 A, 0W) from
the aqueous phase resulted in montmorillonite with bihydrated layers (2W) in the
interlayer space with a dgo; spacing of 15.1 A.

(vi) The geotechnical tests indicated no major changes in the mechanical properties of
the thermally treated BCV 2017 bentonite as demonstrated by their similar swelling
pressure values. However, the variation in the swell index and the gradual increase
in the liquid limit over the wetting time indicated a lower hydration rate.

(vii) The retention curves consistently pointed to the lower retention capacity of the ther-
mally treated samples, which indicated the incomplete re-hydration of the thermally
treated bentonite exposed to air humidity and a difference in the behaviour of the
material compared to the bentonite exposed to liquid water.

Despite indications of slower resaturation of BCV 2017 bentonite after thermal treat-
ment followed by higher level of permeability during saturation phase, swelling ability
remained unchanged which forms important result for the overall buffer function. The
heating at 200 °C causes dehydration of the interlayer water from the montmorillonite
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structure; however, the thermally treated BCV 2017 bentonite fully rehydrates when it is
exposed to free water. The complex multidisciplinary dataset describing behaviour of BCV,
a suitable representative of Czech Ca-Mg bentonites, is an important milestone towards
potential usage of higher temperatures in the deep repository. The results indicate that
temperature limit of 200 °C could be feasible.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
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Abstract: Bentonite is currently proposed as a potential backfill material for sealing high-level
radioactive waste in underground repositories due to its low hydraulic conductivity, self-sealing
ability and high adsorption capability. However, saline pore waters, high temperatures and the
influence of microbes may cause mineralogical changes and affect the long-term performance of
the bentonite barrier system. In this study, long-term static batch experiments were carried out at
25 °C and 90 °C for one and two years using two different industrial bentonites (SD80 from Greece,
B36 from Slovakia) and two types of aqueous solutions, which simulated (a) Opalinus clay pore
water with a salinity of 19 g-L~1, and (b) diluted cap rock solution with a salinity of 155 g-L~!. The
bentonites were prepared with and without organic substrates to study the microbial community and
their potential influence on bentonite mineralogy. Smectite alteration was dominated by metal ion
substitutions, changes in layer charge and delamination during water—clay interaction. The degree
of smectite alteration and changes in the microbial diversity depended largely on the respective
bentonite and the experimental conditions. Thus, the low charged SD80 with 17% tetrahedral charge
showed nearly no structural change in either of the aqueous solutions, whereas B36 as a medium
charged smectite with 56% tetrahedral charge became more beidellitic with increasing temperature
when reacted in the diluted cap rock solution. Based on these experiments, the alteration of the
smectite is mainly attributed to the nature of the bentonite, pore water chemistry and temperature.
A significant microbial influence on the here analyzed parameters was not observed within the
two years of experimentation. However, as the detected genera are known to potentially influence
geochemical processes, microbial-driven alteration occurring over longer time periods cannot be
ruled out if organic nutrients are available at appropriate concentrations.

Keywords: bentonite; smectite; layer charge; metal substitution; SEM-EDS; microbial diversity;
organic supplements

1. Introduction

Bentonite clay is a natural material consisting predominantly of dioctahedral smec-
tites, mainly montmorillonite of the montmorillonite-beidellite series [1,2]. Due to its very
low hydraulic conductivity, high swelling capability and strong buffering capacity when
hydrated, the material is considered to be ideal for sealing the underground repository
space between canisters containing high-level radioactive waste (HLW) and the host rock
formation [3,4]. Despite the versatility of this material, questions remain on the long-term
stability of the bentonite in a repository setting, in particular when subjected to condi-
tions of chemical disequilibrium caused by the circulation of formational ground waters
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and/or when in contact with corrodible metal canisters [5,6] or supporting cementitious
materials [7,8]. Only if repositories remain intact for up to one million years, as fore-
seen in Germany [4], will any leakage of residual radioactive substances into biosphere
be prevented.

The chemical stability of smectite is important when it comes to the longevity of
the bentonite barrier. A key process for mineral transformation is the smectite-to-illite
conversion, whereby the needed K* cations may be supplied by dissolved accessory
minerals or formation groundwater [9]. Thus, the stability of smectite in contact with salt
solutions has been the topic of numerous studies that considered variations in pH, salinity
and/or temperature conditions [10-12].

An additional aspect of the bentonites long-term stability is the potential influence of
microbial activity in environments within the repository setting. Whereas it is generally ac-
cepted that such activity will not be of importance in highly compacted bentonite materials
(dry density > 1600 kg-m~3) [13], where the tight pore space and very low hydraulic con-
ductivities will limit transport and mobility, there will be niches in the repository site where
erosion and particle transport could lead to less compacted material and the development
of bentonite clay slurries [14].

Microbial activity has been shown to affect the properties of smectitic clay minerals
as well as the adsorption of metals and actinides by a number of processes, including
the mobilization and immobilization of toxic elements and radionuclides [15,16]. It is
also known that the presence of sulfate-reducing bacteria (SRB) can lead to the formation
of hydrogen sulfides (H,S) and promote corrosion of metals [17,18]. As a result, Fe?* is
reduced to Fe?* [19], whereby the metal Fe can destabilize dioctahedral smectites by Fe*
migration into the interlayer [20] and thus influence the smectites adsorption behavior,
relevant to metal and radionuclides retardation [21].

The main objective in this study was to determine the alteration mechanisms of
bentonites influenced by temperature, solution chemistry and microbial diversity using
energy dispersive X-ray (EDX) spectroscopy analyses of extracted and purified smectite
fractions as the primary method. For this purpose, we analyzed two sets of bentonite
samples (SD80, B36) that differ in their mineralogical and chemical properties (i.e., accessory
content, Fe content in smectite and layer charge distribution).

The series of slurry bentonites prepared with and without microbial substrates that
were experimentally investigated reveal that minor but permanent changes in the smectite
composition did occur that are attributable to the tetrahedral substitution of Si** by AI**
and more variable octahedral substitution between Fe3*, Mg?* and A1**. Our findings
also emphasize that the microbial diversity depended on the bentonite itself as well as the
applied conditions. However, there is no evidence that the observed smectite alterations
were induced by microbial activity. Such alterations are more likely influenced by the
addition of organic substrates, which are known to act as electron-donors and promote
protonation/deprotonation surface reactions.

2. Materials and Methods
2.1. Experimental Set-Up

For the batch-experiments, two uncompacted European Ca-bentonites (SD80 from Mi-
los, Greece and B36 from Lieskovec, Slovakia) were used. In order to obtain representative
samples, both bentonites were mechanically homogenized prior to the experiments. Both
bentonite samples were kindly provided by Stephan Kaufhold (BGR Hannover), whereby
the B36 bentonite has been extensively characterized in previous studies [22,23].

Long-term batch experiments were performed at the “Gesellschaft fiir Anlagen-und
Reaktorsicherheit” (GRS, Braunschweig) using two temperatures and two types of solution,
which were prepared under ambient atmosphere (Figure 1, Table S1). Bentonites were
reacted in sealed glass vessels (flushed with argon 4.6, 99.996% purity, 2-3 min) with either
a synthetic Opalinus clay pore water (OPA) [24] with a salinity of 19 g-L~! or a diluted cap
rock solution (CAP) [25] with a salinity of 155 g-L~1. The solid to solution ratio by weight
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was set at 1:2. The bentonite slurries were exposed to two different temperatures (25 °C
and 90 °C) for periods of one and two years without compaction or shaking. To study
microbial diversity, batches supplemented with organic substrate (+S) were compared
to control batches without organic substrate (-S). The substrate-mix was comprised of
0.05 mol-L~! sodium lactate, 0.05 mol-L~! sodium acetate, 0.003 mol-L~! methanol and
0.0001 mol-L~! anthraquione-2,6-disulfonate (AQDS) to stimulate the indigenous, viable
microbial community. The complete experimental setup, including gases, substrates, pore
waters and bentonites, was not assembled under sterile conditions. However, the amount
of microbial contamination in previous studies using the same setup prepared under sterile
conditions was shown to be not significant [26].

Bentonite samples

B36 & SD80
Opalinus clay pore water . diluted cap rocksolution
(OPA) (19 g-LY) solutions (CAP) (155 g-L%)
25°C; 90 °C temperatures 25°C; 90°C
+S -S substrates +S -S
1a; 2a duration 1a; 2a

Figure 1. Flowchart illustrating the general setup of the bentonite batch-experiments. OPA: synthetic Opalinus clay pore
water, CAP: synthetic diluted cap rock solution, +S: with substrate (Na-lactate, Na-acetate, methanol, AQDS), —S: without
substrate, 1a: incubation for one year, 2a: incubation for two years.

The sampling of batches was carried out at the GRS laboratories. Bentonite slurries
were extracted under sterile conditions for analyzing the microbial diversity. Therefore, up
to 50 mL of bentonite suspension was transferred with a sterile spatula into sterile tubes.
The respective samples were stored at —70 °C prior to extraction of the DNA. Afterwards,
some supernatant solution was filtered and collected for ICP-OES analyses and 5-10 g of
bentonite slurry sampled for mineralogical analysis. Subsequently, these samples as well
as the raw materials were washed with distilled water using dialysis tubes (Spectra/ Por® 1
dialysis membrane with a molecular weight cut-off of 6-8 kD) to remove excess salts such
as those introduced by the OPA or CAP solutions. Afterwards, the samples were dried in
an oven at 60 °C.

2.2. Bentonite Characterization (XRF, CEC, XRD)

The dialyzed bentonite powder was investigated using the following techniques. The
major element oxide composition was analyzed by X-ray fluorescence spectroscopy (XRF)
using a Philips PW2404 X-ray spectrometer (Tables S2 and S3). The water content was
determined by oven drying an 800 mg bentonite sample at 105 °C until constant weight
was achieved after about 7 days followed by heating the sample to 1050 °C for 1 h. The total
change expressed as the loss-on-ignition (LOI) was determined based on the differences in
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mass. Afterwards, the samples were melted with a flux (LiBO; + Li;B4Oy) at 1100 °C to
prepare fused tablets. Analytical measurements were calibrated against USGS standards
(BHVO-2, AGV-2 and RGM-1).

The cation exchange capacity (CEC) was determined using the Cu(II)-trien method [27,28].
CEC measurements were repeated three times for each sample. The results were used to cal-
culate mean values and standard deviations. Afterwards, the Cu(lIl)-trien exchanged cations
(EC) Na*, K*, Ca?* and Mg?* were measured by atomic absorption spectroscopy (AAS).

The mineralogical composition of the bentonites was determined by X-ray diffraction
analysis (XRD) using a Bruker D8 Advance 0-0 diffractometer with Fe-filtered CoKa
radiation (40 kV, 30 mA). The diffractometer was equipped with a 0.5° divergence slit and
a 1D LynxEye detector. Scans were collected between 4° and 80° 26 for randomly oriented
powders (scanning rate 1° 20 /min) and between 4° and 50° 20 for preferred oriented
samples (scanning rate 3° 20/min) with a step size of 0.02° 26. The oriented samples were
measured in the air-dried (AD) state and after ethylene glycol (EG) saturation. The XRD
quantification were carried out with the Rietveld program BGMN and the user-interface
Profex 4.0 [29].

2.3. Smectite Characterization (SEM-EDX)

The chemical composition of smectites was studied by scanning electron microscopy
(SEM) in combination with EDX spectroscopy. The elemental abundance of purified
smectite fractions were quantified as oxides and used to calculate the structural formulae
and consequently the layer charge.

For sample purification, 200 mg of bulk material was weighed and placed in centrifuge
tubes in 40 mL of deionized water. For initial removal of any remaining salts, the samples
were sedimented by high speed centrifugation and the double distilled water replaced.
Afterwards, the sample was redispersed using an ultrasonic bath. The smectite separation
was performed by repeated centrifugation using an Eppendorf 5810 R centrifuge (800 rpm,
18 min) to separate the <1 um size fraction. After each centrifugation, the supernatant
was transferred to a clean centrifuged tube and topped up with deionized water prior to
ultrasonic treatment, and then the centrifugation repeated. This cycle of treatment was
repeated 11 times until no impurities were detected by XRD. One drop of the purified
smectite suspension was then mounted on a polished pure graphite rod to obtain a ho-
mogenous flat layer of smectite particles. Before measurement, the samples were sputtered
with palladium (Pd) to minimize charging effects.

SEM-EDX analyses were performed using a Zeiss Auriga scanning electron micro-
scope equipped with an Oxford instruments X-MAX 80 mm? EDX silicon drift detector
and a field emission cathode. Electron images were taken using a secondary electron (SE2)
detector. Smectite elemental chemistry was determined on the basis of EDX mappings
at 15 kV and a working distance of 5 mm. Elemental maps of homogenous, flat sample
areas were obtained at 6000-fold magnification, a dwell time of 100 us and by using an
automatic drift correction. Thirty frames were collected for each map and three maps
were obtained from independent areas of each sample, which were averaged to obtain
the smectite composition (Tables S4 and S5). By using this routine, any areas of obvious
contamination could be detected and excluded from the quantification. Data acquisition
was performed with the software INCA (Oxford instruments) including pulse pile-up,
escape peak and ZAF corrections. Oxygen measurements were not used for quantifications,
and the results were instead normalized to 100% assuming that all cations were present
as oxides.

The elemental mapping approach was used to overcome common problems of EDX
analyses as described in detail by Christidis [30]. For quantifications, high precision, accu-
racy and sample homogeneity are mandatory. To reach appropriate precisions, Williams
and Carter [31] suggested using total counts of at least 10* above the background for each
characteristic peak. This was achieved by using the aforementioned settings, which were
further optimized to minimize potential loss of mobile cations such as alkali elements
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(e.g., K* or Na*) due to beam damage [32,33], which is particularly evident during point
analyses and worsens with measuring time. Although some local migration of cations may
still occur during mapping even with short dwell times, it is assumed that the cations do
not leave the mapped area of the specimen and that the averaged values remain constant
throughout the measurement period.

As no commercially available EDX standards exist that are suitable for smectite calibra-
tion, standardless quantifications based on the vendor supplied pure element calibration of
the detector were carried out [34]. The elemental-wise accuracy of the measurements was
determined by applying the same measurement routine to ASTIMEX silicate standards
with similar elemental compositions. The mean absolute deviations from the expected
values in wt.% for analyses were 0.04 wt.% between 0 and 1 wt.%, 0.51 wt.% between 1
and 10 wt.% and 0.73 wt.% between 10 and 100 wt.%. Based on all standard measurements,
the element specific mean deviations in wt.% were 0.31 for Na (0-5 wt.%), 0.09 for K
(0-5 wt.%), 0.33 for Ca (0-5 wt.%), 0.07 for Mg (0-5 wt.%), 0.28 for Al (0-16 wt.%), 0.61 for
Si (0-35 wt.%) and 0.46 for Fe (0-10 wt.%).

The chemical composition of the purified smectite samples was used to calculate
the structural formula (SF) based on the method of Stevens [35]. The SF calculation was
carried out on the basis of 11 oxygen atoms per half unit cell (phuc), where H,O and F
are not considered. For the calculation it was assumed that the tetrahedral sheet consists
of 4 atoms (Al + Si), whereas the occupancy of the octahedral sheet is assumed to be
fixed with 2 atoms (Al + Fe + Mg). The exchangeable cations Na, K, Ca and excess Mg
that cannot be incorporated into an octahedral site were assigned to the interlayer. AAS
measurements of exchangeable cations after Cu(Il)-trien exchange also confirmed the
presence of Mg in the interlayer of both samples (Section 3.1). As the true oxidation
state of Fe is unknown, Fe®* was assumed, as it is the dominant form in dioctahedral
smectites [36]. Trace amounts of TiO; (<1 wt.% XRF) were related to anatase and/or
rutile and thus excluded from the structural formula calculations. Based on the accuracy,
precision and sample homogeneity of this method, changes of >0.02 equivalents per half
unit cell (e-phuc1) are considered detectable.

2.4. Solution Chemistry (pH, ICP-OES)

The pH measurements of the supernatants were performed at 25 °C after short term
experimentation (up to 30 days) in a glove box with argon atmosphere and after long term
batch experimentation (after one and two years) in glass vessels. The pH values of both
solutions (CAP, OPA) were taken as reference values.

The cation concentrations (Si, Mg, Ca, Na, K) of the solutions before and after exper-
imentation were analyzed using an iCAP 7400 Duo inductively coupled plasma optical
emission spectrometer (ICP-OES) (Thermo Fisher Scientific). Fe- and Al contents could
not be determined as they were below detection limit. The chloride concentration was
determined potentiometrically using the titration system Titrando 857 (Metrohm).

2.5. DNA Extraction, Amplification of 16S rRNA Gene and Sequencing

For analyzing the microbial diversity within the respective samples, DNA extrac-
tion and amplification of the V4-region was conducted according to the protocol of
Matschiavelli et al. [37] without modifications.

Retrieved 165 rRNA gene sequences are available from the NCBI database with the
bioproject accession number PRINA758205 (https:/ /www.ncbi.nlm.nih.gov/; accessed on
27 August 2021).

3. Results
3.1. Characterization of Starting Material

Both bentonites differed in their chemical and mineralogical composition (Tables 1 and 2).
The main components of SD80 are smectite and feldspar, whereby quartz, anatase, calcite,
pyrite and baryte occur as traces with <1 wt.% (Figure 2a). Sample B36 mainly consists of
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smectite, feldspar and quartz with minor amounts of cristobalite, kaolinite and anatase
(Figure 2b). In comparison to SD80, B36 showed higher concentrations of SiO, and K,0O,
which are associated with larger amounts of accessory minerals (~35 wt.%), i.e., feldspar,
quartz and cristobalite. The 060-reflection of the randomly oriented powders were between
0.149 and 0.152 nm (Table 3) and correspond to dioctahedral smectite [38]. The 001-
reflection of the oriented slides in air-dried condition (~60% RH) was located around
1.5 nm, which is characteristic of smectite with bivalent interlayer cations (Ca2+ and/or
Mg2+) hydrated by two water layers [39]. The higher Fe,O3 content is related to Fe-rich
smectite in B36 (Table 4). These results are similar to those obtained by Ufer et al. [22],
who characterized mineralogically (XRD) and geochemically (XRF) various Greek Milos
bentonites (cf. SD80) as well as bentonites from Slovakia (cf. B36).

Table 1. XRF main elemental composition of the bulk material (data in oxide wt.%). LOI: loss-on-ignition.

SampleLOI SiO, Al,03 Fe,O3 MgO CaO KO TiO, Na,O MnO P,05 Sum

SD80 165 517 179 4.8 29 2.5 0.9 0.7 0.7 0.1 02 994
B36 139 586 163 74 15 1.2 1.5 0.8 0.4 0.1 0.1 1018

Table 2. XRD quantification results based on Rietveld-Refinement. Ant: anatase, Brt: baryte, Cal:
calcite, Crs: cristobalite, Fsp: feldspar, Kln: kaolinite, Sme: smectite, Py: pyrite, Qz: quartz, n.d.: not
determined (data in wt.%). IMA-CNMNC approved mineral symbols after Warr [38].

Sample Sme Fsp Qz Kin Crs Ant Cal Py Brt
SD80 89 7 <1 n.d. n.d. <1 <1 <1 1
B36 65 15 12 4 4 <1 n.d. n.d. n.d.

Table 3. XRD parameter of both bentonites. RP: random powder, AD: air dried, EG: ethylene
glycol-saturated, FWHM: full-width-at-half-maximum.

Sample d001 [nm] d060 [nm] d001 [nm] d(](n FWHM [A° 20]
RP RP AD EG AD EG
SD80 1.52 0.150 1.45 1.68 1.8 0.6
B36 1.50 0.150 1.48 1.68 1.4 0.8

Table 4. Structural formula of purified smectites (<1 pm) based on elemental composition determined by EDX (values are

rounded and given in e-phuc™1).

Sample  Tetrahedral Cations Etet Octahedral Cations Eoct Interlayer Cations & Etet
Sit* L\ AP*  Fet Mg Ca®  Na* K+ Mg %

SD80 3.94 0.06 —0.06 144 0.26 0.30 —0.30 0.09 0.01 0.03 0.06 —-036 17
B36 3.79 0.21 —-021 137 0.46 0.16 —-0.16 0.11 0.01 0.03 0.06 —0.38 56

Based on EDX-derived compositions of purified mineral fractions and by applying
the smectite classification scheme of Emmerich et al. [40], the SD80 smectite was classified
as a low charged beidellitic montmorillonite with a tetrahedral charge of 17% and a total
layer charge of & = —0.36 e-phuc‘1 and the smectite of B36 as a medium charged Fe-
rich montmorillonitic beidellite with 56% tetrahedral charge and a total layer charge of
&£=-0.38 e~phuc*1 (Table 4).

The SD80 bentonite, with almost 90 wt.% smectite content, had a higher CEC value of
87 & 2.2 cmol-kg ™! compared to the 54 = 2.0 cmol-kg ™! of the B36 bentonite with 65 wt.%
smectite (Table 5). Both bentonite interlayers were dominated by bivalent cations with
>50% Ca2* and about 30% Mg?*. For SD80, the sum of exchangeable cations was equal to
the determined CEC but differed slightly for sample B36, whereby the measured CEC was
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higher than the sum of EC. The latter could be an indication of excess adsorption of the
Cu-trien index cation on clay mineral edges.

a) Random powder of SD80 (raw material)
—— Measurement
g‘ 100 { J| Sme Sme Rwp=3.36% —— Refinement
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Figure 2. X-ray diffraction pattern of random powders from (a) SD80 and (b) B36 with Ant: anatase, Cal: calcite, Crs:
cristobalite, Fsp: feldspars, Kln: kaolinite, Sme: smectite, Qz: quartz, Ryyp: weighted residual square sum, Rexp: theoretical

minimum value for Ryyp.

Table 5. CEC values and exchangeable cations (EC) of both bentonites after Cu-trien saturation
(sample weight 150 mg/60 mL).

Sample CEC Na* K* Ca%* Mg L cations
cmol-kg~!  cmol'kg? cmol'kg~! cmolkg-! cmolkg! cmolkg!

SD80 87 +2.2 17 £ 04 24+ 0.06 43+24 23+23 86 + 2.6

B36 54+2.0 1£0.03 1£0.04 30+14 14 £04 46 + 1.8

3.2. Characterization of the Reacted Bentonites
3.2.1. Visual Changes of the Bentonite Batches

After long-term experimentation, the bentonite batches showed distinct color changes.
The one-year samples reacted in OPA solution had a blueish coloration (Figure 3a,b),
whereas the corresponding two-year batches appeared more beige or greyish (Figure 3c,d).
In addition, the B36 samples appeared brownish with a characteristic green coloration at
the bentonite-solution interface, which indicates potential Fe-reduction [41] (Figure 3d).
Within the substrate-bearing SD80 bentonite, the occurrence of black spots as well as the for-
mation of gas bubbles (Figure 3a) and horizontal fissures due to gas release (Figure 3c) were
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observed in some of the reacted samples. The development of layers due to sedimentation
is highlighted by a dotted line in the respective samples in Figure 3b—d.

bentonite SD80 bentonite B36

~,

Figure 3. Color changes of both batches (SD80, B36) subjected to Opalinus clay pore water at 25 °C
supplemented with substrate. Bentonite SD80 showed (a) the occurrence of black spots and gas
bubbles after one year and (c) a horizontal fissure after two years. Bentonite B36 showed (b) a blueish
coloration after one year and (d) a characteristic green coloration at the bentonite—solution interface
after two years.

3.2.2. Microbial Diversity Analysis

In order to investigate a potential microbial effect on the here tested mineralogical
parameters of B36 and SD80, the microbial diversity of the respective slurry experiments
was analyzed and compared to the respective bentonite raw materials. In general, the
concentration of extracted DNA was very low and for most samples almost below the
detection limit (Table S6). Successful extraction and sequencing of DNA was achieved for
seven samples, including the raw material of SD80 and B36 (Figure 4).

The sequencing results showed that the microbial diversity of the two initial bentonites
were different from each other, and that the diversity changed in response to the applied
conditions. Supplemented batches that contained SD80 bentonite and that were reacted in
OPA solution at 25 °C for one and two years showed the formation of black precipitates and
fissures (Figure 3a) as well as the dominance of spore-forming and sulfate-reducing bacteria
from the genera Desulfosporosinus, Desulfotomaculum and Desulfitobacterium (Figure 4). The
detected genera could reduce the sulfate present in order to form hydrogen sulfide [17,42].
In the equivalent batches with B36 bentonite, no “typical” sulfate reducers were detected.
In the respective batches, microorganisms from the genus Bacillus were identified, which
are known to form spores and to be resistant against harsh conditions [43]. Furthermore,
microorganisms from the genera Marinobacter were identified in the one-year incubated
batches that contained B36 bentonite, CAP solution and substrates (Figure 4). Some species
from that genus are known to be resistant against the saline conditions that characterized
the respective batches [44].

The results indicate that the microbial “inventory” of the two tested bentonites dif-
fered from each other and, thus, also the metabolic potential of the respective microbial
species. Further, it is noteworthy that both bentonites contained a high abundance of
unknown genera, whose metabolic potential and influence on the mineral assemblages
were uncertain. As experiments were conducted under nonsterile conditions, the input
of additional microbes could not be excluded. Nonetheless, if active, the detected genera
may have influenced the solution chemistry, i.e., by the reduction of sulfate [45]. To assess
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if the detected genera led to any changes in smectite structure and composition, purified
smectites of supplemented and control samples were analyzed and compared by XRD and
SEM-EDX.
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Figure 4. Microbial diversity in B36 and SD80 raw materials and samples incubated at 25 °C. Shown is the relative
abundance of detected genera and their dependence on the added substrates (+S) and incubation time (t in years). The
microbial community was analyzed by amplifying and sequencing the V4-region of the 16S rRNA gene via MiSeq Illumina
(modified from Matschiavelli et al. [26]).

3.2.3. X-ray Diffraction

The random powder XRD patterns of both reacted bentonites showed no neoformed
minerals. Minor quantitative differences in the mineralogical composition between the
initial and the reacted samples were attributed to heterogeneous sampling. XRD patterns
of EG-saturated (001)-reflections revealed some structural differences between samples
that were largely independent of the interlayer cation configuration and water content
(Tables S7 and S8).

The SD80 samples subjected to OPA solution did not show significant changes in
FWHM or d values over time or with increasing temperature (Figure 5a,b). The dgy; values
were at 1.69 nm, and the FWHM ranged between 0.5 and 0.6 A° 26. However, the XRD pat-
terns of SD80 treated with CAP solution (Figure 5¢,d) did show minor differences with dg;
values between 1.67 and 1.69 nm, whereby the FWHM was constant at 0.6 A° 20. Only the
doo1 of SD80 reacted for one year at 90 °C without substrate (-S) showed a more significant
shift towards smaller d values with dyy; = 1.65 nm. Overall, the dy; reflection intensity of
the reacted SD80 smectites notably decreased with increasing temperature conditions.
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Figure 5. XRD patterns (oriented slides of purified smectite; ethylene glycol-saturated) of the initial SD80 bentonite and
reacted samples at two different temperatures (25 and 90 °C) with substrate (+S) and controls. (a,b) OPA solution for 1
and 2 years and (c,d) CAP solution for 1 and 2 years. Besides for an overall decrease of reflection intensity, no changes in
d-spacing and full-width-at-half-maximum (FWHM) were observed. FWHM in A° 20. OPA: Opalinus clay pore water, CAP:
diluted cap rock solution.

The B36 samples treated with OPA solution did not show significant changes (Figure 6a,b).
The (001)-reflection of smectite varied between 1.69 and 1.71 nm, and the FWHM remained
constant at 0.8 A° 20. B36 samples in contact with the CAP solution (Figure 6¢,d) showed
larger variations in 4 values (1.64-1.72 nm) and FWHM values (0.9-1.1 A° 26). The highest
increase in the FWHM up to 1.1 A° 20 was accompanied by a shift of the dyy; towards
smaller values (1.64 nm and 1.66 nm). This was observed in the two-year sample set
reacted at 90 °C both with and without substrate. The increase of FWHM correlating
with decreasing d values and lower reflection intensities indicates a decrease in crystallite
thickness [39], which likely reflects the interlayer exchange of Ca?* by Na* and/or K*.
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Figure 6. XRD patterns (oriented slides of purified smectite; ethylene glycol-saturated) of the initial B36 bentonite and
reacted samples at two different temperatures (25 and 90 °C) with substrate (+S) and controls. (a,b) OPA solution for 1 and
2 years and (c,d) CAP solution for 1 and 2 years. Samples reacted in CAP solution show a continuous decrease of dgp;) in

combination with an increase of FWHM (in A° 20) with higher temperature and duration. OPA: Opalinus clay pore water,
CAP: diluted cap rock solution.

3.2.4. Smectite Layer Charge Distribution

The initial sample of SD80 is classified as a low charged smectite with a total layer
charge of —0.36 equivalents per half unit cell (e-phuc™!) and 17% tetrahedral charge
(Table 4). The SD80 smectite subjected to OPA solution showed minor changes in the total
layer charge with a trend towards elevated layer charges (Figure 7a). The increase in total
LC was mainly due to the tetrahedral substitution of Si** by AI** along with an overall
decrease in octahedral Fe3* and an increase in octahedral Mg?*.

Smectite samples of SD80 treated with CAP solution showed commonly increased
layer charges by up to 0.05 e-phuc™ (Figure 7b). Overall, only minor changes in octahe-
dral Mg?* (—0.01 to +0.02 e-phuc™!) and octahedral Fe>* (—0.05 to 0.00 e-phuc~!) were
observed for SD80 smectites in CAP solution. Changes in the total layer charge were
mainly attributed to the tetrahedral substitution of Sit+ by Al3*, which was observed for
four samples with a layer charge difference higher than 0.04 e-phuc™!. This includes three
substrate-bearing samples (one-year samples at 25 °C; two-year samples at 25 °C and
90 °C) and one sample reacted for two years at 90 °C without substrate that did not show
an additional increase in octahedral A13*.
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Figure 7. Layer charge and cation distribution of SD80 batch experiments with (a) OPA solution and

with (b) CAP solution; tet: tetrahedral sheet, oct: octahedral sheet, il: interlayer. Values above the
bars are displaying the rounded deviation (in e-phuc™!) from the initial sample (dotted line).
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The EDX-based structural formula was also used to determine the interlayer cation dis-
tribution. The interlayer of the initial SD80 smectite was dominated by CaZ* (0.09 e- phuc’l)
and Mg?* (0.06 e-phuc™!), followed by small amounts of K* (0.03 e-phuc!) and Na*
(0.01 e-phuc™) (Table S9). In contact with the OPA solution, only minor changes in Na*,
K* and Mg?* content were observed, with differences of up to £0.02 e-phuc~! (Figure 7a).
An exception was the one-year control sample reacted at 25 °C, which showed a decrease
of 0.04 e-phuc~! for Mg?*. Overall, the Ca?* content increased between 0.02 e-phuc~! and
0.05 e-phuc—1.

In contrast, the SD80 samples subjected to CAP solution showed an uptake of Na*
into the interlayer with a decreasing amount of substitution with increased temperature
(Figure 7b). Compared to the initial sample, the Na* in bentonites reacted at 25 °C increased
by 0.11-0.12 e-phuc™!. The only exceptions were the one-year control samples reacted
at 25 °C and 90 °C, which did not show any differences in Na* content. The K* content
of the 25 °C samples also showed no change, and only minor changes were observed for
90 °C samples with an increase by up to +0.02 e-phuc™!. Overall, enhanced amounts of
interlayer Ca%* (0.02-0.03 e-phuc—') and depleted amounts of Mg?* (0.01-0.06 e-phuc™!)
were observed under elevated temperatures.

In comparison, the increased LC in OPA-reacted SD80 samples correlated with the
uptake of interlayer Ca?* at 25 °C and 90 °C, whereas in CAP-reacted samples, a constant
increase in Ca?* was observed at 25 °C and 90 °C. Additionally, CAP samples at 25 °C
showed a noticeable increase in Na*, which correlated with LC, and a decrease in interlayer
MgZ*. At 90 °C, this trend was diminished but accompanied by an increase in K*. These
trends indicate solution-dependent changes whose implications will be discussed later.

The initial sample of B36 is classified as a medium charged smectite with a total layer
charge of —0.38 e-phuc™! and 56% tetrahedral charge (Table 4). After treatment with OPA
solution, no or only minor changes (0.00 to —0.04 e-phuc™!) in the total layer charge were
observed for the two-year samples reacted at 90 °C and the one-year sample sets. Only the
two-year samples reacted at 25 °C showed increased layer charges by up to 0.05 e-phuc ™!
(Figure 8a). The latter are related to tetrahedral substitution of AI** by Si** along with an
octahedral substitution of A1** by Fe3*, which results in an overall increase of tetrahedral
charge (up to 0.06 e-phuc™1).

The total LC of B36 subjected to CAP solution showed only minor changes at 25 °C,
whereas samples reacted at 90 °C had increased layer charges up to 0.06 e-phuc™! in control
samples and up to 0.14 e-phuc~! in substrate-bearing samples (Figure 8b). The only excep-
tion was the two-year control sample at 25 °C, which showed similar changes compared
to the control samples reacted at 90 °C. The 90 °C samples displayed an overall decrease
of tetrahedral Si** between —0.11 e-phuc™! and -0.14 e-phuc~!. Whereas no changes in
octahedral charge were observed for the substrate-bearing samples (Fe3* substitutes for
AI%), the octahedral charge decreased up to 0.08 e-phuc~! in the control samples. This
was caused by a significant increase of AI>* (up to 0.16 e-phuc™!) along with a decrease of
Fe3* (—0.08 e-phuc™!) and Mg?* (up to —0.08 e-phuc!) in the octahedral sheet.

The interlayer distribution of the initial B36 smectite was dominated by Ca?* (0.11 e-phuc™)
and Mg?* (0.06 e-phuc ™) followed by K* (0.03 e-phuc ') and Na* (0.01 e-phuc 1) (Table S10).
In OPA solution experiments, the B36 samples showed slight changes in interlayer cation
content (—0.03 to 0.02 e-phuc™!) (Figure 8a). The two-year sample set at 90 °C showed
enhanced Na* contents greater than 0.03 e-phuc™!.
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Figure 8. Layer charge and cation distribution of B36 batch experiments with (a) OPA solution and

with (b) CAP solution; tet: tetrahedral sheet, oct: octahedral sheet, il: interlayer. Values above the
bars are displaying the rounded deviation (in e-phuc™!) from the initial sample (dotted line).
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For B36 samples subjected to CAP solution, an overall uptake of Na* cations between
0.08 e-phuc™! to 0.18 e-phuc ! was observed (Figure 8b). The only exceptions were control
samples, which reacted for one year at 25 °C, and for the one- and two-year samples
reacted at 90 °C, which showed no or only minor increases of up to 0.03 e-phuc~!. A more
significant increase of interlayer K* between 0.03 e-phuc ™! and 0.05 e-phuc ! was observed
for the high temperature samples (90 °C) as well as for a control batch reacted for two
years at 25 °C. For all samples, the Ca®* content decreased by up to —0.06 e-phuc. The
amount of interlayer Mg?* increased for the 90 °C samples up to +0.05 e-phuc™!, whereas
the substrate-bearing samples at 25 °C showed a decrease in Mg?* of —0.04 e-phuc™!. The
control batches reacted at 25 °C showed no or only slight changes (+0.02 e-phuc™!) in
interlayer Mg?*.

The most noticeable changes in the B36 bentonite were found in CAP-reacted sam-
ples and involved an increased uptake of Na* into the interlayer at 25 °C and substrate-
influenced tetrahedral and octahedral changes at 90 °C. These changes point towards
higher reactivity of B36 in comparison to SD80 and will be discussed in detail later.

As solutions were not renewed during the batch experimentation, a complete exchange
of interlayer cations, e.g., Na* for Ca?* in contact with the CAP solution was not expected.

3.2.5. Solution Chemistry of the Supernatant

The solution chemistry of the supernatant before and after experimentation was
analyzed to estimate the dissolution and cation exchange behavior of both bentonites as
well as the change of pH values. During the short-term experiments, pH values for SD80 in
OPA solution varied between 7.2 and 7.4 (Table 6). The pH values of SD80 in CAP solution
showed an initial decrease from pH = 7.3 to 7.1, which further decreased to pH = 6.9 after
1 day. In contrast, the pH values of B36 were characterized by a strong decrease in both
solutions. In contact with OPA solution, the pH immediately decreased from 7.8 to 6.3
within 1 day. Subjected to CAP solution, the pH decreased from 7.3 to 5.7 and remained at
5.0 between 1 and 30 days.

Table 6. Results of pH short-term measurements of both bentonites (SD80, B36) in a glove box at
25 °C with a solid to solution ratio of 1:2. The pH values of both solutions (OPA, CAP) without
bentonite are also used as a reference for long-term measurements.

Sample Solution od 1d 8d 30d
- OPA 7.8 - - -
SD80 OPA 7.4 7.2 7.3 -
B36 OPA 6.3 54 5.6 5.7
- CAP 73 - - -
SD80 CAP 71 6.9 6.9 6.9
B36 CAP 5.7 5.0 5.0 5.0

For long-term experimentation (one and two years), an overall increase of Mg concen-
trations and an increase of Si concentrations with increasing temperature were observed
for all solutions, which indicates temperature enhanced silicate dissolution. Higher Na
concentrations in substrate-bearing samples were attributed to the additional input of
sodium by Na-lactate and Na-acetate (Tables 7 and 8).
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The pH and most ICP-OES measurements for SD80 in contact with OPA solutions
were not feasible due to the complete adsorption of water molecules by smectite par-
ticles. SD80 samples reacted in CAP solution showed pH values that varied between
7.2 and 7.6. Solutions of supplemented SD80 samples showed slightly higher Mg con-
centrations than the control samples. A significant decrease in the S concentration from
about 15 mmol-L ! to almost 0 mmol-L~! was observed for the one-year sample reacted at
25 °C in OPA solution (+5) in which sulfate-reducing bacteria were detected as aforemen-
tioned (Table 7). Solutions of sample B36 showed decreasing pH values with increasing
temperature (Table 8).

4. Discussion
4.1. Smectite Alteration Mechanisms

The structural alteration of the smectite, which was observed in both sets of bentonite
experiments, can be attributed to three main mechanisms: (i) interlayer cation exchange, (ii)
tetrahedral substitution of Si** by AI** and (iii) octahedral substitution of Fe** and Mg?*
by AI** and to a lesser extent of Al** by Fe3*. To varying degrees, these mechanisms are
controlled by experimental conditions, which are temperature, duration of the experiments,
solution chemistry, the mineralogical composition of the bentonites and whether or not the
experiments are supplemented with organic supplements. Due to the complexity of the
bentonite assemblages and their microbial compositions, it was not possible to differentiate
any single parameter as being responsible for the smectite alteration, so probable causes
for the observed types of alteration are discussed below.

4.1.1. Interlayer Cation Exchange

The reactivity of bentonites in saline solutions has been studied extensively in the
past [10,12,46]. As reported by Kaufhold and Dohrmann [11], the degree of interlayer
cation exchange is determined by the ionic strength of the solution and the solid to solution
ratio. Although both solutions used in this study are Na-dominated (Table S1), significant
Na* uptake into the interlayer was only observed for CAP-reacted samples at 25 °C and
partly at 90 °C, whereas samples reacted in OPA solution showed only minor interlayer
exchange. In comparison to other studies (e.g., [47]), these slight changes are likely to reflect
the low solid to solution ratio (1:2) in combination with non-stirred bentonite slurries.

At 90 °C, both smectites reacted in CAP solution showed an increase of interlayer
K*, which indicates an increase of collapsed layers. For B36, this is supported by the
trends observed for EG-saturated 001-reflections (Figure 9), which show a continuous
decrease of d(gg1) in combination with an increase of the FWHM at higher temperature
and longer duration. This points towards a decrease in X-ray scattering domain sizes,
which likely resulted from particle delamination [39]. Delamination is known to occur
during the interlayer exchange of Ca?* by Na* when treated with NaCl-dominated saline
solutions [48]. This is supported by the continuous decrease of basal spacing in combination
with an increase of FHWM with both temperature and duration for sample B36. This effect
is intensified in the presence of the organic substrate, which also contained higher amounts
of Na* in the interlayer compared to the control samples (Table 510), which was possibly
derived from the added Na-lactate and Na-acetate.
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Figure 9. Plot of 001-reflection parameters against layer charge of ethylene glycol-saturated B36
samples reacted in CAP solution at 25 °C (circle filled) and 90 °C (circle unfilled). FWHM: full-width-
at-half-maximum, LC: layer charge, -S: without substrate, +S: with substrate.

As layer charge is known to influence smectite colloidal properties, an increase in
the total layer charge can lead to a decrease in crystalline swelling [49,50], whereby the
swelling also decreases with increasing salinity of the respective pore water [46]. However,
the changes in the 001-reflection (intensity, position, FWHM) of EG-saturated smectites
are largely attributable to the reversible effects of interlayer cation exchange and particle
delamination and therefore are not considered to represent a permanent structural change.

In comparison to B36 samples reacted at 25 °C, the 90 °C samples showed a significant
decrease of the pH to values between 5.0-5.2 (OPA) and 4.5-4.8 (CAP), which was indepen-
dent of the addition of substrate (Table 8). Kaufhold et al. [51] argued that the hydrolysis
of exchanged interlayer Ca?* could lead to a minor decrease in pH values. However, an
increase of Ca®* in both solutions was observed for all samples. Although no carbonate
phases were detected by XRD in the bulk materials, minor amounts were found in other
studies (SD80: 2.8 wt.%, B36: 0.35 wt.%) [25] and, if present in small amounts in these
samples, could further explain the increase in Ca?*. Therefore, interlayer Ca?* or any
additional Ca?* in the solution is not considered to be the likely source of acidification.
Beaufort et al. [52] observed decreasing pH values in hydrothermal experiments at 200 °C
with purified smectites, which indicates that the alteration of smectite itself could influence
the solution pH. However, the exact source of acidification remains unclear but is possibly
related to deprotonation reactions that may occur during heating [53] and/or to the poten-
tial reduction of octahedral Fe3*. The latter can lead to the adsorption of dissociated H,O,
whose H* can be subsequently substituted by Na* [54]. The decrease in pH likely did not
result in enhanced montmorillonite dissolution, as dissolution rates within the observed
pH range are generally of the same order of magnitude [55].

4.1.2. Tetrahedral and Octahedral Charge Distribution

The determination of the layer charge distribution based on EDX analyses can provide
information about the early stage alteration of smectites, which cannot be detected or dif-
ferentiated in the analyses of the bulk material (XRD, XRF). The interpretation of structural
changes solely based on the total layer charge must be taken with caution, as elemental
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changes <0.02 e-phuc ! lie within the margin of error, and these errors will accumulate
when summing up the total charge. As a result, more reliable interpretations are made
by considering the charge distribution (Figures 10 and 11). During smectite alteration in
the bentonite-solution experiments, a layer charge increase mainly occurred as a result
of tetrahedral substitution of Si** by Al**, as observed in both samples. A correlation
between the increasing degree of smectite alteration and reaction time was observed in
both SD80 and B36 bentonites reacted in OPA solutions at 25 °C. While both samples
showed no alteration of the tetrahedral sheet after one year, a slight but significant decrease
in tetrahedral Si** was detected after two years both with and without substrate. The
tetrahedral (TET) and octahedral (OCT) charge of samples reacted in OPA solution at 90 °C
differed only slightly from the initial sample.

a) SD80 - OPA 25°C b) SD80 - OPA 50°C
LC unaltered LC unaltered
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Figure 10. Scatter plots for SD80 smectites that compare the altered tetrahedral (TET) and octahedral (OCT) charges to the
initial charge distribution for samples reacted in (a,b) Opalinus clay pore water (OPA) and (c,d) diluted cap rock solution
(CAP). Overall, only minor changes were observed after experimentation. LC: layer charge, —S: control samples without

substrate, +S: samples with substrate.
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Figure 11. Scatter plots for B36 smectites that compare the altered tetrahedral (TET) and octahedral (OCT) charges to the
initial charge distribution for samples reacted in (a,b) Opalinus clay pore water (OPA) and (c,d) diluted cap rock solution
(CAP). An increase of the tetrahedral charge was observed for samples reacted in OPA solution at 25 °C after two years (a)
and in the corresponding control sample reacted in CAP solution (c). B36 samples reacted in CAP solution at 90 °C show
the highest changes, with an overall increase in tetrahedral charge along with a decrease in octahedral charge for the control
samples. LC: layer charge, -S: control samples without substrate, +S: samples with substrate.

Where sample SD80 generally showed only minor variations (Figure 10), more signifi-
cant changes were seen in the B36 bentonite, especially when subjected to CAP solution at
90 °C (Figure 11d). It should be noted that the control sample reacted at 25 °C after two
years showed similar changes as the equivalent sample at 90 °C (Figure 11c). In contrast to
MXB80 studies by Herbert and co-workers [10], no surplus of Si was observed, indicating
montmorillonite alteration toward kaolinite or pyrophyllite compositions as favored in
closed systems. In this sample set, a significant increase in the tetrahedral layer charge
due to substitution of Si** by AI** was detected. This resulted in an overall increase of
layer charge and an alteration toward a beidellite reaction product. The additional Al
needed for this “beidellitization” process may be provided by the localized dissolution and
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precipitation of montmorillonite [56] or by the dissolution of accessory minerals, such as
unstable feldspar grains [57].

Considering the octahedral charge distribution, differences between control and sup-
plemented samples were observed. Thus, the control samples displayed a significant
increase in tetrahedral charge, along with a decrease of octahedral charge, due to the Fe3*
and Mg?* substitution by A1**. This indicates the formation of high charged beidellitic
layers (& > 0.43 e-phuc™!, TET: 77-81%). Whereas, the substrate-bearing samples, with
the overall highest layer charges > 0.48 e-phuc™!, showed a similar increase of tetrahedral
charge (TET: 67-69%), there was little change in the octahedral charge. Here, the octahedral
A13* was substituted by Fe3*, and the interlayer Na* was slightly increased.

Beaufort and co-workers [52] found that the formation of beidellitic smectite is accom-
panied with the release of excess Mg in solution, which subsequently led to the formation
of trioctahedral smectite. However, no evidence for trioctahedral precipitates was found in
the XRD patterns of this study (e.g., dogo reflection remained at 0.150 nm).

Although higher resolution SEM images (30,000-fold magnification) and XRD studies
of the purified samples showed no indication of nanoparticle contamination, traces of
accessory silicate phases (e.g., amorphous silica, cristobalite) cannot be fully ruled out.
If present, they would result in Si-contamination of the compositional analyses. As the
amount of Si detected in the purified smectite fraction was in most cases not sufficient to
fill all tetrahedral metal sites (4 atoms per unit formula), it is assumed that the effect of
any impurities was negligible and had no or little influence on the smectite compositions
presented. Furthermore, random powder XRD measurements showed no formation of
new minerals occurred during experimentation, which may interfere with analyses of the
purified fractions.

Due to the different natures of the two bentonites studied, including their different
smectite compositions, it is considered likely that the smectites, which were both sub-
jected to the same experimental conditions, reacted differently in each material. In this
context, the low charged SD80 as a beidellitic montmorillonite showed nearly no structural
change, whereas B36, as a medium charged montmorillonitic beidellite, became more
beidellitic with increasing temperature and reacted in the highly saline CAP solution. This
corresponds to the findings of Nguyen-Thanh and co-workers [58], who suggested that re-
activity of smectite increases with a higher degree of octahedral substitution. Furthermore,
reactions with accessory minerals (e.g., K-feldspar, pyrite, calcite), the abundance of which
varied between the bentonites, are also likely to have affected the smectite alterations,
although such effects could not be determined in this study.

4.2. Microbial Diversity and Its Potential Influence on the Mineralogy

Microbial activity in a future HLW repository may influence the bentonite barrier
performance by various processes, such as leading to potential gas and sulfide production
or changes in redox potential [45]. Considering the results of EDX analyses, no microbial
induced smectite alteration was observed in batches treated with substrate. Although
the experimental setup was prepared under nonsterile conditions and with a diversity of
substrates, the results of extracted DNA indicate that the batches did not develop diverse
assemblages of microorganisms. Thus, the applied conditions favored the formation of
specialized microorganisms that could adapt to these conditions. The detected genera,
which dominated especially the SD80 slurry experiments with OPA solution, have been
found in former bentonite slurry experiments [59,60], indicating that these microorganisms
originated from the SD80 bentonite.

In general, bentonites are known for their low biomass [23], so that the concentration
of extracted DNA was very low (Table S6). The DNA extraction was also hindered by the
adsorption of negatively charged DNA to the cationic surfaces of the smectite particles, a
mechanism enhanced with decreasing pH due to the increase in positively charged edge
sites [61,62].
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However, SD80 samples treated with substrate and reacted at 25 °C in OPA solution
showed the highest amount of extracted DNA. Within these samples, spore-forming and
sulfate-reducing bacteria are dominant. The latter are able to reduce sulfate in order to
form HjS [17,42], which is known for promoting metal corrosion [17,18]. The formation of
black spots in the respective sample could be an indication of FeS precipitation (Figure 3a),
as similarly observed by Pedersen and co-workers who found a blackening of suspensions
with a pH between 7 to 5 [19]. However, these black spots are local precipitates that were
not detectable in the sampled material by XRD or SEM-EDX techniques.

The extreme conditions found in saline pore waters (e.g., CAP solution) promote the
dominance of specialized microorganisms, i.e., the dominance of Marinobacter and Bacillus
species in the respective B36 samples. Although no smectite alteration in correlation
with microbes occurred, color changes in the substrate-bearing B36 batches could be an
indication of Fe** reduction (Figure 3d) [41]. In short-term experiments (98 days, 30 °C)
with B36 reacted in OPA solution, the green coloration of the bentonite and supernatant
pore water was also observed by Matschiavelli et al. [26]. Moreover, the measurements of
the iron concentrations showed an increase of Fe?* and a decrease of Fe?* [26].

Although no typical iron-reducing bacteria were detected within the sample sets stud-
ied, other non-identified species as well as some of the detected genera (e.g., Bacillus [63])
may change the Fe oxidation state due to changing redox conditions or by direct or indirect
iron reduction via AQDS [64,65]. This may lead to layer charge increases [56] and the
consequences described in Section 4.1.1. Such changes, however, will not be detected by
the EDX method applied in this study, which assumes all iron to be in the Fe3* state.

In general, the utilized organic substrates lactate, acetate and methanol are used for
various anaerobic metabolisms as the energy sources [66-68], whereas the humic analogue
AQDS serves as an electron shuttle [64]. It should be noted that the concentrations of
the substrates added to the batches are higher compared to those expected in a natural
bentonite environment or in the deep geological repository itself. To accelerate the microbial
processes and to shorten the incubation period, the concentration was increased without
knowing whether the tolerable concentration would be exceeded. Matschiavelli et al. [37]
pointed out that a lactate or acetate concentration of 50 mM is possibly too high for soil
organisms, which is also likely for the organic mixture concentrations used in this study.
Inherent microorganisms may be affected, since they are not used to coping with these
high concentrations in their natural environment. However, a general mix of substrates at
lower concentrations is more relevant to a future deep geological repository setting, since
it has been shown that organics such as lactate, acetate, formate and malate are present
in pore waters that can potentially enter the repository [69]. Considering the respective
environmental conditions, the addition of the correct concentrations of natural organic
and humic acids to bentonite needs to be optimized in future experiments as potential
substrates and electron shuttles for stimulating microbial metabolisms.

4.3. Implications for a Real Repository Scenario

The static batch-experiments with bentonite slurries performed in this study are
not representative for the initial conditions of a repository site in terms of the degree of
compaction, where tight pore space and low hydraulic conductivities will limit transport
processes [13]. However, the importance of these experiments to the long-term performance
of the bentonite barrier is considered to be relevant. Over time, niches in the repository are
likely to form, where erosion and particle transport will lead to less compacted material [14].
This may result from the infiltration of groundwater through fissures or cavities and along
contact zones, leading to the development of localized bentonite clay slurries and changing
environmental conditions (e.g., salinity, pH), which may affect the bentonites stability.

Within the experimental period, no clear evidence for mineral transformations (e.g.,
smectite-to-illite conversion) of the smectite samples was observed. However, for the B36
smectite reacted at 90 °C in higher saline CAP solutions, an uptake of interlayer K* is
recognizable. This is accompanied by an increase in layer charge, which is an initial step
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that could lead to the fixation of potassium. Additionally, XRD results point towards a
decrease in swelling capability, which is indicated by lower d values and broader basal
reflections (FWHM) in the respective samples (Figure 9). These findings indicate that
in long-term experiments, illitization may possibly take place, which would lead to a
reduction or even a loss in the swelling and sealing capacity of the bentonite buffer.

Kaufhold and Dohrmann [4] highlighted several key factors that make a bentonite less
suitable for HLW disposal. These included mineral alteration, loss of swelling capability,
availability of soluble or reactive phases (such as pyrite or gypsum), a high structural Fe
content in the smectite as well as a high layer charge density. Considering these parameters,
our mineralogical results indicate that the Fe-rich montmorillonitic-beidellite B36 bentonite
with its higher abundance of accessory minerals (~35 wt.%) is likely to be less suitable
as barrier material than the bentonite SD80 with beidellitic-montmorillonite as the main
component (~90 wt.%). In this context, the B36 material showed clear signs of becoming
more beidellitic when reacted at higher temperatures in the diluted cap rock solution
compared to the SD80 bentonite that showed close to no structural change in any of the
experiments conducted. As the highest increase in layer charge was observed for the
substrate-bearing B36 samples at 90 °C in CAP solution, the addition of organic and humic
acids that can act as electron-donors and promote protonation/deprotonation surface
reactions [70] may well have contributed to this advanced state of alteration.

The relevance of microbial activity to the repository scenario, based on similar 1-year
bentonite slurry experiments, has been previously discussed [37]. Indigenous microorgan-
isms were shown to evolve under different temperature and substrate conditions but had
no significant effect on the analyzed biogeochemical parameters [37,71]. In this follow-up
study on two different bentonites, similar slurry experiments with an additional focus on
mineralogical changes were compared with and without the addition of organic supple-
ments. Similar microbial results were obtained when adding substrate, but the detected
genera did not appear to significantly affect the mineralogical properties of the SD80 and
B36 bentonites within the two years of experimentation at low temperatures. A notable
result was also the very low amount of DNA in samples reacted in CAP solution or in OPA
solution without organic supplements. This emphasizes the point that the availability of
nutrients and the salinity are likely to be limiting factors for growth in a slurry environment.
It is therefore important in future experimental studies to investigate more nutrient poor
systems in waters of variable salinity over time periods of several years in order to gain
a more accurate understanding of the potential influence of microbes in the long-term
repository setting.

5. Conclusions

Static batch experiments were carried out for one and two years at 25 °C and 90 °C
using two different bentonites (SD80 from Greece, B36 from Slovakia) and two types
of saline solutions, which simulated (a) Opalinus clay pore water with a salinity of
19 g-L~! and (b) diluted cap rock solution with a salinity of 155 g-L~!. The bentonites
were supplemented with and without organic substrates to study the microbial diversity
and their potential influence on the bentonite mineralogy.

1. After experimentation, no neoformation of minerals was observed. Mineralogical and
chemical changes can be attributed to interlayer cation exchange reactions, particle
delamination and tetrahedral as well as octahedral metal ion substitutions. These
changes are more pronounced at higher salinity and elevated temperatures.

2. The initial charge distribution determines the reactivity of the smectite, with octahe-
dral charge dominated smectites (e.g., SD80) being less susceptible to these alterations.
However, the influence of accessory minerals (e.g., feldspar, calcite, pyrite) on the envi-
ronment and smectite alteration should not be neglected with regard to the long-term
stability of the bentonite barrier.

3. Considering the microbial influence on a potential HLW repository, the detected
genera in SD80 appear to be more important than the specialized microorganisms
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References

detected in bentonite B36 due to their potential to reduce sulfate in order to form
H,S, and thus, promoting the corrosion of metal canisters. Further, it should be noted
that the microbial diversity changed with respect to the bentonite and to the applied
conditions used in this study. As a result, bentonite-inherent microorganisms may
have a potential negative long-term effect on the barrier system. This should be
considered when selecting bentonites as buffer material.

4. The reaction kinetics of smectite alteration as well as the precise role of microbes could
not be determined due to the complexity of bentonite mineral assemblages and the
large number of influencing factors. Further experimentation using simpler mineral
mixtures and the addition of single substrates (hydrogen gas, lactate or acetate) at
lower concentrations are required. The measurement and quantification of metabo-
lites, e.g., the formation and consumption of organic acids and gases, is necessary to
understand further the microbial metabolic potential within the bentonites and its
impact on the barrier system.
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