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Geochemical, Geotechnical, and Microbiological Changes in Mg/Ca Bentonite after Thermal
Loading at 150 ◦C
Reprinted from: Minerals 2021, 11, 965, doi:10.3390/min11090965 . . . . . . . . . . . . . . . . . . 83
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Laboratory, Sweden
Reprinted from: Minerals 2021, 11, 669, doi:10.3390/min11070669 . . . . . . . . . . . . . . . . . . 245
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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), Äspö (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, Černý 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 Rhaïem 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
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of the Ca2+ cation. Their results [25] were consistent with the observations of Tessier [27]
and Ben Rhaïem et al. [26], who documented the removal of water molecules from calcium
smectites at high suction pressures (>5 MPa). Ben Rhaïem 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 10−12 to 10−13 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
Kärnbränslehantering 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/m3 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 64.97 51.03 59.76 368.32 2021.16 0.1525 4500 101.7Ca 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 mm2 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 μm and the <63 μm 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 μm fraction was removed and dried at 55 ◦C. Approximately 100 mg of the <2 μm
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◦ 2θ at 2.06◦ 2θ/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 μm oriented mounts were scanned from 2–40◦ 2θ at 1.02◦ 2θ/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 A1 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 A1, 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 transducers (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.
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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.
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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/m3. 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.

A)

B)

C)

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.
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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.

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 μm 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 μm 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 μm) and microcrystalline aggregates (up to 50 μm) 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: H2O 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.

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 CaSO4 (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 m2/g. Slice 9 piece I had an anomalously
low surface area of 530 m2/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 m2/g. Unsurprisingly, therefore these samples with
their high smectite content produced high surface areas in the range 530–704 m2/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 m2/g (Figure 9B).
Slices 3 to 1 had sequentially lower surface areas of 663 m2/g, 659 m2/g and 631 m2/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 μm and Whole-Rock XRD Analysis

Four of the Bulgarian Ca bentonite and MX80 slices were used for <2 μm 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 Å would
indicate a predominance of divalent (Ca/Mg) interlayer cations and a double layer of
water molecules, while a ∼12.5 Å 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 Å, confirming
a predominance of divalent interlayer cations (Ca/Mg). However, the significantly smaller
d001 spacing measured for piece A of 13.3 Å 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 Å suggesting an
approximately uniform monovalent (Na, K) interlayer cation chemistry.

The width of XRD peaks (e.g., full width at half maximum height, FWHM) 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◦ 2θ but slice A had a broader FWHM of 2.95◦ 2θ. 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 ± 0.1◦ 2θ 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 μm 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 μm 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 μm

Surface Oriented XRD Whole-Rock Powder XRD

Bentonite Slice Area d001 Smectite ’Mica’ Quartz Calcite Cristo- Total

Type No. (m2/g) (Å) FWHM Balite

Ca

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 (C) 570 — — — — — — — —
4 (D) 591 — — — — — — — —
5 (E) 605 — — — — — — — —
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 (I) 530 — — — — — — — —
10 (J) 573 — — — — — — — —
11 (K) 606 14.47 2.36 77.9 15.0 <0.5 5.0 1.7 100.0

MX80

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 — — — — — — — —
7 687 12.91 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 2.27 77.4 16.5 4.5 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 Å. 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 μm 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
00l and d spacing in Å).
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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 m2/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◦ 2θ in slice 1 piece A compared to FWHM = ∼2.23◦ 2θ 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 μm. 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-S65: 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., Ca2+) 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, Ca2+ 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/cm3. 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 μm 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 μm 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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60. Kallay, N.; Barouch, E.; Matijević, E. Diffusional detachment of colloidal particles from solid/solution interfaces. Adv. Colloid
Interface Sci. 1987, 27, 1–42. [CrossRef]

61. Inglethorpe, S.D.J.; Morgan, D.J.; Highley, D.E.; Bloodworth, A.J. Industrial Minerals Laboratory Manual: Bentonite; Technical
Report WG-93-20; British Geological Survey: Nottingham, UK, 1993.

62. Svensson, D.; Lundgren, C.; Johannesson, L.E.; Norrfors, K. Developing Strategies for Acquisition and Control of Bentonite for a High
Level Radioactive Waste Repository; Technical Report TR-16-14; Svensk Kärnbränslehantering AB (SKB): Stockholm, Sweden, 2017.

63. Ryan, J.N.; Elimelech, M. Review: Colloid mobilization and transport in groundwater. Colloids Surf. A Physicochem. Eng. Asp.
1996, 107, 1–56. [CrossRef]

64. Missana, T.; Alonso, U.; García-Gutiérrez, M.; Mingarro, M. Role of bentonite colloids on europium and plutonium migration in a
granite fracture. Appl. Geochem. 2008, 23, 1484–1497. [CrossRef]

65. Schaefer, T.; Huber, F.; Seher, H.; Missana, T.; Alonso, U.; Kumke, M.; Eidner, S.; Claret, F.; Enzmann, F. Nanoparticles and their
influence on radionuclide mobility in deep geological formations. Appl. Geochem. 2012, 27, 390–403. [CrossRef]

66. Baik, M.H.; Cho, W.J.; Hahn, P.S. Erosion of bentonite particles at the interface of a compacted bentonite and a fractured granite.
Eng. Geol. 2007, 91, 229–239. [CrossRef]

67. Edmunds, W.M.; Shand, P.; Hart, P.; Ward, R.S. The natural (baseline) quality of groundwater: A UK pilot study. Sci. Total
Environ. 2003, 310, 25–35. [CrossRef]

68. Kurosawa, S.; Kato, H.; Ueta, S.; Yokoyama, K.; Fujihara, H. Erosion Properties and Dispersion-Flocculation Behavior of Bentonite
Particles; (Symposium QQ—Scientific Basis for Nuclear Waste Management XXII); Cambridge University Press: Cambridge, UK,
1999; Volume 556, p. 679. [CrossRef]

69. Jansson, M. Bentonite Erosion Laboratory Studies; Technical Report TR-09-33; Svensk Kärnbränslehantering AB (SKB):
Stockholm, Sweden, 2009.

70. Albarran, N.; Degueldre, C.; Missana, T.; Alonso, U.; Garcia-Gutierrez, M.; Lopez, T. Size distribution analysis of colloid generated
from compacted bentonite in low ionic strength aqueous solutions. Appl. Clay Sci. 2014, 95, 284–293. [CrossRef]

71. Birgersson, M.; Börgesson, L.; Hedström, M.; Karnland, O.; Nilsson, U. Bentonite Erosion Final Report; Technical Report TR-09-34;
Svensk Kärnbränslehantering AB (SKB): Stockholm, Sweden, 2009.

72. Fernández, A.M.; Missana, T.; Alonso, U.; Rey, J.J.; Sánchez-Ledesma, D.M.; Melón, A.; Robredo, L.M. Characterisation of Different
Bentonites in the Context of BELBAR Project (Bentonite Erosion: Effects on the Long Term Performance of the Engineered Barrier and
Radionuclide Transport); Technical Report; CIEMAT: Madrid, Spain, 2017.

29





minerals

Article

Swelling Pressure and Permeability of Compacted Bentonite
from 10th Khutor Deposit (Russia)

Artur Yu. Meleshyn 1,*, Sergey V. Zakusin 2,3 and Victoria V. Krupskaya 2,4,*

Citation: Meleshyn, A.Y.; Zakusin,

S.V.; Krupskaya, V.V. Swelling

Pressure and Permeability of

Compacted Bentonite from 10th

Khutor Deposit (Russia). Minerals

2021, 11, 742. https://doi.org/

10.3390/min11070742

Academic Editors: Ana

María Fernández, Stephan Kaufhold,

Markus Olin, Lian-Ge Zheng,

Paul Wersin and James Wilson

Received: 5 May 2021

Accepted: 28 June 2021

Published: 7 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) gGmbH, 38122 Braunschweig, Germany;
artur.meleshyn@grs.de

2 Institute of Ore Geology, Petrography, Mineralogy and Geochemistry, Russian Academy of Science (IGEM
RAS), 119017 Moscow, Russia; zakusinsergey@gmail.com

3 Department of Engineering and Environmental Geology, Lomonosov Moscow State University,
119991 Moscow, Russia

4 Nuclear Safety Institute, Russian Academy of Science (IBRAE RAS), 115191 Moscow, Russia
* Correspondence: krupskaya@ruclay.com; Tel.: +007-926-819-6398

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/cm3, 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 ± 0.3,
2.2 ± 0.6, and 6.3 ± 0.3 MPa and permeabilities of (27 ± 15) × 10−20, (3.4 ± 0.8) × 10−20, and
(0.96 ± 0.26) × 10−20 m2 were observed for the hydraulic gradient of 2000 m/m, which is recom-
mended for the determination of undisturbed swelling pressures and permeabilities in permeameter
experiments. Upon incremental increases in the hydraulic gradient, swelling pressures at all densities
and permeability at the density of 1.8 g/cm3 remained unchanged, whereas permeabilities at 1.4 and
1.6 g/cm3 decreased overall by a factor of approximately 5 and 1.7, respectively. Seepage-induced
consolidation and/or reorganisation of bentonite microstructure are considered possible reasons for
these decreases.

Keywords: radioactive waste; bentonite; swelling pressure; permeability; hydraulic gradient; engi-
neered barriers; geological repository

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 (C2) 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 μm 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, μm Median, μm
Particle Size Distribution, %

0.1–1 μm 1–10 μm 10–25 μm

1.79 2.90 15.6 72.6 11.8

b—Mineral Composition (%)

Smectite
(Montmorillonite)

Chlorite Quartz
Feldspars

(Microcline and Albite)
Calcite Anatase Gypsum

73.0 0.9 13.9 10.8 0.7 0.3 0.4

c—Chemical Composition

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 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-Kα radiation,
detector—D/Tex-Ultra, scan range 3–65◦ 2θ). 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(II)-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/cm3 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 μm, with an average permeability—measured in triplicate using three permeameter
cells—of (3.4 ± 0.5) × 10−14 m2) 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/cm3. The cap nut of the press flange was then tightened without adding axial stress.
Based on the density of soil solids (2.80 g/cm3), 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 cm3, and saturation to 25%, 33%,
and 45%, respectively. Respective bulk densities equal 2.02, 2.17, and 2.32 g/cm3.

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/cm3, the leftmost cell in Figure 1b), a behaviour strongly deviating from the other
two specimens at 1.8 g/cm3 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, Mg2+—0.494, Ca2+—1.217, K+—0.115, Cl−—2.549, SO4

2−—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/cm3, 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/cm3

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 ± 0.009 μPa·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 (μCT, 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
5 nm). 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 μCT study of the structure of compacted 10X showed that the specimen at a
density of 1.4 g/cm3 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/cm3 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/cm3, 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/cm3 (Figure 2c) was attributed to a
relaxation of the 10X’s fabric upon taking the specimen out of the compaction mold for the
μCT study.

Figure 2. μCT images of 10X specimens compacted to dry densities of (a) 1.4 g/cm3; (b) 1.6 g/cm3; (c) 1.8 g/cm3.

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/cm3. 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/cm3. 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/cm3 (cells
A1–A3); 1.6 g/cm3 (cells B1–B3); and 1.8 g/cm3 (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/cm3) 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 cm3 at a given density, a variation in
the absorbed solution volumes of up to 10.7 cm3 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/cm3 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/cm3 (A1–A3), 1.6 g/cm3 (B1–B3), and 1.8 g/cm3 (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 (σ) and permeabilities (κ) averaged over the last two weeks of
measurement at a given hydraulic gradient (iH) of 10X specimens compacted to dry densities of 1.4,
1.6, and 1.8 g/cm3; saturated and permeated by SGW.

iH, m/m
σ, MPa κ, 10−20 m2

1.4 g/cm3 1.6 g/cm3 1.8 g/cm3 1.4 g/cm3 1.6 g/cm3 1.8 g/cm3

180 0.7 ± 0.2 1.5 ± 0.6 5.3 ± 0.9 - - -
2000 0.8 ± 0.3 2.2 ± 0.6 6.3 ± 0.3 27 ± 15 3.4 ± 0.8 0.96 ± 0.26
5000 0.9 ± 0.3 2.3 ± 0.6 6.4 ± 0.3 25 ± 14 3.2 ± 0.4 0.54 ± 0.10

20,000 2.1 ± 0.2 3.1 ± 0.6 6.9 ± 0.3 11 ± 4 2.9 ± 0.4 0.68 ± 0.02
80,000 7.6 ± 0.1 8.3 ± 0.8 9.7 ± 0.3 5.4 ± 1.5 2.0 ± 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/cm3, swelling pressures in the range of 0.52–9.39 MPa and a relationship
of the form P = exp(6.4ρd − 9.403) between swelling pressure P (MPa) and dry density
ρd (g/cm3) were obtained. At the hydraulic gradient of 2000 m/m in the present study,
a somewhat different relationship P = exp(5.16ρd − 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(6.75ρd − 8.634), P = exp(6.85ρd − 9.231),
and P = exp(3.32ρd − 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.

Figure 6. Swelling pressure and permeability (m2) of 10X specimens permeated by SGW as a function
of dry density ρd. 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/cm3, a double linear decrease was observed
with a steeper initial decrease during the first 10 days at 1.4 g/cm3 and 40 days at 1.6 g/cm3

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 (m2) of 10X specimens compacted to dry densities of 1.4 g/cm3 (A1–A3);
1.6 g/cm3 (B1–B3); 1.8 g/cm3 (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 × 10−21 m2 at 1.8 g/cm3

(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/cm3 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/cm3 and to a lesser extent at 1.6 g/cm3, whereas it did not take place
at 1.8 g/cm3, 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),
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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/cm3, 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 ~10−18 m2 at 1.4 g/cm3 (Figure 7), whereas that of sintered
filters was (3.4 ± 0.5) × 10−14 m2, so that clogging of pore space would be more probable
than that of sintered filters at 1.4 g/cm3 and even more so at 1.8 g/cm3. 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) × 10−14, (1.5 ± 0.6) × 10−14, and (1.2 ± 0.2) × 10−14 m2 at a dry density of 1.4,
1.6, and 1.8 g/cm3, 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) × 10−20,
(3.4 ± 0.8) × 10−20, and (0.96 ± 0.26) × 10−20 m2 (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 ± 0.4 ◦C and dry densities of 1.4, 1.6, and 1.8 g/cm3, 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 κ (expressed in millidarcies, 9.869233 ×
10−19 m2) of pure smectite and kaolinite was found to be related to bulk density ρbulk (g/cm3)
by respective equations lnρbulk = −0.037lnκ + 0.27 and lnρbulk = −0.074lnκ + 0.40 [35]. No-
tably, as can be seen from the equations derived in the present study (Figure 9), the
coefficient preceding ln κ 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.

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 ln ρbulk = −0.040lnκ(mD) + 0.47 (Figure 9), obtained in the present study
at the hydraulic gradient of 2000 m/m, corresponds to ln κ(m

2
) = −13.4lnρdry − 38.3

(Figure 6), with κ being a power function of ρd. In this form it can be compared with
the relationship ln κ(m

2
) = −9.03ρd − 14.778 obtained in the experiments with distilled

water [4] where κ is an exponential function of ρd. In the semi-logarithmic plot (Figure 6),
the latter relationship has the linear form whereas that used in the present study and the

42



Minerals 2021, 11, 742

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/cm3 and of 1.5 at 1.8 g/cm3 (Table 2), whereas at
1.6 g/cm3 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/cm3 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
smectite d(001) reflection, it was possible to quantify the abundance of water layers (WL) in the
interlayer spaces and the amount of non-interlayer water uptake during hydration using the two
types of solutions. This was done by varying WL distributions to fit the CALCMIX-simulated XRD
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
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 CO2 gas in this experiment, derived
from enhanced dissolution of calcite, may have contributed to the suppression of WL thickness. Based
on a comparison with all published wet-cell bentonite hydration experiments, the ratio of packing
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
important for assessing the subsequent rates of chemical transport through the bentonite barrier.

Keywords: bentonite; waste repositories; smectite; swelling; hydration; water content; Milos; interlayers

1. Introduction

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].
The primary function of the buffer is to prevent or significantly slow down the rate of
radionuclide transport in the case of leakage from the high-level nuclear waste containers.
Due to the extremely low permeability of bentonites and their high cation exchange capac-
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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 <10−11 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/cm3 [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 CO2 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, ξ: total layer charge, CEC: cation exchange capacity. IMA-CNMNC approved mineral symbols, after
Warr [19].

Sample
Sme Fsp Mca Qz Ant Cal Py Brt ξ CEC

wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % e/phuc cmol/kg

SD80
(Ca-bentonite) [18] 89 7 n.d. <1 <1 <1 <1 <1 −0.36 87

MX-80
(Na-bentonite) [20] 76 5 3–4 5–6 n.d. <2 <1 n.d. −0.28 70

Ibeco-seal-80
(Na-bentonite) [21] >80 <3 <3 n.d. n.d. 8-12 n.d. n.d. −0.33 82

Tixoton-TE
(Ca-bentonite) [21] >80 5–6 <2 8–9 n.d. <1 n.d. n.d. −0.29 71

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.

Dissolved Solids
Opalinus Clay Pore Water

(OPA) [g/L]
Diluted Cap Rock Brine

(CAP) [g/L]

NaCl 12.39 145.87
CaCl2 2.89 3.55

Na2SO4 1.99 5.40
KCl 1.27 0.37

MgCl2 1.62
SrCl2 0.08

NaHCO3 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/cm3 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 μm 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 CoKα 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◦ 2θ with a scanning rate of 2◦ 2θ/min. The software CALCMIX
(created by A. Plançon 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

∑
n=1

n·Gwl ·WLn (1)
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where n is equivalent to the number of water layers, Gwl = 0.09 cm3/g is the water content
per layer [22,24–26], and WLn 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).

 
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 × 10−3 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

51



Minerals 2021, 11, 1082

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.

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 Å, 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 Å 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 Å (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 CO2 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 ± 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 CO2 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 Ca2+, 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 1; Warr and Berger 2, 2007; Perdrial and Warr 3,
2011; Berger, 2008 4 [9,22,30]. BD = bulk density, DD = dry density, ξ = 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

g/cm3
DD

g/cm3
ξ

phuc−1
SSA
m2/g

TWU
mL/g

TDS
g/L

Na:Ca
Ratio

1-WL
[%]

2-WL
[%]

3-WL
[%]

>3-WL
[%]

NIW
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 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
* IS80 2 1.15 1.08 −0.33 55.33 0.35 0.041 0.3 29 11 60 0 0.18
* IS80 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
* +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 CO2 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 CO2 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

57



Minerals 2021, 11, 1082

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 CO2 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 (R2 = 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 (R2 = 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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p g p

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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Figure 8. Plot showing the correlative relationships between the interlayer/total water uptake ratio
versus the packing density/total layer charge ratios for Ca-(blue) and Na-(orange) bentonites (data
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 CO2 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
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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)2-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 μm 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 N2 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.

Leachate Type
Components (mg/L)

pH at 24 ◦C Na K Ca SiO2 Cl– SO4
2–

‘young’ OPC leachate
(Na-K-Ca-OH) 13.4 1500 7300 60 – – –

‘evolved’ OPC leachate
(saturated Ca(OH)2) 12.5 800 – – –

HFSC424 leachate 11 3300 1330 94 370 3300 760

Horonobe ground water,
borehole 07-V140-M03 7.9 2960 160 80 – 3400 585
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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 N2. The primary aim of
the flushing with N2 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 N2 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 mm i.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 (mm2) 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 μm 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 MΩ demineralized water (Millipore Simplicity® ultrapure water system)
and then acidified with concentrated HNO3 (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 [SO4

2–] 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 F: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 [SiO2] flow experiments; (f) [SiO2] 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

–,NO2
–, and PO4

3–) 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.

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.

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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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.

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 PHREEQCv3 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–S–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-S-H that
could have formed would have been very low (i.e., Hillebrandite-type C-S-H < 0.01 g,
Tobermorite 14Å-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
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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.

Figure 7. Indicative C-S-H and zeolite mineral saturation indices (SI) with time, together with pH. (a) Batch experiments
with ‘young’ OPC leachate. (b) Batch experiments with ‘evolved’ OPC leachate. (c) Batch experiments with HFSC424
leachate. (d) Column experiment with ‘young’ OPC leachate. (e) Column experiment with HFSC424 leachate. Batch
experiments are plotted from low to high F:S ratio for comparison with the flow experiments (C-S-H in blue, zeolites in red,
pH in green). Shaded grey line indicates equilibrium state, i.e., SI = 0; below this line minerals will tend to dissolve, and
above it they may precipitate.

76



Minerals 2021, 11, 588

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-S-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 S2: 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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1 Fuel Cycle Chemistry Department, ÚJV Řež, a. s., Hlavní 130, 250 68 Husinec, Czech Republic;
sarka.sachlova@ujv.cz (Š.Š.); eva.hofmanova@ujv.cz (E.H.); vaclava.havlova@ujv.cz (V.H.)

2 Department of Water Landscape Conservation, Faculty of Civil Engineering, Czech Technical University in
Prague, Thákurova 7, 166 29 Praha 6, Czech Republic

3 Centre of Instrumental Techniques, Institute of Inorganic Chemistry of the Czech Academy of Sciences,
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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 Äspö 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/m3, 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 Äspö 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 102–103 g−1 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 Černý vrch deposit (Keramost PLC, Most, Czech Republic)
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was chosen. Bentonite Černý 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.

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-Kα radiation, a PIXcel3D detector, a range 3.5–105◦ 2θ, a step of
0.026◦ 2θ, 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 Döbelin, 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 α-Al2O3 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 μm 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 134Cs 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 134Cs 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(II)-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 Cu2+ concentration was determined by
UV/Vis spectrophotometer Specord 205 (Analytik Jena, Jena, Germany). The concentration
of displaced cations (Na+, K+, Ca2+, and Mg2+) was determined by atomic absorption
spectrometer SavantAA (GBC Scientific Equipment, Braeside, Australia). Two values of
cation exchange capacity were derived: CECVis from copper depletion and CECSUM 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 CaCl2-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.

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/m3, 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 H2, 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% H2 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 (16S 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 (d060 ~ 1.50 Å), accompanied mainly by quartz
and kaolinite. According to the position of the basal diffraction of the untreated sample
(d001 ~ 14.9 Å), Ca-montmorillonite was identified. The presence of saponite and nontronite
was excluded in all samples based on an absence of d060 spacing at 1.52 Å. 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.%); bql—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
Illite-2M1 2 3 3
Sanidine 2 3 3

Goethite 1 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 bql nd

Analcime nd bql bql
Total 100 100 100

1 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 CO2 can be seen at 105 ◦C and in the region
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of 350–550 ◦C. A very low signal for SO2 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 HCO3
− 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 SO4

2− 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.

Figure 3. Cont.
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Figure 3. TA-EGA. Differential thermal analysis (a), derivative thermogravimetry curves (b), EGA
curves for water (c), and CO2 (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

25 g/L
0.5_y
25 g/L

1.0_y
25 g/L

IN
112.5 g/L

0.5_y
112.5 g/L

1.0_y
112.5 g/L

IN
200 g/L

0.5_y
200 g/L

1.0_y
200 g/L

Na+ 1.4 1.5 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

Ca2+ 0.061 0.19 0.24 0.10 0.22 0.26 0.13 0.27 0.33
Mg2+ 0.11 0.23 0.22 0.23 0.36 0.33 0.29 0.49 0.49

HCO3
− 1.7 2.4 2.6 3.8 5.1 5.2 4.8 6.6 7.3

SO4
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 Kd 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 Ca2+ 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 Kd values thus indicate a reduction in the sorption sites for
Cs when bentonite powder was thermally loaded.

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

Bentonite
Sample

Kd_low Kd_high
(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 CECSUM and CECVis, 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 CECSUM 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 CECSUM 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.

Bentonite Sample
CECVis CECSUM CECSUM-CECVis n SSA n

(meq/100 g) (m2/g)

BCV_IN 59.2 ± 1.4 62.6 ± 1.0 3.5 ± 1.7 13 468 ± 18 14
BCV_0.5_y 55.0 ± 1.5 59.2 ± 1.4 4.3 ± 2.1 12 436 ± 4 6
BCV_1.0_y 50.9 ± 1.0 58.3 ± 2.1 7.4 ± 2.3 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 k10 data for studied samples at actual bentonite dry
density ρd.

Bentonite Sample ρd (kg/m3) k10 (m/s)

BCV_IN
1420 2.8·10−13

1581 1.0·10−13

1784 4.1·10−14

BCV_0.5_y
1427 3.7·10−13

1605 1.3·10−13

1730 6.3·10−14

BCV_1.0_y
1434 4.1·10−13

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/m3).

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.

Figure 6. qPCR analysis of the 16S 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 qPCR
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analyses. The low NGS signal was found for the studied samples with low 16S rDNA copy
numbers and microbial abundance.

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 16S 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 CO2 from the BCV_IN sample. Several CO2-related mass
losses were recorded when heating the bentonite samples to higher temperatures, up
to 1000 ◦C. The CO2 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 CO2 peak at 600–800 ◦C. The main
difference in thermal behaviour between BCV_IN and thermally loaded samples was
found in the shift of H2O and CO2 peaks. These shifts, and release of CO2 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 134Cs 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 CECVis and SSA values of the BCV_IN sample correspond well with the correlation
matching the group of bentonites containing 50–80 wt.% of smectite.

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
Sample

Location
Smectite

Content (wt.%)
SSA

(m2/g)
CEC

(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 Südchemie (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 Jastrabá F. (Slovakia) 89 [50] 616 [50] 101 [50]
VSK 11 30.5 Jastrabá F. (Slovakia) 52 [50] 462 [50] 61 [50]
VSK 11 31.5 Jastrabá 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 Mg2+

when heated. The proportion of Ca2+ 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 Mg2+

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.
Plötze 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 k10, the lower the montmorillonite content. The k10 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.

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/m3, 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 H2 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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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.

Author Contributions: Conceptualisation and methodology, V.K., E.H., and V.H. (Václava Havlová);
validation, V.K. and E.H.; formal analysis and investigation, V.K., Š.Š., E.H., B.K., C.A., D.B., V.H.
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30. Brázda, L.; Červinka, R. Determination of specific surface area of clay minerals by EGME method. In Proceedings of the 4th
BELBaR Annual Workshop, Berlin, Germany, 15 September 2016.

31. ASTM. D5890-19 Test Method for Swell Index of Clay Mineral Component of Geosynthetic Clay Liners; ASTM International: West
Conshohocken, PA, USA, 2019.

101



Minerals 2021, 11, 965
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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 (SÚRAO) 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 Fe3+ 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 Å (the original BCV 2017) to 9.8 Å, 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, Stránce and Černý vrch bentonites and BCV—bentonite from
the Černý 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 Černý 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 (SÚRAO) 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 Dempírová et al. [18]. SiO2, Al2O3 and FeO were determined by titration.
TiO2, Fe2O3, MgO, MnO, CaO, Na2O and K2O were analysed by atomic absorption spec-
trometry (AAS) after decomposition of silicate matrix in a mixture of HF, HNO3 and H2SO4.
P2O5 was measured photometrically. Carbonate carbon was measured by infrared spec-
troscopy as CO2 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 (H2O−) 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 (H2O+), the
sample is heated at 1050 ◦C until a constant mass was reached. The H2O+ content was
calculated by subtracting of volatile components (CO2, C, S) from the weight loss obtained
by heating at 1050 ◦C. The relative 2σ uncertainties did not exceed 1% (SiO2), 2% (FeO), 5%
(Al2O3, K2O, Na2O), 7% (TiO2, MnO, CaO), 6% (MgO) and 10% (Fe2O3, P2O5) [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. CoKα radiation and a 10 mm variable divergence
slit were applied. The data were collected in the angular range 4–80◦ of 2Θ, 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−1 and
4000–400 cm−1 regions, respectively. A total of 64 scans were taken with a resolution of
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4 cm−1 for each spectrum. Prior to measurement, the KBr disks intended for the spectral
region of 4000–3000 cm−1 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−1 with a spectral
resolution of 4 cm−1 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(II)-triethylenetetramine
method according to [20]. Thus, 250 mg of the sample was mixed with 10 mL of 0.01 M
of Cu(II)-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(II) 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+, Ca2+, 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−1.
The heating rate was 10 K·min−1. The evolved gases CO2 and H2O 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 (d001) 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

106



Minerals 2021, 11, 871

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 (wL; %) 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 ČSN 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/cm3) 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 cm3 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 Fe2O3, 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 (H2O−), 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 Å structure.
Hence, the H2O− 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

SiO2 51.86 52.39
TiO2 2.34 2.60

Al2O3 15.56 15.13
Fe2O3 11.41 13.69
FeO 0.14 0.10
MgO 2.82 3.01
MnO 0.20 0.24
CaO 2.83 2.99

Na2O 0.37 0.41
K2O 1.02 0.95
P2O5 0.51 0.53

F 0.12 0.10
CO2 1.68 1.60

C 0.17 0.11
S <0.010 0.02

H2O+ 9.06 6.34

Total 100.09 100.22

H2O− 9.23 1.48

The lower structural water content (H2O+) 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 (d001) 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 Å depending on the relative humidity (RH) in the laboratory. For
an RH of 40%, the 001 reflection appeared at 14.5 Å. 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 (0W,
d001 = 9.7–10.2 Å), monohydrated layers (1W, d001 = 11.6–12.9 Å) and bihydrated layers
(2W, d001 = 14.9–15.7 Å) [32]. The d001 value of 14.5 Å observed for montmorillonite in
the BCV 2017 is an intermediate value between those basal spacing corresponding to
the discrete 1W and 2W hydration states. Consequently, it indicates presence of high
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amount of bihydrated layers (2W) and a small amount of monohydrated layers (1W) 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 to 9.8 Å 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 α-FeOOH → α-Fe2O3 + H2O (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 11.4 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

Illite 3.7 3.4

* Corresponds to dehydrated montmorillonite (0W). n.d. not detected.

 

Figure 1. Comparison of the PXRD patterns of the original and thermally treated (200 ◦C) BCV 2017 (CoKα 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-0W = 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 Gonzáles 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 m2·g−1) 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).

 

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 (Kadaň, 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).

110



Minerals 2021, 11, 871

 

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−1 (AlFeOH) in all the
types of IR spectra of both samples indicates the significant substitution of octahedral Al+3

by Fe+3 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−1 and Al–
O–Si and Si–O–Si deformations at around 524 and 469 cm−1, 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 d001 spacing to 9.8 Å. 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−1) complicated the detection of the dehydration
of the interlayer by conventional IR approach.

 

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−1) 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.

Assignment of the Spectral Bands
Original BCV 2017 Thermally Treated BCV 2017

KBr ATR KBr ATR

Kaolinite (minor phase)
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 CO2 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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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 d001 position 9.8 Å, 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−1, which is impossible.

 

Figure 5. Comparison of (a) DTA, (b) TG curves and mass spectroscopy signals for (c) water and (d) carbon dioxide for the
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 CO2 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 Mg2+ (38.7 meg/100 g) and Ca2+ (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.

 
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 (d001) 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 d001 value of 9.8 Å, which
corresponds to the hydration state without the presence of water molecules in the interlayer
(0W) [32]. After 7 days of saturation in water, the montmorillonite evinced the d001 value
of 13.12 Å, 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◦ 2θ compared to an FWHM value of 1.11◦ 2θ for
the thermally treated material. After 15 days of saturation, the 001 reflection appeared at
14.45 Å, thus indicating the increasing proportion of the 2W layers in the montmorillonite
structure; the FWHM value decreased to 1.96◦ 2θ. After 30 days of saturation, a slight shift
in the position of the 001 reflection to 14.66 Å was observed followed by a slight decrease
in the FWHM value to 1.89◦ 2θ. After 44 days, the 001 position was observed to occur
at 15.1 Å and the FWHM was seen to have further decreased to 1.57◦ 2θ, 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.

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
(CoKα 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-N2 specific area of 91 m2/g,
which falls within the broad distribution of BET-N2 specific area values for Ca-Mg-dominated
bentonites, which range from 50 to 130 m2/g [55]. A slightly decreased value of 89 m2/g
was determined for the thermally treated material. BET-N2 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 N2 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 N2 molecules as a consequence of the removal of the absorbed water. Thus, the
BET-N2 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 N2 adsorption isotherm,
are 0.1065 and 0.1085 cm3/g, respectively.

 

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 wL (%)

original 7.5@1d (7.12.2020)
8.3@1d, 8.8@2d, 9.3@7d, 9.4@10d (14.6.2021)

130%;
139% [3,4]

200 ◦C; 15 months 5.5@1d, 5.5@2d, 5.6@7d, 6.5@10d (bulk, 14.6.2021) 111% (wetted 24 h);
118% (wetted 10 days)

200 ◦C; 27 months 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
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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).

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−3 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.
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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].

 

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 Å (the original BCV 2017) to 9.8 Å
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 d001 of 9.8 Å, 0W) from
the aqueous phase resulted in montmorillonite with bihydrated layers (2W) in the
interlayer space with a d001 spacing of 15.1 Å.

(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/
10.3390/min11080871/s1, PXRD data of original and thermally treated BCV 2017, thermal analysis
data, silicate analysis data, retention curves data, specific surface measurements data (BET), protocols
from liquid limits and swell index determination.

Author Contributions: Conceptualisation F.L., I.H., J.S., R.V., J.N. and D.M.; investigation F.L., J.S.,
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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−1. 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 (H2S) and promote corrosion of metals [17,18]. As a result, Fe3+ is
reduced to Fe2+ [19], whereby the metal Fe can destabilize dioctahedral smectites by Fe2+

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 Si4+ by Al3+

and more variable octahedral substitution between Fe3+, Mg2+ and Al3+. 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 für 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−1 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−1 sodium lactate, 0.05 mol·L−1 sodium acetate, 0.003 mol·L−1 methanol and
0.0001 mol·L−1 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
(OPA) (19 g·L-1)

diluted cap rocksolu on
(CAP) (155 g·L-1)

25°C; 90 °C

+S -S

solu ons

1a; 2a

25°C; 90°Ctemperatures

substrates +S -S

dura on 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 (LiBO2 + Li2B4O7) 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(II)-trien exchanged cations
(EC) Na+, K+, Ca2+ and Mg2+ 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 θ–θ diffractometer with Fe-filtered CoKα

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◦ 2θ for randomly oriented
powders (scanning rate 1◦ 2θ/min) and between 4◦ and 50◦ 2θ for preferred oriented
samples (scanning rate 3◦ 2θ/min) with a step size of 0.02◦ 2θ. 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 μm 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 mm2 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 μs 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 104 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 H2O 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(II)-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, Fe3+ was assumed, as it is the dominant form in dioctahedral
smectites [36]. Trace amounts of TiO2 (<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·phuc−1) 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 16S rRNA gene sequences are available from the NCBI database with the
bioproject accession number PRJNA758205 (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 SiO2 and K2O,
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 Fe2O3 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 SiO2 Al2O3 Fe2O3 MgO CaO K2O TiO2 Na2O MnO P2O5 Sum

SD80 16.5 51.7 17.9 4.8 2.9 2.5 0.9 0.7 0.7 0.1 0.2 99.4
B36 13.9 58.6 16.3 7.4 1.5 1.2 1.5 0.8 0.4 0.1 0.1 101.8

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 Kln 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] d001 FWHM [Δ◦ 2θ]

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 μm) based on elemental composition determined by EDX (values are
rounded and given in e·phuc−1).

Sample Tetrahedral Cations ξtet Octahedral Cations ξoct Interlayer Cations ξ ξtet

Si4+ Al3+ Al3+ Fe3+ Mg2+ Ca2+ Na+ K+ Mg2+ %

SD80 3.94 0.06 −0.06 1.44 0.26 0.30 −0.30 0.09 0.01 0.03 0.06 −0.36 17
B36 3.79 0.21 −0.21 1.37 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 ξ = −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
ξ = −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−1 compared to the 54 ± 2.0 cmol·kg−1 of the B36 bentonite with 65 wt.%
smectite (Table 5). Both bentonite interlayers were dominated by bivalent cations with
≥50% Ca2+ and about 30% Mg2+. 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.

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, Rwp: weighted residual square sum, Rexp: theoretical
minimum value for Rwp.

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+ Ca2+ Mg2+ Σcations

cmol·kg−1 cmol·kg−1 cmol·kg−1 cmol·kg−1 cmol·kg−1 cmol·kg−1

SD80 87 ± 2.2 17 ± 0.4 2 ± 0.06 43 ± 2.4 23 ± 2.3 86 ± 2.6
B36 54 ± 2.0 1 ± 0.03 1 ± 0.04 30 ± 1.4 14 ± 0.4 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

a b

c d

green 
colora on 

ssure

black spot

gas bubbles

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 d001 values
were at 1.69 nm, and the FWHM ranged between 0.5 and 0.6 Δ◦ 2θ. However, the XRD pat-
terns of SD80 treated with CAP solution (Figure 5c,d) did show minor differences with d001
values between 1.67 and 1.69 nm, whereby the FWHM was constant at 0.6 Δ◦ 2θ. Only the
d001 of SD80 reacted for one year at 90 ◦C without substrate (–S) showed a more significant
shift towards smaller d values with d001 = 1.65 nm. Overall, the d001 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 Δ◦ 2θ. 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 Δ◦ 2θ. B36 samples in contact with the CAP solution (Figure 6c,d) showed
larger variations in d values (1.64–1.72 nm) and FWHM values (0.9–1.1 Δ◦ 2θ). The highest
increase in the FWHM up to 1.1 Δ◦ 2θ was accompanied by a shift of the d001 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 Ca2+ 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 d(001) in
combination with an increase of FWHM (in Δ◦ 2θ) 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−1) 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 Si4+ by Al3+ along with an overall
decrease in octahedral Fe3+ and an increase in octahedral Mg2+.

Smectite samples of SD80 treated with CAP solution showed commonly increased
layer charges by up to 0.05 e·phuc−1 (Figure 7b). Overall, only minor changes in octahe-
dral Mg2+ (−0.01 to +0.02 e·phuc−1) and octahedral Fe3+ (−0.05 to 0.00 e·phuc−1) were
observed for SD80 smectites in CAP solution. Changes in the total layer charge were
mainly attributed to the tetrahedral substitution of Si4+ by Al3+, which was observed for
four samples with a layer charge difference higher than 0.04 e·phuc−1. 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 Al3+.
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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−1) 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 Ca2+ (0.09 e·phuc−1)
and Mg2+ (0.06 e·phuc−1), followed by small amounts of K+ (0.03 e·phuc−1) and Na+

(0.01 e·phuc−1) (Table S9). In contact with the OPA solution, only minor changes in Na+,
K+ and Mg2+ content were observed, with differences of up to ±0.02 e·phuc−1 (Figure 7a).
An exception was the one-year control sample reacted at 25 ◦C, which showed a decrease
of 0.04 e·phuc−1 for Mg2+. Overall, the Ca2+ content increased between 0.02 e·phuc−1 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−1. 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−1. Overall, enhanced amounts of
interlayer Ca2+ (0.02–0.03 e·phuc−1) and depleted amounts of Mg2+ (0.01–0.06 e·phuc−1)
were observed under elevated temperatures.

In comparison, the increased LC in OPA-reacted SD80 samples correlated with the
uptake of interlayer Ca2+ at 25 ◦C and 90 ◦C, whereas in CAP-reacted samples, a constant
increase in Ca2+ 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
Mg2+. 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−1 and 56% tetrahedral charge (Table 4). After treatment with OPA
solution, no or only minor changes (0.00 to −0.04 e·phuc−1) 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−1

(Figure 8a). The latter are related to tetrahedral substitution of Al3+ by Si4+ along with an
octahedral substitution of Al3+ 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−1 in control
samples and up to 0.14 e·phuc−1 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 Si4+ between −0.11 e·phuc−1 and –0.14 e·phuc−1. Whereas no changes in
octahedral charge were observed for the substrate-bearing samples (Fe3+ substitutes for
Al3+), the octahedral charge decreased up to 0.08 e·phuc−1 in the control samples. This
was caused by a significant increase of Al3+ (up to 0.16 e·phuc−1) along with a decrease of
Fe3+ (−0.08 e·phuc−1) and Mg2+ (up to −0.08 e·phuc−1) in the octahedral sheet.

The interlayer distribution of the initial B36 smectite was dominated by Ca2+ (0.11 e·phuc−1)
and Mg2+ (0.06 e·phuc−1) followed by K+ (0.03 e·phuc−1) 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−1) (Figure 8a). The two-year sample set at 90 ◦C showed
enhanced Na+ contents greater than 0.03 e·phuc−1.
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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−1) 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−1 to 0.18 e·phuc−1 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−1. A more
significant increase of interlayer K+ between 0.03 e·phuc−1 and 0.05 e·phuc−1 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 Ca2+ content decreased by up to −0.06 e·phuc−1. The
amount of interlayer Mg2+ increased for the 90 ◦C samples up to +0.05 e·phuc−1, whereas
the substrate-bearing samples at 25 ◦C showed a decrease in Mg2+ of −0.04 e·phuc−1. The
control batches reacted at 25 ◦C showed no or only slight changes (+0.02 e·phuc−1) in
interlayer Mg2+.

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 Ca2+ 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 0 d 1 d 8 d 30 d

- OPA 7.8 - - -
SD80 OPA 7.4 7.2 7.3 -
B36 OPA 6.3 5.4 5.6 5.7

- CAP 7.3 - - -
SD80 CAP 7.1 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−1 to almost 0 mmol·L−1 was observed for the one-year sample reacted at
25 ◦C in OPA solution (+S) 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 Si4+ by Al3+ and (iii) octahedral substitution of Fe3+ and Mg2+

by Al3+ and to a lesser extent of Al3+ 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(001) 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 Ca2+ 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 S10), 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 Ca2+ could lead to a minor decrease in pH values. However, an
increase of Ca2+ 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 Ca2+. Therefore, interlayer Ca2+ or any
additional Ca2+ 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 H2O,
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−1 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 Si4+ by Al3+, 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 Si4+ 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.

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
MX80 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 Si4+ by Al3+ 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 Mg2+ substitution by Al3+. This indicates the formation of high charged beidellitic
layers (ξ ≥ 0.43 e·phuc−1, TET: 77–81%). Whereas, the substrate-bearing samples, with
the overall highest layer charges ≥ 0.48 e·phuc−1, showed a similar increase of tetrahedral
charge (TET: 67–69%), there was little change in the octahedral charge. Here, the octahedral
Al3+ 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., d060 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 H2S [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 Fe3+ 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 Fe2+ and a decrease of Fe3+ [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−1 and (b) diluted cap rock solution with a salinity of 155 g·L−1. 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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detected in bentonite B36 due to their potential to reduce sulfate in order to form
H2S, 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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results of B36, Table S9: EDX-based SF SD80, Table S10: EDX-based SF B36
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Abstract: 79Se is a critical radionuclide concerning the safety of deep geological disposal of certain
radioactive wastes in clay-rich formations. To study the fate of selenium oxyanions in clayey rocks
in the presence of a selenium reducing microbial community, in situ tests were performed in the
Opalinus Clay at the Mont Terri Rock Laboratory (Switzerland). Furthermore, biotic and abiotic batch
tests were performed to assess Se(VI) and Se(IV) reactivity in the presence of Opalinus Clay and/or
stainless steel, in order to support the interpretation of the in situ tests. Geochemical modeling
was applied to simulate Se(VI) reduction, Se(IV) sorption and solubility, and diffusion processes.
This study shows that microbial activity is required to transform Se(VI) into more reduced and
sorbing Se species in the Opalinus Clay, while in abiotic conditions, Se(VI) remains unreactive. On
the other hand, Se(IV) can be reduced by microorganisms but can also sorb in the presence of clay
without microorganisms. In situ microbial reduction of Se oxyanions can occur with electron donors
provided by the clay itself. If microorganisms would be active in the clay surrounding a disposal
facility, microbial reduction of leached Se could thus contribute to the overall retention of Se in clayey
host rocks.

Keywords: selenium reduction; diffusion; sorption; Opalinus Clay; in situ; batch tests

1. Introduction

In several countries relying on nuclear energy, deep clay formations are studied as
potential host rocks for geological disposal of intermediate-level and high-level long-lived
waste (ILW and HLW). For both types of waste (mainly vitrified HLW and nitrate-bearing
bituminized waste), 79Se (T 1

2
= 327 ka [1]) is considered as one of the main radionuclides

contributing to the dose-to-man after final disposal [2–5]. As selenium is a redox sensitive
element, it can exist under different oxidation states depending on the environmental
conditions: mainly Se(VI), Se(IV), Se(0), Se(-I), and Se(-II). Due to the oxidizing conditions
during spent fuel reprocessing, radiolysis in the waste and/or due to the presence of large
amounts of nitrate in nitrate-bearing bituminized ILW, Se is expected to be released—at least
in part—as Se oxyanions [3,6]. Although part of these oxyanions could sorb onto corrosion
products present on the steel canisters or steel rebars [7], the remainder is expected to reach
the clay host rock surrounding the waste repository.

In the clay, Se mobility is largely controlled by its oxidation state, which is affected
by the prevailing redox conditions and pH. Based on thermodynamic and experimental
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data in soils and ground waters [3,8–11], Se(0) and metal-selenide minerals (e.g., FeSe2 as
ferroselite) are stable and poorly soluble (and thus immobile) at low redox potential. At
slightly higher redox potentials, though still reducing conditions and at neutral pH, Se(IV)
(i.e., SeO3

2– or selenite) can be found in soil pore waters. As Se(IV) can remain in solution,
its mobility is higher compared to Se(0) or selenides, though it is constrained by precip-
itation and sorption processes. Metal-selenite minerals are rarely found in soils, though
under certain pH and Eh conditions, anhydrous and hydrous metal-selenites (e.g., with Fe,
Al, or Cu) have been found in near-surface environments [11,12]. Nevertheless, selenite
concentrations in solution are largely controlled by its sorption onto certain minerals, such
as clay minerals, pyrite, siderite, mackinawite, and iron (hydr)oxides [7,8,13–20]. Reten-
tion of selenite on redox-active clay components (e.g., Fe(II) minerals) involves surface
adsorption followed by reduction to Se(0) or selenide and precipitation [16,17,20–22]. In
addition, selenite can adsorb directly onto clay minerals via the formation of inner-sphere
complexes [22,23]. Sorption of selenite onto clays has indeed been observed in batch tests
with Toarcian argillites, Opalinus Clay, and Boom Clay [18,22,24]. Finally, under oxidizing
conditions, Se(VI) (i.e., SeO4

2− or selenate) would be the most dominant species. This Se
oxyanion has a high solubility and is poorly or non-sorbing (depending on the pH value of
the solution with respect to the point of zero charge (pzc) of the considered mineral surface),
and it can therefore remain in solution at higher concentrations. In batch sorption experi-
ments with different clays (Boom Clay, Toarcian argillites, and Opalinus Clay), sorption of
selenate could not be observed [18,24], though under certain conditions Se(VI) was able to
sorb onto certain minerals (e.g., iron (oxy)hydroxides and clay minerals) [7,13,25–27]).

In addition to the pH and redox conditions, microorganisms also play an important
role in Se cycling in nature and can transform Se through three distinct processes: assimi-
lation, detoxification, and dissimilatory reduction. While assimilation and detoxification
can occur under both anaerobic and aerobic conditions, dissimilatory reduction (or res-
piration) of Se can only occur under anoxic conditions [28]. Selenium has beneficial or
toxic health properties depending on a very narrow concentration window. At low con-
centration, selenium is an essential micronutrient to microorganisms and is incorporated
in selenoproteins necessary for enzymatic activity (e.g., for protecting cell membranes
against oxidative damage) by assimilatory reduction of Se oxyanions [28–31]. However,
high selenium concentrations are toxic, and detoxification is then required. Several detoxi-
fication pathways are possible, including the formation of Se(0) particles or methylation of
non-volatile reduced Se species to volatile compounds [28–31]. Finally, several microbial
strains are known to perform dissimilatory reduction of selenate and/or selenite. In this
metabolic process, Se is used as an electron acceptor for energy production and microbial
growth, while mainly organic compounds, but also inorganic compounds such as H2, can
act as electron donors [28]. In general, selenium oxyanions are reduced to the less soluble
and less biologically available elemental Se(0). The formation of Se(0) is considered a
biomineralization process and can occur either intracellularly or extracellularly [28].

To our knowledge, diffusion studies investigating the migration of Se in the clay are
rather scarce, though some data is available for selenate in Boom Clay [3] and Opalinus
Clay (Mont Terri Diffusion and Retention (DR) experiment [32]), and for both Se oxyanions
in Callovo–Oxfordian Clay [19,33]. According to these experiments, retention of Se(VI)
is very limited and its migration through the clay would be predominantly driven by
diffusion of a mobile species. Reduction of Se(VI) was either not detected or not measured.
On the other hand, diffusion experiments with Se(IV) in Callovo–Oxfordian Clay suggest
sorption of Se(IV) on the clay, based on the decrease in Se(IV) concentration in the feed
solution and on the detection of reduced Se species (though not specified) by XANES (X-ray
absorption near-edge structure) along the diffusion pathway [19].

It is important to note that, most of the sorption and diffusion studies with Se oxyan-
ions did not include microbial activity as a possible pathway for Se reduction. In other
studies, microbial activity was not assessed, even though this could have contributed
to the observed results. Furthermore, studies focusing on microbial Se reduction often
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include the addition of easily biodegradable carbon sources or electron donors, which also
influences the observed processes. As microbial activity cannot be ruled out in a repository
for radioactive waste, the fate and transport of Se in the near field of a radioactive waste
disposal facility may not only rely on purely abiotic chemical processes but should also
include microbially mediated reactivity and retention of Se. A good understanding of the
diffusion, sorption, and reactivity of Se oxyanions in a clay host rock of such a disposal facil-
ity, including the effect of microorganisms, is required to support the selection of transport
parameters for performance assessment calculations of the deep geological repository.

In this paper, the in situ fate of selenium oxyanions in the Opalinus Clay, including the
effect of a selenium reducing microbial community, was studied for the first time. For this,
in situ injection tests with selenate were performed in the borehole of the BN experiment
(bitumen–nitrate–clay interaction experiment) at the Mont Terri Rock Laboratory (Switzer-
land), in which microbial nitrate reactivity and diffusion were previously studied [34].
Additional batch tests were performed to support the results of the in situ experiment.
Both biotic and abiotic batch tests were performed in water sampled from the BN borehole
and in the presence of Opalinus Clay, stainless steel, and (for the biotic tests) a microbial
community, all originating from the in situ BN experiment. No additional carbon source or
electron donor were provided, to ensure biogeochemical conditions as close as possible
to those prevailing in situ. The acquired data from the batch tests were used to develop a
model to predict the behavior of selenium in Opalinus Clay.

2. Materials and Methods

All preparatory work was performed and test suspensions were prepared and stored
under anoxic conditions in a UV-sterilized glove box (Ar atmosphere with O2 < 0.001%).
All chemicals used had a high purity (≥99%) and were equilibrated with inert atmosphere,
by bringing them in the glove box one day in advance to remove all traces of oxygen gas.
Note that both the Na2SeO4 and Na2SeO3 (99% Se; Sigma Aldrich, Overijse, Belgium) used
in the batch and in situ tests contained impurities: ~0.4% of the total Se content in Na2SeO4
was Se(IV) and ~10% of the total Se content in Na2SeO3 was Se(VI).

2.1. Design of the BN Experiment

The BN in situ experiment was performed in a borehole drilled in the Opalinus Clay at
the Mont Terri Rock Laboratory (Jura, Switzerland). The Opalinus Clay is a Mesozoic shale
formation in the Jura Mountains of northwestern Switzerland. A detailed overview of the
Mont Terri Rock Laboratory, including the location of the in situ experiment discussed here
and the characteristics of the Opalinus Clay (mineralogy and geochemistry), is provided by
Bossart et al. [35] and Pearson et al. [36]. The mineral composition of the Opalinus Clay at
the Mont Terri site comprises mainly quartz, illite, and mixed-layer illite–smectite, kaolinite,
chlorite, biotite and muscovite, calcite, aragonite, siderite, dolomite and/or ankerite, albite
and/or plagioclase, K-feldspar, pyrite, organic matter (mostly kerogen), and other trace
minerals like apatite [35,36]. The BN experiment is performed in the shaly lithofacies of the
Opalinus Clay, which consists of between 39 and 80 dry wt.% illite, chlorite and kaolinite,
and between 5 and 20 dry wt.% of the mixed-layer illite-smectites. Furthermore, it contains
between 10 and 27 dry wt.% of quartz, between 4 and 35 dry wt.% of carbonates, between
0.9 and 1.4 dry wt.% pyrite and between 0.8 and 1.4 dry wt.% organic matter [35].

The water collected in situ from the Opalinus Clay is of the NaCl type (~60–400 mM).
The chloride concentration depends on the location within the Opalinus Clay, with an
increased salinity from the top to the base of the formation [36]. Besides Na+ and Cl-,
other major components of the Opalinus Clay pore water are sulfate, other cations (Mg2+,
Ca2+, K+ and Sr2+), dissolved carbonate (corresponding to a pCO2 ranging from ~10−2 to
10−3 kPa), and dissolved organic carbon (usually below 1.7 mmol C L−1). The concentration
of other cations as well as the alkalinity are linked to the chloride content [36].

The experimental set-up and its installation have been described in detail by Bleyen
et al. [34]. In short, the downhole equipment consists of three anoxic test chambers (labeled
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‘Interval 1 to 3′) of ~90 cm in length, isolated from each other and from the gallery surface
by inflatable packers to avoid both cross-contamination and oxygen ingress from the gallery
atmosphere. The intervals are in contact with the surrounding clay through a cylindrical
sintered stainless steel porous filter screen surrounding the central supporting stainless
steel tube. Stainless steel water lines connect each of the downhole intervals to a water
sampling unit (with sampling containers and a sampling port) and an on-line chemical
monitoring system inside the gallery of the Rock Laboratory.

The intervals were filled under anoxic conditions with deoxygenated Opalinus Clay
artificial pore water (APW; Table 1), immediately after installation of the downhole equip-
ment. The chemical composition of APW is based on the relationship between sulfate,
cations, and chloride, as determined by Pearson et al. [36]. Because of the existence of a
strong chloride concentration profile in the Mont Terri anticline structure, the APW compo-
sition was also adjusted as a function of the salinity to match the in situ Cl− concentration
of pore water at the exact location of the BN experiment in the rock laboratory [34]. The
composition of the solutions sampled in the interval after 8 months of equilibration was
close to that of the initially injected APW, except for small increases in total inorganic
and organic carbon species (TIC and TOC, respectively; Table 1) and remained stable
over time [34].

Table 1. Chemical composition of the artificial pore water (APW; target composition [34]) used to
saturate the intervals and of sampled solutions from Interval 1 and 3 (one sample each) used for
the batch tests (Section 2.2). The measurement uncertainty (95% confidence) on the concentrations
is 4–5% ([SO4

2−]), 5.5% ([NO3
−], 6% ([Cl−]), 10% ([Na+], [K+], [Mg2+], [Ca2+], [Sr2+], [CH3COO−],

and TIC), 15% ([NO2
−], [total dissolved Fe]) and 30% (TOC) (95% confidence), while the uncertainty

on the pH is estimated to be 0.1 pH unit (95% confidence).

Chemical Species
Concentration (mM)

APW Interval 1 Interval 3

Na+ 162 181 177
K+ 1.1 1.2 1.3

Mg2+ 8.6 9.71 10.2
Ca2+ 12.6 11.7 10.9
Sr2+ 0.38 0.32 0.32

Total dissolved Fe — 0.016 0.0015
Cl− 181 202 197

SO4
2− 12.3 11.9 11.7

NO3
− — 0.04 0.06

NO2
− — <0.1 <0.1

CH3COO− — <0.02 <0.02
TIC 2.8 0.53 2.2
TOC — <0.83 <0.83
pH 7.8 7.7 n.a. 1

—: component not added to APW composition (thus initially absent); 1 n.a.: not analyzed.

The water in each of the intervals is continuously circulating from the downhole
installation to the surface equipment (with water sampling and online measuring equip-
ment) and back using a magnetically driven gear pump combined with a flow meter. This
circulation results in a homogenous solution throughout the circuit of each interval and
allows for monitoring of the chemical composition of the interval solutions, either by online
measurements or by sampling and offline measurements. Each circuit is equipped with five
water sampling containers (40 or 150 mL Whitey stainless steel cylinders from Swagelok),
which can be disconnected safely when additional chemical analyses are required, without
causing a perturbation to the geochemistry of the interval solution. To monitor the pH and
redox potential in the intervals, pH and redox probes (pH::lyser and redo::lyser from S::can
Messtechnik GmbH, Vienna, Austria, now subsidiary of Badger Meter) are installed in the
water circuit inside gas-tight stainless steel flow-through cells.
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In each circuit, additional removable containers (‘clay loops’) can be placed (one or
multiple in series), which contain a piece of Opalinus Clay in contact with the interval
solution through a stainless steel filter screen (i.e., simulating the borehole). These clay
loops can be disconnected in the same way as the sampling containers, allowing the
analysis of the solid phases without perturbing the borehole.

2.2. Batch Tests

Na2SeO4 (50 μM) or Na2SeO3 (10 μM) was first added to pooled solutions sampled
from BN Interval 1 and Interval 3, providing part of the microbial community present in
the BN borehole in the biotic tests. For the abiotic tests, these solutions were sterilized
by filtration at 0.22 μm before the start of the batch tests. No natural Se background
could be detected in the BN borehole water used for these tests (i.e., <1.7 μM total Se
and <0.013 μM Se(VI) and Se(IV), the corresponding limits of detection). To some of the
solutions, 0.1 mM Na2HPO4 was added as a source of phosphorus for microbial growth
(Table 2). No additional growth nutrient or electron donor was added.

Table 2. Overview of the test conditions studied in the batch tests with Se species. Duplicates were
prepared for each condition and were labeled with ‘a’ and ‘b’.

Test Code Clay (g)
Stainless Steel
(mm × mm) 1 Na2HPO4 (mM) Abiotic/Biotic

Tests with 50 μM selenate
Ab_Se(VI) — — — abiotic

Ab_Se(VI)-C 0.1 g — — abiotic
Ab_Se(VI)-F — 5 × 5 — abiotic

Ab_Se(VI)-CF 0.1 g 5 × 5 — abiotic

Bio_Se(VI)-C 0.1 g — — biotic
Bio_Se(VI)-CF 0.1 g 5 × 5 — biotic
Bio_Se(VI)-P — — 0.1 biotic

Tests with 10 μM selenite
Ab_Se(IV) — — — abiotic

Ab_Se(IV)-C 0.1 g — — abiotic
Ab_Se(IV)-F — 5 × 5 — abiotic

Ab_Se(IV)-CF 0.1 g 5 × 5 — abiotic

Bio_Se(IV)-C 0.1 g — — biotic
Bio_Se(IV)-CF 0.1 g 5 × 5 — biotic
Bio_Se(IV)-P — — 0.1 biotic

1 Thickness of the stainless steel filter = 1 mm; meaning of the test codes: Ab: abiotic; Bio: biotic; C: clay; F: filter;
CF: clay and filter; P: addition of phosphate; —: component not added to the batch tests.

Secondly, small pieces of Opalinus Clay and stainless steel were prepared to in-
vestigate their impact on the Se reactivity and retention, as both are present in the BN
borehole (Section 2.1). Pieces of Opalinus Clay (~0.1 g each) were cut from a larger
piece (35 mm × 35 mm × 5 mm), which had been exposed to in situ conditions inside
a removable container (‘clay loop’) in contact with the anoxic solution circulating in
Interval 3 during injection of nitrate for 3 years [37]. Pieces of a stainless steel filter
(5 mm × 5 mm × 1 mm) were cut from a larger filter plate, which had been in another clay
loop in contact with the solution circulating in Interval 1 during injection of nitrate and
H2 for 2 years [34]. Both solids were chosen since they were already acclimatized to the
conditions of the BN experiment and may contain a different microbial community than
the interval solutions. For the abiotic batch tests, the solid pieces were autoclaved (121 ◦C,
2 bar, 20 min) in empty amber glass septum vials. The efficiency of the sterilization process
was verified by placing a Sterikon plus Bioindicator (Sigma-Aldrich, Overijse, Belgium) in
a similar glass septum vial, which was autoclaved along with the other vials.

Seventy milliliters of the Se-containing solutions was added to sterile amber glass
septum vials containing pieces of Opalinus Clay (C) and/or stainless steel filter (F) accord-
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ing to Table 2. For the abiotic tests, the filter sterilized Se-containing solution was added
immediately after autoclaving the solid pieces. Two blanks were included as negative
controls, i.e., interval solution with a piece of clay (Blank_C) or with a piece of clay and filter
(Blank_CF). The septa were closed for the duration of the experiment. The suspensions
were sampled regularly by taking aliquots of 3 mL with a sterile needle after thoroughly
shaking to homogenize the suspension. The solution was not filtered before analysis but
subsampled to perform the different analyses, as described in Sections 2.4 and 2.5. The
solid phases of the abiotic batch test were analyzed microscopically (Section 2.6).

2.3. In Situ Injection Tests

Two consecutive injections of Interval 3 with Se-containing APW were performed in
2019. The first injection of Interval 3 was performed by replacing only the solution in the
surface circulation loop (volume ~0.8 L) with a freshly prepared and sterile Se-containing
APW solution, while bypassing the downhole equipment (volume ~1.5 L) and thus the
interval itself. For this, APW (composition given in Table 1) with 15 μM Na2SeO4 was
prepared under anoxic conditions. The solution was filter sterilized (0.22 μm) and stored
in a sterile vessel until injection. The detailed injection procedure is described in [34].
Care was taken to prevent O2 ingress and microbial contamination during injection. After
replacement of the solution in the surface equipment, the bypass was opened, and the
solution was circulated at 40 mL min−1 through the entire circuit to allow mixing with
the remaining solutions in the downhole equipment. After an overnight homogenization
period, the flow rate was decreased to 10 mL min−1 for the remainder of the tests. The
selenate concentration after overnight homogenization was considered the starting concen-
tration, i.e., 5.3 μM Se(VI) and less than 0.013 μM Se(IV) for the first injection. At the time
of injection, two clay loops were installed in the circuit.

The second injection of Interval 3 was performed 106 days after the first. For this, APW
with 243 μM Na2SeO4 was prepared and filter sterilized (0.22 μm). Injection was done
by reconnecting five sampling containers (volume 0.15 L per container) filled with this
solution to the circuit of Interval 3. The solution was first circulated at 40 mL min−1 for 4 h,
to achieve a good homogenization of the added solution and a dilution with the remaining
interval solution. Afterwards, a sample was taken to determine the start concentration of
Se (i.e., ~60 μM Se(VI) and less than 0.013 μM Se(IV)), and the flow rate was decreased to
10 mL min−1 for the rest of the time.

The pH and redox potential were monitored online throughout the tests. Samples
were taken regularly by disconnecting sampling containers and storing them at 4 ◦C until
further analyses (Sections 2.4 and 2.5). At the end of the second injection test, one of the
installed clay loops was disconnected from the interval and scanning electron microscopy
coupled with energy dispersive X-ray spectroscopy (SEM–EDX) analyses were performed
(Section 2.6).

No remaining NO3
− and NO2

− from previous nitrate injection tests performed to
assess the microbial nitrate reduction processes in Interval 3 were found before injection of
selenate (cf. former nitrate injections made in the period 2012–2016; see [34,37]). Further-
more, no additional carbon source or electron donor was injected, to assess microbial Se
reactivity in the borehole with natural electron donors and carbon sources.

2.4. Chemical Analyses

After each sampling of the batch tests, Se(VI) and Se(IV) speciation analyses were per-
formed on one of the subsamples using LC–ICP–MS (Liquid Chromatography–Inductively
Coupled Plasma–Mass Spectrometry) (method modified from [38]) after filtration to re-
move all particles. Liquid chromatography was performed using a Flexar LC system
(Perkin Elmer, Akron, OH, USA) and was coupled to a quadrupole-based ICP–MS in-
strument (Nexion 300S, Perkin Elmer, Akron, OH, USA), equipped with a MicroFlow
PFA-ST concentric nebulizer (Elemental Scientific Inc, Omaha, NE, USA). Note that this
method implies that only dissolved Se(VI) and Se(IV) species are detected. Total Se was
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determined in another (not filtered) subsample by ICP-OES (inductively coupled plasma
optical emission spectrometry) (according to NBN EN ISO 11885:2009) after acid digestion
in aqua regia (according to NBN EN ISO 15587-1:2002). Both analyses were performed by
VITO (Mol, Belgium).

The detection limits for these analyses were 1.7 μM total Se and 0.013 μM Se(VI)
and Se(IV). Intermittent Se(IV) measurements were performed for the biotic batch tests
by spectrophotometric analyses after reaction of selenite with 2,3-diamino-naphthalene
according to [39]. The detection limit of these spectrophotometric analyses of Se(IV) was
1 μM.

The chemical composition of the sampled solutions from the BN borehole was de-
termined as soon as possible after sampling. Total Se, Se(VI), and Se(IV) analyses were
performed as described above for the abiotic batch tests. The closed sampling containers
were stored at 4 ◦C until analysis to slow down microbial growth and reactivity. Subsamples
of the solution were taken under an anoxic atmosphere (Ar atmosphere with O2 < 0.001%)
and analyzed at SCK CEN by ion chromatography (IC; Dionex™ AquionTM with IonPac™
AS22 column, Thermo Fisher Scientific, Geel, Belgium) for SO4

2−, Cl−, and acetate. The
detection limit for the acetate concentration was 8 μM. Cations (Na, K, Mg, Ca, and Sr)
were detected by inductively coupled plasma optical emission spectroscopy (iCAPTM 7400
rad, Thermo Fisher Scientific, Geel, Belgium). Total organic and inorganic carbon (TOC
and TIC, respectively) concentrations were determined using a TOC/TIC analyzer with
UV persulfate digestion (IL500 TC analyzer, Hach Lange, Mechelen, Belgium).

Measurement uncertainties were calculated with 95% confidence.

2.5. Microbial Analyses
2.5.1. Microbial Cell Count

The microbial Biothema ATP Kit HS (Isogen Life Science, Utrecht, The Netherlands)
was used according to the manufacturer’s procedure to monitor intracellular ATP (adeno-
sine triphosphate), which provides information on the microbial activity level.

Flow cytometry was used to count the total amount of microbial cells. To this end,
samples were diluted in filter sterilized (0.22 μm) Evian potable water and stained with
SYBR Green I (10,000× concentrate in 0.22 μm filtered dimethyl sulfoxide) (Thermo Fisher
Scientific, Geel, Belgium) at a final concentration of 1× concentrate. All samples were
stained and incubated in the dark for 20 min at 37 ◦C. Flow cytometry was performed
using a C6 Accuri TM flow cytometer (BD Biosciences, Erembodegem, Belgium) equipped
with four fluorescence detectors (530/30 nm, 585/40 nm, >670 nm, and 675/25 nm), two
scatter detectors, a 50 mW 488 nm laser, and a 30 mW 640 nm laser. The flow cytometer
was operated with Milli-Q water (Merck Chemicals, Overijse, Belgium) as sheath fluid.
Samples were analyzed in a fixed volume mode of 50 μL, and the minimal threshold was
fixed on the green fluorescence (FL1-H at a relative intensity of 1000). Data were analyzed
with the R programming software version 3.6.3 with the package Phenoflow [40].

At day 7 of the abiotic batch experiment, 100 μL of the samples was spread on LB
agar medium (lysogeny broth medium; Thermo Fisher Scientific, Geel, Belgium) and in-
cubated under oxic conditions at 30 ◦C for 3 weeks to verify abiotic conditions. At the
end of the abiotic batch experiment, cultures were diluted 1/10 in APW supplemented
with 0.2 mM NaH2PO4·2H2O and 1 g Na-lactate to enable growth of sulfate reducing
microorganisms. The total cell number was monitored after 18 and 101 days with flow
cytometry. Acetate production was measured after 109 days with the K-ACETAK kit
(Megazyme, Bray, Ireland) according to the manufacturer’s procedure. Lactate consump-
tion was measured after 143 days with the K-LATE kit (Megazyme, Bray, Ireland) according
to the manufacturer’s procedure.

2.5.2. DNA-Based Analysis of the Microbial Community

DNA was extracted from sampled solutions from Interval 3 during the in situ tests.
For this, the microbial community of the interval water was collected on a 0.2 μm Whatman
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Nuclepore track-etched membrane (25 mm Ø; Sigma-Aldrich, Overijse, Belgium). Cell lysis
was achieved by adding 850 μL of autoclaved lysis buffer containing 0.1 M Tris-HCl pH 8,
0.062 M potassium ethyl xanthogenate, 0.2 M nitrilotriacetic acid, 4% wt/v Triton QS-15,
and 0.8 M ammonium acetate, followed by vigorous vortexing for 30 s and overnight
incubation at 70 ◦C. Then, samples were vortexed for 30 s, stored on ice for 10 min, and
centrifuged (12,000× g, 10 min). Afterwards, 750 μL of the supernatant was transferred to
Eppendorf tubes containing 5 PRIME Phase Lock Gel (PLG; VWR International, Leuven,
Belgium), and 750 μL of phenol:chloroform:isoamyl alcohol (25:24:1) was added. Samples
were centrifuged (12,000× g, 10 min), and the upper phase was transferred to a new
PLG tube. Then, 750 μL chloroform:isoamyl alcohol (24:1) was added, and phases were
separated again by centrifugation (12,000 g, 10 min). The top phase was transferred to a
new tube and supplemented with 75 μL LiCl (8 M) and 750 μL 2-propanol, followed by
30 min at room temperature and centrifugation (16,000× g, 30 min, 4 ◦C). The pellet was
air-dried and suspended in 500 μL of Milli-Q water. This suspension was transferred to a
100 kDa Amicon Filter (Millipore, Burlington, Massachusetts, USA) and centrifuged for
10 min at 13,000× g. The samples were washed twice with 450 μL of Milli-Q water and
centrifuged each time for 10 min at 13,000× g. Purified DNA was recovered by inverting
the filter in a new Eppendorf tube and centrifugation for 2 min at 1000× g. The DNA
concentration was determined with a Quantifluor dsDNA sample kit (Promega, Leiden,
The Netherlands).

High-throughput amplicon sequencing of the V3–V4 hypervariable region of the 16S
rRNA gene was performed with the Illumina® MiSeq platform according to the manufac-
turer’s guidelines at BaseClear B.V (Leiden, The Netherlands). DNA sequencing data were
processed using the OCToPUS pipeline (Optimized CATCh, Mothur, IPED, UPARSE, and
SPAdes) [41], which consists of the following steps: quality filtering using the Hammer
algorithm implemented in the SPAdes tool [42], merging reads using the make.contigs
command from the open source software package Mothur (version 1.39.1), alignment and
filtering of the merged reads following the standard operating procedure as described
by the authors of the Mothur software (version 1.39.1), error correction using IPED [43],
chimera identification using CATCh [44], and OTU (operational taxonomic unit) clustering
using UPARSE (version 7.0) with a 97% cut-off [45]. Subsampling was performed based
on the lowest number of reads obtained over the ten different samples, i.e., a coverage
of 29,061 reads. Rarefaction curves indicated that this level of subsampling adequately
represented the bacterial diversity in the samples (Figure S1, Supplementary Materials).
The datasets generated and analyzed during the current study are available in the NCBI
Sequence Read Archive (SRA) repository (PRJNA717984).

2.6. Microscopic Analyses

SEM–EDX analyses were performed on the stainless steel filter coupons and Opalinus
Clay pieces added to the abiotic batch tests (Section 2.2) and obtained from the clay loop
after removal from the in situ test (Section 2.3).

After finishing the batch tests, the filter coupons were removed from the suspensions
and left to dry in an anaerobic glove box (Ar atmosphere with O2 < 0.001%). Larger pieces
of clay were sampled entirely, while smaller pieces dispersed in the batch test solution
(in case it was disintegrated into smaller particles) were transferred with a syringe onto a
Whatman Nuclepore track-etched membrane (Sigma-Aldrich, Overijse, Belgium) placed in
a Swinnex holder (EMD Millipore, Darmstadt, Germany). In addition, smaller pieces of
clay and stainless steel filter coupons were cut from the clay and filter present in the clay
loop and removed from the circuit of Interval 3. Care was taken not to disturb the surfaces
that had been in contact with the interval solution. Both dismantling of the clay loop as
well as the cutting of the samples were done in an anaerobic glove box (Ar atmosphere
with O2 < 0.001%). All samples were stored in anoxic conditions until analysis.

All solid samples were analyzed with a Phenom ProX tabletop SEM equipped with an
EDX element identification probe (Benelux Scientific, Nazareth, Belgium).
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2.7. Modeling

Geochemical modeling was undertaken using the geochemical code PHREEQC [46]
to aid the interpretation of the experimental data. The modeling considered various
processes relevant to the batch and in situ experiments: Se speciation, anion diffusion,
Se(VI) reduction kinetics, and Se(IV) sorption. Modeling was focused on the in situ
experiment and considered each of these processes in turn to develop a reactive-transport
model of increasing complexity. Where relevant, the effect of specific processes was tested
against the batch experimental data as detailed below.

2.7.1. Se Speciation

A simplified speciation model considering two species, Se(VI) and Se (IV), was used
for the majority of the modeling to compare with the experimental data of these species.
The two species were defined as separate components and master species in the PHREEQC
input file. This approach enables modeling of reaction kinetics (Section 2.7.3) between the
two main species that are confirmed to be present by the chemical analyses. Representation
of selenite as a single species also enables the utilization of an existing Se(IV) sorption
model (Section 2.7.4).

PHREEQC calculations were also undertaken with a full aqueous speciation model
using the Thermochimie database (version 9) [47], which includes thermodynamic data for
Se from Olin et al. [48] to examine the hydrolysis of Se(VI) and Se(IV) and the occurrence
of Ca and Mg ion pair species under Opalinus Clay conditions. Pourbaix diagrams of the
selenium system were constructed using PHREEPLOT [49], again using the Thermochimie
database. These diagrams and PHREEQC calculations were performed to determine the
solubility and stability of elemental Se(0), a known product of microbial selenate reduction.

2.7.2. Diffusion Modeling

The diffusion of Se(VI) and Se(IV) was represented in the PHREEQC model of the
in situ BN experiment by a radial diffusion model following the approach of Appelo and
Wersin [50] and used to model other similar Mont Terri borehole diffusion experiments [51].
The circulating borehole fluid was represented by a single cell, which has associated with
it a series of 20 ‘stagnant’ cells representing concentric regions around the borehole. The
first two stagnant cells represented the filter screen and a void space adjacent to the clay
and were assumed to have a radial thickness of 2 mm and 3 mm, respectively. The first cell
representing the Opalinus Clay had a radial thickness of 5 mm, and for each successive
cell, the radial thickness increased by a factor of 1.3, giving a total radial distance of
3.16 m. Diffusion between the stagnant concentric cells was represented using a mixing
function calculated for the above geometry and as described by Appelo et al. [50] and
Tournassat et al. [51].

As only two selenium oxyanions (SeO4
2− and SeO3

2−) were represented in the model,
the multicomponent diffusion option of PHREEQC [46,50] was not utilized. Instead,
the diffusion of the two anions was represented by a single pore diffusion coefficient
(Dp, m2 s−1) and porosity (ε, -), which were input parameters to the mixing function [50,51].
For simplicity and consistency with previous work [34], anion exclusion effects were
represented through the pore diffusion coefficient rather than a lowering of the anion
accessible porosity, and ε was assumed to be equal to the total porosity of the Opalinus
Clay (0.17) [36]. A similar simplification to consider the same porosity for anions, cations,
and neutral species was used in modeling diffusion processes in other borehole experiments
at the Mont Terri Rock Laboratory [49]. The total porosity value (0.17) was also considered
in previous 1-dimensional modeling of Br− and deuterium-labelled water (HDO) non-
reactive tracers in diffusion tests in Intervals 1 and 2 of the BN experiment [34]. In the
present study, the previously reported Br− and HDO data [34] were refitted using the
PHREEQC radial diffusion model by pore diffusion coefficients (Dp) of 3 × 10−11 m2 s−1

and 1.8 × 10−10 m2 s−1, respectively, assuming a total porosity of 0.17 for both Br− and
HDO (Figure S2, Supplementary Materials). A recently performed Br− diffusion test
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in Interval 3 (data not shown) showed that anionic diffusion was similar for all three
intervals, and the PHREEQC radial diffusion model developed for Interval 1 and 2 was
also applicable to fit the data from Interval 3. The pore diffusion coefficient for Br−
determined from the tracer tests undertaken in Intervals 1 and 2 was assumed to represent
the diffusion of the Se(IV) and Se(VI) anions in the selenium injection tests in Interval 3.

2.7.3. Se(VI) Reduction Kinetics

The reduction of Se(VI) to Se(IV) was represented in PHREEQC, using the KINETICS
keyword, and where one mole of the Se(VI) master species was replaced by one mole of
Se(IV) master species. The PHREEQC RATES keyword was used to define a first order rate
law. The first order rate constant was fitted to the Se(VI) concentration data measured in
the biotic batch tests and in the circulating solution of the in situ experiment after taking
account of the diffusion of Se(VI) from the borehole into the Opalinus Clay.

2.7.4. Se(IV) Sorption onto Opalinus Clay

Se(IV) sorption distribution coefficients (Rd) were calculated based on the data from
the abiotic batch tests according to Equation (1):

Rd =
C0 − C

C
V
m

(1)

where C0 is the initial aqueous Se(IV) concentration (mol L−1), C is the remaining aqueous
Se(IV) concentration (mol L−1), V is the solution volume (mL), and m is the mass of
the clay (g).

Frasca et al. [18] compared the sorption of selenium oxyanions on three argillaceous
rocks, including samples from a core of Opalinus Clay from a borehole at the Mont
Terri Rock Laboratory. They found that while Se(VI) was non-sorbing, Se(IV) sorption
behavior could be reproduced by 1- and 2-site Langmuir isotherms, with more accurate
representation being obtained by the 2-site model:

Cs = Smax1

KL1C
1 + KL1C

+ Smax2

KL2C
1 + KL2C

(2)

where Cs is the concentration of Se(IV) sorbed onto the solid phase (mol kg−1), C is
the remaining aqueous concentration of Se(IV) (mol L−1), KL is the sorption potential
(L mol−1), and Smax is the sorption capacity (mol kg–1) of each site. Parameter values
obtained by Frasca et al. [18] for Opalinus Clay are shown in Table 3. No distinction in
the sorption mechanism is made (i.e., direct sorption of Se(IV) vs. reduction followed by
surface precipitation).

Table 3. Langmuir isotherm parameters from Frasca et al. [18] used in the Se(IV) sorption model for
Opalinus Clay. These parameter values are used in Equation (2) to represent Se(IV) sorption using a
2-site Langmuir isotherm. KL is the sorption potential and Smax is the sorption capacity of each site.

Sorption Site KL (L mol−1) Smax (mol kg−1)

Site 1 2.1 × 105 1.7 × 10−3

Site 2 1.9 × 107 1.4 × 10−5

Site 1 fitted (†) 7.5 × 104 7.5 × 10−3

(†) ‘Site 1 fitted’ refers to parameters fitted to represent the enhanced sorption observed in the abiotic batch experiments.

In this study, the Langmuir isotherm was used in models to compare with experimen-
tal Se(IV) concentration data from both the batch and in situ experiments. For this, the
Langmuir sorption isotherm (Equation (2)) was implemented in PHREEQC representing
the two sites as surface master species and defining a Se(IV) surface species for each site.
The KL and Smax parameters for Opalinus Clay (Table 3) were used to represent Se(IV)
sorption in the batch and in situ experiments. The sorption potential (KL, L mol−1) was
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input as the log equilibrium constant for the formation of the Se(IV) surface species. The
sorption capacity (Smax, mol kg−1) was input to PHREEQC as the number of moles of
the surface master species (moles of sorption sites) per liter of water. Smax was scaled to
account for the different fluid/rock ratios of the in situ conditions of the Opalinus Clay
(0.089 L kg−1, assuming a total porosity of 0.17 and dry density of 2.3 kg L−1) and the batch
experiments (700 L kg−1). After considering the data from the abiotic batch experiments, a
second modified Langmuir isotherm was parameterized with changes to KL and Smax for
sorption site 1 (‘Site 1 fitted’ at the bottom of Table 3) and also used to model subsequent
biotic and in situ experiments.

For the in situ experiment, sorption was taken into account in all cells representing
the Opalinus Clay, although in practice significant sorption only occurred in the first cell
representing the first 5 mm of clay. In addition, it was found that sorption was limited
by the diffusion of Se(IV) into the model cells representing clay. To represent the direct
sorption onto the borehole skin surface (borehole disturbed zone, BdZ) of the Opalinus
Clay from water present in the annular space (without being limited by diffusion), it was
assumed that a proportion of the sorption sites present in the first cell representing the first
5 mm of the clay could directly equilibrate with the borehole fluid, i.e., they were assigned
to the cell representing a fluid filled void between the filter and the clay. In the graphical
results presented in this paper, it was assumed that half of the sorption sites present in the
first 5 mm of clay could equilibrate directly with the borehole fluid. The effect of other
proportions of sites was also examined in variant model cases.

3. Results

3.1. Abiotic Batch Tests
3.1.1. Experimental Results

Intracellular ATP measurements performed after 7, 49, and 70 days showed that
all samples without a solid clay fraction, except Ab_Se(IV)-F_b, were always under the
detection limit (0.016 ± 0.013 pmol ATP/mL of clay water), indicating that they remained
abiotic (Figure 1). Although intracellular ATP concentrations in samples Ab_Se(VI)-C_a,
Ab_Se(VI)-CF_b, Ab_Se(IV)-C_a, and Ab_Se(IV)-C_b were initially high compared to
the other samples, these concentrations decreased significantly during the course of the
experiments (Figure 1). This suggests that if microorganisms were still initially present,
their activity can be neglected. Samples were plated on a rich growth medium (LB)
under oxic conditions after 7 days to further confirm the absence of microorganisms. The
growth medium has been shown in the past to be highly suitable to cultivate the most
dominant species present in BN borehole water. No growth was observed in any of the
samples. Furthermore, cultures were prepared at the end of the batch experiments to
investigate if possible viable cells could be revived in more optimal growth conditions,
i.e., in the presence of sufficient phosphate and lactate, the latter as the preferential carbon
and electron source for sulfate-reducing bacteria. No increase in intracellular ATP was
observed, lactate was not consumed, and acetate production was not observed. Altogether,
these data indicate the absence of active microorganisms, confirming abiotic conditions in
the currently discussed batch tests.

Figure 2 shows the evolution of Se(VI), Se(IV), and total Se as a function of time for
all abiotic test conditions. No Se was detected in the BN borehole water used for these
tests, nor in the blanks with a piece of Opalinus Clay and/or stainless steel filter (Blank_C
and Blank_CF).
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Figure 1. Intracellular ATP measurements for samples in the presence of (a) Se(VI) or (b) Se(IV)
during the abiotic test. Details of the test conditions can be found in the legend and in Table 2.

Figure 2. Abiotic test results for Se(VI) (left) and Se(IV) (right) reactivity in the presence of Opalinus
Clay (C) and/or stainless steel filter (F). Details of the test conditions can be found in the legend and
in Table 2. The error bars represent the measurement uncertainty (95% confidence).

Under abiotic conditions, Se(VI) remained stable in BN borehole water, and addition
of Opalinus Clay and/or stainless steel did not have a significant impact on the Se(VI)
concentration nor on the total Se concentration in solution. On the other hand, in the
suspensions containing clay (Ab_Se(VI)-C and CF), the selenite concentration (present
as an impurity in Na2SeO4) decreased to a significantly lower concentration compared
to the initial background concentration observed in all other solutions (Figure 2). When
comparing the dissolved Se species (i.e., Se(IV) and Se(VI)) to the concentration of total Se
in the suspension, all Se species were accounted for. Note that a selenate impurity was also
present in all tests with Se(IV). In one of these tests, a decrease in this Se(VI) background
concentration could be observed (test Ab_Se(IV)-CF_b), although in all other test cases,
Se(VI) remained stable as in the abiotic tests with Se(VI).

162



Minerals 2021, 11, 757

A decrease in the Se(IV) concentration could be observed in some of the batch experi-
ments with added selenite, similar to that observed for the background selenite concen-
tration in the test conditions with added selenate. In sterile BN borehole water without
additives, the Se(IV) concentration did not decrease. When Opalinus Clay was added, a
decrease in Se(IV) concentration occurred in all suspensions, with or without stainless steel,
though more variation in the decrease rate was observed when stainless steel was included
(Figure 2). The decrease rate ranged from 0.05 ± 0.02 to 0.1 ± 0.01 μM Se(IV) day−1, with an
average of 0.07 μM Se(IV) day−1 for the solutions with only clay and 0.1 μM Se(IV) day−1

for the solutions with both clay and stainless steel. In contrast, the Se(IV) concentration
did not decrease in the presence of stainless steel alone (Figure 2). In all test conditions
with clay, the total Se concentration decreased (2 to 4 μM), indicating that part of the Se
was lost onto the solid phases. This was not the case when only stainless steel was present.
Note that after introduction of the clay piece into the water, it slowly disintegrated into
smaller particles. Consequently, the observed loss of total Se in the solutions with clay
may be slightly underestimated as part of the smallest clay particles was sampled along
with the solution, and no additional filtration was performed before total Se measurement.
Comparison of the dissolved Se species (Se(VI) + Se(IV)) to the total Se concentration in
the suspension shows that part of the total Se in the suspensions with clay after 70 days
could not be linked to dissolved Se(VI) or Se(IV), indicating that other—more reduced—Se
species were formed.

SEM–EDX analyses were performed on stainless steel filters and clay pieces after
finishing the abiotic tests. The main results of sample Ab_Se(IV)-CF_a are shown in Figure 3.
More results from this and other samples are shown in a supplementary dataset (Figure S3,
Supplementary Materials). Based on these results, Se was present on the stainless steel
filter surface in the abiotic tests with selenite only when clay was also present (Figure 3).
Clear deposits of Se, more or less spherical in shape, could be observed, though the amount
was limited. This is in agreement with the limited decrease in Se(IV) and total Se in the
suspensions (Figure 2). EDX spot analysis shows that these spots were mostly containing
Se. In these spots, oxygen was not found, while this was the case when performing EDX
spot analysis on the stainless steel itself (Figure S3, Supplementary Materials). These results
thus suggest that the Se deposits are not composed of precipitated or sorbed selenium
oxyanions, but rather of more reduced selenium species such as elemental Se(0) or selenide,
Se(-II). This is in agreement with the observed decrease in the ratio of dissolved Se species
to the total Se concentration (Figure 2). When Opalinus Clay was not present, Se deposits
were not found on the stainless steel filter surface (Figure S3, Supplementary Materials).
SEM–EDX analysis on the clay itself did not reveal a significant amount of Se, in any of the
test conditions. However, due to the disintegration of the clay pieces, the surface of the
clay was quite large, and the limited amount of Se associated with the clay may have been
missed by performing EDX-mapping of the clay surface.
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Figure 3. SEM–EDX images of the stainless steel filter surface of batch test Ab_Se(IV)-CF_a. EDX spot analyses were
performed on distinct deposits. For EDX analysis, elements Bi, Br, Dy, I, Re, Sb, Sr, Te, Ti, V and W were disabled. The scale
bar is shown in the bottom left corner of each SEM image.

3.1.2. Modeling Results

Modeling of the abiotic experiments was performed to examine the extent of sorption
of Se(IV) onto Opalinus Clay using the 2-site Langmuir isotherm model parameterized
by Frasca et al. [18]. Considering an initial Se(IV) concentration of 9.3 μM (Figure 2), the
PHREEQC model of the abiotic experiments calculated that after sorption onto Opalinus
Clay, the aqueous Se(IV) concentration would be 7.8 μM. This concentration was broadly
consistent with the measured Se (IV) concentration in abiotic experiments with clay as
the only additive (Ab_Se(IV)-C_a and Ab_Se(IV)-C_b, Figure 2), which ranged between
5.6 μM and 3.8 μM.

Figure 4 compares the sorption distribution coefficients (Rd, Equation (1)) calculated
from the aqueous Se(IV) measurements from the batch tests with clay only (Ab_Se(IV)-
C_a) and with clay and filter (Ab_Se(IV)-CF_a), considering a total initial concentration
of 9.3 μM, with Rd measurements presented by Frasca et al. [18] for Se(IV) sorption onto
Opalinus Clay (obtained from the Mont Terri Rock Laboratory). The data from Frasca
et al. [18] were undertaken with an initial Se(IV) concentration of 100 μM (approximately
70 μM at equilibrium), and so the higher Rd values calculated for the present abiotic
experiments were expected, given the effect of the sorption isotherm [18]. However, the
Rd values calculated using the 2-site Langmuir isotherm model of Frasca et al. [18] for
the range of aqueous Se(IV) concentrations (3.8 to 5.6 μM) measured in the present study
were lower than (around half) the coefficients calculated from the concentration changes.
This suggests that sorption of Se(IV) was enhanced in the BN batch experiments compared
to what was observed by Frasca et al. [18]. The comparison also indicates that sorption
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processes attained a steady state more quickly in the batch experiments undertaken by
Frasca et al. [18] than in our study. The slower sorption of Se(IV) apparent in our study
may be attributed to the slow disintegration of the clay sample, while Frasca et al. utilized
powdered Opalinus Clay material right from the start of the experiments.

Figure 4. Se(IV) sorption coefficients (Rd) calculated with Equation (1) for the abiotic batch exper-
iments Ab_Se(IV)-C_a (yellow) and Ab_Se(IV)-CF_a (green) (details on test conditions in Table 2)
compared to Rd measurements from Frasca et al. [18] for Se(IV) sorption onto Opalinus Clay with
initial concentration of 100 μM (black full line). The dashed lines represent the Rd calculated for the
abiotic batch experiments from the 2-site Langmuir isotherm of [18] (Equations (1) and (2); Table 3)
for equilibrium aqueous concentrations of 5.6 μM and 3.8 μM Se(IV), which encompass the range of
concentrations measured in the batch experiments Ab_Se(IV)-C_a and Ab_Se(IV)-C_b after 70 days.
Note, the Rd calculated from the Se(IV) concentration of Ab_Se(IV)-CF_a at 70 days is 1085 mL g−1

and plots outside the scale of the figure.

Based on the sorption of Se(IV) deduced from our abiotic batch experiments, the
Langmuir isotherm parameters of Frasca et al. [18] for Opalinus Clay were revised in
order to use these parameters in the subsequent models of the biotic batch experiments
(Section 3.2.2) and the in situ experiment (Section 3.3.3). Using sorption potential (KL) and
sorption capacity (Smax) values of 7.5 × 104 L mol−1 and 7.5 × 10−3 mol kg−1, respectively,
for the first site (see Table 3), the isotherm could be offset to represent higher Rd values
than that of Frasca et al. [18], with an Rd of 460 mL g−1 at an aqueous Se(IV) concentration
of 5.6 μM representing the steady state measured concentration in test Ab_Se(IV)-C_a.

3.2. Biotic Batch Tests
3.2.1. Experimental Results

Intracellular ATP concentrations considerably increased in the first six days, and
this increase was more pronounced in the presence of Se(IV) (Figure 5). Afterwards,
concentrations decreased slightly or remained stable, which is typically observed in batch
experiments with borehole clay water [52–54]. No intracellular ATP measurements were
performed at the end of the batch experiment.
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Figure 5. Intracellular ATP measurements for samples in the presence of (a) Na2SeO4 or (b) Na2SeO3 during the biotic test.
Details on the test conditions can be found in the legend and in Table 2.

Under biotic conditions, a decrease in the concentration of Se(VI) was observed in the
presence of clay with or without stainless steel filter, though at a slightly higher decrease
rate for tests with clay and stainless steel compared to with clay alone (Figure 6). Overall,
decrease rates of 0.2 ± 0.07 μM Se(VI) day−1 and of 0.3 ± 0.07 μM Se(VI) day−1 were found
for tests with clay and with clay and stainless steel filter, respectively. At the end of the
test, ~65% of the total decrease in Se(VI) could be linked to the production of Se(IV) in the
solutions with clay alone (Bio_Se(VI)-C), while Se(IV) only made up ~6 and 47% of the
Se(VI) concentration decrease in the samples with a stainless steel filter (Bio_Se(VI)-CF).
In the absence of clay or stainless steel filter solid phases (Bio_Se(VI)-P), no significant
decrease in Se(VI) concentration could be found. However, a small increase in selenite
concentration was observed (by 0.4 to 2 μM), indicating that some selenate reduction to
selenite had occurred, though at a limited rate (overall decrease rate of 0.06 ± 0.09 μM
Se(VI) day−1). Based on the decrease in total Se concentration (by 5 to 7 μM for Bio_Se(VI)-
C and by 13 to 22 μM for Bio_Se(VI)-CF), part of the Se must be associated with the solid
phase. In addition, here the observed loss of total Se may be slightly underestimated due to
the partial disintegration of the clay possibly containing sorbed Se. As part of the smallest
clay particles was sampled along with the solution at the end of the experiment and total
Se was measured without additional filtration, the measured total Se concentration may
have indeed slightly overestimated the total Se in solution (similar to the abiotic tests, see
Section 3.1.1). The concentration of total Se did not decrease in the tests without solid
phases (Bio_Se(VI)-P).

When comparing the concentration of dissolved Se species [Se(VI) + Se(IV)] to the
concentration of total Se in the suspensions, only for tests with stainless steel filter and espe-
cially for Bio_Se(VI)-CF-b, part of the total Se could not be linked to Se(IV) or Se(VI). Indeed,
the total concentration of Se(IV) and Se(VI) to the total Se concentration in suspension was
57% in sample Bio_Se(VI)-CF-b (Figure 6), indicating the formation of other (more reduced)
Se species. The significant decrease in this ratio in test Bio_Se(VI)-CF-b coincided with the
observed decrease in the concentration of produced selenite after reaching a maximum at
day 35 (Figure 6).
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Figure 6. Biotic test results for Se(VI) (left) and Se(IV) (right) reactivity in the presence of Opalinus Clay (C) and/or
stainless steel filter (F). Details on the test conditions can be found in the legend and in Table 2. The error bars represent the
measurement uncertainty (95% confidence).

For the biotic batch tests with Se(IV), a fast decrease in the Se(IV) concentration could
be observed for the tests with clay (Bio_Se(IV)-C) (Figure 6). This decrease was even
enhanced when stainless steel was also present (Bio_Se(IV)-CF). Overall, a decrease rate
of 0.1 ± 0.02 μM Se(IV) day−1 and of 0.3 to 0.5 ± 0.05 μM Se(IV) day−1 was observed for
tests with clay and with clay and stainless steel filter, respectively, resulting in a complete
removal of selenite from the solution. The total selenium concentrations decreased for both
test conditions with clay, though for the tests with clay alone, this decrease did not exceed
the analytical uncertainty, while a significant decrease was observed for the tests with
clay and stainless steel. Note that the total Se concentration in Bio_Se(IV)-CF_a already
decreased after 21 days and seemed to re-increase afterwards. This could be tentatively
attributed to the fact that the clay sample was not yet disintegrated after 21 days (visual
observation), while this was the case at the end of the experiment. Part of the Se species
sorbed on the clay was thus detected in the suspension at the end of the test, which was
likely not (or less) the case after 21 days. Furthermore, based on the ratio of the total
concentration of Se(IV) and Se(VI) to the total Se concentration, the total Se content in tests
Bio_Se(IV)-C and Bio_Se(IV)-CF measured at the end of the test was not accounted for by
these two dissolved selenium species alone (Figure 3), indicating the formation of other
(more reduced) Se species.

In the absence of clay or filter material (Bio_Se(IV)-P), a small decrease in Se(IV)
concentration could be observed, corresponding to a Se(IV) decrease rate of 0.02 ± 0.01 μM
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Se(IV) day−1. On the other hand, no decrease in the total Se concentration could be
observed in these solutions. Based on the ratio of the total concentration of Se(IV) and
Se(VI) to the total Se, only ~57% of the total Se concentration in the batch tests without
solid phases could be linked to dissolved Se species, again indicating that Se(IV) had
been reduced.

3.2.2. Modeling Results

The biotic batch experiment Bio_Se(VI)-CF-a, which examined the reactivity of 50 μM
Se(VI) with Opalinus Clay and stainless steel filter material, was selected for geochemical
modeling, as it displayed clear trends in the concentration data and since its components
were the most representative of the in situ tests described in Section 3.3.

Figure 7 compares the output of the PHREEQC models that include the reduction of
Se(VI) to Se(IV) defined by a first order kinetic reaction with a rate constant of 0.01 day−1.
The decrease in the modeled Se(VI) concentration agreed well with the experimental data.
As a result of the first order reduction process, the model predicted that the aqueous Se(IV)
concentration would increase steadily, although part of the produced Se(IV) was modeled
to sorb on the solid phases. In Model 1 (Figure 7), Se(IV) sorption was represented by the
2-site Langmuir isotherm of Frasca et al. [18]. Based on this, the aqueous Se(IV) would
have increased to 35 μM after 120 days, with around 2 μM of the selenite sorbed onto the
solid phases. Model 2 (dashed line in Figure 7) used the modified isotherm model (Table 3)
to represent the increased sorption apparent in the abiotic batch tests (Section 3.1.2). This
model provided a closer fit to the Se(IV) and total Se data, again indicating the differences
in sorption of Se(IV) between the results from Frasca et al. [18] and our study.

Figure 7. Measured aqueous Se(VI) (blue squares), Se(IV) (red triangles), and total aqueous Se (black
circles) concentrations in batch experiment Bio_Se(VI)-CF-a (more details in Table 2), compared to
two PHREEQC models representing first order reduction of Se(VI) and sorption of Se(IV). Model 1
(full lines) includes the 2-site Langmuir isotherm of Frasca et al. [18], while in model 2 (dashed
lines) the isotherm has been adjusted to represent the Rd values for Se(IV) sorption obtained from
the abiotic batch experiments. The two green curves represent the sorbed concentration of Se(IV)
according to Equation (2).

During the first 60 days of the batch experiment, the two models provided a reasonable
representation of the trend in measured Se(IV) concentrations, i.e., an increase to around
15 μM. However, after ~60 days, the measured Se(IV) stabilized at around 15 μM, whereas
the modeled selenite concentration continued to increase, controlled by the continuing
selenate reduction process and subsequent selenite sorption. The constant selenite concen-
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tration observed in the analytical data may be attributed to a solubility control by a discrete
solid phase, perhaps in addition to the sorption process (see further Section 3.4). Compari-
son of Model 2 with the measured Se(IV) and total aqueous Se concentrations indicates
that after 116 days, between 5 and 10 μM of the initially added Se would have sorbed.

3.3. In Situ Tests
3.3.1. Chemical Analyses Results

Figure 8 shows the evolution of the selenium species in the interval solution after
injection with 5 μM (at t = 0) and with 60 μM (at t = 106 days) selenate. The selenite
concentration is not shown, since it was below detection limit (0.013 μM) for all time points.
Taking into account the analytical uncertainty, the total Se concentration was completely
covered by the Se(VI) concentration, indicating that in the circulating interval solution,
there was no significant production of other Se species.

During the first injection test, the pH remained rather stable at 7.6, while the selenate
concentration decreased (Figure 8). A sharp pH decrease was however noticed after Se was
most likely fully removed from the solution, indicating that another reaction occurred after
selenium was removed from the solution. Initially, the Eh decreased only slowly, likely
due to stabilization of the electrode (after being verified in air). This means that during
the initial Se removal, the Eh of the interval solution remains unknown. Concomitantly
with the sharp pH decrease, the Eh first decreased and then reached a stable value at
–114 mV (Figure 8). This behavior again points towards an additional ongoing reaction
in the solution after Se removal. Seventeen days after starting this test, both the pH and
the Eh increased again and remained stable afterwards at ~7.3 and –60 mV, respectively.
During the second injection test, both pH and Eh remained rather stable in time at a value
of 7.3 and –31 mV, respectively.

The concentration of the main cations and anions present in the BN borehole water
were stable (within the measurement uncertainty) during both injection tests (Figure 8).
On the other hand, some variations in the carbon components could be observed. During
the first in situ test, the TOC concentration remained more or less stable, although a slight
decrease was observed in the first 13 days (when Se(VI) was removed completely). Between
day 6 and 13, the acetate concentration increased from below 0.008 mM (detection limit)
to 0.15 mM. Afterwards, the produced acetate was consumed, since it was no longer
present after 27 days. The TIC concentration increased slightly during the initial TOC
decrease, but increased more during acetate consumption, suggesting complete oxidation
of acetate to CO2. During the second in situ test, the TOC concentration was initially
rather high (3.1 mM), especially compared to the values observed in the first test. The
TOC concentration decreased significantly after 7 days to 0.2 mM C and remained constant
afterwards. No changes in TIC concentration and no acetate was detected in the second in
situ injection test.

SEM–EDX analyses were performed on the clay sample from the clay loop that was
installed in the circuit of Interval 3 during both injection tests with Se(VI) (data not shown).
However, due to the low amount of Se injected and the high surface area throughout the in
situ experiment, Se was only found on the clay in only very limited amounts. This as well
as the limitations of the SEM–EDX technique prevent a conclusive interpretation regarding
the speciation of the sorbed or precipitated Se species.
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Figure 8. Evolution of the concentrations of Se(VI) (selenate) and total Se, the main components
of the borehole pore water, organic and inorganic C, and pH and Eh as a function of time for both
in situ injection tests, as shown at the top. The X-axis shows the entire experimental time frame,
encompassing both injection tests with Se(VI). The experimental Se data were split in two graphs,
one for each injection test, in order to visualize the ~12 times higher initial Se(VI) concentration of the
second injection test. The error bars represent the measurement uncertainty (95% confidence). The
combined uncertainty on the pH and Eh is 0.06 pH units and 32 mV, respectively (95% confidence
interval), taking into account the measurement uncertainty observed immediately after calibration
and the bias observed after ~1 year [37]. The star at ~132 days indicates an electrical power failure,
resulting in a temporary lack of water circulation and online analysis.
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3.3.2. Microbiological Analyses Results

Microbial presence and activity during the in situ test was monitored by flow cytom-
etry (FC) and intracellular ATP measurements, respectively. Overall, the evolution was
quite similar for both measurements (Figure 9). The first injection of selenate resulted in
an increase in microbial activity and in the total number of cells followed by a decrease
in both cell number (FC data) and microbial activity (ATP measurements) after 13 days
(i.e., when Se was depleted). An increase in cell number and microbial activity was again
observed after the injection with 60 μM selenate, although to a lesser extent. In addition,
after a small decrease at day 120, microbial activity increased again until the end of the in
situ test (Figures 7 and 9). The limited availability of an easily accessible carbon source can
explain the observed higher increase in microbial activity compared to the total cell count.

Figure 9. Intracellular ATP measurements (green) representative of microbial activity and total cell
concentration based on flow cytometry (red) during the in situ test. ATP measurements are plotted
on the left Y-axis, while flow cytometry results are plotted on the right Y-axis. The time of the second
injection is indicated with an arrow.

Taxonomical characterization indicated the presence of three dominant phyla in
the interval solutions: Proteobacteria, Firmicutes, and Chloroflexi (Figure 10). Relative
abundance of the different phyla suggests that Proteobacteria decreased for 13 days after
injection, after which a re-increase was observed. Firmicutes behaved in the opposite
way. However, absolute abundances based on flow cytometry calculated according to
Props et al. [55] indicate that after a decrease in the first 6 days after the first injection,
Proteobacteria remained rather constant throughout the in situ test (Figure 10). On the
other hand, on day 13 after injection with 5 μM selenate (i.e., when selenate was depleted),
a clear growth of Firmicutes was observed, and their abundance decreased again gradually
afterwards. No increase of this phylum was observed after injection with 60 μM selenate
(Figure 10).
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Figure 10. Relative (a,c) and absolute (b,d) abundance of the most dominant phyla (a,b), and OTUs
(c,d) present in the borehole water after injection with 5 μM followed by an injection with 60 μM
selenate. The time of the second injection is highlighted with a rectangle in the X axis (D106).

The abundance of the Proteobacteria could mainly be attributed to one OTU, i.e.,
OTU1, which represents a member of the genus Pseudomonas (Figure 10, Table S1 in
Supplementary Materials). In addition, OTU2 and OTU85, both representing members
of the sulfate reducing genus Desulfosporosinus (phylum Firmicutes), showed an actual
growth between day 6 and day 13 after the injection (Figure 10, Table S1 in Supplementary
Materials). Growth was also observed for OTU4, probably a member of the Peptococcaceae
family (phylum Firmicutes). The abundance of OTU4 further increased up to 27 days
after the injection (Figure 10, Table S1 in Supplementary Materials). Afterwards, samples
were again mainly dominated by OTU1 (Figure 10, Table S1 in Supplementary Materials).
Much less variation was observed after the injection with 60 μM selenate (Figure 10). The
abundance of OTU4 slightly decreased from day 113 (i.e., day 7 after the second injection)
up to day 134 and doubled again afterwards. The absolute abundance of OTU5, a member
of the Anaerolineaceae family (phylum Chloroflexi, Table S1 in Supplementary Materials),
was doubled in the sample taken on day 113, compared to the sample taken at the start of
the second injection, i.e., day 106 (Figure 10). Finally, the abundance of OTU4, increased at
the end of the injection test with 60 μM selenate (Figure 10).

3.3.3. Modeling Results

Figure 11 compares the measured concentrations of Se(VI) and total selenium in the
second in situ injection test with the modeled concentrations considering diffusion as either
Br− anion or deuterated water (HDO) based on previous diffusion tests undertaken in
Interval 1 and Interval 2 of the BN experiment [34].
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Figure 11. Measured concentrations (symbols) of Se(VI) and total Se in water samples after injection
of the BN borehole with 60 μM Se(VI) compared to the modeled diffusion of Se(VI), using the pore
diffusion coefficients of either Br− (green line) or deuterated water (HDO; blue line) to represent the
diffusion of Se(VI) anions. Note that only the time after the second injection with selenate is shown.

The results show that the measured concentrations of Se(VI) decreased at a faster
rate than the model representing Br− anion diffusion (Figure 11). Compared to the model
for deuterated water diffusion, the higher measured Se(VI) concentration in the first few
samples could be explained by pore exclusion affecting the Se(VI) anions. However, the
sample collected after 60 days had a similar (but slightly lower) concentration than that
modeled based on diffusion of deuterated water.

Figure 12 presents the results of the reactive transport model (in PHREEQC), where
the reduction of Se(VI) to Se(IV) is represented as a first order kinetic reaction and where
the diffusion of the Se(VI) and Se(IV) species is represented by the diffusion of Br−. By
varying the rate constant for the Se(VI) reduction reaction a satisfactory fit of the modeled
Se(VI) concentration to the experimental data was obtained for a rate constant of 0.01 day−1

(or 1.157 × 10−7 s−1), equivalent to a reaction half-life of around 60 days. This first order
rate constant was the same as that used to model Se(VI) reduction kinetics in the biotic
batch experiment (Section 3.2.2).

Se(IV) was not detected in the samples taken from the interval solution, although
it was detected in the biotic batch experiments. To investigate Se(IV) behavior in the in
situ experiment, the reactive transport model included Se(IV) sorption using the 2-site
Langmuir isotherm model, in the first instance with parameter values obtained by Frasca
et al. [18]. Figure 12 illustrates how sorption lowered the aqueous Se(IV) concentration
to low concentrations, close to the Se(IV) detection limit (0.013 μM) (red curve). The
modeled amount of sorbed Se(IV) (green curve) expressed as an equivalent concentration
in the borehole fluid attained 19.5 μM after 60 days, whereas the modeled aqueous Se(IV)
increased to a concentration of just 0.37 μM at 60 days. While this modeled aqueous Se(IV)
concentration (red curve) was still higher than the level of detection, it should be noted
that the 2-site Langmuir isotherm model with parameter values from Frasca et al. [18]
underestimated the Rd of Se(IV) in the batch tests (Sections 3.1.2 and 3.2.2). A model of
the in situ experiment parameterized with the modified 2-site Langmuir isotherm (Table 3)
that represents the sorption of Se(IV) apparent in the abiotic batch experiments was found
to lower the aqueous concentration to 0.23 μM at 60 days. Further uncertainty concerns the
number of sorption sites present on the surface of the borehole at the interface with the
borehole fluid. In the model presented in Figure 12, it was assumed that half of the sites
present in the first 5 mm of clay rapidly attained equilibrium with the fluid and were not
limited by diffusion. Variant models showed, however, the sensitivity of the results for a
number of sorption sites. In a model where no sites were able to equilibrate directly with
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the borehole fluid, diffusion limits equilibration of the sorption and a high aqueous Se(IV)
concentration of 10 μM was calculated to occur after 30 days, which slowly declined as the
Se(IV) diffused into the clay. In a third model variant where 99% of the sites in the first
cell representing the clay were considered to equilibrate, the aqueous Se(IV) concentration
after 60 days was lowered to 0.12 μM.

Figure 12. Measured concentrations of Se(VI) and total Se in water samples from the 60 μM Se(VI) in
situ injection test (symbols) compared to the modeled concentrations in the circulating fluid in the BN
borehole (lines). To model the Se(VI) concentration (blue line), diffusion as defined by Br− diffusion
and the reduction reaction of Se(VI) to Se(IV) defined by a first order reaction with a rate constant
0.01 days−1 is considered. Se(IV) is also subjected to diffusion as represented by Br− diffusion
and to sorption onto Opalinus Clay as described by a 2-site Langmuir isotherm [18] (Equation (2)).
Aqueous Se(IV) in the circulating borehole fluid is indicated by the red line, while the concentration
of Se(IV) that is sorbed onto Opalinus Clay is indicated by the green line represented as an equivalent
concentration in the borehole fluid. The total Se concentrations calculated by the model are indicated
by the dashed black line. Note that only the time after the second injection with selenate is shown.

Overall, the extent of Se(IV) sorption in the in situ BN experiment was much higher
than in the batch experiments. Several hypotheses can be envisaged to explain this differ-
ence, especially more reducing conditions (lower Eh value and also a larger redox buffer
capacity) prevailing in the in situ BN experiment than in the laboratory tests, but perhaps
also a higher accessibility of the sorption sites in the decompacted skin of the borehole
disturbed zone compared to on the piece of clay used in the batch tests, and/or a lower
fluid/rock ratio in the borehole.

3.4. Selenium Speciation Modeling

Additional speciation modeling results are presented here to aid the interpretation
of the lab and in situ experiments. Figure 13 presents a Pourbaix diagram to illustrate
the variation in the speciation of selenium under the conditions of the in situ Se injection
experiment and more reducing Eh conditions measured in the Mont Terri pore water
chemistry (PC) experiment [56]. The diagram shows the stability of Se(VI) (SeO4

2−) under
oxidizing conditions (Eh > +480 mV at pH 7) and the stability of Se(IV) (HSeO3

−, SeO3
2−)

under less oxidizing conditions (Eh +480 mV to +230 mV at pH 7). Elemental Se(0) is stable
under more reducing conditions, including the conditions of the BN in situ test and the
PC experiment. For the upper (Eh) boundary of the Se(0)s field (at pH 7 and at Eh higher
than around +100 mV), Se(0)s is in equilibrium with Se(IV) aqueous species (HSeO3

−) and
the steady-state Se(IV) concentration is expected to increase with increasing Eh (Figure S4,
Supplementary Materials).
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Figure 13. Pourbaix diagram showing the stability of Se aqueous species and more reduced Se species
compared to the in situ steady state Eh and pH conditions of the BN Se injection test (red square)
and measurements from the Mont Terri Pore water Chemistry (PC) experiment (green circles) [55].
Calculated for a total Se concentration of 50 μM using PHREEPLOT [49] with the Thermochimie
database [47].

4. Discussion

4.1. Abiotic Se Reactivity

Under abiotic conditions, the Se(VI) concentrations in solution remained stable, indi-
cating that selenate did not react significantly with, or sorb significantly onto, Opalinus
Clay minerals or stainless steel filters in the abiotic batch tests. Although previous studies
showed that Se(VI) can sorb weakly onto aluminum and iron oxides [13,25,27], and clay
minerals such as kaolinite, illite, and smectites (montmorillonite) [8,25], selenate adsorp-
tion strongly decreases with increasing solution pH. Indeed, the non-specific electrostatic
adsorption of Se(VI) onto Al oxides and Fe oxides decreases significantly at pH above 7 and
5 respectively, i.e., above their point of zero charge (pzc) when the number of positively
charged protonated sites present at their surface strongly decreases [13,25]. Moreover, sorp-
tion on kaolinite and illite does not significantly occur, or is very low, at neutral pH, and
the same can be seen for sorption of Se(VI) on soils [8,25]. The batch tests were performed
at near neutral pH (i.e., pH of interval solutions between 7 and 8), which explains why a
weak sorption of Se(VI) was not observed.

In contrast to Se(VI), a clear decrease in selenite concentration was observed in the
presence of Opalinus Clay at a rate of 0.05 to 0.1 μM day−1 in the abiotic batch tests.
When clay and a stainless steel filter were present, Se precipitates were found on the filter
surface. On the other hand, no loss of Se(IV) or precipitation of Se on the filter surface was
observed when only stainless steel was present. These results indicate that clay is required
for the sorption of selenite. Selenite is known to sorb, or to precipitate, on clays both
through a direct adsorption on clay mineral edges (formation of inner-sphere complexes
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with aluminol and silanol groups located on the edges [22,23]) and through a mechanism
of adsorption followed by reduction by, e.g., Fe(II) minerals and precipitation of poorly
soluble reduced selenium species [16,17,20–22]. The latter process would explain the likely
reduced Se species found on the filter surface by SEM–EDX in the abiotic tests with selenite,
clay, and filter.

Compared to the study of Frasca et al. [18], in which sorption of Se(IV) on Opalinus
Clay powder was investigated [18], the sorption of Se(IV) observed in our batch tests (in
both abiotic and biotic conditions) was rather slow, though the overall extent of sorption
was higher (i.e., lower steady state concentration). The slower overall sorption process
can be attributed to the low initial reactive surface area and the slow disintegration of
the clay piece in the solution. Differences in the extent of the sorption may be due to
differences in the water to clay ratio, but also in the content of Fe(II) minerals in the
Opalinus Clay samples used in the present study and by Frasca et al. [18]. Indeed, based on
mineralogical and geochemical data from Pearson et al. [36], the content of Fe(II) minerals
such as pyrite and siderite can vary considerably within the Opalinus Clay from the Mont
Terri Rock Laboratory. As these minerals are generally considered as the main contributors
to Se(IV) sorption, variations in their content would indeed lead to variations in sorption.
Furthermore, speciation modeling undertaken in the present study indicates that where
Se(IV) concentration is controlled by the formation of Se(0), the steady-state Se(IV) aqueous
concentration is strongly sensitive to Eh (Figure S4, Supplementary Materials). In the
previous study by Frasca et al. [18], Eh varied between 246 and 305 mV in the batch
experiments to study sorption of Se(IV) onto Opalinus Clay. The enhanced sorption
apparent in the present study could thus also reflect generally more reducing conditions
in the abiotic batch tests, compared to those of Frasca et al. [18], thereby decreasing the
concentration of Se(IV) in equilibrium with Se(0).

4.2. Microbially Mediated Se Reactivity

In the presence of an active microbial community originating from the BN borehole,
both selenate and selenite were removed from the batch test solutions when Opalinus
Clay (and stainless steel filter) were added as well. Note that concentrations used in our
experiments were shown not to be toxic for the microbial community of the BN borehole
water in previous tests (data not shown), so respiratory reduction of Se oxyanions can
be assumed.

The observed decrease in selenate concentration can be completely explained by
microbial selenate reduction, as no abiotic reactions or sorption were observed in the
abiotic experiments. The present study thus shows that Se(VI) remains non-reactive in an
abiotic, reducing environment in the presence of clay and requires microbial catalysis to
transform into thermodynamically stable Se species of lower oxidation state, in the first
instance to selenite. Part of the produced selenite will be sorbed onto the solid phases (clay
and/or stainless steel filter), and the remainder accumulates in the solution until reaching
its solubility limit and/or is reduced further, either abiotically or by microorganisms.

In the batch tests with selenite, Se(IV) concentration decreased 2 to 5 times more
rapidly under biotic conditions compared to abiotic conditions, though the evolution of the
total Se concentration was comparable. The latter can be explained by a slow disintegration
of the clay piece and/or formation of colloidal Se(0). Subsampling of this suspension
without filtration (or centrifugation) resulted in samples containing some of the dispersed
solid phases. This caused some overestimation of the total Se content present in solution.
Based on the evolution of the selenite concentration, however, microbial activity enhances
the overall decrease in selenite concentration due to a combination of abiotic sorption
phenomena and microbial selenite reduction. The final reduced Se species would likely
either be Se(0), as has been observed previously in biotic batch tests [57–59], or Se(0) and/or
Se(-II) from abiotic processes [16,17]. Indeed, speciation modeling indicates that Se(0) could
precipitate at Eh below +230 mV at pH 7.

176



Minerals 2021, 11, 757

For both Se(IV) and Se(VI) under biotic test conditions, the presence of stainless steel
combined with Opalinus Clay seems to enhance the loss of dissolved selenium species
from the solution. This may be explained by the additional surface available to sorb Se
reduction end products by the presence of other microbial species in the stainless steel
filter samples compared to the clay samples, or by an effect on the Eh. Given the strong
dependence of Se(0) solubility and thus the steady-state Se(IV) aqueous concentration on
Eh (Figure S4, Supplementary Materials), it is indeed possible that significant variations in
the Se(IV) concentration could result from variations in Eh between the batch experiments.
These Eh variations could be caused by the presence or absence of stainless steel or clay.

Without Opalinus Clay, only small changes in the Se concentration occur under biotic
test conditions, compared to the observed decrease in Se(VI) or Se(IV) concentrations in the
presence of clay. This suggests that the Opalinus Clay provides additional electron donors
for Se reduction. Based on the present knowledge regarding Se reducing microorgan-
isms, organics (e.g., acetate, lactate) are the most frequently reported electron donors [28].
According to previous studies made on clay aqueous extracts [60,61], the low molecular
weight organic fraction found in Opalinus Clay pore water contains variable concentra-
tions of acetate, formate, and other organic compounds, which could have leached from
the Opalinus Clay into the batch test solution and may indeed have served as electron
donors. However, we cannot rule out that inorganic compounds such as H2 (e.g., formed
during anaerobic steel corrosion or as a fermentation product) were used as (additional)
electron donors.

4.3. In Situ Fate of Se(VI)

Injection of selenate in the BN borehole will result in diffusion of selenate through the
clay pore space, but this diffusion will be affected by pore exclusion phenomena related to
the ionic radii and charge. Speciation calculations of the injected Se in the borehole water
(not presented) indicate that around 75% of the Se(VI) would be present as the divalent
species SeO4

2−, with the remainder present as uncharged ion pair species CaSeO4 and
MgSeO4. The diffusion of these three Se(VI) species will be dependent on their ionic radii
and charge. Divalent SeO4

2−, being subject to a greater anion exclusion from the electrical
double layer of clay minerals than the monovalent Br− anion used as tracer, is expected to
diffuse more slowly, analogous to the relative diffusion of sulfate and chloride measured
in Opalinus Clay from the Benken borehole [62]. However, the aqueous Se(VI) present
as uncharged ion pairs should not be subject to anion exclusion, although their diffusion
relative to that of water may be slowed as a result of their large radii (i.e., steric hindrance
in the smallest constricted pores). Diffusion studies of a wide range of anions and cations
in the Mont Terri diffusion and retention (DR) experiment [32] conclude that diffusion of
Se(VI) was slower than that of Br− or I−, approximately proportional to the ratio of their
diffusion coefficients in water [63]. Overall, the diffusion of Se(VI) is expected to be similar
to or slower than that of the Br− tracer tests undertaken. In both injection tests of BN,
however, the Se(VI) concentration decreased faster than that of the Br− tracer and was even
similar to the diffusion of (deuterated) water. Based on the abiotic batch tests, no sorption
of Se(VI) was expected either on the stainless steel components of the experiment or on the
clay itself. On the other hand, the biotic batch tests showed the potential of the microbial
community in Interval 3 to reduce selenium oxyanions. Microbial selenate reduction could
thus explain the observed faster decrease in selenate concentration.

The PHREEQC model shows that the evolution of the selenate and total Se concentra-
tion can indeed be fitted well when considering both diffusion of Se(VI) (using the pore
diffusion coefficient (Dp) obtained for Br−) in combination with a reduction of Se(VI), using
a reaction rate constant, which was the same for the in situ test and the biotic batch tests.
This indicates that the biotic batch tests provided a good laboratory model of the ongoing
in situ processes.

In contrast to the batch tests, total Se concentrations were consistent with the selenate
concentrations, and selenite was never detected in the sampled interval solutions. This can
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be attributed to the sorption of produced Se(IV) onto the clay surrounding the borehole,
similar to what was observed in the abiotic batch tests. The extent of Se(IV) sorption
in the in situ BN experiment is much higher than in the batch experiments, probably as
a consequence of more reducing conditions prevailing in the borehole. This would be
in line with the observed preservation of selenite in the O2 perturbed outer zone of a
Callovo–Oxfordian Clay core during a diffusion experiment, while reduction of selenite
was observed deeper in the clay core [19]. Additionally, a higher accessibility of the
sorption sites in the decompacted skin of the BdZ (borehole disturbed zone) compared to
on the piece of clay used in the batch tests and/or the lower in situ fluid/rock ratio may
also contribute to the higher sorption observed in situ. Furthermore, based on the biotic
batch tests, an additional microbial reduction of Se(IV) is expected. Speciation modeling
indicates that Se(0) would be in equilibrium with aqueous Se(IV), and the steady-state
Se(IV) concentration increases with increasing Eh. At the pH and Eh conditions of the
in situ tests, Se(0) would be stable and the steady-state Se(IV) concentration would be
several orders of magnitude below its detection limit of 0.013 μM. Thus, Se(IV) sorption,
Se(0) precipitation, and microbial selenite reduction have likely all contributed to the
disappearance of selenite from the borehole water.

The results of the BN injection tests with selenate show some differences to previously
obtained results from the DR in situ experiment at the Mont Terri Rock Laboratory [32]. In
the DR experiment, selenate was injected in a borehole at an initial concentration of 96 μM,
which is comparable to the second injection of 60 μM Se(VI) in the BN experiment. On the
other hand, the DR experiment had a much greater ratio of circulating water to borehole
surface area than the BN experiment, and thus diffusion of the anionic tracers was rather
limited. Over the course of 288 days, the slow decrease in the selenate concentration in the
DR experiment was largely similar to non-reactive anions, although it appears that the Se
concentration decreased slightly more in comparison to the Br− or I− tracers at the end of
the experiment. Differences in behavior of selenate in the DR and BN in situ tests could be
attributed (in part) to a difference in the microbial community present in the DR borehole
compared to the BN borehole. In particular, the BN interval used for the Se studies has
been stimulated previously by injection of nitrate.

Microbiological analyses indicate that the microbial community in the BN borehole
was affected by injection of Se. The cell count and microbial activity both increased while Se
was present and decreased again when Se was depleted. Overall, the microbial community
is dominated by only a few OTUs, similar to what has been observed previously in
boreholes in the Opalinus Clay [34,64].

Based on the taxonomical characterization of the most important OTUs and the litera-
ture available, a hypothesis regarding their contribution to the overall chemical evolution
can be made. Certain dominant OTUs present during Se injection are members of the
Anaerolineaceae family, which are often isolated from oil and hydrocarbon (e.g., toluene)
contaminated environments [65–67]. However, their ecology and physiology remain largely
unknown, as only a limited number of isolates have been characterized. Known members
have a fermentative metabolism, utilizing carbohydrates and proteinaceous carbon sources
under anaerobic conditions [68,69]. The second injection with 60 μM selenate seems to
have resulted in a higher abundance of Anaerolineaceae compared to their presence after
injection of only 5 μM selenate. Putatively, this may be linked with the higher TOC con-
centration at the beginning of the second injection with 60 μM selenate. Furthermore, the
presence of Pseudomonas as one of the dominant OTUs in the BN borehole is not surprising,
since it was one of the dominant species present during and after previous injection tests
with nitrate in the BN experiment [34]. The abundance of Pseudomonas decreased in the
first week after the first injection of 5 μM Se(VI), though it remained stable afterwards, at
rather high amounts. Members of this genus have been found in microbial aggregates, able
to reduce selenium oxyanions in anaerobic granular sludge [70]. In addition, Pseudomonas
has been suggested to ferment organic macromolecules and to release small organic acids
and H2 [64]. Finally, three OTUs belonging to the Peptococcaceae family (OTU2, OTU4,
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and OTU85) were found abundantly during the Se injection tests as well. Members of
the Peptococcaceae family have been reported with the ability to reduce Se [71,72], and
as such they could also have performed Se reduction in the BN borehole. Overall, the
presence of fermenting species during the in situ test with Se in the BN borehole suggests
that such species could have fermented organic macromolecules in the borehole water or
clay into more easily bioavailable carbon species such as acetate, as was found 13 days after
the first injection with 5 μM Se(VI). Such carbon species could then be used as electron
donors by other microorganisms, such as the sulfate and selenate reducing members of the
Peptococcaceae family (as the phylum Firmicutes).

5. Conclusions

Geological disposal of HLW and ILW in deep clay formations will ultimately lead to
the dissolution and slow leaching of soluble radionuclides such as 79Se, a redox sensitive
radionuclide, which is expected to leach at least partially as Se oxyanions. Although part
of the leached selenium could sorb on corrosion products of the steel canisters [7], the
remainder will reach the surrounding clay host rock. The reducing environment in this
clay host rock and the possible microbial presence might however change its speciation
and thus also its transport behavior. A good understanding of the retention and reactivity
of Se species under such environmental conditions and in the presence of microorganisms
is therefore required and was the focus of this study.

Both lab and in situ tests were conducted, studying abiotic and biotic Se reactivity in
clay water with or without Opalinus Clay and stainless steel. The pH and Eh conditions
were as close as possible to unperturbed Opalinus Clay conditions (i.e., pH 7–8 and anoxic
environment). Abiotically, Se(VI) remained stable in clay water with/without clay or
stainless steel, i.e., no decrease in concentration of Se(VI) or total Se was observed. On
the other hand, aqueous Se(IV) concentrations decreased in the batch tests with Opalinus
Clay, though not with stainless steel alone. In the tests with selenite, precipitation of
more reduced Se species on the solid phase was observed by SEM–EDX, though only
when Opalinus Clay was present. The differences in the rate and extent of the sorption
of Se(IV) observed in the present study compared to previous sorption experiments seem
to be linked to the reactive surface area of the clay, to the mineralogical content, and to
differences in Eh.

When a microbial community is present, with the ability to reduce Se species, both
selenate and selenite were reduced, and a more extensive Se reduction and/or retention
was observed in case clay and/or stainless steel filters were present (in situ or in batch
tests). In the batch tests, microbial reduction of Se(VI) to Se(IV) was observed, resulting in
some (intermediate) accumulation of Se(IV) in the solution. This was not observed in situ,
where the decrease in Se(VI) was not accompanied by an increase in Se(IV) in the interval
solution. Based on the observed selenite sorption onto the solid phases in the batch tests,
the lack of Se(IV) in the in situ solution is most likely linked to more sorption of Se(IV)
on the in situ clay surface and/or further reduction of Se(IV) to precipitating Se species
such as elemental Se(0). Overall however, the biotic batch tests provided a good laboratory
model of the ongoing in situ processes.

The present study thus suggests that in the absence of an active Se reducing microbial
community, selenate leaching from radioactive waste into the surrounding clay would
not be retained by sorption. In that case, non-reactive transport of Se(VI) through the
clay is expected to be the main migration process. Although it remains uncertain whether
microorganisms can be active in and around a repository (i.e., high pH, high ionic strength,
and limited free space and water), microbial activity cannot be ruled out, especially in
the excavation disturbed zone of the host rock surrounding the disposal facility. With
a microbial community with Se reducing ability (locally) present, both diffusion and
microbial Se(VI) reduction can be expected. Moreover, microbial reduction of Se oxyanions
can occur in situ without addition of easily biodegradable nutrients and electron donors,
i.e., the clay itself provides the electron donor for Se reduction. If microorganisms would
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be active in the clay surrounding a disposal facility, microbial reduction of Se oxyanions
could thus contribute to the overall retention of Se, thereby slowing down the migration of
Se out of the near field of the repository.

Future research is necessary to study the impact of high concentrations of nitrate
leaching from bituminized waste on the fate of Se(VI) in a clayey host rock, both in the
presence and absence of microorganisms. In addition, the speciation of Se sorbed onto the
clay needs to be investigated, to further clarify the ongoing (microbial) reactions. The nature
of electron donors present in Opalinus Clay and responsible for microbial Se reduction
remains also to be studied along with the impact of organic electron donors from the waste
and H2 produced by anaerobic corrosion of metals and radiolysis.
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Abstract: Shaft seals are geotechnical barriers in nuclear waste deposits and underground mines. The
Sandwich sealing system consists of alternating sealing segments (DS) of bentonite and equipotential
segments (ES). MiniSandwich experiments were performed with blended Ca-bentonite (90 mm
diameter and 125 mm height) to study hydration, swelling, solute transport and cation exchange
during hydration with A3 Pearson water, which resembles pore water of Opalinus Clay Formation
at sandy facies. Two experiments were run in parallel with DS installed either in one-layer hydrate
state (1W) or in air-dry two-layer hydrate (2W) state. Breakthrough at 0.3 MPa injection pressure
occurred after 20 days and the fluid inlet was closed after 543 days, where 4289 mL and 2984 mL,
respectively, passed both cells. Final hydraulic permeability was 2.0–2.7 × 10−17 m2. Cells were
kept for another 142 days before dismantling. Swelling of DS resulted in slight compaction of ES.
No changes in the mineralogy of the DS and ES material despite precipitated halite and sulfates
occurred. Overall cation exchange capacity of the DS does not change, maintaining an overall value
of 72 ± 2 cmol(+)/kg. Exchangeable Na+ strongly increased while exchangeable Ca2+ decreased.
Exchangeable Mg2+ and K+ remained nearly constant. Sodium concentration in the outflow indicated
two different exchange processes while the concentration of calcium and magnesium decreased
potentially. Concentration of sulfate increased in the outflow, until it reached a constant value and
chloride concentration decreased to a minimum before it slightly increased to a constant value. The
available data set will be used to adapt numerical models for a mechanism-based description of the
observed physical and geochemical processes.

Keywords: anion distribution; CEC; exchangeable cations; hydration; MiniSandwich; sandwich
sealing system; solute transport; swelling pressure

1. Introduction

Shaft and drift-sealing systems for a nuclear waste repository and in deep under-
ground mines limit the fluid inflow from the adjacent rock in the early stage after closure
of the repository or a mine. In mines, partial active areas are protected from sudden fluid
inflow, and in repositories and mines the release of possibly contaminated fluids at later
stage are prevented, or at least delayed [1]. Current German concepts of shaft seals of
nuclear waste repositories contain the hydraulic Sandwich sealing system as a component
of the lower seal in the host rock [2].
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The Sandwich sealing system consists of alternating sealing segments (DS) of ben-
tonite and equipotential segments (ES), which are characterized by a higher hydraulic
conductivity. Within ES, fluid is evenly distributed over the cross section of the seal. Water
bypassing the seal via the excavation damaged zone (EDZ) or penetrating the seal inho-
mogeneously is contained and a more homogeneous hydration and swelling of the DS
is obtained.

Proof of functionality of the system has been provided in semi-technical scale experi-
ments [3,4] for different host rocks. In 2019, an in-situ large-scale experiment was launched
at the Mont Terri Rock Laboratory (Mont Terri RL, Switzerland) in the sandy facies of the
Opalinus clay to address the interaction between the sealing system and a potential host
rock [5]. The sandy facies of the Opalinus clay at Mont Terri RL corresponds to the clay
formation in the generic site model SOUTH [6] of the potential clay host rock in Germany.

Additional semi-technical scale experiments and extensive laboratory tests are carried
out for material development and material parametrization to supplement the in-situ
experiment by modeling. The current study covered MiniSandwich experiments [7] with
blended Ca-bentonite to study hydration, swelling, solute transport and cation exchange
during hydration with Pearson water.

The pore water of the Opalinus clay at Mont Terri Rock Laboratory (Mont Terri RL)
(Pearson water) contains 150–250 mmol·L−1 NaCl. The concentration of divalent cations
and anions is lower than 15% of the cations and anions, respectively [8–10].

The current German concept for engineered barriers does not specify a bentonite but
two national bentonites from Bavaria (Calcigel, Clariant) and Westerwald (Secursol UHP,
Stephan Schmidt KG) would be available [5]. Both bentonites are Ca-bentonites. Cation
exchange in the interlayer of the swellable clay minerals [11], together with anion exchange,
dissolution, and precipitation of secondary phases will take place during the hydration of
the sealing system with a pore fluid, mainly containing sodium cations until geochemical
equilibrium is obtained. Thereby, alteration of the hydration of the bentonites as well as
hydraulic conductivity and swelling pressure is expected.

Cation exchange and reactive solute transport during the early stage of the hydration
of engineered barriers was observed at elevated temperatures from the Long-Term Test
of Buffer Material (LOT) and the Alternative Buffer Material (ABM) test at Äspö Hard
Rock Laboratory (Äspö HRL) (e.g., [12–15]), but pore fluid composition at Äspö HRL and
Mont Terri RL differ in composition and sealing systems will not be exposed to elevated
temperatures. The objective of the current study was to enhance the understanding of
hydromechanical behavior and reactive solute transport during hydration of a Sandwich-
sealing system composed of Ca-bentonite under the inflow of A3 Pearson water, which
resembles Opalinus Clay pore water at sandy facies [8,9].

2. Materials and Methods

2.1. Materials and Experimental Setup

Fine sand N45 (Nivelsteiner Sandwerke und Sandsteinbrüche GmbH, Herzogenrath,
Germany) [11] was used for ES. The bentonite Secursol UHP (Ruppach, Lower Saxony,
Germany) by the Stephan Schmidt group (Langendernbach, Germany) with a smectite
content of about 80% (Table 1) from a batch of granular material, also used in a semi-
technical scale experiment (HTV-6), was used in a material blend for the DS. The specific
density (ρs) of Secursol UHP of 2.77 g/cm3 calculated from the phase content was confirmed
by measurement after drying at 200 ◦C with a He pycnometer (Pycnomatic ATC Porotec,
Hofheim, Germany).
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Table 1. Phase content determined by XRD and specific grain density * of Secursol UHP.

Phase
[wt.%] [wt.%] ρs [g/cm3] *

2W # Anhydrous Anhydrous

Smectite (di) 79 75 2.75
Quartz 10 12 2.66

Kaolinite 2 2 2.6
Mica (di) 3 4 2.75

Feldspar (orthoclase) 2 2 2.61
Anatase 3 4 3.78
Traces § 1 1 3.16

Total 100 100 2.77
Note: * ρs calculated based on crystal structure. # air dried at ambient conditions with a 2W hydration state and
water content of about 15.4% (measured at 200 ◦C). § apatite, rutile, hematite, maghemite (all detectable by XRD)
and carbonates (only detectable by STA).

The Westerwald bentonite is from the Miocene age and consists of highly altered
tuffs from the late Oligocene age. Secursol UHP is characterized by a very high swelling
pressure of >4 MPa at a dry density of about 1.55 g/cm3, which even exceeds 10 MPa
at higher dry densities [5]. Therefore, the bentonite was blended with N45 to reduce its
smectite content, and thus its swelling pressure, to avoid damage of the oedometer cells.

Pearson water [16] close to A3 composition [8,17] which resembles the pore fluid of the
sandy facies of Opalinus clay at Mont Terri URL [9] (Table 2), perfused the MiniSandwich
columns. The ionic strength was 0.5 M. The Pearson water was prepared in two batches.

Table 2. Pearson water composition at sandy facies of Opalinus Clay [8], pH and liquid density (ρl).

Title Na+ Ca2+ Mg2+ K+ HCO3
− Cl− SO4

2− Cl−/SO4
2− pH ρl

[mmol/L] [–] [–] [g/cm3]

Target 1 164 11.9 9.2 2.55 0.54 160 24 6.67 7.9 1.01
Batch 1 2 153 11.6 8.7 2.5 n.d. 150 24 6.25 7.7 1.01
Batch 2 230 15.9 11.37 4.06 n.d. 230 3 30 3 7.67 n.d. n.d.

[mg/L] [–]

Target 1 3770 477 224 100 33 5672 2305 2.46
Batch 1 2 3517 465 211 98 n.d. 5318 2305 2.31
Batch 2 5288 637 276 159 n.d. 8154 2882 2.83

Note: 1 [9,16]. 2 [5]. 3 estimated from cation content. n.d. not determined.

The MiniSandwich specimens consisted of three ES sandwiched by two DS of blended
bentonite (Figure 1b), separated by filter papers (manufacturer: Macherey-Nagel, material:
cellulose, pore size: 7.0–12.0 μm). The diameter of the columns was 90 mm and a total
sample height of 125 mm was envisaged. Actual sample heights of 130 and 131 mm,
respectively, were obtained (Table 3). Sample heights decreased to 129.2 and 129.8 mm,
respectively, by applying the axial load prior to the start of the hydration.

Two experiments were run in parallel with the bentonite in DS, installed either in
air-dry state (cell 10) or after conditioning by drying over a concentrated H2SO4 solution
atmosphere for several months (cell 9) to study different initial hydration states of the
smectite (Table 4). The water content of the bentonite determined at (105 ◦C) 200 ◦C was
(13.3%) 16.5% in air dry state and (0.9%) 3.9% after drying at very low relative humidity.
Only the water content determined at 200 ◦C will be used for further calculations.
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(a) (b)

Figure 1. Experimental setup. (a) Hydraulic testing rig with oedometer cell. Note the three strain
gauges, measuring the axial displacement over the sample lengths; (b) Schematic sketch of the
oedometer cell.

Table 3. Installation bulk (ρb) and dry density (ρd), porosity (n), pore volume (Vp), volume of water
in pores during installation (Vw,i i) and saturation water content (ws) of cells 9 and 10.

Cell 9
m h ρb ρd n Vp Vw,i ws

[g] [mm] [g/cm3] [g/cm3] [%] [mL] [mL] [%]

ES3 158.79 16 1.56 1.56 41.4 42.1 0 26.77
DS2 357.2 42 1.34 1.30 52.8 141.1 10.6 41.33
ES2 158.79 16 1.56 1.56 41.4 42.1 0 26.77
DS1 357.3 41 1.37 1.33 51.7 134.7 10.6 39.25
ES1 158.79 16 1.56 1.56 41.4 42.1 0 26.77
Sum 1190.87 131 48.3 402.2 21.2

Cell 10
m h ρb ρd n Vp Vw,i ws

[g] [mm] [g/cm3] [g/cm3] [%] [mL] [mL] [%]

ES3 158.80 16 1.56 1.56 41.3 42.1 0 26.77
DS2 370.31 41 1.42 1.26 54.3 141.5 42.3 43.58
ES2 158.80 16 1.56 1.56 41.3 42.1 0 26.77
DS1 391.42 41 1.50 1.33 51.7 134.7 44.7 39.25
ES1 158.80 16 1.56 1.56 41.3 42.1 0 26.77
Sum 1238.13 130 48.7 401.7 87.0
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Table 4. Water content of DS, hydration state of smectite and gas permeability during installation
and final swelling pressure and fluid permeability of cell 9 and cell 10.

Parameter Unit Cell 9 Cell 10

Water content, W (200 ◦C) [%] 3.1 12.9
Hydration state of smectite 1W 2W

Gas permeability [m2] 8.7 × 10−12 5.6 × 10−12

Swelling pressure [MPa] 0.7 0.6
Fluid permeability [m2] 2.0 × 10−17 2.7 × 10−17

One aliquot of bentonite (dry weight) was mixed with 0.28 aliquots of N45 (water
content <0.1%) resulting in a starting water content in DS of 3.1% (cell 9) and 12.9% (cell 10).
The specific density of the blend was 2.75 g/cm3. The bentonite sand mixture could be
compacted only to a dry density (ρd) between 1.26 and 1.33 g/cm3 (Table 3), and a very
low resulting EMDD (Dixon et al. 1985) between 0.95 and 1.02 g/cm3. The N45 in ES was
installed with a ρd of 1.56 g/cm3.

For the MiniSandwich experiments modified oedometer cells with two movable
pistons and filter plates for adjusting well-defined saturation conditions [18] were located
in hydraulic load frames (Figure 1a). The axial strain/displacement was measured by three
gauges (rotated by 120◦) and was regularly reset to zero by increasing or decreasing the
axial load measured by a load cell. Thus, during the tests, axial expansion due to swelling
of the sample has been reset recompacting the material to the initial volume to keep the
MiniSandwich under quasi-constant volume conditions.

After installation, the initial gas permeability defined the starting conditions. It was
determined with nitrogen by average of five measurements of the gas pressure difference
to atmospheric pressure (0.12–0.18 MPa) at gas flow between 200 and 1000 mL/min
(Bronkhorst F-231M flow controller). The injection pressure of Pearson water was 0.1 MPa
and increased to 0.3 MPa after 4 days. After 543 days, the fluid inlet was closed and the
experiments were run for another 142 days. During saturation, the development of the
swelling pressure and the fluid volume balance (in- and outflow) were monitored and
the stationary fluid permeability was calculated. After saturation and development of
steady-state flow conditions, the outflow fluid was collected to determine its ion content
for studying ion transport and cation exchange processes. Both columns were dismantled
after 685 days and analyzed for water content and chemical/mineralogical changes.

2.2. Methods
2.2.1. Sampling

Immediately after unloading of the oedometer cells the upper pistons and filter plates
were removed. In a stepwise dismantling procedure from top to bottom, each of the
different sandwich segments was uncovered and probed. In both experiments, the upper
filter plates were found to be nearly saturated with the fluid. Two samples were taken
in each segment, one for determination of the water content (about 50–100 g each) and
the other one for determination of the chemical and mineralogical composition/changes
(about 50 g of each ES and about 250 g of each DS). Samples for determination of water
content were immediately placed in the oven after initial weighing. Samples for chemical
and mineralogical analyses were shrink-wrapped in foil until further analysis.

The fabric of the dismantled DS in both cells was still characterized by recogniz-
able bentonite granules and fine sand grains. The following analyses were performed
with homogenized material and separated bentonite granules were studied if additional
information was expected.
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2.2.2. Water Content

The water content and moisture of the materials were determined mostly in duplicate
after heating at 105 ◦C and 200 ◦C for 24 h or until constant weight (Δm < 0.1%) was
obtained [19]. Heating to 200 ◦C is necessary to dehydrate swellable clay minerals [20] in
bentonites. The water content was calculated with respect to dry mass of the sample after
heating, while moisture was calculated in relation to the initial mass of the sample.

2.2.3. X-ray Diffraction Analysis (XRD)

Mineralogical quantification of Secursol UHP was performed by X-ray diffraction
(XRD) measurements on powder samples < 500 μm. Samples were milled using the Mc-
Crone Micronizing mill with zirconium oxide cylindrical grinding elements (McCrone
Microscopes and Accessories, Westmont, IL, USA). A Bruker D8 Advance A25 diffractome-
ter (Bruker AXS GmbH, Karlsruhe, Germany) equipped with a LYNXEYE XE Detector
(opening degree 2.94◦ and 192 channels) was used. Patterns were recorded between 2 and
80◦ 2θ with CuKα radiation, a counting time of 2 s and a step size of 0.02◦ 2θ, a fixed slit
of 0.18◦, Soller collimator of 2.5◦ (primary and secondary side) and an automatic knife
edge for powder samples. Rietveld software PROFEX 4.3.2 (Nicola Döbelin, Solothurn,
Switzerland) was utilized for quantitative analysis [21]. Quantitative phase content was
converted in chemical composition and compared with chemical composition from X-ray
fluorescence analysis (Supplementary Materials).

2.2.4. Cation Exchange Capacity (CEC), Exchangeable Cations (EC) and Cations in Pearson
Water and Outflow Liquid

CEC was measured by the modified Cu-trien method according to Meier and Kahr [22].
Approximately 50 mg of ground sample were dispersed in a 15 mL centrifuge tube after
adding 10 mL of Millipore water and 5 mL of a copper-triethylenetetramine (Cu-trien)
solution of 0.01 mol/L by shaking for 3 h on a vibrating table. After centrifugation at
4500 rpm for 10 min (Multifuge 3S-R, Heraeus Holding GmbH, Hanau, Germany), the
absorbance of the supernatants was measured at a wavelength (λ) of 580 nm with a UV–Vis
spectrophotometer (Genesys 10 UV, Thermo Electron Corporation, Waltham, MA, USA)
using polystyrene microcuvettes (Lab logistics Groups GmbH, Meckenheim, Germany)
with a path length of 1 cm. The concentrations of Cu-trien in the supernatants were
determined from a calibration curve and CEC [cmol(+)/kg] was calculated on the basis of
the depletion of the supernatant by uptake of Cu-Trien by the smectite. The concentrations
of exchangeable cations were analyzed from supernatant after dilution (if required) and
acidification with HNO3 (1M Suprapur) by inductively-coupled plasma–optical emission
spectrometry (ICP-OES) (Optima 8300 DV, Perkin Elmer Inc., Waltham, MA, USA). Cations
in Pearson water and outflow liquid were measured in the same way by ICP-OES.

2.2.5. Aqueous Leachate/Soluble Ions and Anions in Pearson Water and Outflow Liquid

Approximately 2 g of the sample were weighed into 50 mL centrifuge tube and
dispersed in 40 mL of Millipore water by shaking for 24 h on a vibrating table. Thereafter,
the samples were centrifuged at 4500 rpm for 10 min. Conductivity and temperature
were measured in the supernatant using conductometer WTW LF 318 (Xylem Analytics
Germany Sales GmbH and Co. KG, Weilheim in Oberbayern, Germany). The pH was
measured with pH strips (Merck, pH 4.0–7.0 Special indicator).

The supernatant was filtered through a 0.45 μm filter (syringe filter, cellulose acetate,
d = 25 mm, LLG-Labware GmbH, Meckenheim, Germany). Cations were analyzed by
ICP-OES method and anions by ionic chromatography (Dionex Aquion IC System with
Autosampler by Thermo Fisher Scientific GmbH, Dreieich, Germany). Anions in Pearson
water and outflow liquid were measured in the same way by IC.
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3. Results

3.1. Geotechnical Parameters

Both cells were installed with identical dry densities and thus resulting porosity
(Table 3). Due to the different hydration state and water content of the DS material 5.3% of
the total porosity and 7.7% of the porosity of both DS in cell 9 were filled with water, while
21.7% of the total porosity and 31.5% of the porosity of both DS in cell 10 were already
filled with water after installation.

Right at the start of the hydration/re-saturation 44.2 mL of liquid entered cell 9, and
45.4 mL liquid went into cell 10 within 5 min of starting the hydration. Thereby, ES1 in
both cells were saturated. Fluid uptake and inflow permeability decreased strongly in both
cells (Figures 2 and 3) until a fast breakthrough after 14 d was observed for both cells. The
fluid breakthrough in cell 9 occurred after a fluid uptake (difference inflow/outflow fluid
volume) of 359 mL, that corresponded to a saturation of 94.5%. The breakthrough in cell
10 was accompanied with a fluid uptake of 309 mL corresponding to a saturation of 98%.
Actual fluid uptake was 4.5% and 2.5% higher than calculated (Tables 3 and 5). After the
breakthrough 4289 mL and 2984 mL, respectively, Pearson water passed the outflow of cell
9 and 10 until termination of the experiment.

 
(a) (b) 

Figure 2. (a) Axial strain (grey) and axial stress (blue) and (b) inflow (blue) and outflow (grey) permeability cell 9.

 
(a) (b) 

Figure 3. (a) Axial strain (grey) and axial stress (blue) and (b) inflow (blue) and outflow (grey) permeability cell 10.
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Table 5. Water content (200 ◦C) (we), volume of water (VW), dry density and volume (height) change
after dismantling of cell 9 and 10.

Cell 9
we Vw ρd ΔV or Δh

[%] [mL] [g/cm3] [%]

ES3 22.81 36.2 1.66 −6.5
DS2 44.15 153.0 1.25 3.7
ES2 22.81 36.2 1.66 −6.5
DS1 44.65 154.8 1.24 6.6
ES1 24.77 39.3 1.61 −3.2
sum 419.6

Cell 10
we Vw ρd ΔV or Δh

[%] [mL] [g/cm3] [%]

ES3 22.25 35.3 1.68 −7.5
DS2 43.27 141.9 1.26 −0.4
ES2 23.78 37.8 1.64 −4.8
DS1 44.94 155.8 1.24 7.0
ES1 25.12 39.9 1.60 −2.6
sum 410.7

Inflow permeability was higher in cell 9 than in cell 10 until breakthrough. Afterwards
hydraulic permeability decreased very slowly to 2–2.7 × 10−17 m2 until the experiment
was terminated (Figures 2 and 3).

A pressure loss in the hydraulic storage medium and thus a power loss in the hydraulic
cylinder that ensures the constant volume of the MiniSandwich occurred in cell 9 at day
258 and in cell 10 at day 72 which resulted in free swelling of the MiniSandwich. After
compensation of the pressure loss the volume was constant again (axial strain 0%) and an
increased swelling pressure was observed, which decreased only slightly during 200–250 d
until it was close to constant in both cells. The total axial stress was slightly higher in cell
9 than in cell 10 (Table 4). Despite of the diameter/height ratio of 1:1.5 friction effects of
the material at the cell walls were negligible because of the limited axial displacement
(volume constancy). Thus, the measured total axial stress corresponds to the overall
swelling pressure.

3.2. Volume Changes Due to Swelling of DS

Under the assumption of full saturation, the volume change and change in dry density
of each DS and ES were calculated from the water content during dismantling (Table 5).
DS in cell 9 and cell 10 expanded up to 7%, while expansion was equal in DS1 and DS2 of
cell 9 and only DS1 expanded in cell 10. Thereby, the fine sand in all ES was compacted to
a dry density of 1.66 g/cm3 which is slightly above its measured ρd,max (1.644 g/cm3) and
in the range of measurement uncertainty.

3.3. Cation Exchange Capacity (CEC) and Exchangeable Cations (EC)

Secursol UHP is a Ca,Mg-bentonite with a CEC of 93 cmol(+)/kg (Table 6). By blending
the bentonite the smectite content in DS was 58.6% and the CEC of the DS material was
73 cmol(+)/kg. The apparent pH of dispersed Secursol UHP was 4.7. After dismantling,
a slightly lower average CEC was measured in DS of cell 9 and cell 10 (Table 7), but
deviation is in the range of measurement uncertainty. The exchangeable Na+ strongly
increased from 0.7 to 24–29 cmol(+)/kg while exchangeable Ca2+ decreased by about 1/3
from 42 to 25–30 cmol(+)/kg with lower values in DS1 of cell 9 and cell 10. Exchangeable
Mg2+ was nearly constant in DS of both cells compared to the initial Mg2+ of the installed
bentonite blend. Exchangeable K+ was very low in DS of both cells but increased slightly.
Exchangeable Fe3+ was slightly higher in DS1 of cell 10 but in any other DS was close to
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the value of the initial blend. Sum of exchangeable cations now equaled the measured CEC
(Table 7).

Table 6. CEC, exchangeable cations, conductivity of suspension and soluble cations and anions of Secursol UHP (granular
material HTV-6 [5]).

CEC Na+ Ca2+ Mg2+ K+ Fe3+ Sum Cl− SO4
2−

[cmol(+)/kg] [cmol(-)/kg]

93
0.9 54 19 1.3 0.03 75 - -

[mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g]

0.2 12.9 2.8 0.6 0.01 17 - -

Conductivity Na+ Ca2+ Mg2+ K+ Fe3+ Sum Cl− SO4
2−

[μS/cm] [cmol(+)/kg] [cmol(-)/kg]

36.8
0.34 1.11 0.81 0.14 0.83 3.2 0.2 0.3

[mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g]

0.08 0.22 0.10 0.05 0.15 0.6 0.05 0.13

Table 7. CEC, exchangeable cations, electric conductivity of supernatant suspension and soluble cations and anions
(granular material HTV-6 [5]).

CEC Na+ Ca2+ Mg2+ K+ Fe3+ Sum

[cmol(+)/kg] [cmol(+)/kg]

Blend * 73 0.7 42 15 1.0 0.02 59

Cell 9
DS2 74 29 30 14 1.7 0.01 75
DS1 70 28 25 14 2.0 0.01 69

Cell 10
DS2 71 24 30 12 1.3 0.03 67
DS1 70 25 27 14 1.9 0.06 69

ConductivityNa Ca Mg K Fe Sum * Cl− SO4
2−

[mS/cm] [cmol(+)/kg] [cmol(−)/kg]

Blend * 0.0287 0.3 0.9 0.6 0.1 0.7 2.6 0.16 0.23

Cell 9
DS2 14 7 4 0.7 0.1 25 2.6 4.1
DS1 15 7 5 0.8 0.1 27 2.9 4.2

Cell 10
DS2 11 5 3 0.5 0.2 20 2.5 4.3
DS1 14 7 5 0.8 0.2 26 2.3 3.5

Note: * calculated.

3.4. Cations in Outflow and Soluble Cations (SC)

Sodium concentration in the outflow of both cells increased with a steep linear slope
during the first 100 days. Afterwards, the Na concentration increased further with a linear
but less steep slope up to 200 days (cell 9) and 300 days (cell 10), respectively, until it reached
a nearly constant value of about 157 and 150 mmol/L (Figures 4 and 5) corresponding to
the inflow concentration. For cell 10 a slight decrease in Na concentration was observed
around day 100 and 300 of the experiment at the beginning of each change in slope of
outflow concentration (Figure 5). The concentration of Ca, Mg and K decreased potentially
(x−1/2) approaching asymptotically a concentration close to the concentration of each cation
in the inflow Pearson water (Figures 4 and 5). Thereby the calcium concentration was 16
and 20 mmol/L for cell 9 and 10, respectively, and thus slightly higher than 11.6 mmol/L
in the inflow. The asymptotic concentrations of Mg and K were 7.2/8.7 mmol/L and
1.6/1.5 mmol/L, respectively, for cell 9 and 10.
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The cumulative amount of Na in the volume of Pearson water that passed the Min-
iSandwich cells was 1.29 (cell 9) and 0.93 (cell 10) times of the initial CEC of the DS and
the cumulative amount of Na in the outflow amounted 1.15 and 0.74 times the initial CEC
of the DS, respectively, in cell 9 and cell 10. Corresponding values were 0.20/0.14 and
0.48/0.40 (Ca), 0.15/0.11 and 0.20/0.16 (Mg) and 0.02/0.02 and 0.01/0.01 (K). The resulting
ratio of cations in the outflow to cation input into each MiniSandwich (cell 9/cell 10) to
was 0.89/0.80 (Na), 2.44/2.88 (Ca), 1.36/1.50 (Mg) and 0.54/0.52 (K).

After dismantling, in ES of both cells 56–104% of the expected soluble Na was found
with lowest values in the outer ES1 and ES3 of cell 9 and highest values in the outer ES1
and ES3 of cell 10. Both Ca and Mg showed a similar distribution pattern in ES of both cells
(Table 8). In contrast, less than 56% of expected soluble K was found after dismantling in
ES of both cells, but, again, the distribution pattern was the same as for the other cations.
No soluble Fe3+ was measured in ES of both cells.

(a) 

(b) 

Figure 4. Cation concentration (a) and anion concentration in outflow (b) of cell 9.
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(a) 

(b) 

Figure 5. Cation concentration (a) and anion concentration in outflow (b) of cell 10.

In contrast the soluble Na in the DS of both cells was twice as high as expected and
the concentrations of soluble Ca, Mg and K were five to seven times higher than expected
from water content (Table 8). About 0.02 to 0.04 mg/g Fe were found in DS of both cells.
The molar ratio of soluble cations to soluble anions was about 3.7 (Table 7) in DS of both
cells while it was about 6.4 in the raw Secursol UHP (Table 6) and 0.64–0.82 in the ES of
both cells after dismantling.
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3.5. Anions in Outflow and Soluble Anions (SA)

The Cl−/SO4
2− weight ratio was 2.31 (molar ratio 6.25, Table 2) in the inflow Pearson

water and 2.55 (molar ratio 6.9) in the outflow of cell 9 and 2.66 (molar ratio 7.2) in the
outflow of cell 10 (Figures 4 and 5). In contrast, the Cl−/SO4

2− weight ratio in the DS
was 0.51/0.47 in cell 9 and 0.50/0.43 in cell 10 (Table 9). In ES the Cl−/SO4

2− weight
ratio varied between 0.42 and 0.69 with the lowest ratio in ES3 of cell 9 and ES2 in cell
10 and the highest ratio in ES1 of both cells (Table 9). Thereby, the SO4

2− concentration
was significantly higher than expected from water content and SO4

2− concentration in
the Pearson water while the Cl− concentration was only about 39–77% of the expected
concentration in DS of both cells (Table 9).

Table 9. Anion concentration in DS and ES after dismantling.

Cell 9

1 2 3 4 5 6 7 8 9

Cl− SO4
2− sum

c1:c2
Cl− SO4

2− Sum
c1:c5 c2:c6

[mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g]

ES3 0.78 1.32 2.10 0.59 1.22 0.53 1.74 0.64 2.51
DS2 0.93 1.97 2.89 0.47 2.35 1.02 3.37 0.39 1.93
ES2 0.93 1.41 2.34 0.66 1.22 0.53 1.74 0.77 2.67
DS1 1.01 2.01 3.02 0.51 2.38 1.03 3.41 0.43 1.94
ES1 0.96 1.39 2.36 0.69 1.32 0.57 1.89 0.73 2.44

Cell 10
Cl− SO4

2− sum
c1:c2

Cl− SO4
2− Sum

c1:c5 c2:c6
[mg/g] [mg/g] [mg/g] [mg/g] [mg/g] [mg/g]

ES3 0.78 1.28 2.06 0.61 1.19 0.51 1.70 0.66 2.49
DS2 0.95 2.23 3.18 0.43 2.31 1.00 3.30 0.41 2.23
ES2 0.53 1.27 1.80 0.42 1.27 0.55 1.82 0.42 2.31
DS1 0.92 1.86 2.78 0.50 2.39 1.04 3.43 0.39 1.79
ES1 0.89 1.33 2.22 0.67 1.34 0.58 1.92 0.66 2.29

Note: Column 1–4: measured in supernatant of conductivity measurement (eluted). Column 5–6: calculated from water content after
dismantling based on ion content of Pearson water batch 1. c: column.

3.6. Charge Balance of Cations and Anions in the Outflow

The nearly constant concentrations of ions in the outflow added up to 204 mmol(+)/L
cations and 217 mmol(−)/L anions in cell 9 and 210 mmol(+)/L cations and 217 mmol(−)/L
anions in cell 10. In contrast, the cumulative amount in the total outflow volume was
924 mmol(+) cations and 894 mmol(−) anions in cell 9 and 631 mmol(+) cations and
582 mmol(−) anions in cell 10.

3.7. Phase Content

No changes in the mineral phase content were observed by XRD, but changed hydra-
tion state of the air-dry bentonite in DS blend material was observed by decrease of the
basal space from 14.9 Å to <14 Å prominently detectable from the d001 reflection (Figure S1,
Supplementary Materials). Samples from ES showed no alteration to the original mineral
phases of the N45 sand. Reflections corresponding to halite and gypsum appeared in
ES samples from both cells, however, the amount was below the limit of quantification
(Figure S2, Supplementary Materials).

STA curves of evolved water (Figure S3, Supplementary Materials) of air-dry bentonite
in DS blend material showed a single dehydration peak compared to the characteristic
dehydration peak with a shoulder at higher temperatures of the air-dry raw Secursol UHP
with mainly exchangeable divalent Ca2+ and Mg2+. Only small changes were observed for
the CO2/carbonate traces in the bentonite after dismantling, where the shoulder between
200 and 300 ◦C and a small peak between 850 and 950 ◦C disappeared for the bentonite
granules (Figure S3, Supplementary Materials) but were still visible in the blended DS
material (data not shown). MS curves of evolved SO2 of the bentonite granules showed
decomposition of sulfates between 400 and 700 ◦C, 800 and 1000 ◦C and above 1000 ◦C,
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that precipitated during drying of the samples (Figure S3, Supplementary Materials) even
more pronounced in the blended DS material (data not shown).

ES material showed evolved water between 100–200 ◦C which corresponded to dehy-
dration of sorbed water, not present in the original N45 material. Limited changes occur to
the carbonate peak centered on 370 ◦C in N45 material, which was broadened for all ES
and shifted to around 350 ◦C in ES3 in both cells. A sharp carbonate peak also appeared at
607 ◦C in ES3 of cell 10. Several ES also showed sulfate decomposition occurring between
close to 900 and 1000 ◦C and above 1000 ◦C (Figure S4, Supplementary Materials).

4. Discussion

4.1. Hydromechanical Behavior

Fast breakthrough in both cells occurred very quickly due to the low dry density in DS
during installation and the fabric resulting from blending of bentonite granules with fine
sand. Thereby breakthrough occurred at saturation slightly below 100%. Due to the low
dry density and the reduced smectite content, the initial hydration state of the smectite had
no influence on the breakthrough time and only a small influence on the axial stress (i.e.,
the swelling pressure). In cell 9, the smectite underwent a volume change by increasing of
the unit cell in c direction of 26.5% due to the transition from 1W into 2W hydration. In cell
10, the bentonite in the DS was already in 2W hydration state and thus swelling lead only
to small changes in the interlayer height (i.e., volume of unit cell). The swelling pressure in
cell 9 was diminished by the larger inter-aggregate pores in the bentonite/sand blend in
the DS where the swelling granules could expand.

The 1W hydration state of the DS in cell 9 resulted in larger inflow permittivity at the
beginning of the experiments and about 45% higher volume of Pearson water that went
through the MiniSandwich compared to cell 10 until both cells were terminated.

Permeability in cell 9 showed three separate increases of about a half order of magni-
tude in the course of the experiment while the underlying trend was a continuous slow
decrease after saturation and breakthrough. First, the breakthrough might have enabled
discrete flow paths that caused a temporary faster fluid flow. These paths slowly closed
and the permeability decreased again. The second and third increase of the permeability
might have been similarly caused by local changes in the discrete fluid pathways due to
the more pronounced swelling of the bentonite granules in cell 9 and a rearrangement of
the inter-aggregate pores in the DS as described for pure bentonites in Meleshyn, et al. [23].

Accurate determination of swelling pressures under consideration of the heterogeneity
of the MiniSandwich setup with different material segments is a challenge, because the
axial effect of swelling DS is partly compensated by compacting the sand in ES. However,
the selected experimental MiniSandwich setup corresponds to the arrangement used in
real shaft conditions, which facilitates a realistic upscaling. As already mentioned, the
measured axial stress necessary to ensure volume constancy during the test corresponds
to the swelling pressure of the whole sandwich. Thereby, it is worth to noting that the
applied maximum hydraulic pressure to ensure saturation over the experimental time is
about half of the maximum swelling pressure of the MiniSandwich (swelling pressure
for cell 9: 0.7 MPa; for cell 10: 0.6 MPa). Only in the beginning of the experiment was
a stepwise increase of the axial strain required to ensure the water access to the mate-
rial (Figures 2a and 3a). In the later state of the experiments, the axial load remained
nearly constant, which indicated that stationary conditions for swelling and fluid flow
were reached.

The initial gas permeability was also influenced by the hydration state of the bentonite
and was slightly higher in cell 9 than in cell 10, while the resulting fluid permeability was
similar in both cells after saturation at a very low value of 2.0 × 10−17 m2 (Table 4). The
initial gas permeability was in the range of the gas permeability of pure Secursol UHP,
around ×10−12 m2, installed with ρd = 1.31 g/cm3 [5]. Deviation is again explained by the
blending of the bentonite in the DS with fine sand.

198



Minerals 2021, 11, 1061

4.2. Mineralogical/Geochemical Behavior

No transformation of the smectite into another clay mineral in the DS of both cells in
the course of the experiment could be detected by XRD, but XRD and STA measurements
showed a different hydration behavior of the smectite equilibrated at ambient conditions
(40–60% r.h. and 22–25 ◦C) after dismantling that was induced by the Na+ exchange into
the smectite interlayer observed by the CEC/EC measurements.

Furthermore, no changes occurred in the carbonate traces of the bentonite in DS
of both cells after dismantling but MS curves of evolved SO2 showed decomposition of
sulfates, while the raw Secursol UHP did not contain any sulfate. No crystalline sulfates
were detectable by XRD. Thus, their concentration was very low in the bentonite samples
and, in addition, they were precipitates that are expected to have a very fine crystal/grain
size. Both low concentrations and small size lower the decomposition temperature during
STA strongly up to 200 K compared to tabulated values [24] which makes assignment of the
observed peaks in the MS curves of the evolved SO2 tenuous. In any case, decomposition
temperature would increase in the order Na2SO4 < MgSO4 < CaSO4 and thus, the three
intervals observed for evolved SO2 indicate all three sulfates precipitated either in the
course of the experiment and/or mainly during drying of the samples after dismantling.
Both processes cannot be distinguished without geochemical modelling or microfluidic
experiments, like those described by Poonoosamy, et al. [25,26]. It seemed that pores in
bentonite granules and inter-granular pores in DS blended materials formed different
microreactors for dissolution/precipitation reactions.

The deficit between the sum of exchangeable cations and the CEC of the raw Secursol
UHP could be explained by protons as the pH of the dispersed bentonite was slightly
acidic. Protons are not detectable by ICP-OES in the supernatant of the CEC measurement.
In the course of the experiment, these protons are only partially replaced by cations of the
through flowing Pearson water. The sum of exchangeable cations in DS of both cells after
dismantling equaled the CEC but a strong increase of soluble cations (Table 8) added to
the sum of exchangeable cations. The charge imbalance of soluble cations and anions is
explained by HCO3

−.
Excess soluble sulfate in the DS and ES after dismantling indicate precipitation of

sulfates in the course of the experiment and not only during drying of the samples after
dismantling, although an enrichment in soluble cations was only observed in the DS of
both cells. Thereby, Fe was observed only as soluble cation in DS but not in ES.

Imbalance of cation and anion concentrations in the solids and in the fluids indicate that
neither ES nor DS materials were already in equilibrium with the Pearson water and observed
ion concentration gradients in ES and DS of both cells have to be modelled for the throughflow
experiment that was followed by a batch experiment with adapted numerical models for a
mechanism-based description of the observed physical and geochemical processes.

5. Summary and Conclusions

The Sandwich sealing system, which consists of sealing segments (DS) of bentonite
and equipotential segments (ES) of higher hydraulic conductivity, is a component in the
German concept of shaft seals for nuclear waste deposits. Functionality was proved on
semi-technical scale experiments. An in-situ large-scale demonstration experiment is
running at the Mont Terri rock laboratory (Switzerland) that addresses the interaction
between the Sandwich sealing system and the Opalinus clay. Prediction and evaluation
of the in-situ behavior of the Sandwich sealing system require numerical models for a
mechanism-based description of the observed physical and geochemical processes. These
models can be validated with MiniSandwich experiments as performed in the current study.

Current MiniSandwich experiments were performed with blended Ca-bentonite (Se-
cursol UHP) and Pearson water. Two experiments were run in parallel with DS installed at
the same dry density but either in 1W hydration state or in air-dry (2W) state. Breakthrough
and and almost complete saturation occurred at 0.3 MPa injection pressure very fast after
20 days due to the modified fabric of the compacted bentonite blend and a reduced EMDD
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in the DS. While the influence of the hydration state of the smectite on the break-through
was masked by blending the bentonite with a coarser material 4289 mL and 2984 mL,
respectively, passed the cell with DS installed in 1W and 2W state within 543 d. Influence
of the hydration state of DS during installation on initial and final hydraulic permeability
(2.0–2.7 × 1017 m2) was also masked by the blending of the DS material and hydraulic
permeability in both cells was nearly constant, but still decreased slightly.

Swelling of DS resulted in slight compaction of ES, up to 7%. There were no changes
in the mineralogy of the DS and ES material, despite precipitated halite and sulfates
occurring, and no changes in CEC of the bentonite blend were observed. While halite
precipitated during drying after dismantling sulfates also could have precipitated in the
course of the experiments. Exchangeable Na+ strongly increased while exchangeable Ca2+

decreased. Exchangeable Mg2+ and K+ remained nearly constant. Sodium concentration
in the outflow indicated two different exchange processes, while the concentration of
calcium and magnesium decreased potentially. Concentration of sulfate- increased in the
outflow until it reached a constant value, and concentration of chloride decreased to a
minimum before it slightly increased to a constant value. While cations and anions in the
outflow are nearly balanced with respect to their charge, the imbalance of cation and anion
concentrations in the solids and in the cumulated outflow volume indicated that neither
ES nor DS materials were already in equilibrium with the Pearson water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11101061/s1, X-ray fluorescence (XRF), Table S1: Chemical composition of Secursol UHP,
Simultaneous Thermal Analysis (STA), Figure S1: XRD pattern of powdered DS samples, Figure S2:
XRD patterns of powdered ES samples, Figure S3: Mass spectrometer curves for DS; Figure S4: mass
spectrometer curves for ES.
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Abstract: Bentonite, a common smectite-rich buffer material, is in direct contact with corroding steel
in many high-level radioactive waste repository designs. The interaction of iron with the smectite-rich
clay may affect its swelling and sealing properties by processes such as alteration, redox reactions
and cementation. The chemical interactions were investigated by analysing the Fe/clay interfaces
of eight bentonite blocks which had been exposed to temperatures up to 130 ◦C for five years in
the ABM2 borehole at the Äspö Hard Rock Laboratory managed by the Swedish Nuclear Fuel and
Waste Management Co (SKB). Eleven interface samples were characterised by high spatial resolution
methods, including scanning electron microscopy coupled with energy dispersive X-ray spectroscopy
and μ-Raman spectroscopy as well as by “bulk” methods X-ray diffraction, X-ray fluorescence and
57Fe Mössbauer spectrometry. Corrosion induced an iron front of 5–20 mm into the bentonite, except
for the high-Fe bentonite where no Fe increase was detected. This Fe front consisted mainly of ferric
(oxyhydr)oxides in addition to the structural Fe in the smectite fraction which had been partially
reduced by the interaction process. Fe(II) was also found to extend further into the clay, but its nature
could not be identified. The consistent behaviour is explained by the redox evolution, which shifts
from oxidising to reducing conditions during the experiment. No indication of smectite alteration
was found.

Keywords: bentonite; iron; in situ experiment; interface

1. Introduction

Compacted bentonite is foreseen as a buffer material in many concepts for high-level
radioactive waste repositories [1–3]. This is due to its favourable sealing properties, which
include high swelling capacity and low permeability. In this function the bentonite buffer
will be in contact with other materials in the engineered barrier system (EBS) such as cement
or steel, which will interact with the clay [4]. Additionally, the buffer will be exposed to
heat arising from the radioactive decay of the waste inside the metal canister. In some
concepts, the canister consists of carbon steel which will corrode and result in oxidised
iron species. These species may interact with the clay by sorption [5], precipitation [6]
and complex redox processes [7,8]. This interaction process may affect the functionality of
the bentonite barrier, for example by weathering and transformation of smectite, but the
details of this process are not yet fully understood.

A considerable amount of experimental work on Fe-bentonite interaction has been
conducted, however this has been dedicated to highly simplified batch-type systems
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(e.g., [9,10] and references therein). Less work has focussed on parameters that are more
representative of repository conditions, such as low liquid/solid and low Fe/bentonite
ratios, variable redox conditions, higher temperatures (up to 140 ◦C), realistic dimensions
and longer timescales. Examples of such studies are the FEBEX mock-up test [11], the
FEBEX in situ test at the Grimsel Test Site [12–15] or the ABM in situ tests at the Äspö
Hard Rock Laboratory [16–23]. In general, similar patterns of neo-formed iron minerals at
the Fe/bentonite interface have been observed, notably magnetite, ferric (oxyhydr)oxides
(e.g., hematite, goethite, lepidocrocite) and siderite. In contrast to many small-scale batch
experiments, little or no smectite alteration has been found. However, minor amounts
of trioctahedral smectite were distinguished in some of the blocks in contact with the
iron heater contact in the ABM1 experiment [17,18] and the ABM2 experiment [21,22]
identified an iron-bearing saponite at the interface from a FEBEX bentonite block in the
ABM2 experiment. Corrosion of the steel surface in all samples induced an iron front
of variable thickness reaching into the bentonite. Despite these numerous studies the
mechanisms of iron transfer, from the corroding steel into the clay and its subsequent
diffusion within, are not understood in detail.

This study aims at improving the knowledge base of Fe-bentonite interaction in a
repository-type setting. This was done by investigating the changes in iron speciation of
eight interface samples of seven bentonite materials with different mineralogical and chem-
ical characteristics. These samples had been exposed to similar conditions at maximum
temperatures of 130 ◦C. The methodology including high spatial resolution profiling devel-
oped in a previous study [20] was extended by the use of 57Fe Mössbauer spectrometry.
Our work complements previous “bulk” studies on ABM2 samples of [21,22,24].

2. Materials and Experimental Methods

2.1. Description of the Emplaced Bentonite Materials

Eight doughnut shaped blocks with seven different bentonite materials from the
ABM2 in situ test (see below) were studied. Details of the origin of the materials are
provided by [16].

Granular MX-80 bentonite: MX-80 is a natural Na-rich bentonite mined in Wyomimg
(American Colloid Company, Colony, WY, USA). The raw material with a mesh size of
16–200 was purchased from American Colloid Company. The granular bentonite material,
which was emplaced in the ABM2 borehole (see following section), consisted of highly
compacted MX-80 with very low moisture content (<5 wt %) and a bimodal grain size
distribution (8–12 mm and 0.6–3.1 mm) [25]. The smectite content determined from XRD
Rietveld analysis is 80.5 ± 3.6 wt % [26]. The cation exchange capacity (CEC) is 0.85
eq/kg [16]. The Fe content determined from XRF is 3.1 wt % (Table 1).

Table 1. Fe content and iron species in raw samples.

Bentonite Total Fe Distribution (% of Total Fe)

wt % Festr in Smectite Fe in Oxy-Hydroxides Fe in Pyrite Fe in Other

MX80 3.1 >90 1 < 5 (goe) <5 <5 (ilm)
Ibecoseal 3.0 >91 <5 (goe/hem/mag) <5 <5 (mar)
IKosorb 2.1 >92 <5 (goe) <5 <5 (mar, mic)
Kunigel 1.5 >75 <2 (goe) <25
Rokle 11.6 40 60 (goe)

Deponit 3.8 >75 <5 (goe) <20

Granular MX-80 bentonite/quartz mixture: This bentonite was the same granular
material as that described above to which quartz with a grain size of 0.1–0.5 mm [25]
was added to yield a homogeneous MX-80/quartz (70/30) mixture. The smectite content
determined from XRD Rietveld analysis is 63.7 ± 2.7 wt % [26].
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Ibeco Seal M-90 (Ibecoseal): This natural Na bentonite is mined by S&B Industrial
Minerals in the Askana region in Georgia/CIS. It is characterised by a high montmorillonite
content, as indicated from the high CEC of 0.88 eq/kg [16]. The Fe content determined by
XRF is 3.0 wt % (Table 1).

Ikosorb: This natural white Ca, Mg-rich bentonite from Morocco has a high montmo-
rillonite content, as indicated from the measured CEC (0.90 eq/kg) [16] and a rather low Fe
content (2.1 wt %) (Table 1).

Kunigel VI: This natural Na-bentonite is produced by Kunimine Industries Co. It has
a comparatively low montmorillonite content (~55 wt %) [27] and a CEC of 0.61 eq/kg [16].
It displays the lowest Fe content (1.3 wt %) (Table 1) of all studied materials.

Rokle: This natural bentonite originates from the Rokle deposit in the Kadan basin
of the Czech Republic. It has a moderately high smectite content as indicated from the
measured CEC value of 0.74 eq/kg [16]. The Fe content is 11.6 wt % which the highest of
all studied materials.

Deponit CAN (Deponit): This natural Ca bentonite is mined on the island of Milos in
the South Aegean (Greece). It has a moderately high smectite content of 72 wt % [28] and a
CEC of 0.84 eq/kg [16]. The Fe content is rather high, a value of 3.8 wt % was obtained
from XRF analyses (Supplementary Materials S3).

2.2. The ABM2 Test Package, Excavation and On-Site Sampling

The ABM (Alternative Buffer Materials) test is an internationally supported in situ
experiment conducted by SKB (Swedish Nuclear Fuel and Waste Management Co., Solna,
Sweden) in the Äspö Hard Rock Laboratory (Äspö HRL), Sweden. The main objective of the
ABM test is to access the stability of different bentonites under adverse, but representative
conditions of the near-field of high-level radioactive waste repositories [16]. Within the
ABM test, three test packages (ABM1, ABM2, and ABM3) consisting of various bentonite
materials stacked upon each other as blocks were emplaced in three boreholes and heated
via a central steel tube composed of common carbon steel, P235TR1 [29]. The layout of the
ABM2 test package and the blocks sampled in this study are illustrated in Figure 1.

The “block” materials #11, #12, #13, #24 and #26 consisted of pre-compacted blocks
(height 100 mm and diameter 300 mm) emplaced in direct contact with the steel heater. The
granular materials of blocks #8, #25 and #26 were inserted in a prefabricated iron-based
cage on-site. This circular cage was made of a cylindrical inner steel ring, steel frames,
and steel fibre cloth wrapped around the cages. The installation procedure is detailed
in [29]. The description of the experiment and its dismantling are presented in [22] and [23].
In short: the experiment was saturated with natural Äspö groundwater for one year via
a sand filter previously emplaced between the blocks and the borehole wall. The Äspö
groundwater at the location of the ABM test package is of Na-Ca-Cl type with ~180 mM Cl–,
~100 mM Na+ and ~50–60 mM Ca2+ including some SO4

2− (~5 mM), Mg2+ (0.3–2.4 mM),
K+ (~0.3 mM) and HCO3

− (~0.4 mM) [16,30]. The package was then heated to temperatures
of 120–140 ◦C at the heater contact for a period of three years before allowing subsequent
cooling for an additional year. This was followed by retrieval through overcoring and
uplifting. Samples were removed in situ from the heater steel tube, unfortunately in some
areas the Fe-bentonite interface was damaged during this process. The cages were simply
slid off the tube and were thus kept intact during in situ sampling. This resulted in the
Fe-bentonite interface being generally better preserved in the caged samples.
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Figure 1. ABM2 borehole with stacked blocks and caged pellets surrounding the central steel heater [29].

2.3. Analysis of Fe-Clay Contact Zone

Sample preparation: Two types of samples were prepared (Figure 2). The first type
underwent preparation for microscopic analysis at high spatial resolution (SEM/EDX,
μ-Raman). A subsample comprising the Fe-bentonite interface was cut out, freeze-dried,
vacuum-embedded in epoxy resin and finally polished (using petroleum). The result-
ing polished section (Figure 2A) was subsequently stored in a desiccator until further
microscopic analyses. The second type consisted of powdered subsamples at different
distances from the contact zone (Figure 2B), which were used for bulk analysis (Mössbauer
spectrometry, XRD and XRF). These were prepared anaerobically in the glovebox (N2/H2
mixture with Pd catalyst), including separation, drying, milling and storage.

SEM/EDX analysis: The uncoated sample surface was examined in a SEM (EVO-50
XVP, Carl Zeiss AG, Jena, Germany) equipped with an EDAX® Sapphire light-element
detector in low vacuum mode (10–20 Pa) with a beam acceleration of 20 kV, a sample
current of 500 pA, and a working distance of 8.5 mm. The beam current was adjusted
to yield a dead time of 8–15% for EDX analysis. EDX element maps with a resolution
of 128 × 100 pixels were acquired using a dwell time of 200 μs/pixel. Mappings were
conducted with a magnification of 80, which results in pixel size of ~11 μm2 and maps of
~1.4 mm × 1.1 mm. Mapped elements generally included C, O, Na, Mg, Al, Si, P, S, Cl, K,
Ca, Ti, and Fe but only Fe, Ca, S and Al data are reported here. The total grid dimension
was usually 30–40 maps along the x axis perpendicular to the interface and 8–10 maps
along the y axis parallel to the interface. Given the parameters of analysis (resolution, dwell
time), the acquisition time per block was ~12 h. Output data from the operating software
(Smartsem® by ZEISS for the SEM part and Genesis® by AMETEK for the EDX) were
collected and treated with a MATLAB in-house algorithm in order to establish chemical
profiles, large scale elemental mappings, and backscatter images.
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Figure 2. (A) Polished samples obtained from bentonite blocks/cages used for SEM and μ-Raman analysis: (a) Ibecoseal
#11, (b) Ikosorb #12, (c,d) Kunigel #13, (e) MX-80+quartz #25, (f) Deponit #26, (g) MX-80 with steel part #27. (B) Cross
section of upper part of caged pellets #25 and powdered samples obtained neighbouring Deponit material. Yellow arrow
shows interface with heater, black arrow shows attached Deponit bentonite with interesting shades of red, green and blue.
(G) grey, (R) red, (B) blue.

The main data obtained from the SEM-EDX survey are presented as “Al-normalized”
chemical profiles of the major elements, representing the atomic ratio of a given element
over Al as a function of the distance to the interface [15]. The so-called “Al-normalized”
values were computed directly from the quantification results [31,32]. For a given element,
each point of the profile represents the average ratio of the content in this element over
the Al content of a given column parallel to the interface of the analysis grid. Ratios over
Al are not sensitive to variations in other elements. Al is assumed to be immobile, based
on the lack of clay alteration (major Al carrier) and therefore, the very low Al mobility.
This was confirmed by Al profiles showing constant Al perpendicular to the interface
(Supplementary Materials S1). The error bars account for twice the standard deviation.
Raw EDX data were corrected using individual Standard Element Coefficients (SEC) factors
for each element. These factors were determined from the EDX analysis of six different
raw bentonites (MX-80, Ibecoseal, Ikosorb, Deponit, Rokle and Kunigel) of very similar
composition for which reference XRF data were also available [16].

μ-Raman spectroscopy: Raman spectroscopy was performed with a Jobin Yvon
LabRAMHR800 instrument consisting of a BX41 confocal microscope (Olympus) cou-
pled to an 800 mm focal length spectrograph. A non-attenuated He–Ne laser (20 mW,
polarized 500:1) with an excitation wavelength of 632.817 nm (red) was focused on the sam-
ple surface and the Raman signal was collected in reflection mode. The sampled volume
was a few μm3 using a 100x objective lens. Spectra were measured in Raman shift intervals
of 150 to 1400 cm–1 in five steps of 250 cm–1. Acquisition time for each step was 2 × 15 s,
i.e., 2.5 min in total. Acquisition time was doubled for some analyses in the clay matrix.
The spectra were recorded with Labspec V4.14 software (HORIBA Scientific). Identification
of the species was done using the spectra library included in the HORIBA Edition of the
KnowItAll®. The spectra presented in this report indicate the name(s) of identified species
and corresponding reference number(s) in the library, which actually combines several
entries for inorganics, minerals, and gemstones from Minlab v3 or RRUFF [33].

XRF analyses: Glass pellets were made by fusing a 1:10 mixture of sample powder
and Li-tetraborate at 1150 ◦C. XRF analyses of major elements were performed on a PW
2400 Philips spectrometer and corrected with the internal Philips software ×40 on the basis
of a set of international rock standards. Loss on ignition (LOI) was determined by mass
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difference before and after fusing. Water content was determined during the same process
(105 ◦C for 2 h).

57Fe Mössbauer spectrometry: Mössbauer spectrometry was employed to measure the
iron reduction level and to identify Fe bearing phases present in the sample. The spectra
were recorded at room temperature (RT, 300 K) and at 77 K using a constant acceleration
transducer and a 57Co source dispersed in a Rh matrix. Velocity calibrations were car-
ried out using an α-Fe foil at RT. The values of the hyperfine parameters were refined
using a least-square fitting procedure (MOSFIT in-house unpublished program) with a
discrete number of independent quadrupolar doublets and magnetic sextets composed of
Lorentzian lines. The values of isomer shift (I.S.) are reported relative to that of the α-Fe
spectrum obtained at RT. The fractions of each Fe species are proportional to the relative
spectral area. Indeed, the f-Lamb-Mössbauer factors which correspond to the fraction
of gamma rays emitted and absorbed without recoil are assumed to be identical for the
different phases present in the samples and for the different Fe species present in the same
phase [34–36]. The fitting strategy consisted in the use of a minimal number of components
(quadrupolar doublet or magnetic sextet) for discriminating between high spin octahe-
dral Fe3+ (HS-oct-Fe(III)), high spin octahedral Fe2+ (HS-oct-Fe(II)), low spin octahedral
Fe2+ (pyrite) and magnetically ordered species (goethite and hematite). In addition, it
is important to emphasize that the quadrupolar component may in part be attributed to
superparamagnetic species originating from very fast relaxation phenomena: it is, there-
fore, necessary to compare Mössbauer spectra recorded at different temperatures. Goethite
and hematite in particular display hyperfine structures which are strongly dependent on
the crystalline grain size, the distance between close grains, and temperature [37]. In the
present study, this temperature dependency was used to discriminate between “large”
grains (or aggregates) of goethite or hematite (~>30 nm, magnetically ordered at room tem-
perature and 77 K), “medium-sized” grains (~5–30 nm, paramagnetic at room temperature,
but magnetically ordered at 77 K, i.e., superparamagnetic), and “small” grains (~<5 nm,
paramagnetic at both temperatures, thus it is much more difficult to discriminate from
other species such as the clay structural Fe(III)). In addition, the extent of the hyperfine
magnetic field (Bhf) and of quadrupolar shift (2ε) also enables discriminating goethite from
hematite (the latter exhibits a higher Bhf).

XRD analyses: Studies were conducted using an Anton Paar domed sample holder
(Anton Paar Austria) for air-sensitive materials equipped with a polycarbonate dome.
The powdered samples were loaded on the sample holder in the anaerobic chamber, the
surface was flattened with a glass slide and the dome was closed before the samples were
removed from the chamber. The raw bentonites were also analysed without the dome. The
samples were analysed with a X’Pert PRO X-ray and recorded using Cu Kα radiation with
a wavelength of 1.54 Å and an X-ray tube operated at 40 mA and 40 kV. The samples were
scanned from 5 to 60◦ 2θ using a step size of 0.0167◦ 2θ and a time of 10 s per step, with
automated divergence slits. Samples were spun during the measurement, at a rate of one
revolution every 8 s.

3. Results

3.1. Macroscopic Observations

The caged blocks which had been filled with compacted granular MX-80 and granular
MX-80/quartz (Figure 3 left) were transformed to a homogeneous mass without any visible
trace of the original pellet texture (Figure 3 right). This homogenization had been induced
by swelling processes during water saturation.

The second obvious feature was the severe corrosion of the steel frame, which also
affected the adjacent bentonite (Figure 3 right). The surfaces of the blocks appeared brown-
orange contrasting with the grey colour of the unaffected MX-80 material. The impact on
the upper caged blocks (#25 and #27) was stronger than that on the lower block (#08) where
the grey colour remained visible. The neighbouring blocks were also affected by corrosion
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of the steel frame of the cage, observable as a brownish rusty front penetrating several mm
into the neighbouring blocks.

 

Figure 3. Example of caged pellets before installation (left) and after dismantling (right) [29].

The extent of the rusty front is larger in the caged granular materials than in the adja-
cent blocks. It is worth noting that the granular materials have a lower density compared
to the “normal” blocks according to data on ABM1 [20]. Cracks filled with iron oxides and
pronounced corrosion halos deep inside the caged blocks were observed in caged blocks.
The origin of this phenomenon is discussed in Section 4.3.

The upper blocks (#24–#27) had a number of contrasting features compared to the
lower blocks. The latter were still humid, had a homogeneous texture with rare fractures,
presumably having occurred after sampling and storage, and rather well preserved in-
terfaces to the metal pieces. The former, on the other hand, appeared more altered, drier,
with many more fractures as well as poorer preserved interfaces with the heater. From the
polished sections (Figure 2A) it can be concluded that the impact of corrosion was more ex-
tensive in the upper blocks. A 5–10 mm wide concentric rim of white precipitate, identified
as anhydrite, was observed on the surface and fracture walls of the upper caged blocks.
The reason for these different features in the upper blocks can be attributed to a boiling
event, which probably occurred during the experiment in this area where the maximum
temperatures occurred as a result of local pressure release [22,24]. This is possibly related
to a local transmissive fracture in the surrounding rock.

3.2. Quantitative EDX Profiles

The distribution of Fe relative to the adjacent steel surface was studied by quantita-
tive area surface measurements (see Methods section). The total area was divided into
8–10 rows and 30–40 columns, which resulted in 240–400 cells overall. Each cell corre-
sponds to one EDX area measurement. The average EDX analyses of 8–10 individual
measurements (referred to “area measurements” below) were calculated for each column.
Error bars represent twice the standard deviation. The complete set of profiles is shown in
the Supplementary Materials S1).

The Fe content (shown as Fe/Al ratios) in the blocks shows an increase toward the
Fe-clay interface. The MX-80 materials exhibit a similar shape of the Fe front (Figure 4). A
sharp Fe increase at the contact in a narrow zone (<5 mm) is followed by a zone of more
gradual change in the clay (~5–10 mm). The actual steel crust consisting of various corrosion
products without bentonite is not part of the profiles. The large variation observed in some
locations reflects the local presence of accessory iron minerals, whose distribution is more
or less inhomogeneous as indicated from SEM analysis, and which were also observed
in the reference material. Blocks #25 (MX80/qz) and #27(MX80) from the upper part of
the package, where the boiling event occurred (see below), display slightly higher Fe
enrichment and a larger front compared to block #08 (MX80) from the lower part.
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Figure 4. Al-normalised Fe profile perpendicular to steel-clay contact for blocks with MX-80. Points: EDX measurements,
squares: XRF bulk data from [22], empty rectangles: XRF measurements on powdered samples, grey area: range of bulk.

The other materials display similar Fe behaviour perpendicular to the Fe-clay contact
(Figure 5). An exception is the Rokle bentonite which contains by far the highest Fe content.
In this material, there is no indication of an increase in Fe compared to the bulk material.
The variations are large which is explained by the inhomogeneous distribution of Fe oxides
also observed in the reference materials (see below). In some blocks (Ikosorb, Kunigel) there
seems to be an indication of a second front further inside the clay. In the latter material,
this front is close to the uncertainty of the measurements.

In summary, the different blocks show similar Fe profiles towards the contact with
steel, regardless of the type of material (except for the high-Fe Rokle bentonite). The
maximum increase relative to the bulk material varies between a factor of 2.5 to 4. The
position in the package does not have a significant effect. Comparing the same materials
(MX80) however, it appears that in the upper part where the boiling event occurred, slightly
more Fe from the corroding steel migrated into the clay. Using the adequate calibration
(see Methods section) the Fe content determined from EDX agrees with that obtained from
XRF within the analytical error.
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Figure 5. Al-normalised Fe profile perpendicular to steel/clay contact for other blocks. Points: EDX measurements, squares:
XRF bulk data from [22], empty rectangles: XRF measurements on powdered samples; grey area: range of bulk.
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3.3. Identification of Iron Phases

The identification of iron phases in relation to their location relative to the corroding
steel source(s) was performed using combined information from SEM/EDX, μ-Raman,
XRD and Mössbauer spectrometry. The entire datasets are presented in Supplementary
Materials S2 (μ-Raman), S3 (XRD) and S4 (Mössbauer).

3.3.1. Pre-Existing Iron Mineral Phases

The goal here was to determine the mineral phases both in the raw materials and
the bulk samples, which were located far from the metal source in order to facilitate the
interpretation of the “interface” samples affected by corrosion phenomena. It should be
highlighted that the main iron pool is structural Fe in the smectite except in case of the
high Fe Rokle sample.

MX-80: Bulk samples from blocks #08, 25 and #27 revealed pyrite, ilmenite and to a
lesser extent Fe(III) oxides as accessory minerals according to combined SEM/EDX and
μ-Raman spectroscopy (Figure 6). The grain size distribution is broad, ranging from μm to
mm scale.

From XRD diffractograms (full data in Supplementary Materials S3) pyrite, goethite
and hematite could be identified (Table 1), thus partly supporting data from μ-Raman.

XRF analyses of the raw sample and the bulk ABM sample do not show difference in Fe
content (Supplementary Materials S3). From the Mössbauer spectrometry data obtained at
room temperature (Figure 7) (full data in Supplementary Materials S4), only the octahedral
structural iron in the clay could be identified in the MX-80 raw and the bulk sample (distant
from the heater with no interaction with Fe) from block #08. This indicates that the contents
of accessories identified by SEM/EDX, μ-Raman and XRD are too low to be captured by
Mössbauer spectrometry. Imposing the presence of pyrite in the fitting procedure did
not lead to an improvement of the fits. The two MX-80 samples show reduction levels of
18% and 26% for the raw sample and bulk sample of block #08, respectively. The same
difference between raw and bulk sample was observed for the MX-80/quartz block #25.
The presence of structural Fe(II) at such levels is not uncommon for MX-80 [38,39]. The
reason for the difference in reduction levels between the two samples is not clear, but may
be due to the natural variation in the samples.

Ibecoseal: This material contains various Fe accessory minerals which could be identi-
fied by combined SEM/EDX and μ-Raman (Supplementary Materials S2). Most phases
occur as small aggregates (<10 μm) unevenly distributed in the matrix. According to EDX
mapping combined with μ-Raman, marcasite appears to be the main Fe-bearing accessory
phase, followed by mixtures of magnetite with either goethite or hematite. The latter two
minerals form coatings around magnetite grains. This suggests an oxidative alteration
process related to the original feature of the Ibecoseal bentonite.

From XRD diffractograms (Supplementary Materials S3) marcasite and hematite (but
not goethite) can be deduced from their main reflection, confirming SEM/μ-Raman data.

The bulk sample of block #11 exhibits a slightly higher Fe content (by 8%) than
the reference sample (Table 2). From Mössbauer spectrometry data obtained at room
temperature and 77 K (S4), the reference sample only contains structural Fe while the bulk
sample also contains some hematite and goethite (together ~9%). This would be consistent
with the Fetot increase, but SEM/EDX and μ-Raman analysis suggests that not all of Fe(III)
oxides determined in the bulk sample are additional phases. The reduction level of the
raw sample is about 31%, thus higher than that of MX-80. This may be attributed to the
larger amount of illite/mica in Ibecoseal as suggested from the XRD data (Figure S3). The
reduction level of the bulk sample is 34%, in the same range as the reference sample.
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Figure 6. SEM micrographs (upper) and μ-Raman spectra (lower) at indicated locations of unaffected
MX-80 bentonite blocks #8 and #27 and MX-80/quartz block #25. Note that further μ-Raman spectra
are shown in Figure S2(1).
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Figure 7. Room temperature Mössbauer spectra of raw, reacted and bulk MX80 from block #08. The
refined values of hyperfine parameters are listed in Tables of Supplementary Materials S4.

Ikosorb: This bentonite has the lowest amount of Fe-bearing accessory minerals of all
the studied bentonites as indicated from SEM/EDX, μ-Raman and XRD and XRF analysis
(Supplementary Materials S1–S3). Note that because of the limited amount of material no
Mössbauer analysis was conducted. Rare large grains (~mm range) of sulphide (marcasite
altered from pyrite) and smaller amounts of Fe oxides (probably goethite according to its
appearance) were identified.

Kunigel: This bentonite has the lowest Fe content (1.4 wt %) of all studied materials
with a significant fraction of pyrite. The pyrite pool is estimated to represent ~20% of the
total Fe based on the Fe/S proportion from SEM/EDX maps and XRF (Figures S1 and S3).
Pyrite grain sizes are <50 μm in diameter and appear to be homogeneously distributed
in the clay matrix. Some rare small grains of goethite were observed. Due to the limited
sample amounts no Mössbauer and XRD analyses were carried out.

Rokle: This is the bentonite with the highest Fe content (12 wt %) of all studied ma-
terials. A large proportion (~50%) of Fe is contained in Fe(III) oxides (mainly goethite)
(Figure S2(9,10)) which display a large grain size distribution (μm–mm scale) and a hetero-
geneous distribution in the clay material.

Deponit: The main accessory Fe-bearing mineral observed was pyrite which was estimated
to constitute up to 19% of the total Fe from EDX profiles and XRF data (Figures S1 and S3).
Occasionally, small grains of goethite were found by SEM (Figure S2(11,12). These findings
are supported by XRD and Mössbauer data (Figures S3 and S4), the latter indicating that
the pyrite fraction represents at most 20% of total Fe.

Summary: From the ensemble of the multi-method data the relative amounts of the
different Fe-bearing phases were estimated (Table 2). The major Fe fraction consists of
structural Fe in the smectite in all bentonite materials except Rokle where the main fraction
is goethite. All samples contain Fe oxyhydroxides (mainly goethite) and pyrite.

3.3.2. Newly Formed Iron Mineral Phases

The identification of neo-formed Fe phases in the contact zone is not straightforward
in view of (i) inherent limitations of the applied analytical methods, (ii) the (at least
potentially) microcrystalline character of the precipitates (e.g., Fe hydroxides) [15,20] and
(iii) the mechanically disturbed contact zone with very limited amounts of sample material.
Nevertheless, valuable information could be obtained from combined Mössbauer-XRF
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analysis on powdered bulk samples, which was complemented by SEM/μ-Raman analysis
on polished samples from the caged blocks.

The well-defined contact areas of the cage frames of blocks #08, #25 and #27 were
selected for detailed analysis of iron-bearing phases. The SEM backscatter images and
μ-Raman spectra are shown in Figure 8. All interfaces exhibit a similar layered structure:
an inner compact layer (50–100 μm) with magnetite and goethite and an outer mechanically
disturbed zone (100–500 μm) of a mixture of corrosion products (goethite, lepidocrocite
and magnetite) and clay aggregates (Figure 8). The proportion of ferric (oxyhydr)oxides
(mainly goethite) increases towards the clay in parallel with the decrease of magnetite. In
the case of block #08, siderite crystals were identified in fractures in the outer part of the
corrosion layer (Supplementary Materials S2).

Further information was obtained from Mössbauer spectrometry in combination with
XRF on powdered samples of clay adjacent to the corrosion layer from blocks #08 (MX-80),
#11 (Ibecoseal), #12 (Ikosorb), #25 (MX-80/qz), #26 (Deponit) and #27 (MX-80) Table 2).

Table 2. Fe content, reduction level and Fe2+/Fe3+ ratio of raw, bulk and interface samples (crust: direct contact to Fe/clay
interface; contact: sample ≥0.3 mm from interface; red/green/blue: samples with reddish/greenish and blueish appearance,
respectively; salt: sample containing white precipitate; goe: goethite, hem: hematite; n.a.: not analysed). Error on reduction
level from Mössbauer spectrometry is about 4%.

Block # Material
Sample

Type
Distance
Interface

Total Fe
Increase
Total Fe

Reduction
Level

Fe(II)/Fe(III)
Fe Oxides
from 77 K

Mössbauer

(mm) mmol/kg % % (-)

#08 MX-80 raw raw 490 18 0.22 n.a.
contact 0.3–5 610 a 25 13 0.14 n.a.

bulk >45 485 −1 26 0.36 n.a.

#11 Ibecoseal raw raw 476 31 0.45 n.a.
crust <0.3 2128 a 347 24 0.31 goe

contact 0.3–5 856 80 33 0.48 goe, hem
bulk >45 512 8 34 0.51 goe, hem

#12 Ikosorb raw raw 321 n.a.
crust <0.3 1420 a 343 9 0.10 goe, hem

contact 0.3–5 436 36 10 0.11 goe, hem
heart 15–25 353 10 21 0.27
bulk >45 290 −10 10 0.11

#13 Kunigel raw raw 232 n.a.
crust <0.3 290 25 n.a.

#25 MX80+quartz raw 343 18 0.22 n.a.
crust <0.3 1989 480 19 0.23 goe

contact 1 1.5 1658 384 21 0.27 goe, (hem)
contact 2 3 604 76 22 0.28 goe
contact 3 4.5 552 a 61 21 0.27 goe, (hem)

bulk 45 378 10 27 0.37 goe, hem

#26 Deponit raw 581 9 0.13 n.a.
red n.a. 1231 112 8 0.10 goe

green n.a. 694 20 17 0.25 goe
blue n.a. 752 29 22 0.38 goe

#27 MX-80 raw 490 18 0.22 n.a.
crust <0.3 645 32 15 0.18 n.a.
salt 7 576 18 11 0.12 goe
bulk 25 533 a) 9 n.a.

a Amount of material insufficient for XRF analysis, thus inferred from the EDX chemical profiles.
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Figure 8. SEM micrographs (upper) of steel-clay interface of block #25 (MX-80/qz) and μ-Raman
spectra of two areas (lower, a,b).

The Fe enrichment in the samples closest to the interface of blocks #8, #11, #27 and,
to a lesser extent, also #26 parallels the increase in paramagnetic Fe3+ leading to lower
reduction levels compared to the raw and bulk samples. According to the Mössbauer data,
the increase in Fe3+ is mainly related to goethite precipitation at the interface and some
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hematite precipitation identified in blocks #11, #12 and #25. It is important to note that,
despite the lower reduction levels, Fe2+ content is also increased in the contact zone, which
can be attributed to reduced structural Fe in the smectite fraction. In the case of the contact
samples from blocks #12 and #25, Fe enrichment is accompanied by a similar increase in
paramagnetic Fe3+ and Fe2+, thus no net change in reduction level. The corresponding
Mössbauer spectra in these two samples could be reproduced by assuming the additional
presence of goethite and of structural Fe2+ in equal amounts.

Further away from the contact, where the Fe content is still above that of the bulk
material, the reduction level increases relative to the sample(s) closer to the contact, as
indicated for the samples of blocks #11, #12, #25 and #26. This suggests a higher proportion
of Fe2+ compared to the immediate contact area. In the case of block #25, this trend is very
weak. In the case of block #26, the “blue” sample exhibits a slight increase of Fe compared
to the bulk and an even higher reduction level, thus a higher proportion of Fe2+ compared
to the other corresponding samples from blocks #08, #11.

3.4. Profiles of Mg, Ca and S

All samples show an accumulation of Mg in the clay in the first mm from the interface,
as illustrated by the increase in the Mg/Al ratio (Figure 9). Thus, the Mg/Al ratio increases
by a factor of 1.4–2.5 relative to the background level. The amount of Mg is higher in the
upper part, indicated for example in the granular MX-80 blocks (Figure 9). In the case of
block #26, (Deponit), the Mg accumulation extends over >20 mm. In this zone, magnesium
sulphates were identified by SEM/EDX besides accumulations of gypsum/anhydrite
(Figure 10) (see below). This is where the centre of the boiling event is suspected.

Although the Fe content is also increased at the interface, there is no clear correlation
between the Fe and Mg profiles. The latter generally exhibit a narrower accumulation
front and a “monophasic” shape. An exception is the Deponit block which displays a
large front, but a comparatively moderate maximum increase in the Mg/Al ratio. The
different shapes and extents indicate that different processes control the profiles of Fe and
Mg. While the Fe distribution is obviously related to the corrosion of the adjacent steel, the
Mg distribution is related to internal processes and the large temperature gradient in the
clay. The distribution of exchangeable cations was clearly affected during the experiment
as shown by [24]. Notably, these authors identified a general depletion of exchangeable
Mg in the bentonite blocks in parallel with the enrichment close to the heater. This loss
was more notable in the upper part which was interpreted as being possibly related to the
boiling event.

EDX profiles of Ca and S illustrate the significant accumulation of CaSO4 in the upper
part (Figure 10), confirming the macroscopic observations, XRD and μ-Raman spectroscopy
data which indicated the neo-formation of anhydrite close to the contact, especially in
pre-existing voids (e.g., Figure S2(2)). In the lower part, neo-formation of CaSO4 close to
the contact also occurred, but in much smaller amounts.
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Figure 9. Al-normalised Mg profile perpendicular to steel/clay contact for five different blocks. Points: EDX measurements,
squares: XRF bulk data from [22], empty rectangles: XRF measurements on powdered samples; grey area: range of bulk.
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Figure 10. Al-normalised excess Ca and S profiles (bulk content has been subtracted) perpendicular to steel/clay contact for
blocks with MX-80. EDX measurements with range, grey horizontal area: range of bulk. Light purple area: range of Ca/Al
values. Red shaded area: range of S/Al values.

4. Discussion

4.1. Corrosion Layer and Fe-Clay Interaction Zone

The microscopic and spectroscopic data yield a consistent picture with regards to
the structure and the mineralogical patterns in the metal-clay interface area. The steel
surface is covered by a corrosion layer (up to several hundreds of μm) consisting of
magnetite, goethite, lepidocrocite and, at least partly, of siderite. Note that siderite was
also identified in other samples from MX80 blocks #08, #17, #30 and #31 with differential
thermal analysis-mass spectrometry by [22]. The corrosion layer is affected to a variable
degree by mechanical disturbances resulting in an outer sublayer of corrosion products
mixed with clay material. The corrosion layer was not included in the Fe/Al profiles,
which aim at the characterisation of Fe migration in the clay matrix. The same corrosion
layer features, although less pronounced, were observed in the ABM1 package which
was exposed to similar conditions for a shorter period [20]. An analogous pattern at the
Fe-bentonite interface was described for the FEBEX in situ experiment at the Grimsel
Test Site [13,15]. The layered structure of the interface area is schematically illustrated in
Figure 11.

Figure 11. Sketch of steel-bentonite interface with neo-formed iron phases (not to scale). CL:
corrosion layer. mag: magnetite, hem: hematite, lep: lepidocrocite, sid: siderite, GR: green rust,
Fe2+

str: structural Fe2+ in smectite.
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The presence and spatial distribution of neo-formed magnetite and siderite besides
ferric (oxyhydr)oxides (goethite, hematite, lepidocrocite) in the corrosion layer indicates
that redox conditions shifted from oxidising to reducing during the experiment. The
increase in the proportion of magnetite relative to ferric (oxyhydr)oxides towards the metal
surface suggests that reducing conditions started at the metal contact. It should be noted
that magnetite was likely present in the original thin corrosion layer, which was at least
partly oxidised to ferric (oxyhydr)oxide during initial the aerobic phase [40]. Moreover,
partial oxidation of reduced iron phases during dismantling and sampling cannot be
ruled out.

The iron accumulation at the interface on the clay side, which is visible in some areas
as reddish crust, consists predominantly of Fe(III) oxides (mainly goethite, less hematite)
as deduced from Mössbauer spectrometry. An increase of paramagnetic Fe2+ was also
identified by this method which was interpreted as structural Fe2+ of the clay. The presence
of neo-formed magnetite in the Fe-enriched clay could not be confirmed, but its presence
in small quantities cannot be ruled out on the basis of Mössbauer spectrometry. It is
noteworthy that the identification of newly formed Fe oxides by μ-Raman in polished
samples is difficult due to the high background fluorescence of the clay matrix. The Fe front
extending further into the clay (further than about 10 mm from contact), is characterised by
a higher reduction level compared to the contact zone according to Mössbauer spectrometry,
such as indicated from samples of blocks #12 and #26).

The additional Fe3+ originates mainly from goethite, but the nature of neo-formed
Fe(II) phases is uncertain. The diffusion of soluble Fe2+ released from the corrosion
layer may undergo different pathways in smectites according to previous studies. Fe2+,
may sorb to edge sites of the montmorillonite surface or sorb via cation exchange in the
interlayers [41,42]. Simultaneously, redox reactions with structural Fe may occur. This
could lead to the reduction of structural Fe3+ and precipitation of Fe(III) oxide or mixed
Fe(II)/Fe(III) oxide (green rust) phases [7]. The reduction of structural Fe is confirmed
by Mössbauer spectrometry, but no other neo-formed Fe(II) could be identified. This
reduction process appears to be most extreme for block #26 (Deponit), where a blue zone
reaches far into the clay (~30 mm). In this zone, the reduction level is 30% compared to
12% in the reference sample. It should be noted that in this area the centre of the boiling
event is suspected (see above) which may have enhanced the corrosion and Fe-bentonite
interaction process.

No indications of montmorillonite alteration other than partial reduction of structural
Fe were found. Thus, no neo-formed non-swelling clay phases, such as Fe-rich 1:1 clay
minerals (e.g., berthierine, cronstedite) or chlorite minerals [14,43] could not be detected.
The absence of notable amounts of such phases is supported by the constant Al/Si ratio
(EDX) perpendicular to the Fe/clay contact evidenced by all samples (Supplementary
Materials S1). It should be noted that Svensson (2015) identified neo-formed Fe saponite at
the direct contact Fe/clay contact by XRD analysis in another ABM2 block (#9) consisting of
FEBEX bentonite. The presence of saponite was partly confirmed by XRD and IR analysis
by [22]. In our study, no saponite at the Fe/clay interface was detected with the applied
methods; its presence in minor amounts, however, cannot be ruled out.

A comparison of the granular MX-80 block in ABM1 [20] with the corresponding
one in ABM2 (block #08) reveals a very similar Fe front in both bentonite materials. This
suggests on the one hand that the same Fe diffusion and Fe-bentonite interaction processes
were active. On the other hand, it suggests very slow further migration of the front in
ABM2 which lasted about twice as long as ABM1.

Similar relationships regarding the iron speciation in the bentonite affected by iron
corrosion were also deduced from the studied profile in the FEBEX experiment [15]. The Fe
front, however, was larger (>140 mm) which was explained by the longer duration of this
experiment (18 years) and, in particular, by the longer duration of oxidising conditions.
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4.2. A Model of the Fe Diffusion Process

The transfer of corroded Fe to the clay is strongly dependent on the redox conditions
which affect both the steel corrosion and the diffusion of Fe in the clay. From the previous
discussion it can be inferred that the ABM2 package was exposed to oxidising conditions
that shifted to reducing conditions over the course of the experiment. The Fe2+/Fe3+ ratio
decreases from the metal surface towards the interface, which is followed by an increase of
the ratio on the clay side. This detailed analysis of the spatial distribution of the iron species
enables a period of variable redox conditions to be distinguished. In this transient period
anaerobic corrosion occurred while oxidising conditions still prevailed in the bentonite. In
the following, we propose a phenomenological model that integrates the observations in
the interface area of the different blocks and separates the evolution into three phases:

Initial state: Steel is coated with a thin iron oxide layer (magnetite and ferric (oxy-
hydr)oxides) having resulted from atmospheric corrosion [40] which is in contact with
unsaturated bentonite containing structural Fe(III) in smectite as main iron pool.

Phase 1: Aerobic corrosion of steel and oxidation of the magnetite layer leads to the
formation of Fe(III) oxides. Depending on the moisture content, either the formation of
hematite or goethite/lepidocrocite is favoured. O2 and H2O transfer to steel diminishes as
the corrosion proceeds and the corrosion layer thickens.

Phase 2: Anaerobic corrosion of the steel within the corrosion layer leads to the
generation of Fe2+ and the formation of magnetite and siderite in the corrosion layer. In
addition, (fast) electron transfer across the corrosion layer occurs [44,45], generating Fe(II)
at the corrosion layer/bentonite interface. This diffusing Fe2+ reacts with the remaining O2
present in the bentonite to further produce Fe(III) oxides accumulating at the vicinity of the
interface. Diffusion of O2 in the bentonite may be slowed down by sorption processes [46].

Phase 3: Anaerobic conditions throughout: continued anaerobic corrosion of the
steel, production of Fe(II) (and magnetite/siderite) and (fast) electron transfer across the
corrosion layer. Diffusion of Fe2+ and accumulation of Fe2+ is observed in the clay. The
mechanism of the diffusion and interaction process still needs to be established. It possibly
involves a redox reaction with structural Fe3+ leading to an increase of structural Fe2+

and the precipitation of other Fe(III) oxides or green rust phases at the surface of smectite.
Figure 12 illustrates this proposed model as simplified scheme.

4.3. A Phenomenological Description of Caged Granular Material

As noted in Section 3.1, iron oxides filling former voids between pellet surfaces
surrounded by reddish halos (extending several mm into the clay) were observed in the
granular materials (MX80 and MX80/qz) which had otherwise formed a homogeneous
mass during the experiment (Figure 3). It should be noted that this feature was limited
to the granular materials in the metal cages. Based on the previously described above, a
sequence of events is proposed in Figure 13.

The geometrical configuration of the fractures mimics the original shapes of the pellets.
This suggests that the corrosion-derived iron oxides were formed in the voids between the
pellets during the saturation process. This also implies that anaerobic corrosion releasing
Fe2+ started when the voids between the pellets were still present. During transport in
voids Fe2+ reacted with O2 in the partially saturated bentonite. Transport of O2 in this
material was presumably attenuated by sorption to the clay [46]. This led to a “corrosion”
halo around the voids and contributed to the gradual depletion of O2 in the clay. The Fe
oxide filled voids provided preferential pathways for further transport of Fe2+ away from
the steel/clay interface deeper into the clay.
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Figure 12. Conceptual model of corrosion and Fe-clay interaction process in the ABM2 in situ experiment [15].
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Figure 13. Proposed sequence of processes inside caged pellets based on macroscopic observations.
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5. Conclusions

The chemical interaction between carbon steel and bentonite was investigated by
analysing the Fe/clay interfaces of eight bentonite blocks that had been exposed to temper-
atures of up to 130 ◦C for five years in the ABM2 borehole at the Äspö HRL. High spatial
resolution methods (SEM/EDX, μ-Raman) were applied in combination with “bulk” meth-
ods (XRD, XRF, 57Fe Mössbauer spectrometry) to determine the Fe front and to unravel
processes occurring in the clay as a result of steel corrosion.

Corrosion induced an iron front of 5–20 mm into the bentonite, except for the high-Fe
bentonite where no Fe increase was detected. The Fe fronts consisted mainly of ferric
(oxyhydr)oxides in addition to the structural Fe in the smectite fraction which had been
partially reduced by the interaction process. Additional Fe(II) extended further into the
clay, but its nature could not be identified. Mg was also found to be enriched at the Fe/clay
interface, presumably because of the elevated temperatures and the temperature gradient
within the clay. The Mg accumulation was larger in the upper part of the test package
where a boiling event had probably occurred during the experiment. In this upper part,
precipitates MgSO4 salts as well as large amounts of anhydrite/gypsum were formed.
In lower parts of the test package smaller amounts of CaSO4 in the contact zone were
also observed.

The corrosion and Fe-clay interaction process is strongly linked to the redox evolution
in the borehole. A conceptual model with three phases is proposed, partly based on similar
findings in previous in situ experiments. Initially, when conditions were oxidising, aerobic
corrosion at the steel surface occurred producing a ferric (oxyhydr)oxide corrosion layer.
After depletion of O2 within the corrosion layer, anaerobic corrosion led to the formation
of magnetite and some siderite in the inner part of the corrosion layer. However, ferric
(oxyhydr)oxides continued to be formed at the contact to the clay where aerobic conditions
still prevailed. Once O2 was depleted in this area, Fe2+ diffused into the bentonite and
induced a complex interaction process with the clay. The interaction mechanism is not
understood in detail but may include Fe2+ sorption, reduction of structural Fe together with
the formation of ferric (oxyhydr)oxides and/or mixed Fe(III)/Fe(III) phases (green rust).

The blocks, consisting of granular bentonite material contained in metal cages, exhib-
ited specific corrosion features that were not observed in the other blocks. Such features
included iron (oxyhydr)oxides filling former voids along with reddish halos extending into
the clay. A phenomenological model for the formation of these features is proposed. The
model includes the preferential transport of corrosion-derived Fe2+ through the voids and
a still occurring reaction of O2 in the partially saturated bentonite.

No indications of montmorillonite alteration other than the reduction of structural
iron were found. It should be noted that the formation of minor amounts of trioctahedral
smectite, which was identified at the Fe/clay contact in previous studies in other blocks of
the ABM2 experiment, cannot be ruled out.
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Abstract: Pilot sites are currently used to test the performance of bentonite barriers for sealing
high-level radioactive waste repositories, but the degree of mineral stability under enhanced thermal
conditions remains a topic of debate. This study focuses on the SKB ABM5 experiment, which ran for
5 years (2012 to 2017) and locally reached a maximum temperature of 250 ◦C. Five bentonites were
investigated using XRD with Rietveld refinement, SEM-EDX and by measuring pH, CEC and EC.
Samples extracted from bentonite blocks at 0.1, 1, 4 and 7 cm away from the heating pipe showed
various stages of alteration related to the horizontal thermal gradient. Bentonites close to the contact
with lower CEC values showed smectite alterations in the form of tetrahedral substitution of Si4+ by
Al3+ and some octahedral metal substitutions, probably related to ferric/ferrous iron derived from
corrosion of the heater during oxidative boiling, with pyrite dissolution and acidity occurring in
some bentonite layers. This alteration was furthermore associated with higher amounts of hematite
and minor calcite dissolution. However, as none of the bentonites showed any smectite loss and only
displayed stronger alterations at the heater–bentonite contact, the sealants are considered to have
remained largely intact.

Keywords: bentonite; HLRW; ABM test; smectite alteration; SEM-EDX; repository; high temperatures

1. Introduction

Bentonite barriers are currently being considered for the sealing of high-level radioac-
tive waste (HLRW) repositories to encapsulate the waste safely and prevent the circulation
of hydrous fluids. Bentonites are types of clays formed commonly as an alteration product
of volcanic ash, with a high content (typically >60%) of smectite minerals [1]. Smectites
have the unique property of swelling in the presence of water, which leads to extremely
low permeabilities (values in 10−13 m·s−1 for highly compacted bentonites [2]), ideal for
sealing underground cavities. Therefore, bentonites are likely to be installed in future
engineered radioactive waste sites that use the multibarrier storage concept [3].

An important part of evaluating the suitability of bentonite barriers is to test their
performance in pilot repository sites where materials are emplaced under constrained
conditions for several years [3–6]. It is also important to determine how the bentonite
properties respond to more extreme HLRW conditions, in particular when subjected to
elevated temperatures [7,8]. High-temperature conditions are known to increase the
rate of smectites alterations significantly [9,10], and may therefore lead to the eventual
breakdown of the clay seal in HLRW repositories. The SKB (Swedish Nuclear Fuel and
Waste Management Company, Stockholm, Sweden) has been testing the performance of
bentonite barriers for many years in a granite formation at a depth of 500 m using the
currently favored KBS-3 (kärnbränslesäkerhet, nuclear fuel safety) concept at a test site in
the Äspö Hard Rock Laboratory [5]. The SKB conducted a series of six ABM (alternative
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buffer material) experiments between 2006 and 2017 using a range of compacted bentonites
simulating different temperatures and water saturation conditions [11–15], where the
ABM3, ABM4 and ABM6 tests are still running and are expected to be excavated in 2024.

The ABM5 test, which is the subject of this study, was installed in 2012 and excavated
in June 2017. This experiment was placed in a tunnel at a depth of approximately 420 m
as part of the Äspö Hard Rock Laboratory site. It contained twelve compacted bentonites,
of which the following five were the subject of this study: MX-80, FEBEX, Asha-NW
BFL-L, Rokle and Ibeco SEAL M-90. ABM5 differed from previous tests in that notably
high temperatures were reached (150–250 ◦C) compared to the 80–130 ◦C conditions of
the ABM1–2 tests. As a result, it represents one of the hottest bentonite experiments yet
conducted in an underground rock laboratory [16]. In addition, the ABM5 series also
suffered conditions related to fracturing of the host rock, uncontrolled water inflow and
boiling [16] and, as a result, possibly experienced steam–bentonite interactions. All these
conditions make ABM5 of particular interest for studying one of the worst-case scenarios
of an HLRW repository. Previous studies of the ABM test materials have revealed local-
ized bentonite alterations induced by thermal, mineralogical and geochemical conditions
in the underground experimental environment [11–16]. A notable decrease in swelling
pressure was documented in some of the Na-bentonites in the ABM1 test, attributed to
interlayer cation exchange of Ca2+ replacing Na+ [11]. A decrease in exchangeable Na+

and Mg2+ cations and an increase in Ca2+ cations were also documented in some ABM2
investigations [13,15]. Based on differences in the Na/Mg cation ratio, Dohrmann and
Kaufhold [15] suggested that cation exchange was influenced by possible water loss caused
by the pressure drop recorded in the ABM2 experiment. Moreover, a reduction in cation
exchange capacity (CEC) by 5.5 cmol·kg−1 near the heating tube–bentonite contact zone
was documented by Dohrmann et al. [13] in some bentonites following underground
alterations in the ABM2 experiment.

Investigations of some ABM1 and ABM2 materials also revealed localized increases in
the Fe2O3 content due to corrosion of the heating tube [12,14], the occasional accumulation
of organic carbon and anhydrite [12] as well as minor dissolution of clinoptilolite and
cristobalite [12]. In addition, the formation of a tri-octahedral smectite phase, possibly
saponite, was identified in some samples from the bentonite–heater contact [12,14].

The hot bentonite ABM5 experimental setup contained ring-shaped bentonite blocks
inserted through an iron tube of 3 m height and 10 cm diameter, which contained three
1000 W heaters inside. The three heaters were positioned as follows: (1) along the whole
test length (main heater), (2) at a depth of 0 to 1 m (top heater) and (3) at a depth of 2 to
3 m (bottom heater), in order to achieve an equal distribution of temperature [5]. Each
compacted bentonite block had an average thickness of 10 cm, an inner diameter of 11 cm
and an outer diameter of 27.7 cm. A pressure of 100 MPa corresponding to a load of
5089 kN was applied to the bentonites for compaction [5]. The outermost slot between the
bentonite blocks and the surrounding rock was filled with gravel and titanium tubes of
6 mm diameter used for artificial saturation. The chemistry of these artificial fluids was
assumed to be Na-Ca-Cl-dominated groundwater [17]. There was also an additional water
inflow to the experimental system through a fracture located 0.8 m beneath the floor [16].
The gravel around the bentonite blocks distributed water slowly and evenly through the
system. Thermocouples were installed in five blocks (3rd, 9th, 15th, 21st and 27th block)
to measure the internal temperature variations. Within each of the five bentonite blocks
(Table 1) three thermocouples were installed at 0.5 cm, 4 cm and 7 cm from the bentonite–
heater interface and, in the same five block positions, a thermocouple was installed in the
heating tube’s interior [5].
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Table 1. Depth and block position of the compacted bentonites installed in the ABM5 experiment [5]
with maximum thermocouple readings from inside the heating tube. The studied bentonites are
marked in green.

Depth (m) Block Number
Compacted

Bentonite Blocks
Maximum Thermocouple Reading

Inside the Heating Tube (◦C)

0.1 30 MX-80 -

0.2 29 MX-80 -

0.3 28 Asha 505 -

0.4 27 Calcigel 188

0.5 26 Deponit CAN -

0.6 25 FEBEX -

0.7 24 GMZ -

0.8 23 Ibeco SEAL M-90 -

0.9 22 Ikosorb -

1.0 21 Kunigel V1 240

1.1 20 MX-80 -

1.2 19 Asha NW BFL-L -

1.3 18 Rokle -

1.4 17 Saponite -

1.5 16 Asha 505 -

1.6 15 MX-80 251

1.7 14 Rokle -

1.8 13 FEBEX -

1.9 12 Saponite -

2.0 11 Ibeco SEAL M-90 -

2.1 10 Calcigel -

2.2 9 Asha NW BFL-L 251

2.3 8 MX-80 -

2.4 7 Ikosorb -

2.5 6 GMZ -

2.6 5 Kunigel V1 -

2.7 4 Deponit CAN -

2.8 3 Asha NW BFL-L 156

2.9 2 MX-80 -

3.0 1 MX-80 -
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In ABM5, the starting temperature was regulated to 50 ◦C to avoid any boiling due
to the increased water pressure in the surrounding gravel filter. The temperature was
later increased to 150 ◦C and then to 250 ◦C for almost six months in 2016 before final
excavation of the materials for investigation (Table 1) [16]. As a result, boiling occurred
in the experiment as the pressure could not be maintained. The first mineralogical results
published by Kaufhold et al. [16] described reactions similar to those occurring in previous
experiments. Dissolution and precipitation of carbonate and sulfur phases were reported.
Notable Fe corrosion and an increase in the total amount of Mg2+ at the heater contact zone
were also reported.

In this contribution, the nature of the mineral alterations under these extreme HLRW
repository conditions is further documented and discussed. The prime aim of the study was
to establish more specifically the changes in smectite composition occurring in the ABM5
bentonite blocks subjected to enhanced thermal conditions and to relate these changes to
the more general alteration features.

2. Materials and Methods

The following set of five bentonite samples were obtained: (1) Asha NW BFL-L(ANB)
from the depth of 2.7 to 2.8 m (3rd block), (2) Ibeco SEAL M-90 (IBS) from the depth of 1.9
to 2 m (11th block), (3) FEBEX (FEB) from the depth of 1.7 to 1.8 m (13th block), (4) Rokle
(ROK) from the depth of 1.6 to 1.7 m (14th block) and (5) MX-80 from the depth of 0 to
0.1 m (30th block) (Table 1). The origin of the MX-80, IBS, ROK, ANB and FEB bentonites
were from Wyoming (USA), Askana (Georgia), the Kadan Basin (Prague, Czech Republic),
Kutch (India) and Almeria (Spain), respectively [5]. The assumed temperatures for each
of the five bentonites were selected based on the location of thermocouples (Table 1). The
samples of the ABM5 test package were cut down into arc-shaped slices vertically and then
sliced horizontally into two halves. The bentonite blocks were tightly sealed in air-tight
sealed bags and stored in this state prior to analysis. Machine cutting marks were visible
on sample surfaces when the bags were opened and sampled in the laboratory. All the
instruments used for analyses are housed in the mineralogical laboratories of the University
of Greifswald, Germany.

2.1. Sampling Strategy

For detailed analysis of each bentonite, four specimens were extracted horizontally
from each section. Vertical sampling was not possible as only one of the blocks was obtained
from SKB for the study, but the largest alteration was assumed to occur horizontally due to
the thermal gradient. Each arc-shaped bentonite block obtained had a 9 to 10 cm radius and
a vertical height of 4.5 to 5.5 cm (approximately half of the total bentonite block’s height).
The top or bottom of each block represented either a bentonite–bentonite contact zone or
a machine-cut face. A 1-cm-thick surface portion of the sample material was removed to
avoid impurities from the bentonite–bentonite contacts and areas of minor deformation
associated with machine cutting. The 8 to 10 cm portion was also removed from each
block due to gravel impurities present in the outer circle. Samples were extracted from
the bentonite block–heating tube contact zone (0.1 cm) and at 1, 4 and 7 cm away from
the heating pipe in order to study material subjected to the horizontal thermal gradient
(Figure 1). The relative humidity of the laboratory during the sampling and further analyses
deviated between 45–50% at 23–25 ◦C.
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Figure 1. Sampling locations in a bentonite block (0.1, 1, 4 and 7 cm) from heater contact to outer rim
in a bentonite block, e.g., sample MX-80.

2.2. X-ray Diffraction (XRD) Analysis

Bulk (whole rock) powder mineral assemblages were determined by XRD analysis
using a Bruker D8 Advance diffractometer with CoKα-radiation (40 kV, 30 mA). The
samples were micronized using a Glen Creston McCrone micronizing mill to a particle
size of <10 μm. The micronized samples were prepared as random powders without any
preferred particle orientations by placing them in sample holders using the side-loading
technique [18]. Random powders were measured from 3◦ to 100◦ 2θ using a step size of
0.02◦ 2θ with a divergence slit set to 0.5◦ and a scanning rate of 1◦ 2θ/minute. The software
EVA (Bruker) and the Profex database [19] were used for mineral identification.

For detailed clay mineral analysis, 1 g of each sample was sieved (<63 μm) and the
<2 μm size fraction separated gravitationally using Stokes’ law [18]. The <2 μm clay
suspension was oriented on a glass slide (45 mg/cm2) and then measured in an air-dried
condition, after ethylene glycol saturation (24 h) and after heating up to 550 ◦C for one
hour to identify the clay mineral assemblages [18]. The oriented slides were measured
from 4◦ to 40◦ 2θ using a step size of 0.02◦ 2θ with a divergence slit set to 1◦ and a scanning
rate of 1◦ 2θ/minute.

The random powder samples were quantified by Rietveld refinement using the soft-
ware Profex/BGMN (Version 3.14.3, Nicola Doebelin, RMS Foundation, Bettlach, Switzer-
land) [19]. Two separate smectite structure files (a one-water layer, Na-smectite, and a
two-water layer, Ca-smectite) were applied for quantifying these phases in the program
(Figure 2). This procedure obtained a better fit, considering the smectites have varying
interlayer compositions and amounts of adsorbed water [20]. For these two structure files,
all settings other than the interlayer parameter and the layer factor parameter were refined
globally to avoid distinct refinement factors such as b1l and k2l (profile-shaping param-
eters) in the quantification [21]. The mineral species quantified at <1% were considered
uncertain unless distinct reflections were observed over the entire XRD pattern. The level
of error involved in the quantitative analyses is considered to be similar to those reported
by Kemp et al. [22]. Using similar methods, they measured errors of ±1% for >50 wt.%,
±5% for 50 to 20 wt.% and ±10% for <10 wt.%.
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Figure 2. X-ray diffraction pattern of the MX-80 bentonite (0.1 cm sample) showing Rietveld refinement using 1-water and
2-water layer smectite structures. (Hem, hematite; Sme, smectite; Qz, quartz; Gp, gypsum; Or, orthoclase; Ab: albite).

2.3. Cation Exchange Capacity (CEC) and Exchangeable Cations (EC)

The CEC was determined using the Cu-trien method [23,24] by adding 150 mg of
micronized sample to 50 mL of ultrapure water and ultrasonically dispersing it. For each
sample, the CEC was determined twice to check the reproducibility of the results. The
measurements showed an average standard deviation of ±5.7 cmol·kg−1.

The suspension obtained after CEC measurement was used to quantify the exchange-
able cations by atomic absorption spectroscopy (AAS). The relative Ca2+, Na+, Mg2+ and
K+ cation concentrations were determined using the calibration curve method [25].

2.4. Smectite Purification and Energy-Dispersive X-ray (EDX) Spectroscopy

The chemical composition of purified smectites was measured by energy-dispersive X-
ray spectroscopy (EDX). Purification and preparation of the samples was undertaken using
the methodology described by Podlech et al. [26]. The degree of purity of the separates was
controlled by transmission electron microscopy examination using a JEOL JEM-2100Plus
instrument. For this study, a ZEISS EVO MA10 scanning electron microscope (SEM) with
an EDAX element analyzer was used. The measurements were performed at a 10.5 mm
working distance, with an accelerating voltage of 15 kV, a 6000× magnification and a dwell
time of 100 μs. Thirty frames per map were measured for three EDX sections per sample,
and the average values (n = 3) were used to quantify the smectite’s composition. The
calculated element-specific mean deviations in weight percentage (wt.%) from the EDX
mapping were 0.25 for Na (0–5 wt.%), 0.14 for K (0–5 wt.%), 0.35 for Ca (0–5 wt.%), 0.16 for
Mg (0–5 wt.%), 0.40 for Al (0–16 wt.%), 0.72 for Si (0–35 wt.%) and 0.36 for Fe (0–10 wt.%).
The obtained oxide chemistries, the EDX analyses were normalized to 100%.

232



Minerals 2021, 11, 1017

The composition of the smectites was calculated using the structural formula method
(SFM) [27,28]. The calculations were done on the basis of 11 oxygen atoms equivalent per
half unit cell (e·phuc−1). While evaluating the EDX maps, traces of impurities such as
chlorine, sulfur and titanium were identified in most smectites. The sulfur and titanium
impurities were neglected in calculating the smectite oxide compositions and structural
formulae. The atomic percentage of Cl− and associated Na+ was also removed, assuming
minor NaCl impurities to be present. The di-octahedral smectite structure was used for
the SFM calculations by restricting the octahedral occupancy to a maximum of 2. The
SFM method has its limitations in calculating octahedral charges when Fe3+ and Fe2+

are not separately measured. In this study, the Fe content was assumed to be Fe3+ as
it is considered to be the dominant form in di-octahedral smectites, based on published
studies [29]. The presence of minor impurities in purified mineral specimens may also
lead to erroneous SFM calculations. For example, the ROK smectite fraction was found to
contain traces of hematite and therefore considered unsuitable for study.

2.5. pH Measurements

The relative pH values for all samples were determined with a pH meter. For this,
50 mg of each bentonite micronized powder was dispersed in 40 mL of double-distilled
water using an ultrasonic homogenizer (clay to water ratio 1:800). The suspensions were
kept on a shaking table at 110 rpm for one week before measurement.

3. Results

3.1. Sample Observations

When removed from the air-tight bags, most bentonite blocks, except the ANB material,
quickly disintegrated when extracting portions for study, revealing that significant changes
in physical properties occurred following alteration after ABM5. All the bentonites, except
ANB, were dry at the contact zone and up to 4–6 cm away, but were moist in the deeper
sections. The ANB sample was comparatively rigid and moist throughout and could
withstand the pressure of a hand drill while sampling. A dark coloration was observed in
all of the bentonite blocks in the contact zone region. The MX-80 bentonite block displayed
a noticeable color change when visibly examined, ranging from dark-orangish brown at
the contact zone to a light-yellowish gray in the outer circle (Figure 3a,b). The FEB and IBS
bentonite blocks did not show any visible color variations except minor darkening of the
area in the contact zone with the heating tube.

 

Figure 3. (a) Image showing the contact between MX-80 bentonite and the heating tube. (b) Image showing visible
color variations in MX-80 bentonite samples. Numbers in the photograph indicate distance in cm from the bentonite–
heat interface.
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3.2. XRD Random Powder and Oriented Preparations

The random powder patterns of MX-80 bentonite sections showed mineralogical
differences throughout the sample. Hematite was only observed in the 0.1 cm sample
whereas gypsum occurred in samples up to 4 cm from the contact, but was not observed
at 7 cm (Table 2). A 0.303 nm XRD peak, representative of calcite, was detected at 7 cm.
The smectite XRD reflections at 1.24 nm in the 0.1 cm sample shifted to between 1.27 nm
and 1.48 nm at 4 and 7 cm distance from the heated tube. This change is considered to
represent different hydration states due to cation exchange reactions within the MX-80
smectite. All other bentonite samples did not show significant differences in XRD random
powder patterns, and hence mineral content, within the horizontal sections.

Table 2. List of minerals identified in specific sample sections. (BDL: below detection limit.)

Bentonites Contact Zone (0.1 cm) 1 cm 4 cm 7 cm

MX-80 Sme, Qz, Hem, Gp, Py, Sa, Ab,
Ant, Cal, 1.0 nm mica.

Same as 0.1 cm,
Hem is BDL

Same as 0.1 cm,
Hem is BDL

Same as 0.1 cm, Hem,
Py and Gp are BDL

ANB Sme, Qz, Hem, Cal, Kln, Sd,
Rt and Ant Same as 0.1 cm Same as 0.1 cm Same as 0.1 cm

IBS Sme, Qz, Or, Ab, Py,
1.0 nm mica. Same as 0.1 cm Same as 0.1 cm Same as 0.1 cm

FEB Sme, Qz, Or, Ab, Crs, Cal,
1.0 nm mica. Same as 0.1 cm Same as 0.1 cm Same as 0.1 cm

ROK Sme, Qz, Kln, Cal, Ant, Py, Or,
Hem, Sd, 1.0 nm mica. Same as 0.1 cm Same as 0.1 cm Same as 0.1 cm

Hem, hematite; Cal, calcite; Sme, smectite; Qz, quartz; Gp, gypsum; Py, pyrite; Sd, siderite; Crs, cristobalite; Kln, kaolinite; Ann, annite; Or,
orthoclase; Sa, sanidine; Ab, albite; Ant, anatase; Rt, rutile. IMA-CNMNC-approved mineral symbols [30].

Quantitative analysis of the MX-80 bentonite showed recognizable variations in the
abundance of hematite, gypsum and calcite across the sections, despite being low in abun-
dance (<1.3 wt.%; Table 3). The MX-80 bentonite showed a consistent trend of increasing
amounts of calcite away from the contact. The calcite content increased, between 0.1 cm and
7 cm, from 0.1 to 1.3 wt.%. In contrast, only the 0.1 cm sample of MX-80 bentonite showed
the presence of hematite. A similar calcite gradient was observed in ANB bentonite, as
described in the MX-80 section. However, all the other minerals in ANB bentonite showed
no change across the sampled block. The ROK bentonite showed a steady decrease in the
quantity of hematite away from the contact zone (from 2.6 wt.% to 0.5 wt.%). However, no
other specific mineral abundance trends were observed in the ROK bentonite section.

Based on mineral quantifications, the formation of calcite and hematite appears to
occur in only two of the five bentonites and none of the bentonites showed significant
indication of any smectite loss. The IBS and FEB bentonites revealed no specific differences
in the XRD patterns following their refinement (Table 3).
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3.3. Relative pH Measurements

The MX-80 bentonite showed a distinct pattern of decreasing pH from slightly basic to
acidic when moving toward the heater contact zone from the outer rim. All other bentonites
did not show statistically relevant pH variations (Figure 4).

 
Figure 4. Plot showing the pH values for all bentonite clay water suspensions at different distances
to the heater.

3.4. Cation Exchange Capacity and Exchangeable Cations

In the MX-80, FEB and IBS bentonites, the CEC was seen to decrease towards the
contact zone. In contrast, ROK and ANB showed no changes in the CEC (Table 4).

Table 4. Exchangeable cations (in ppm) and average CEC values (in cmol·kg−1), with an average
standard deviation of ± 5.6 cmol·kg−1 based on two measurements for each specimen taken from
the five analyzed bentonite blocks. (CO: contact zone at 0.1 cm).

Samples Na K Ca Mg
Total Cation Charges
(= Na + K + (2 × Ca)

+ (2 × Mg))
Average CEC

MX-80 CO 29.7 3.7 7.2 1.4 50.5 74
MX-80 1 32.4 3.3 15.5 1.4 69.6 81
MX-80 4 35.6 3.3 15.0 1.5 71.9 85
MX-80 7 37.1 3.3 10.9 1.5 65.1 91
IBS CO 24.0 3.7 21.4 2.2 75.0 72
IBS 1 21.7 3.5 16.6 2.2 62.8 75
IBS 4 22.7 3.4 18.2 2.3 67.3 81
IBS 7 26.4 3.6 23.9 2.8 83.2 80

ROK CO 14.8 2.8 12.2 3.5 49.0 104
ROK 1 15.3 2.6 13.4 3.5 51.6 102
ROK 4 16.2 2.5 15.1 3.7 56.2 106
ROK 7 16.0 2.2 13.9 3.4 52.8 109

ANB CO 19.9 2.2 38.0 0.7 99.5 102
ANB 1 19.1 2.0 36.0 0.7 94.6 95
ANB 4 20.3 2.1 41.1 0.7 106.1 97
ANB 7 21.6 1.6 40.1 0.6 104.7 113

FEB CO 17.2 3.2 21.3 5.4 73.7 94
FEB 1 17.8 3.2 16.7 5.5 65.3 100
FEB 4 18.5 3.1 17.7 5.3 67.5 99
FEB 7 21.1 3.7 20.8 6.1 78.7 108
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A relative decrease in exchangeable Na+ cations towards the contact zone was ob-
served in the MX-80, ANB, FEB and ROK bentonites. In addition, a minor increase in
exchangeable K+ cations towards the contact zone were also observed in the MX-80, ANB
and ROK bentonites. In contrast, the IBS samples showed no significant differences in the
exchangeable cations measured (Table 4).

3.5. Smectite Purification and Energy-Dispersive X-ray Spectroscopy (EDX)

Several differences regarding the smectite layer charge distribution (tetrahedral vs. octa-
hedral charges) and the metal content of the sites were observed in different bentonite samples.

The amount of tetrahedral Si content decreased towards the contact in the MX-80, IBS
and FEB bentonites (Figure 5a, Tables 5 and 6). This was accompanied by an increase in
tetrahedral Al towards the contact in these bentonites (Table 6), which led to an increase in
tetrahedral charges close to the heating tube. In addition, an increase in the total structural
Fe content towards the contact was also observed in the octahedral sheets of the MX-80
and IBS bentonites (Figure 5b). The deviations in these metals led to significant changes
in both tetrahedral and octahedral charges of the ABM5 sections close to the heating tube
compared to the less altered bentonite located 7 cm from the contact (Table 6). Tetrahedral
charges increased toward the contact, whereas octahedral charges decreased in the same
direction in the case of MX-80 and IBS bentonites. In contrast, the ANB bentonite showed
a decrease in both octahedral and tetrahedral charges, whereas the FEB material showed
an increase in both. The overall change in the total layer charge for all studied smectites
therefore showed no consistent pattern of alteration. The decrease in tetrahedral Si and
increase in octahedral Fe was notably high between the 0.1 cm and 1 cm samples for all of
the studied bentonites, except ROK.

Table 5. Chemical compositions of the purified smectites from the EDX measurements, shown as
oxide percentages (average oxide percentages of the three mapped areas for each sample were used
(Section 2.4) (CO: contact zone at 0.1 cm)).

Samples SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O Total

MX-80 CO 62.4 22.6 9.2 2.4 0.3 2.8 0.3 100
MX-80 1 64.1 22.8 8.1 2.1 0.4 2.5 0.1 100
MX-80 4 64.4 23.1 6.3 2.4 0.6 3.1 0.2 100
MX-80 7 66.0 23.6 4.7 2.5 0.9 2.0 0.2 100
IBS CO 64.8 20.7 6.8 5.1 1.4 0.5 0.7 100
IBS 1 66.3 21.1 4.6 4.8 1.3 1.3 0.6 100
IBS 4 65.4 20.9 4.5 5.3 1.7 1.4 0.8 100
IBS 7 67.8 20.9 3.9 4.9 1.2 0.9 0.3 100

ANB CO 58.8 22.0 9.7 3.3 2.3 3.4 0.3 100
ANB 1 60.9 20.8 8.5 4.0 2.1 3.5 0.2 100
ANB 4 58.4 20.9 9.7 4.3 1.1 5.3 0.3 100
ANB 7 57.6 20.7 9.7 4.1 2.8 4.9 0.2 100

FEB CO 62.7 20.1 5.2 5.4 1.5 4.4 0.6 100
FEB 1 63.3 20.2 4.8 5.1 2.1 4.0 0.6 100
FEB 4 63.7 20.6 4.5 5.1 1.6 3.8 0.7 100
FEB 7 63.8 20.8 4.9 5.2 1.4 3.3 0.6 100
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Figure 5. Elemental distribution of (a) Si in the tetrahedral sheet and (b) total Fe content in the octahedral sheet of
the smectites.

Table 6. Calculated mineral formulae of smectites, including the charges for the tetrahedral (TET) sheet and the octahedral
(OCT) sheet, as well as the total layer charges. (CO: contact zone at 0.1 cm.) (Sheet and layer charges are given in e·phuc−1.)

Samples

Tetrahedral
(Max 4)

Octahedral (Max 2) Interlayer Cations
TET

Charge
OCT

Charge
Total Layer

Charge
Interlayer

Cation Charge

Si Al Al Fe Mg K Na Ca Mg

MX80 CO 3.77 0.23 1.38 0.42 0.20 0.02 0.30 0.02 0.02 −0.23 −0.20 −0.42 0.40
MX80 1 3.84 0.16 1.45 0.36 0.18 0.01 0.28 0.02 0.00 −0.16 −0.19 −0.35 0.34
MX80 4 3.85 0.15 1.48 0.28 0.21 0.01 0.33 0.04 0.00 −0.15 −0.29 −0.44 0.42
MX80 7 3.91 0.09 1.55 0.21 0.23 0.01 0.22 0.06 0.00 −0.09 −0.26 −0.35 0.35
IBS CO 3.87 0.13 1.33 0.31 0.36 0.05 0.06 0.09 0.10 −0.13 −0.36 −0.49 0.49
IBS 1 3.89 0.11 1.37 0.22 0.41 0.06 0.18 0.10 0.04 −0.11 −0.41 −0.52 0.52
IBS 4 3.90 0.10 1.37 0.20 0.42 0.06 0.16 0.11 0.04 −0.10 −0.43 −0.53 0.53
IBS 7 3.92 0.08 1.38 0.19 0.42 0.05 0.16 0.10 0.05 −0.08 −0.43 −0.52 0.52

ANB CO 3.62 0.38 1.22 0.45 0.29 0.03 0.29 0.15 0.01 −0.38 −0.39 −0.77 0.63
ANB 1 3.72 0.28 1.22 0.39 0.37 0.02 0.29 0.14 0.00 −0.28 −0.42 −0.70 0.58
ANB 4 3.62 0.38 1.14 0.45 0.39 0.03 0.53 0.08 0.00 −0.38 −0.43 −0.81 0.71
ANB 7 3.59 0.41 1.10 0.45 0.38 0.01 0.44 0.19 0.00 −0.41 −0.58 −0.99 0.83

FEB CO 3.80 0.20 1.24 0.24 0.50 0.05 0.42 0.10 0.00 −0.20 −0.57 −0.76 0.67
FEB 1 3.83 0.17 1.27 0.22 0.46 0.05 0.35 0.14 0.00 −0.17 −0.62 −0.79 0.68
FEB 4 3.84 0.16 1.31 0.21 0.45 0.05 0.36 0.10 0.00 −0.16 −0.55 −0.70 0.61
FEB 7 3.84 0.16 1.32 0.22 0.46 0.05 0.26 0.09 0.00 −0.16 −0.47 −0.62 0.49

4. Discussion

4.1. Thermal Gradient and Boiling

The five-year-long ABM5 test represents an exceptional underground rock experiment
that underwent extreme temperatures and boiling conditions. Furthermore, the tempera-
ture was not distributed equally in all of the bentonites, and, as a result, a diverse range of
thermal conditions occurred (Figure 6). According to the temperature measurements of the
interior of the tube, the ROK, FEB and IBS bentonites even reached maximum temperatures
approaching 250 ◦C, whereas ANB and MX-80 bentonites experienced lower temperature
readings of 156 ◦C and 188 ◦C, respectively. Peak temperatures in the 3rd, 9th and 15th
block positions were also reached in January 2017, while the peak temperatures in the 21st
and 27th blocks occurred later in March 2017. These readings therefore indicate that the
vertical thermal distribution in the upper and lower parts of the ABM5 package was not
uniform. As a result of the complex thermal history, a fair comparison between the five
studied bentonites is therefore not easy to draw. The high-temperature (∼250 ◦C) readings
in the 9T, 15T and 21T (T: thermocouples) are also likely to reflect the boiling event that
affected this part of the experiment setup (Figure 6).
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Figure 6. Plot showing maximum thermocouple readings closest to the studied bentonites.

4.2. Mineralogical Alteration of the Bentonite Blocks and Reaction Mechanisms

The Rietveld refinement and EDX-SEM analyses indicate that more significant miner-
alogical alterations of the ABM5 bentonites occurred at the contact with the heating tube
as a response to the high temperatures and possible oxidative environment. Significant
differences in smectite composition and the CEC occurred as well as minor differences in
the abundance of hematite and calcite.

4.2.1. Smectite Alteration

Extreme temperatures have been shown to cause a decrease in the silica content of
smectites in a number of previous studies [31,32]. One of the possible reasons for the silica
loss in ABM5 can be explained by the selective dissolution of tetrahedral Si and substitution
by Al, where the amount of reaction increases significantly with temperature [32]. Moreover,
steam formed as part of the boiling event in the ABM5 may have also enhanced the
dissolution of silica in the bentonites. The possibility of steam–silica interactions and silica
dissolution in this type of material have been documented in a study by Heuser et al. [33].
The ABM5 study confirmed this specific type of temperature-related reaction with the
highest degree of silica substitution observed in the contact zone of the IBS, MX-80 and
FEB bentonites. These changes in tetrahedral metals led to an increase in the negative
tetrahedral charge and were commonly accompanied by the substitution of octahedral Al3+

and Mg2+ by Fe3+ that resulted in a decrease in octahedral layer charges. As there was also
an increase in the Fe content of the smectites at the contact (Figure 7, Table 6), it is likely
that this metal was derived from corrosion of the heating tube or by the oxidation of pyrite.
The exact reasons behind these substitutions remain unclear and require further study.

The slight increase in interlayer K+ (Table 4) and total layer charges (Table 6) towards
the heater contact zone observed in two of the ABM5 bentonites (MX80 and FEB) is
of particular interest. Similar increases in smectite layer charge and K+ fixation were
observed in laboratory experiments that studied the smectite to illite conversion [34], and
are generally considered to reflect the initial stages of illitization. However, based on
these experiments as well as the available kinetic models [9,10] for the smectite to illite
conversion, it is evident that the degree of smectite alteration was actually quite low for
temperatures that reached 250 ◦C, as in the FEB and ROK bentonites at the heater contact.
At this specific location, the temperatures were equivalent to the experimental conditions
used by Huang et al. [9], where significant amounts of illitization occurred during a time
period of just 30 days compared to the 5 years of reaction time characterizing the ABM5
test. Although there were probably differences in the clay to fluid ratio’s, the slow reaction
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progress is best explained by a low activity of K+ in the conditions of the repository test,
and this highlights the importance of using bentonites with low concentrations of K+ by
avoiding those with significant quantities of K-bearing minerals. In this context, all of the
bentonites of this investigation contained <5 wt.% K-feldspar content and no micaceous
minerals (Table 3). However, the reason why the MX80 and FEB bentonites showed an
increase in total layer charge, compared to the other bentonites (IBS and ANB) that showed
a decrease, is not yet apparent, but it does appear to be related to the type of octahedral
metal substitutions that occurred (Table 6, Figure 7).

Figure 7. Plot showing smectite alterations in 0.1, 1 and 4 cm samples compared to less altered
material at 7 cm distance from the heated tube. TET, tetrahedral; OCT, octahedral.

4.2.2. Mineral Abundance Variations in Hematite and Calcite

The higher hematite content in the contact zone has been attributed to iron corrosion
in a number of previous studies [12,14,16]. The source of iron in the ABM5 experimental
setup could have been derived from the heating tube, which would indicate the mobility
of iron. The heating tube used in the ABM5 test was manufactured using P235TR1 carbon
steels [5].

The ABM5 experiment was not a completely closed experiment. Kaufhold et al. [16]
mentioned a fracture in the host rock 0.8 m beneath the floor. As internal fractures were
observed in the experimental setup of ABM5, there is a possibility that groundwater flowed
in the system carrying oxygen within.

However, hematite occurring at the heater contact was not common to all five ben-
tonites. Only ROK and MX-80 bentonites showed a specific increase in hematite abundance.
A further explanation may be the oxidation of the pyrite present in both of these bentonites.
Pyrite oxidation results in the formation of sulfuric acid and Fe2+, creating an acidic environ-
ment that favors the corrosion of the carbon steel. Such environments can also lead to the
dissolution of carbonate minerals such as calcite, forming CO2 as a byproduct [35]. CO2 can
later dissolve in the interstitial water creating carbonic acid, further increasing the system’s
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acidity [35]. The Fe2+ cations formed as a byproduct of pyrite oxidation then later oxidize
to the Fe3+ oxidation state, resulting in the formation of hematite [35,36]. Verron et al. [37]
studied bentonite mixtures with pyrite and carbonates at 100 ◦C and observed the disso-
lution of calcite and the formation of minerals such as hematite, anhydrite and beidellite,
although the latter two minerals were not investigated in the ABM5 investigation.

The decrease in calcite abundance observed at the heater contact in the MX-80 and
ANB bentonites also indicate enhanced dissolution under more acidic conditions. This
calcite dissolution can also be best explained as a byproduct of pyrite oxidation [37]. The
pH measurements of the MX-80 bentonite showed slightly acidic pH in the samples near
the heating tube and slightly basic pH towards the 7 cm section. Calcite dissolution
and precipitation in some bentonites were also reported in previous ABM studies by
Kaufhold et al. [14,16].

4.3. Cation Exchange Capacities and Exchangeable Cations

The analyzed CEC pattern from this study agrees with Dohrmann et al. [13], who
described CEC values for the ABM2 bentonites, which were, on average, 5.5 cmol·kg−1

lower than the reference materials. The current study shows an average of 10.8 cmol·kg−1

decrease in CEC for 0.1 cm samples compared to the 7 cm samples. The high-temperature
conditions of the heating tube–bentonite interface clearly negatively influenced the CEC of
bentonites at this location.

One of the possible reasons for the decrease in the CEC of smectite could be a decrease
in layer charge as documented by a number of studies [24,38]. The low layer charges of
smectite observed in the 0.1 cm samples of ANB and IBS bentonites support this idea and
the correlation fit between CEC and the total layer charges does indicate that a general
trend exists between the two parameters (Figure 8).

Figure 8. Total layer charge (e·phuc−1) (Table 6) plotted against CEC values (cmol·kg−1) (Table 4).
(Solid markers = values of the 0.1, 1 and 4 cm samples; open markers = values of the 7 cm sample.)

Another reason for the decrease in CEC can be explained by the generation of steam
during the ABM5′s boiling event. Hot water vapor leading to a reduction in the CEC of
Na-smectites has been experimentally demonstrated by Heuser et al. [33], and the ABM2
experiment, which shows a similar CEC pattern, also suffered a similar boiling event but at
a lower temperature range.
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5. Conclusions

(1) The SKB ABM5 in situ test provided an important opportunity to investigate bentonite
stability under extreme repository conditions that included elevated temperatures,
fractured host rock, groundwater inflow and boiling. Mineral alterations and CEC
variations occurred mainly at the contact with the heater tube, whereas little effect
was detected at 7 cm distance.

(2) Smectite alteration occurred by the substitution of tetrahedral Si4+ by Al3+ and possi-
ble substitution of Al3+ and Mg2+ by Fe3+ were detected. These substitution reactions
most commonly resulted in an increase in tetrahedral charges and a decrease in
octahedral charges.

(3) The increase in octahedral Fe in the smectite near the contact zone was sourced from
corrosion of the carbon steel heating tube and/or by the oxidation of pyrite, which
locally led to increased acidity.

(4) Minor dissolution of calcite and neoformation of hematite at the bentonite contacts
with the heater tube was also related to the high-temperature, acidic and partly
oxidizing conditions associated with the extreme conditions of fracturing and boiling
occurring in the ABM5 test.
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Abstract: The present study reports on the analysis of all blocks of the ABM5 test, which is a medium
scale bentonite buffer deposition test. In contrast to similar tests, the ABM5 was conducted at higher
temperature (up to 250 ◦C). The aim of the study was to characterize the chemical and mineralogical
reactions and to identify the effect of the extraordinarily high temperature. Reactions observed
were similar to those observed in previous and/or similar tests covering cation exchange, anion
inflow, dissolution and precipitation of C- and S-phases, Fe corrosion, and Mg increase at the heater.
Neither the type nor the extent of the different reactions could be related to the significantly higher
temperature. However, due to the absence of lubricant used between heater and bentonite, it could
be proved that the calcite previously present was dissolved and precipitated as siderite at the contact,
pointing towards the importance of the presence of carbonate when considering different Fe corrosion
products. Moreover, for the first time, a decrease of the Mg content at the heater was observed, which
was probably because a Mg-rich clay was used. The reasons for Mg increase or decrease are still not
completely understood.

Keywords: bentonite; technical barrier; Äspö; ABM-test; smectite alteration

1. Introduction

Bentonite is currently investigated as a geotechnical barrier to enclose metal canisters
containing high-level radioactive waste (HLRW) [1,2], particularly in combination with
crystalline host rocks. Bentonites are mined worldwide. Materials from different deposits
often show specific properties [3]. Bentonites are used in many different applications [4].
For each application, more suitable bentonites and less suitable ones exist. The aim of
the bentonite industry is to identify the optimum bentonite for a specific application, to
provide superior products compared to their competitors. Bentonite selection is commonly
based on empirical tests in which specific properties of the bentonites are compared. Using
bentonite as an HLRW barrier material, although tested for decades in experiments, from
the point of view of the bentonite mining industry, is a new application. Well accepted
quality determining parameters, therefore, do not yet exist. Kaufhold and Dohrmann [5]
discussed ten parameters which could be used to compare the suitability of bentonites as
an HLRW barrier material. However, to date, there is no agreement about one or more
quality determining parameters. This may also result from the fact that the bentonite
requirements differ amongst the different concepts. A comparison of the performance of
different bentonites is therefore an interesting task.

Comparative tests can be conducted both in clay laboratories and in underground
rock laboratories as medium to large scale tests. In 2006, SKB started an experiment series in
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which different bentonites are compared directly [6] at Äspö Hard Rock Laboratory (HRL)
with granite as host rock. Altogether, 30 blocks (rings) made of different bentonites (diameter
30 cm, diameter of central hole for the heater 10 cm, height 10 cm) were placed on each other
without any protection between them. Two of the three packages were retrieved, analysed,
and reported [7–15]. In 2013, three additional packages were installed, partly with different
materials (e.g., saponite, a Mg-rich smectite [16]). The target temperature of the tests was
130 ◦C for all tests. The temperature of ABM5, however, was low at the beginning (50 ◦C)
because of problems increasing the water pressure in the surrounding sand filter to avoid
boiling at the high temperature. In 2016, the temperature was increased up to 250 ◦C for
about six months and in 2017 ABM5 was excavated. Temperature profiles are shown in
Figure 1. To date, the ABM5 is the hottest bentonite test conducted in an underground rock
laboratory (URL). In the deposition hole drilled for the ABM5-test, a fracture was observed
which provided some water inflow. In the installation report, it is mentioned that “most of
the water seemed to come from one fracture located 0.8 m down from the floor”.

Figure 1. Temperature profiles (left: temperature in block 15 at different distances to the heater; right: temperatures at the
heater of blocks 3, 9, 15, 21, 27).

The temperature reached 250 ◦C at the contacts of the samples to the heater, which
were in the central part of the column (9, 15, 21). At the contact of the upper- and lowermost
blocks to the heater, lower temperatures were observed (about 150 ◦C for blocks 3 and 27).
In the hottest blocks (e.g., #15, Figure 1, left), more than 150 ◦C was reached at a distance of
6 cm from the heater.

To date, a couple of mineralogical reactions were identified in the different medium to
large scale tests. In the LOT experiment, a redistribution of sulphate (gypsum, anhydrite)
within the blocks was found [17,18]. The gypsum which was initially present in the
bentonite was not evenly distributed after the test, but showed larger concentrations in the
center of the blocks. Extensive cation exchange was observed as well [15,19]. Corrosion was
observed both in case of Cu [17,20] and Fe heaters [12,13]. Corrosion products could only
be found at the interface. In addition, a Mg enrichment at the contact of bentonite and metal
was found in the case of both Cu [17] and Fe [11–13,21,22]. Samples with larger Mg increase
showed the formation of trioctahedral phyllosilicate minerals or domains which could be
detected by XRD. The mechanism behind the Mg enrichment is not yet clear [11,12,23]. In
ABM1 and ABM2, organic material was found at the contact to the heater which could be
explained by the lubricant (molykote) used for installation. Moreover, siderite formation
was reported as well as the dissolution of cristobalite and/or clinoptilolite [12].

The aim of the present study is to characterize the mineralogical reactions that occurred
in the ABM5 test and to compare them with the identified reactions. Another aim is to identify
possible differences of the mineralogical reactions in terms of temperature effects, because the
ABM5 test had the highest temperature yet applied in a medium- or large-scale test.

2. Materials and Methods

After dismantling the vertically installed ABM5 test in the Äspö HRL, Figeholm, Swe-
den, samples were collected and sent to BGR. Figure 2 illustrates the setup and dimensions
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of the experiment, including the location of the sand filter and iron heater (diameter 10 cm)
in the holes of the bentonite rings (diameter 30 cm, height 10 cm). The sand filter was
installed to support rapid water saturation. At the beginning of the heating period, the
water pressure remained unexpectedly low. In order to further support saturation, the
temperature was set lower at the beginning. The temperature profile is shown in Figure 1.
Experimental details can be found elsewhere [6,9,16].

Table 1. List and state of samples sent to BGR as well as samples taken at BGR from the blocks (numbers = cm distanced
from heater; “x” distance to heater could not be determined). The heater was not investigated in the present study. The
numbers correspond to the block numbers in ABM5. Block 1 was the lowermost block and the others were placed on top of
each other.

Block no. Material Remark Direction Comment 0.1 1 5 8 x

30 MX80 30 S
√ √ √ √

29 MX80 29 N
√ √ √ √

28 Asha 505 28 S
√ √ √ √

27 Calcigel Termoelement Fragments
√ √

26 Deponit CAN Fragments
√ √ √ √

25 Febex 25 W
√ √ √ √

24 GMZ Fragments
√ √ √

23 Ibeco SEAL 23 W
√ √ √ √

22 Ikosorb 22 W
√ √ √ √

21 Kunigel V1 Termoelement Fragments
√ √ √ √ √

20 MX80 Copper 20 W
√ √ √ √

19 Asha NW BFL-L 19 W
√ √ √ √

18 Rokle 18 W
√ √ √ √

17 Saponite 17 W
√ √ √ √

16 Asha 505 Copper 16 NW
√ √ √ √

15 MX80 Termoelement +
Titanium 15 W

√ √ √ √

14 Rokle 14 NW
√ √ √ √

13 Febex 13 W
√ √ √ √

12 Saponite Fragments
√ √ √

11 Ibeco SEAL 11 S
√ √ √ √

10 Calcigel Fragments
√ √ √ √

9 Asha NW BFL-L Termoelement 9 N Partial
√ √ √

8 MX80 8 S
√ √ √ √

7 Ikosorb 7 S
√ √ √ √

6 GMZ Fragments
√

5 Kunigel V1 Fragments
√ √ √ √

4 Deponit CAN Fragments
√ √ √

3 Asha NW BFL-L Termoelement +
Titanium 3 N

√ √ √

2 MX80 2 SE
√ √ √ √

1 MX80 1 N
√ √ √ √
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Figure 2. Schematic presentation of the ABM-5 test (left) and photographs of a part of the ABM5
experiment before and after dismantling (right). The sequence of the different blocks is given in
Table 1.

Table 1 lists all samples sent to BGR including information about the state of the
sample. Test packages ABM-4–6 are composed of bentonite material only. All bentonites
known from previous test packages ABM-1–3 were used again. However, the materials FRI
(Friedland clay), COX (Callo-Oxfordian clay), as well as bentonite–quartz mixtures made of
MX80 were no longer used in ABM-4–6. Instead, three new bentonite raw materials were
used for the first time: GMZ, the Chinese reference material, Asha NW (Ashapura, Mumbai,
India), and ‘Saponite’, a bentonite named after a trioctahedral mineral of the smectite group:
saponite. In the present paper, this bentonite is called ‘Saponite’ to distinguish the raw
material from the mineral.

As in the case of previous analyses of ABM-blocks [12,13], each block should be
sampled at different distances to the contact. In some cases, only fragments were present,
which made it impossible to obtain suitable samples from defined distances. Sampling of
the blocks was undertaken at four different distances to the contact (0.1, 1, 5 and 8 cm). A
minimum of 2 g was required for a comprehensive characterization. The actual depths
at which the 0.1 cm sample was taken, therefore, depended on the available area of the
contact. The contact area ranged from 10 to 20 cm2 and 2 g were collected which, assuming
a density of 2 g/cm3, corresponds to a sampling depth of 0.05–0.1 cm. The contact sample
was collected with a sharp knife and the other samples were collected by hand drilling.
The samples were then dried at 60 ◦C for three days and ground using a mortar mill.

The chemical analysis was performed by ACTLABs® using the analytical tools 4B1
QOP Total (Total Digestion using different acids, analysis by ICP-OES), 4C QOP XRF Fusion
(Whole Rock Analysis-XRF), and 4F-Cl QOP INAA—Short Lived (INAA). The effect of
different water contents on the elemental composition was eliminated by normalizing all
values not considering the loss on ignition.

The organic carbon (Corg) content was measured by combustion with a LECO CS-444-
Analysator after dissolution of the carbonates. Carbonates were removed by treating the
samples several times at 80 ◦C with HCl until no further gas evolution could be observed.
Samples of 170–180 mg of the dried material were used to measure the total carbon (Ctotal)
content. Total inorganic carbon (Cinorg) was calculated by the difference of Ctotal and Corg.
The samples were heated in the device to 1800–2000 ◦C in an oxygen atmosphere and
the CO2 and SO2 were detected by an infrared detector. The device was built by LECO
(3000 Lake Avenue, St. Joseph, MI, USA).
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Thermoanalytical investigations were performed using a Netzsch 449 F3 Jupiter
thermobalance equipped with a DSC/TG sample holder linked to a Netzsch QMS 403 C
Aeolus mass spectrometer (MS). Then, powdered material (100 mg) previously equilibrated
at 53% relative humidity (RH) was heated from 25 to 1150 ◦C with a heating rate of
10 K/min. The devices were manufactured by Netzsch (Gebrüder-Netzsch-Straße 19,
Selb, Germany).

XRD patterns were recorded using a PANalytical X’Pert PRO MPD Θ–Θ diffractometer
(Cu-Kα radiation generated at 40 kV and 40 mA), equipped with a variable divergence slit
(20 mm irradiated length), primary and secondary sollers, Scientific X’Celerator detector
(active length 0.59◦), and a sample changer (sample diameter 28 mm). The samples were
investigated from 2◦ to 85◦ 2Θ with a step size of 0.0167◦ 2Θ and a measuring time of 20 s
per step. For specimen preparation, the back loading technique was used.

For the detailed clay mineralogical investigation, texture slides of the <2 μm fraction
were prepared. Oven-dried clay fractions <2 μm of the contact samples (if available) were
dispersed using ultrasound. A suspension containing approximately 60 mg solid clay
fraction was sucked through porous ceramic tiles of 27 mm diameter using a vacuum-filter
in order to orient the clay minerals (alumosilicates) preferentially parallel to their basal
planes. The final solid density was approximately 15 mg/cm2. These so-called oriented
aggregates were x-rayed from 2.5 to 40◦ 2Θ (air-dried and ethylene glycol solvated) with
a step size of 0.03◦ 2Θ. The measuring time wasa 6 s per step. The scans were run on a
PANalytical X’Pert PRO MPD Θ–Θ diffractometer (Co-Kα radiation generated at 40 kV
and 40 mA), equipped with a variable divergence slit (20 mm irradiated length), a primary
and secondary soller, a proportional counter, and a secondary monochromator.

A Zeiss Sigma 300 V P FEG scanning electron microscope operating at 15 kV was
used to evaluate samples on the micro scale using the high-vacuum mode. The microscope
was equipped with the following detectors: Bruker Xflash® 6/60 EDX detector, high-
definition backscattered electron detector (HDBSD), secondary electron detector (SE2),
variable pressure secondary electron detector (VPSE), and an InLens detector for detection
of secondary and backscattered electrons, respectively.

For measuring mid (MIR) infrared spectra, the KBr pellet technique (1 mg sample/200
mg KBr) was applied. Spectra were collected on a Thermo Nicolet Nexus FTIR spectrometer
(MIR beam splitter: KBr, detector DTGS TEC; FIR beam splitter: solid substrate, detector
DTGS PE). The resolution was adjusted to 2 cm−1. Measurements were conducted before
and after drying of the pellets at 150 ◦C in a vacuum oven for 24 h. The spectrometer was
built by Nicolet Instruments, Verona Road, Madison, WI, USA.

3. Results and Discussion

All data is summarized in Table S1 (Supplementary Materials).

3.1. Geochemical Profiles

In the LOT experiment, which was also conducted at temperatures higher than 90 ◦C,
a redistribution of sulphate phases (gypsum) was detected [17]. Gypsum was obviously
dissolved both near the crystalline host rock and near the heater and precipitated in the cen-
ter of the blocks. In the ABM1 and ABM2 tests, different S-profiles were measured [12,13],
which indicates that locally different conditions (water content and temperature) can lead
to different gypsum/anhydrite redistribution profiles. In the LOT experiment, which was
setup with MX80 blocks only, this gypsum redistribution was found in many different
blocks and at different depths (from 0 to 3 m). Most of the blocks of ABM5 (present study)
showed a slight increase of the S content in the central part and some dissolution at the
inner and outer parts (Figure 3). This behavior was similar to the results found in the LOT
A2 experiment but much less pronounced. The amount of S which precipitated in the
central part of the LOT A2 blocks was larger. S concentrations below 0.1 mass% are close to
detection limit and hence not discussed further. Most of the samples, however, showed S
contents ranging from 0.2 to 0.4 mass%. Three samples showed an untypical behavior. In
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block 1 (lowermost sample), a significant increase of the S content directly at the heater
was observed. The top block (#30) showed S enrichment at a distance of 1 cm. In both
cases, an increase of approximately 0.2 up to 0.5 mass% S was observed. The extraordinary
behavior of these two blocks (#1, #30) may result from the special hydraulic properties
caused by the fact that there were no other blocks above and below. In the case of block #30,
cement pore waters derived from the concrete seal above could have provided different
cations and anions (compare [12]). In the case of block 1, however, no concrete was near
the block, but the sand base could have promoted water inflow. Blocks 26 and 4, both
Deponit CAN, showed the highest initial S content but slightly different profiles. For both
samples, slightly lower values were found in the block after the experiment compared to
the reference, which confirms that gypsum is at least partly soluble and transported inside
the barrier.

 

Figure 3. Geochemical profiles of S (a), Cl (b), Fe2O3 (c), and MgO (d) of all blocks.

Most samples showed an initial Cl content of ≤0.1 mass% and an increase in the
reacted blocks which can only be explained by Cl derived from the rock water which
migrated into the blocks. In most blocks Cl even reached the heater because the contents
measured there were higher compared to the reference materials. The Cl concentrations
were not higher in the contact samples of the upper- and lowermost blocks, which suggests
that the Cl did not migrate to the heater and then vertically along the bentonite/heater
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interface, but was transported parallel to the thermal gradient (horizontally). The Cl
concentrations of the ASHA 505 and IKO blocks (#7, #16, #22, #28, Figure 3b) indicate that
material properties were less relevant with respect to the resulting Cl profiles than local
conditions. Blocks #22 and #28 had a larger initial Cl concentration, and this decreased
towards the heater. Blocks #7 and #16, however, showed the opposite effect. IKO showed
Cl increase in block #7 and decrease in block #22. Asha 505 showed an increase in block
#16 and decrease in block #28. The Cl migration into the blocks apparently did not depend
on the material but on local differences which is discussed later.

The Fe contents were interesting because they may reflect canister corrosion. Most
of the blocks showed an increase of the Fe2O3 content at the contact (0.1 mm sample) of
more than 1 mass%. The largest increase was found for the top block (#30: +6.3 mass%).
These values can hardly be compared with those of the other studies because of different
sampling areas (as explained above). In blocks #20–#30 a slight increase of the Fe2O3
content could even be detected in the 1 cm sample. The increase ranged from 0.3 mass%
(compared with the reference) up to 2 mass% (#30) and it apparently increased with block
number. One may conclude that Fe diffusion into the barrier was more pronounced in the
upper blocks, which could result from temperature or water content (discussed later).

Mg enrichment close to the heater was observed in many large-scale tests, regard-
less of whether Fe or Cu was used. This enrichment is of particular interest because it
points towards the neoformation of phases such as trioctahedral smectite and/or brucite
(FEBEX experiment) at the expense of dioctahedral smectite, which in turn could result in
a reduction of the swelling capacity of the barrier at the heater.

In the ABM2 test [13], MgO enrichments at the contact of 0.0–3.0 mass% were observed.
The most significant MgO increase was observed at the face of the FEBEX experiment
(+6 mass% MgO [24]) which at least partly can be explained by the fact that a large sampling
area was available (about 200 cm2) and hence the very top could be sampled (<0.1 mm).
Using IR spectrometry, the formation of brucite was found, and by XRD, the formation
of trioctahedral domains was observed. Fernandez et al. [22] could also observe sepiolite.
In the ABM2 experiment, only the formation of trioctahdral phyllosilicate domains was
observed (no brucite), commonly associated with a significant MgO increase. In the previous
ABM tests and in the present one, the MgO increase, however, was not typical for a special
type of bentonite. As an example, the two blocks of Deponit CAN and ROK showed
either 0.0–0.3 mass% or 1.8–2.8 mass% MgO increase. These values, therefore, seem to
depend more on the local conditions (temperature, water content, type of solution diffusing
through the bentonite) than on the type of bentonite. The significantly larger temperature
of ABM5 could have affected the formation of Mg-rich phases. Kaufhold et al. [23] showed
that the temperature affects the ratio of Mg/Si which can be dissolved from smectites in
such a way that it decreases with increasing temperature, which means that the solubility of
Si increases more than that of Mg at higher temperature. Accordingly, one could expect Si
phases (or Si rich Mg-silicates) to be precipitated at the heater. The data are summarized in
Supplementary Table S1 and plotted in Figure 3d. Overall, only a slight increase of the MgO
value was observed in the ABM5 test. The largest values (+1 mass% MgO) were observed
for the two IBECO Seal bentonites, while all others showed lower values. Notably, a slight
decrease or increase of the MgO content compared to the reference value (see Figure 3d)
can sometimes be explained by cation exchange (cation exchange data will be discussed
in detail in a follow up study). For the first time, a trioctahedral smectite (saponite) was
tested in a deposition test (in the ‘Saponite’ blocks). Interestingly, a slight decrease of the
MgO content at the heater was observed for both ‘Saponite’ samples. The curve of #12,
however, is not complete because it could only be sampled at the contact. The three points
shown in Figure 3d, however, are identical to those measured for block #17 which was also
made out of ‘Saponite’. Both ‘Saponite’ blocks, therefore, show an MgO decrease at the
heater which can be explained by cation exchange and Fe increase. Sample #17 contained
36 meq/100 g exchangeable Mg before and only 4 meq/100 g after the test which explains
part of the MgO decrease. The missing MgO decrease can be explained by the increase of
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Fe2O3 caused by corrosion which adds to the contact sample hence relatively decreasing
the other elements.

For blocks #11 and #23 (both IBECO) more MgO was found in the entire blocks
compared to the reference material. This neither can be explained by the small amount of
carbonate dissolution nor based on cation exchange. The reason for this difference cannot
be explained yet.

3.2. X-ray Diffraction

In bulk XRD, almost all samples showed a shift of the d001 peak position which
can be explained by cation exchange due to its impact on the bentonite water content
after drying in typical laboratory conditions. Differences other than d001 shifting such as
varying muscovite/feldspar/quartz peak intensities were also observed, but these do not
necessarily point towards actual mineral reactions. Differences of these intensities can also
be explained by preferred orientation. Moreover, the reference samples were recorded with
slightly higher intensity which translates into a better signal/noise ratio. Generally, XRD is
not a method to unambiguously detect minor mineral changes. Varying peak intensities
may point to actual mineral reactions, but these should be validated based on chemical
data. All observed changes detected by XRD are summarized in Figure 4.

Most of the mineralogical changes observed were related to the dissolution/precipitation
of C- and S-phases. As an example, gypsum was dissolved in MX80 blocks #8, #15, and #20
whereas gypsum remained stable in the bottom and top blocks made of the same material.
Calcite was dissolved in both Ibeco Seal (IBE) blocks #11 and #23 (partly). Dolomite
intensities were lower in both Calcigel blocks (#10, #26), indicating partial dissolution.
Results of previous large-scale tests showed that the (partly) soluble phases can be dissolved
anywhere in the barrier and precipitated elsewhere. In the ABM1 test [12], the dissolution
of cristobalite and clinoptilolite was observed. In the ABM5 test, cristobalite intensities
were lower only in the Deponit CAN blocks (#4, #26), possibly indicating dissolution.
No cristobalite or clinoptilolite dissolution was observed in the other blocks of GMZ,
Febex, and MX80. In laboratory experiments with NaOH solutions Karnland et al. [25]
reported evidence for cristobalite dissolution in Wyoming bentonite samples. However,
pH conditions were obviously lower in ABM5 as the observed dissolution was much
lower. The identification of traces of siderite is particularly challenging because of peak
coincidences with apatite and partly muscovite. Apatite was observed in Asha NW and
ROK. The unambiguous identification of siderite, therefore, is not possible in these samples
and other methods such as simultaneous thermal gas (STA) have to be used. No evidence
for anhydrite precipitation was observed in ABM5, in contrast to ABM2.

Special attention was paid towards changes of the d060 reflexes which in previous
tests indicated the presence of trioctahedral phases at the heater or in outer parts of the
blocks. All but one material consist of dioctahedral smectite. Such trioctahedral phases
were found at the contact to the heater before [11–13,24] based on XRD and IR, supported
by an increase in MgO concentration (XRF). In the ABM5 samples, nearly no such changes
of the d060 XRD intensities were observed, although some MgO enrichment was observed.
The extent of the MgO enrichment at the heater, however, was small comparted with yet
published results. The largest MgO increase was found in both Ibeco Seal blocks (#11:
+1.1 mass% MgO, #23: +1.0 mass% MgO). Moreover, some MgO enrichment was found
in block #16 (0.7 mass%) and block #21 (0.6 mass%). However, no changes of the d060
reflection were found for any of these blocks with MgO increase (Figure 5b). The ‘Saponite’
samples (#12, #17) on the other hand showed some decrease of the MgO content at the
heater. This bentonite raw material contains trioctahedral smectite (saponite). However, no
changes of the d060 reflection could be observed either (Figure 5d). An indication for the
presence of trioctahedral phases was found in a #7 (Ikosorb) (Figure 5c) and #27 (Calcigel),
not shown. In contrast to former ABM experiments, such trioctahedral phases are indicated
not only at the contact to the heater, but also in outer parts of the blocks (marked by arrows
in Figure 5c).
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Figure 5. XRD analysis of the d060 region of dioctahedral smectites in (a) #11 (Ibeco Seal), (b) #16 (Asha 505), both showing
no evidence for presence of trioctahedral phases; whereas presence of trioctahedral phases could be indicated in (c) #7
(Ikosorb). In the only block with trioctahedral smectites (d) #17 (‘Saponite’) no evidence for presence of (additional)
dioctahedral phases was observed.

XRD analyses of clay fractions of all bentonites from the samples at the contact to
the heater (0.1 cm) or of fragments—if such samples were not available—were performed
to verify if smectites became interstratified during the ABM5 test. Results indicated no
additional interstratification of smectites for any block in comparison with the reference
materials (‘Saponite’ and GMZ data are shown as an example in Figures 4 and 6a,b).
Dioctahedral smectites of GMZ (Figure 6b) remained fully expandable (i.e., no illitization)
and all bentonites showed the same behavior. The saponite clay minerals in bentonite
‘Saponite’ initially shows a broad peak at ca. 10.5 Å, which remained unchanged after the
experiment (Figure 6a). This intensity can be explained as smectite with collapsed/non
expandable layers. ‘Saponite’ also contains traces of chlorite, serpentine, and talc.

Figure 6. XRD peak positions for clay fractions of (a) ‘Saponite’ from the contact to the heater (0.1 cm) of blocks #12 (red) and
#17 (blue, upper scan) and of (b) GMZ block #6 (fragments with unknown distance to the heater) and the of the according
REF samples (both in black) after EG solvation.
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3.3. Simultaneous Thermal Analysis (STA) and Elemental C-/S-Analysis

STA was performed to investigate the C- and S-phase changes at the interface. As
discussed before, carbonates and sulphates can be dissolved precipitating elsewhere and
pyrite can be oxidized. The STA detection limit of theses phases is low because of the
sensitive mass spectrometer (MS). Pyrite, which is detected by a peak of the MS-SO3 curve
between 450 and 500 ◦C, was found in the bentonites used for blocks #4 and #5 as an
example (Figure 7). Interestingly, the pyrite at the contact of block #4 was preserved (could
still be detected in the sample taken after the test) but it was oxidized at the contact of
block #5. Both blocks were close together, but the different results indicate that the redox
potential and/or hydraulic conditions differed inside the blocks. In some samples (#4,
#5, #10 in Figure 7), a decrease of the carbonate peak and an increase of the siderite peak
(between 500–600 ◦C) was found.

Figure 7. STA-MS curves (H2O, CO2, SO3) of four selected blocks (“before” = reference; “after” = contact sample).

Carbonate dissolution and precipitation was found in different medium to large scale
deposition tests. Elemental combustion analysis of all samples indicates that different car-
bonate redistribution reactions occurred. Most samples had a Cinorg content of <0.2 mass%
and did not show any carbonate redistribution. However, some specific reactions could be
identified: A few samples showed some carbonate enrichment in the center of the blocks
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with larger values compared to the reference (e.g., #1, #14). This indicates that carbonate
was either transported into the barrier by the saturating fluid or that carbonate was dis-
solved in other blocks and transported vertically. Significant carbonate dissolution was
observed for both blocks made out of Ibeco Seal (#11, #23; Figure 8). Only the carbonates
of the contact sample of #23 seemed to be preserved. Similarly, the blocks made out of
Asha NW (#9, #19) showed much lower C values in the blocks compared with the reference
which points towards carbonate dissolution. Only the sample taken 1 cm from to the heater
showed the same values as the precursor. The largest carbonate content was found in the
sample Deponit CAN (about 0.9 mass% Cinorg). Both blocks were not in the hottest part but
showed different reactions. In block #26 carbonate was dissolved near the heater whereas
it precipitated near the heater in block #4.

The content of inorganic and organic carbon was determined by combustion (LECO)
with and without acid sample pre-treatment. An increase of the C content in the acid
treated material would be interpreted as increased organic C because siderite does not
fully dissolve in the acid. In the ABM1 and ABM2 tests molykote® was used as lubricant
which provided an additional source of organic C and hence complicated the interpretation
of elemental C data. The ABM5 was setup without lubricant (it was used during the
compaction of the blocks but was removed from the blocks prior to the experiment, by
physically removing the outermost 2–3 mm of bentonite from the blocks inner surface by
abrasion), which allowed to reveal the formation of siderite at the contact. Some samples
showed a decrease of the calcite STA peak (700–800 ◦C) and an increase of the STA peak
between 500 and 600 ◦C. By elemental C analysis, an increase of the Corg content was found
for these samples. Both methods hence indicate the formation of siderite at the contact. This
reaction, however, was not observed in all blocks. In some, no changes of the carbonates
were observed, and in others, dissolution was observed without the precipitation of siderite
(e.g., #11). Calcigel showed strong lowering of XRD intensities of dolomite as well as calcite
(less clear), along with the formation of siderite (#10, #27).

Siderite formation was observed before. According to Martin et al. [26], Romaine et al. [27],
and Mendili et al. [28], magnetite is coating the iron surface and siderite forms on top of the
magnetite. They used COX clay which contains carbonates. Moreover, Savoye et al. [29]
found siderite formation if carbonate is present, which, however, is not the case in all
bentonites. Saheb et al. [30] found Fe-hydroxo-carbonate as corrosion product, which
indicates that different Fe-carbonate phases can be present.

The most significant changes detected by XRF, STA, and elemental C are summa-
rized in Table 2. Notably, IR-spectrometry was also used—as in ABM2—but no specific
changes except for carbonate dissolution/precipitation could be found. In ABM2, a band
at 3740 cm−1 pointed towards the formation of free silica. This band could not be observed
in any of the ABM5 contact samples.

Table 2. Summary of measured differences of the contact sample (0.1 cm) of each block compared with the reference
material. Negative values indicate dissolution and positive values correspond to increased concentrations. No contact
samples were available of #6, #24, and #27. Bold numbers represent most significant changes, “-“ = decrease, “?” = change
possible but not unambiguous, “(ox.)” = oxidation (present as sulphate afterwards), “diss” = dissolution.

XRF XRF STA STA STA C/S Analyzer

ΔMgO ΔFe2O3 CaMgCarb Siderite Pyrite ΔCorg ΔCinorg S

30 MX80 −0.4 6.3 -, ? 0.3 −0.1 0.0
29 MX80 −0.1 2.6 -, ? 0.0 0.0 0.0
28 Asha 505 0.2 1.5 0.1 0.0 0.2
27 Calcigel
26 Deponit CAN −0.2 2.9 - + -, (ox.) 0.1 −0.3 0.0
25 Febex 0.0 1.0 0.0 −0.1 0.0
24 GMZ
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Table 2. Cont.

XRF XRF STA STA STA C/S Analyzer

ΔMgO ΔFe2O3 CaMgCarb Siderite Pyrite ΔCorg ΔCinorg S

23 Ibeco SEAL 1.0 0.7 - −0.1 −0.1 −0.2
22 Ikosorb −0.5 2.1 0.1 −0.2 −0.1
21 Kunigel V1 0.6 0.9 +, ? -, (ox.) 0.1 0.0 0.0
20 MX80 0.1 2.3 0.0 0.0 −0.1

19 Asha NW
BFL-L 0.2 2.7 - + 0.1 −0.4 0.0

18 Rokle 0.1 1.3 0.0 −0.1 0.0
17 Saponite −0.9 2.6 - −0.1 −0.1 0.0
16 Asha 505 0.7 4.6 0.1 0.1 0.1
15 MX80 0.2 2.1 -, ? 0.0 0.0 −0.1
14 Rokle 0.2 0.0 0.0 0.0 0.0
13 Febex 0.3 1.4 0.1 −0.1 0.0
12 Saponite −0.8 2.4 - + 0.1 −0.2 0.0
11 Ibeco SEAL 1.1 3.2 - 0.0 −0.6 −0.2
10 Calcigel 0.3 2.5 - + 0.2 −0.2 0.0

9 Asha NW
BFL-L 0.2 1.5 - + 0.1 −0.3 0.0

8 MX80 0.3 1.4 0.0 0.0 −0.1
7 Ikosorb 0.0 1.7 0.0 −0.1 0.1
6 GMZ
5 Kunigel V1 0.4 3.7 - + -, (ox.) 0.1 0.0 0.0
4 Deponit CAN 0.0 1.4 - + no ox. 0.4 0.0 −0.1

3 Asha NW
BFL-L −0.2 1.6 -, (diss) 0.1 −0.5 0.0

2 MX80 0.6 2.6 -, ? 0.1 0.0 0.0
1 MX80 0.2 3.4 -, ? 0.0 0.0 0.3

3.4. SEM

Some blocks which showed the most significant changes (see Table 2) were investi-
gated by scanning electron microscopy (SEM), focusing on the interface.

The lowermost block #1 showed the highest increase of S and appreciable increase
of iron. The surface was dark green with some approximately 1 mm2 large black spots.
Separated particles of the black spots were ferromagnetic, pointing to the presence of
magnetite, which is a common corrosion product near the Fe heater. EDX mapping proved
the accumulation of Fe at the contact as well as gypsum precipitations (Figure 8a,b).

Block #4 showed a moderate Fe increase. Accordingly, no significant differences were
found when mapping the edge of the surface and the bentonite block (Figure 8c). The
surface of block #4 showed the largest increase of organic material (LECO), which according
to STA could at least partly be explained by siderite. By SEM, however, no newly formed
carbonates were found, only a few gypsum crystals at the contact. Instead, a few hyphae
were found, which are supposed to result from organic contamination.

The contact of block #10 also showed a significant increase of organic carbon, which
based on STA could unambiguously be explained by siderite formation. On the surface,
however, traces of microbiological activity were found consisting of hyphae pointing
towards the presence of fungi. The concentration is too low to explain the increase of
elemental organic-C and the fungi are not believed to have persisted throughout the heat
treatment. They most probably formed during storage, although their metabolism could
not be characterized further. This has to be systematically investigated in future. The Fe2O3
increase at the contact was moderate (+2.5 mass%), but SEM-EDX mapping revealed an
undulating seem (50–300 μm) in which Fe was enriched.
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Figure 8. SEM images of the surface of selected samples. (a,b) block 1; (c,d) block 4; (e,f) block 10.

Block #16 also showed a significant Fe increase. Figure 9a,b show views on the surface.
EDX mapping proved the presence of a homogenous Fe coating (green) with some gypsum
spots on top of it.

In block #30 the most significant increase of Fe was found (+6.3 mass%). On the
surface, massive Fe coatings were found, which proved to be ferromagnetic. By SEM,
however, no small cubic crystals typical of magnetite, but rather a network of fine needles
about 500 nm in length was found. Other areas of the surface were coated by gypsum
needles (Figure 9e) and isometric gypsum particles (Figure 9f).
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Figure 9. SEM images of the surface of selected samples. (a,b) block #16, (c–f) block #30.

3.5. Effect of Temperature

Within an up- or large-scale experiment, locally different conditions may exist, which
could lead to different reactions. In the case of the ABM tests, the different materials may
have an additional effect on the heterogeneity. The temperature profile (Figure 10) depends
on the location and power of the heater and on the thermal conductivity of the adjacent
bentonite. The water content (Figure 10) depends on the water uptake of the clays, but also
on the drainage system. The bentonite blocks were supposed to be water saturated before
heating to the maximum temperature. In the ABM5-test, sand was around the bentonite
blocks in which the water could evenly distribute outside the barrier. The hydraulic
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conditions probably changed with increasing the temperature because of the relatively
lower pressure in the sand filter. Moreover, no effect of the fracture in the deposition hole at
a depth of about 0.8 m on the water saturation was found. The water content was higher at
the bottom probably because the water gathered at the bottom of the deposition hole. The
water content and the resulting degree of saturation were therefore larger in the lower 30%
of the test, which also affected the dry density (which was lower in the lowermost part).
In order to investigate if these locally different conditions could have affected the results,
selected chemical differences were plotted depending on depths (Figure 10). No relation of
MgO with burial depths could be identified (not shown). The same holds true for inorganic
and organic C and total S. The Cl content was on average higher in the lowermost 30%
(blocks #1–#10) of the package, which can be explained by the higher water content (and
degree of saturation). Most of the Cl is assumed to result from the external saturating
fluid. No relation was found between the Fe increase at the contact and the depths. Only
block #30 showed a much larger Fe increase, which, however, may have resulted from the
special conditions at the top (more oxygen, concrete fluids), but this could not be proven.
Interestingly, the Fe increase in 1 cm distance from the heater was more pronounced in the
upper blocks, which cannot be explained yet.

Figure 10. Water content, dry density, and degree of saturation measured before termination of the ABM5-test compared
with the changes of the Cl- (8 cm distance to the heater) and Fe-content (at 0.1 and 1 cm distance from the heater). Additional
information about the T-profile is provided in Figure 1.

4. Summary and Conclusions

Results of XRD, XRF, elemental C and S, and STA were not always concise, which
results from the fact that many mineralogical changes were close to the detection limit of
the methods. Some unambiguous results, however, were found.

Cl concentrations did not depend on material properties or temperature. The Cl
content was assumed to result from effects such as inflowing water. On average, a higher
Cl increase was found in the lower part of the test, but at the very bottom, the highest water
content and lowest Cl increase were found. The reason for different Cl increases could,
therefore, not be identified and are supposed to be related to the hydraulic conditions
outside and inside the blocks. An additional effect of temperature cannot be excluded.

In blocks #1–#19, the Fe2O3 increase was restricted to the contact. Blocks #20–#30 all
showed a slight to significant increase of the Fe content, even in the 1 cm sample, which
indicated both increased corrosion and migration of Fe into the blocks in the upper parts
of the test, which can hardly be explained because of the lower water content and hence
lower degree of saturation in this zone.

260



Minerals 2021, 11, 669

Mg enrichment at the heater, as observed in most of the previous bentonite field
experiments, was comparably low. Interestingly the Mg rich ‘Saponite’ even lost some of
its Mg content, also indicating some mobility of Mg within these compacted clays.

Carbonate dissolution and precipitation (redistribution) showed different patterns,
which does not allow to derive a general rule. Different profiles were observed for the same
material and temperature. Therefore, the differences of the profiles cannot be explained
by either material properties (type of carbonate present) or by the different temperatures.
Carbonate redistribution is likely more affected by local differences, possibly of porosity
and water content. Because of the absence of any lubricant, it was possible to observe
a recrystallization of carbonate in some contact samples, where siderite formed at the
expense of Ca(Mg)carbonates (proved by STA and LECO and sometimes XRD).

The gypsum redistribution resembled that which was found in the LOT test (increase
in the center of the blocks), but this effect was much less pronounced in the ABM5 test.
The most significant gypsum increase was found in the upper and lowermost blocks.
The identified gypsum may possibly have been anhydrite in the experiment that may
have hydrated during storage, as there are indications of moisture in the samples during
the storage.

By XRD, no additional interstratification of smectites for any block in comparison
with the reference materials was indicated. The neoformation of trioctahedral phases could
be indicated only in block #7 (Ikosorb). In the only block with trioctahedral smectites as
starting material, #17 (‘Saponite’), no evidence for the presence of (additional) dioctahedral
phases was observed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min11070669/s1. Table S1: Compilation of geochemical data of all samples taken from
the blocks.
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Abstract: The Alternative Buffer Material ABM5 experiment is an in situ medium-scale experiment
performed at Äspö Hard Rock Laboratory (HRL) conducted by SKB in Sweden with the aim of
analysing the long-term stability of bentonites used as an engineering barrier for a high-level ra-
dioactive waste repository (HLWR). In this work, four different ring-shaped Ca- and Na-bentonite
blocks, which were piled around a carbon steel cylindrical heater, subjected to a maximum temper-
ature of 250 ◦C and hydrated with saline Na-Ca-Cl Äspö groundwater (0.91 ionic strength), were
characterized after dismantling. This work allowed us to identify the main geochemical processes
involved, as well as the modifications in the physico-chemical properties and pore water composition
after 4.4 years of treatment. No significant modifications in mineralogy were observed in samples
close to the heater contact, except an increase in Fe content due to C-steel corrosion, carbonate
dissolution/precipitation (mainly calcite and siderite) and Mg increase. No magnetite and a low
amount of Fe(II) inside the clay mineral structure were detected. No modifications were observed in
the smectite structure, except a slight increase in total and tetrahedral charge. A decrease in external
surface area and cation exchange capacity (CEC) was found in all samples, with lower values being
detected at the heater contact. As a consequence of the diffusion of the infiltrating groundwater, a
modification of the composition at clay mineral exchange sites occurred. Ca-bentonites increased
their Na content at exchange sites, whereas Na-bentonite increased their Ca content. Exchangeable
Mg content decreased in all bentonites, except in MX-80 located at the bottom part of the package. A
salinity gradient is observed through the bentonite blocks from the granite to the heater contact due
to anions are controlled by diffusion and anion exclusion. The pore water chemistry of bentonites
evolved as a function of the diffusion transport of the groundwater, the chemical equilibrium of
cations at exchange sites and mineral dissolution/precipitation processes. These reactions are in turn
dependent on temperature and water vapor fluxes.

Keywords: bentonites; smectites; pore water chemistry; mineralogy; cation exchange; ABM experiment;
large-scale tests

1. Introduction

Bentonites are essential in the long-term safety of the multi-barrier system for the
disposal of nuclear wastes. The efficiency of the bentonite engineered barrier system (EBS)
is based on its confinement properties: swelling capacity, low permeability, low diffusivity
and high radionuclide retention. Consequently, it is important to have confidence and
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demonstrate the preservation of these properties under real repository conditions over
hundreds of thousands of years [1].

Predicting long-term bentonite barrier behaviour is usually undertaken using results
from experiments operated in underground research laboratories (URL) in real conditions,
at a real scale and for long test times: Meuse/Haute-Marne in France, HADES in Belgium,
Äspö in Sweden, Mont Terri and Grimsel in Switzerland. Different in situ large-scale EBS
experiments have been accomplished since 1989 by using both compacted bentonite (e.g.,
prototype, FEBEX, TBT and LOT in situ tests) and high-density bentonite pellets (e.g.,
FE, RESEAL and EB experiments) (see [2] for references). The aim was to analyse the
manufacturing, handling, properties and long-term performance of the bentonite materials
(e.g., [3,4] and references therein).

The Alternative Buffer Material (ABM) experiment is a medium-scale field experiment
performed at Äspö Hard Rock Laboratory (HRL) in Sweden with the aim of analysing
the long-term stability of different bentonites under similar conditions of the current
Swedish concept for a high-level radioactive waste repository (HLWR), and under adverse
conditions regarding temperature. The test, conducted by SKB (Swedish Nuclear Fuel
and Waste Management Company), is based on the KBS-3 (kärnbränslesäkerhet, nuclear
fuel safety) concept, in which a repository is placed at approximately 500 m depth in
crystalline rock, and a buffer of compacted clay surrounds corrosion-resistant copper
canisters containing the waste, in order to minimize water flow and radionuclide transport
to the granite host rock [5].

The ABM experiment includes six medium-scale test packages, each one consisting of
a central carbon steel tube with heaters, and a buffer of compacted clay artificially hydrated
with natural Äspo granitic groundwater for rapid water saturation. Eleven different clays
were chosen for the buffers to examine the effects of smectite content, interlayer cations
and overall iron content. In addition, bentonite pellets with different proportions of quartz
are being tested in some tests. The main purposes of the project were to characterize and
compare different bentonite qualities and to identify any differences in behaviour or long-
term stability of hydro-mechanical properties, mineralogy and chemical composition after
groundwater saturation, heating and interaction with corroding metals (iron–bentonite
interactions) [5].

The buffer in package 1 (2006–2009) and package 2 (2006–2013) was subjected to
artificial wetting and heating for 28 months and 6.5 years, respectively; the maximum
temperatures were 130 ◦C during the last year for package 1 (ABM1) and 141 ◦C after the
first 2.5 years for package 2 (ABM2). The ABM45 project started in 2012, including three
new packages (4, 5 and 6). The ABM5 experiment ran from 2012 to 2017. ABM5 represents
an adverse scenario of an HLWR repository, since it is one of the hottest bentonite tests (up
to 250 ◦C) conducted in an underground research laboratory to date (URL). ABM3 (2006–),
ABM4 (2012– ) and ABM6 (2012– ) are still running and are expected to be excavated
in 2024.

After the experiments, the buffer packages ABM1, ABM2 and ABM5 were retrieved
and analysed, with the studies being focused on hydromechanical properties [5], geochemi-
cal and mineralogical alteration [5–9], cation exchange rearrangements [10,11], and redox
chemistry evolution [12–14]. However, few studies have been performed on the pore water
chemistry in these systems [15].

The aim of this work is to analyse the geochemical processes observed in some ben-
tonite samples obtained after dismantling the ABM5 in situ experiment, with special
emphasis on pore water chemistry studies. The dismantling of this test allowed us to
quantify the alteration of the bentonites properties due to different types of perturbations:
(a) interactions with artificial granitic groundwater (saturation phase), (b) heat (boiling and
desaturation phase due to heating), and (c) interactions with the allochthonous engineered
materials (metals, concrete, organics, etc.).
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2. Materials and Methods

2.1. ABM5 Experiment

The project Alternative Buffer Materials 45 (ABM45) was a field experiment consisting
of three packages: 4, 5 and 6, each one containing 30 ring-shaped bentonite blocks piled
around a cylindrical tube made of carbon steel P235TR1 (Table 1, Figure 1). An electrical
heater of 1000 W was placed inside the tube as a heat source. The packages were installed
in boreholes (30 cm diameter and 3 m depth) drilled in the tunnel named TASD at ca. 420 m
depth in the Äspö Hard Rock Laboratory [16]. The granitic host rock consisted of Äspö
diorite and greenstone.

Table 1. Chemical composition in wt.% of carbon steel (steel grade P235TR1): EN 10216-1-2014.

Element Fe C Si Mn P S Cr Mo Ni Cu Nb Ti V

maximum ball 0.16 0.35 1.20 0.025 0.02 0.30 0.08 0.30 0.30 0.01 0.04 0.02



 
Figure 1. Schematic design of the ABM5 test package (after [16], courtesy of SKB). In red: samples
analysed in this study. In blue: block containing thermocouples and Cu and Ti coupons. Colours
represent different types of bentonites.

The package 5 (ABM5 experiment) was deposited in the borehole named KD0098G01,
where there was a groundwater inflow of around 8.5 L/d, coming from a fracture located
−0.8 m. However, an artificial water saturation system was used for a rapid saturation of
the bentonite. The heating test duration was 4.4 years, starting on 15 November 2012 and
finishing on 10 April 2017. The bentonite was heated to 50 ◦C for the first three and half
years, to support saturation and prevent water boiling, and then in 2016 the temperature
was increased stepwise to 150 ◦C and up to 250 ◦C at the bentonite/heater interface for
approximately the last six months of exposure (Figure 2). Estimated maximum temper-
atures at the heater contact of 240–250 ◦C were reached between blocks 22 and 8, with
decreasing temperatures both at bottom and top part of the bentonite column (<188–156 ◦C,
blocks 3 and 27), and as a function of the granite contact (Figure 2). In the hottest blocks,
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temperatures of more than 150 ◦C were reached at a distance of 6 cm from the heater, with
the thickness of the bentonite block being 10 cm (see also [8,9]).
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Figure 2. Temperatures profiles as a function of the heater contact (0, 5, 40 and 60 mm) measured
by thermocouples inside bentonite blocks nº 3, 9 (Asha NW BFL-L), 15 (MX-80), 21 (Kunigel) and
27 (Calcigel).

The bentonites selected for this experiment were of 12 types [16]: MX-80 2012 (Blocks
30, 29, 20, 15, 8, 2, 1), Asha 505 2011 (Blocks 28,16), Asha NW BFL-L (Blocks 19, 9, 3),
Deponit CA-N (26, 4), Febex 2012 (Blocks 25, 13), Ikosorb 2011 (Blocks 22, 7), Rokle 2012
(Blocks 18, 14), Kunigel V1 (Blocks 21, 5), GMZ 2011 (Blocks 24, 6), Saponite 2012 (Blocks
17, 12), Calcigel 2012 (Blocks 27, 10) and Ibeco SEAL M-90, old batch (Blocks 23, 11). At
least two blocks of each bentonite were placed in the test, except for MX-80 and Asha NW
BFL-L, for which 5 and 3 blocks were set, respectively. Therefore, 28 bentonite blocks as
compacted rings penetrated by the heater were placed inside the test borehole. Additional
MX-80 blocks (#1 and #30) were positioned at the top and bottom to secure a tight sealing.
After installation of the test package, concrete plugs were casted above the test borehole in
order to prevent the bentonite from swelling upwards.

The ring-shaped blocks (~27.73 cm outer diameter, ~11.0 cm inner diameter and 10 cm
height) were compacted uniaxially in a special mould with a pressure between 50 and
100 MPa. A thin layer of molybdenum sulfide containing grease was applied on all steel
surfaces in contact with the bentonite powder in order to lubricate to decrease friction.
The grease was removed mechanically from the blocks surfaces prior to the bentonites be
installed in the test [16].

The outermost gap between bentonite blocks and rock was filled with gravel (2–80 mm),
in which 6 mm-diameter titanium tubes with small holes, covered by a plastic sleeve, were
placed for a rapid saturation of the bentonite using an artificial groundwater (Table 2).
The initial water content of the compacted bentonite was that of “as-received” air dried
material. The dry density of the blocks installed in 2013 is listed in Table 3.

Table 2. Main composition of the Äspö Groundwater from water supply borehole KA2598A [5].

Ion Water-Type I (M) Na K Ca Mg HCO3
− Cl− SO4

2− Br− F− Si pH

mg/L Ca-Na-Cl 0.91 2470 12.4 2560 64.8 51.7 8580 483 59 1.5 6.3 7.33
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Table 3. Average physical properties from bentonite blocks analysed at CIEMAT prior to (initial) and
after 4.4 years of test (final).

Sample Depth
(m)

Max.
Temp.
(◦C) 4

Bentonite
Mass

(g)

Water Content w.c.
(%)

Dry Density
(g/cm3)

Grain
Density
(g/cm3) 2

Porosity
(%)

Degree of
Saturation

(%)

Water
Content at
Saturation

(%)
Initial 1 Initial 1 Final 3 Initial 1 Final 3 Initial Final Initial Final Final

Asha Block 28 0.3 187.0 10,820 13.1 30.1 1.84 1.49 2.869 36 48 67.3 93.0 32.4
FEBEX Block 25 0.6 216.5 10,640 14.3 27.9 1.80 1.51 2.735 34 45 75.2 94.1 29.7
Rokle Block 14 1.7 252.6 10,800 17.2 29.0 1.80 1.60 2.940 39 46 80.3 102.2 28.4

IBECO Block 11 2.0 255.1 10,740 14.7 32.0 1.86 1.50 2.753 33 45 83.6 106.0 30.2
MX-80 Block 1 3.0 155.0 11,040 10.6 31.1 1.93 1.49 2.735 29 46 69.9 101.7 30.6

1 [16]; 2 [5]; 3 Average values; 4 Estimated from thermocouples measurements.

The ABM45 experiments were sparsely instrumented (Figure 1). Twenty thermocou-
ples type T (Chromel-alumel with a shield of cupronickel, 4.5 mm diameter) were installed
in blocks numbers 3, 9, 15, 21 and 27. Four thermocouples were installed at each level in
pre-drilled holes in the bentonite rings, one on the steel surface and three in the buffer
at a radial distance from the heater (5, 40 and 60 mm). In addition, 8 copper specimens
(10 mm diameter, 25 mm height, Cu-OFP: oxygen-free phosphorous doped) and 8 titanium
specimens (tube of 6 mm outer and 4 mm inner diameters) were positioned. The specimens
were installed on the surface in pre-drilled holes followed by a small bentonite cylinder
(Figure 1). The copper specimens were positioned in blocks 16 and 20 at 3 cm distance from
the heater in four directions (0◦, 90◦, 180◦ and 270◦). In the case of titanium specimens, four
of them were installed in each of the two chosen blocks (#3 and #15), and inside holes were
drilled at mid-height of the block periphery in four directions (0◦, 90◦, 180◦ and 270◦).

The dismantling operation of the ABM5 experiment began in June 2017. Some blocks
looked rather intact, while others were highly fractured and very fragile due to the effect of
water loss caused by the high temperature. Different bentonite samples were retrieved and
analysed for performing different investigations (e.g., [8,9,17]). Most of the bentonite sam-
ples were preserved immediately inside vacuum-sealed aluminium-foil bags for avoiding
water loss and oxidation due to their exposure to the air-atmosphere.

2.2. Materials

For this study, four slices from bentonite samples collected after dismantling were sent
to CIEMAT in June 2019 (Figure 1): MX-80 from block position 1 (3 m depth) [18,19], Ibeco
from block position 11 (2 m depth) [20], Rokle from block 14 (1.7 m depth) [21,22], FEBEX
from block position 25 (0.6 m depth) [23,24], and Asha 505 from block position 28 (0.3 m
depth) [25]. These bentonites correspond to mainly Na- (MX-80 and Asha 505) and Ca-
Mg-smectites (Rokle, FEBEX and Ibeco) [18]. As additional main differences: (a) Rokle
and Asha 505 bentonites have a high content of secondary iron oxides, (b) Ibeco and MX-
80 contain pyrite, and (c) Ibeco contains a higher amount of carbonates (total carbon of
1.2 wt.%) than MX-80 and FEBEX bentonites (0.3 wt.% and 0.1%wt. of total C, respectively).

In the laboratory, the received portion of each ring-shaped bentonite block was sam-
pled along one radius. The samples were sliced in several fragments with a knife from
the granite contact towards the heater contact. Several subsamples were used for different
analyses (Figure 3).
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Figure 3. Sampling of the bentonites at laboratory for performing different analyses.

2.3. Analytical Methods

The objective of the laboratory tests was to undertake a comprehensive analysis of the
blocks in order to determine the physical, physico-chemical, mineralogical and geochemical
characteristics of the buffer for the assessment of the properties of the bentonite material
after the heating and hydration process over the 4.4 years of the experiment.

2.3.1. Physical Properties

The gravimetric water content, w.c., expressed as a percentage, is defined as the ratio
between the weight of water lost after heating the sample at 110 ◦C for 48 h in an oven and
the weight of dry solid.

Dry density, ρd, is defined as the ratio between the weight of the dry sample and its
volume occupied prior to drying. The volume of the solid samples was determined by
means of the mercury displacement method (UNE Standard 7045).
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Total physical porosity or total porosity was calculated by means of the relationship:
n =

(
1 −

(
ρbulk,dry/γs

))
× 100[vol%], where ρbulk,dry is the bulk dry density and γs is the

grain density or specific gravity of the solid sample.

2.3.2. Mineralogical Analysis

XRD diffraction patterns were obtained from random powders and oriented aggre-
gates by using a Philips X’Pert –PRO MPD diffractometer, equipped with a fixed divergence
slit (0.1245◦ size), Scientific X´celerator detector and an anticathode Cu-Kα at 45 kV and
40 mA. The samples were analysed from 2◦ to 70◦ 2θ with a step size of 0.017◦ 2θ. The
scan rate per step for the powder samples was 50 s. HighScore program v.5 was used for
mineral identification and quantitative analyses, with the Power Diffraction File database
from the International Center for Diffraction Data (ICDD).

The fine fraction of less than 2 μm was obtained by suspension and sedimentation in
deionised water by using the modified Jackson treatment [26,27]. The final clay suspension
was ultrasonically dispersed using 1 g in 5 mL of deionized water. Oriented mounts (air
dried, ethylene glycol solvated and 550 ◦C heated) were analysed by using a Bruker D8
Advance diffractometer with an anticathode Cu-Kα at 40 kV and 30 mA, equipped with a
fixed divergence slit (0.15◦ size). The samples were investigated from 2◦ to 35◦ 2θ with a
step size of 0.02◦ 2θ and a scan rate of 2 s per step.

Fourier Transform Infrared (FTIR) spectra were obtained in the middle-IR region (4000–
400 cm−1) by using a Nicolet iS50 with a DTGS KBr detector (resolution 4 cm−1, 32 scans)
on KBr-pressed discs in transmission technique. The atmosphere was continuously purged
from water and atmospheric CO2. Two milligrams of powdered air-dried sample were
dispersed in 200 mg of KBr and pressed into a clear disc.

Scanning electron microscopy (SEM). A JEOL JSM-820 SEM microscope coupled with
a X Oxford ISIS Link energy dispersive X-ray energy spectrometer (XEDS). Prior to the
analysis, the samples were dried at 40–60 ◦C in an oven overnight, and then subjected to
gold metallization by applying 5 × 10−2 Torr vacuum and a gold coating of 300 to 400 Å
thickness, using a BALZERS SCD 004 sputter coater. The composition of dioctahedral smec-
tites and illites was calculated using the structural formula method according to [27,28],
on the basis of 11 oxygen atoms equivalent per half unit cell (e.phuc−1), tetrahedral oc-
cupation by 4.0 cations (IVSi + VIAl), octahedral occupation by 2 cations, and complete
oxygen/hydroxyl framework of O10(OH)2. For chlorites [ . . . O10(OH)2-1H2O] and kaolin-
ites [ . . . O5(OH)4-1H2O], 14 and 7 oxygen atoms e.phuc−1 were used, respectively.

XPS. X-ray photoelectron spectroscopy (XPS) data were recorded using a Phoibos-
150 electron analyser (SPECS) under a pressure lower than 2 × 10−9 mbar using Al Kα

radiation. The wide scan spectra and the narrow (high resolution) spectra were recorded
using a constant pass energy of 100 and 20 eV, respectively. The binding energy (BE) scale
was referenced to the BE of the main C-C contribution (284.6 eV) of the C 1s spectrum
corresponding to the adventitious contamination layer. All of the spectra were computer-
fitted using pseudo-Voight line profiles and the CASAXPS software. Relative atomic
concentrations were calculated by peak integration after background subtraction using the
Shirley method and the atomic sensitivity factors tabulated by Wagner [29].

Mössbauer spectroscopy. 57Fe Mössbauer spectroscopy data were recorded at room
temperature (300 K) in transmission mode using a conventional constant acceleration spec-
trometer and a 57Co (Rh) source. Absorbers were prepared to have an effective thickness of
about 5–10 mg of natural iron per square centimetre. The velocity scale was calibrated using
a 6 μm-thick natural iron foil. All the spectra were computer-fitted using Lorentzian lines
and the isomer shifts were referred to the centroid of the α-Fe sextet at room temperature.

2.3.3. Geochemical Analysis of Solid Samples

X-ray Fluorescence
The major elements (SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2, P2O5

and SO3 in %) were analysed by using an Axios X-ray Fluorescence (XRF) spectrometer
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from Panalytical equipped with a rhodium X-ray tube (stimulation power: 1 KW). The
dissolution or decomposition of the samples into a homogeneous glass was obtained by
fusion, which consisted of heating a mixture of the sample (0.8 g) and a flux of 7.2 g of
Li2B4O7 at high temperatures (800 to 1000 ◦C). The end-product after cooling was a one-
phase glass. The whole material was melted stepwise in a platinum crucible at a smelting
apparatus. After this procedure, the melt was transferred into a platinum jacket and cooled.
The loss of ignition was determined separately by oven-drying the dried sample at 1025 ◦C
for 3 h.

Chemical Total Carbon and Total Sulfur
Total carbon, total sulfur and total inorganic carbon were determined on 0.2 g of

powdered solid samples by means of a LECO CS-244 analyser by combustion. The total
inorganic carbon (TIC) content was obtained with a TOC-VCSH analyser (SHIMADZU,
Shimadzu Scientific Instruments, Kyoto, Japan) equipped with an SSM-5000A module. The
presence of organic carbon was evaluated by the difference between TC and TIC.

Chemical Fe(II)-Fetotal in the Samples
Fe(III) and Fe(II) were leached from the samples by using a modification of the proce-

dure described in [30] and analysed by the 1,10 phenanthroline spectrophotometric method.
To a finely ground sample of 0.1–0.2 g, 1 g of NH4HF2 and 10 mL of 1:1 H2SO4 were
added in 40 mL high-density polyethylene (HDPE) tubes. The tubes were closed and
heated to 90 ◦C for 60 min in a shaking water bath. After this extraction process, the tubes
were allowed to cool to room temperature. The contents were transferred to 50–100 mL
volumetric flasks and made up to volume with MilliQ water. The phenanthroline method
was used for the determination of Fe(II).

2.3.4. Physico-Chemical Characterization

Cation Exchange Capacity
Total CEC was measured with 0.01 M copper triethylenetetramine, Cu-Trien or

[Cu(Trien)]2+, solution [31]. In this process, 200 mg of an air-dried clay sample was weighed
in 60 mL centrifuge tubes. Then, 25 mL of deionized water was added, and the suspension
was dispersed by ultrasonic treatment for 5 min. Then, 10 mL of 0.01 M [Cu(Trien)]2+

was added and allowed to react by end-over-end shaking for 1 h. The suspensions were
centrifuged at a constant rotation speed of 11,000 rpm for 30 min. Then, 3 mL of the clear
blue solution (filtered through 0.2 μm pore size syringe filter) was filled into 1 cm optical
glass cuvettes and the absorbance of the solution was measured at 578 nm wavelength
by using a Orion Aquamate 8000 spectrophotometer. The analyses were performed in
duplicate, with the standard deviation of the measurement being ±2 meq/100 g.

Cation Exchange Population
Cation exchange population was determined by using Cs as the index displacing

cation [32]. Solid air-dried samples were equilibrated at a 1:4 solid to liquid ratio (0.25 kg/L)
with 0.5 M CsNO3 at pH 8.2 inside a JACOMEX glove box (<1 ppm O2). After phase
separation by centrifugation (11,000 rpm, 30 min., outside the glove box), the supernatant
solutions were filtered through 0.2 μm pore size syringe filter (inside the anoxic glove box),
and the concentration of the major and trace cations was analysed. Sodium and calcium
contents were corrected with respect to soluble salts from pore water.

BET External and Total Surface Area
Nitrogen adsorption/desorption isotherms were obtained by using a Micromeritics

ASAP 2020 V3.02 H sorptometer. Around 0.5 g of the total sample were dried at 90 ◦C for at
least 24 h before the tests. Prior to the nitrogen adsorption, the samples were outgassed by
heating at 90 ◦C for 18 h using a mixture of helium and nitrogen under a residual vacuum
between 6 and 10 μmHg. External surface areas, corresponding to both the external faces
and the edges of the smectite particles, since in the adsorption of non-polar molecules,
the layered structure remains closed, were calculated using the standard N2-BET method,
using a series of data points over the P/P0 range of 0.02 to 0.25 on the nitrogen adsorption
isotherm [33].
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In contrast to nitrogen, which is only adsorbed at the external surface of the stacks of
the smectite layers, water molecules can be adsorbed onto the whole surface, including
both the internal (interlayer) and external surfaces of the clay minerals. Thus, in order to
obtain the total specific surface area (SA), water vapour gravimetric adsorption measure-
ments were performed by Keeling´s hygroscopic method [34] by storing the samples at a
constant 75% relative humidity atmosphere in a chamber over-saturated in NaCl solution
for 1 month. Prior to the tests, the samples were dried at 110 ◦C for 24 h. The weight
changes of the samples as a result of the adsorbed amount of water were measured and
related to the total surface area, SA.

Soluble Salts by Aqueous Leaching
Aqueous extract solutions were used for analysing the soluble salts and ion inventories.

The crushed subsamples were placed in contact with deionised and degassed water at
a 1:4 solid to liquid ratio, shaken end-over-end and allowed to react for one day under
anoxic conditions inside an anoxic glove box. After phase separation by centrifugation
(30 min at 11,000 rpm), the supernatant solutions were filtered through a 0.2 μm pore-size
syringe filter (inside the anoxic glove box) and analysed. Aqueous leaching conditions were
selected to suppress mineral oxidation, by working in an oxygen-free atmosphere, and to
avoid large modifications of cation concentration at exchange sites by carbonate dissolution,
which affects the cation distribution in the aqueous extract solution. All the tests were
performed for one day, since a carbonate equilibrium in bentonites usually requires more
than six days (e.g., [24,35]).

2.3.5. Pore Water Chemistry

The pore water of the bentonite samples was obtained by means of the squeezing
technique at high pressures [36–38]. Squeezing is analogous to the natural process of
consolidation, caused by the deposition of material in geological time, but at a greatly
accelerated rate. The squeezing process involves the expulsion of interstitial fluid from the
saturated clayey material being compressed [39].

At CIEMAT, the squeezing rig is similar to that developed by [39,40]. The squeezer was
designed to allow a one-dimensional compression of the sample by means of an automatic
hydraulic ram operating downwards, the squeezed water being expelled from the top and
bottom of the cell into a vacuum vial (Figure 4). The compaction chamber is made of type
AISI 329 stainless steel (due to its high tensile strength and resistance to corrosion) with an
internal diameter of 70 mm. The compaction chamber is 250 mm high with 20 mm wall
thickness and allows pressures up to 100 MPa.

 

Figure 4. Squeezing technique for collecting the pore water from bentonite blocks.
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The filtration system allows the extraction of interstitial water by drainage at the top
and at the bottom of the sample. This system comprises a 0.5 μm stainless steel AISI 316L
porous disk (Cr 17.36%, Ni 11.4%, Mo 2.15%, Si 0.94%, Mn 0.17%, C 0.027%, S 0.011%, P
0.022%, Fe 66.92%) in contact with the sample. The liquid is collected through stainless steel
tubes (1/16 inch) in a vacuum vial sealed by a septum. The whole system remains under
ambient conditions (room temperature of about 22–25 ◦C). However, a sampling circuit
was designed for collecting the water at anoxic conditions (Figure 4). At the beginning of
the test, the squeezing cell and all the sampling tubing and vials were closed to ambient
conditions. Then, several Ar-flushing and vacuum cycles were performed, keeping the
system under anoxic conditions.

The bentonite samples for squeezing were prepared using a knife to remove the
outer part in order to discard possible contaminated material. The sample was cut into a
cylindrical shape, weighed and placed into the body of the cell. A small stress of 1 to 5 MPa
was initially applied to remove most of the atmospheric gas from the cell and allow the
sample to bed in. After applying two additional Ar-flushing and vacuum cycles to the
sampling circuit, the stress was progressively increased up to the selected pressure, rather
than in a single step. This avoids overconsolidation or collapse of the clay-pore system.
When the maximum amount of squeezed water was obtained for a given pressure, the
vial was removed, keeping the sample away from any contact with the atmosphere. The
water sample collected was weighed and immediately analysed. The bentonite mass was
also weighed, and the final water content and dry density were determined. During the
squeezing test, the evolution of the pressure, axial strain and changes in the length of the
sample due to consolidation were recorded over time by using a data acquisition system.
The chemical analysis of the water samples was performed with the methods described in
Section 2.3.6.

2.3.6. Water Chemical Analyses

The water samples were filtered through 0.2 μm syringe filters, except those for
pH and electrical conductivity (EC) measurements. The pH was measured by means
of an ORION 720A pH-meter equipped with a Metrohm 6.0224.100 combined pH micro-
electrode. The total alkalinity of the water samples was determined by using a Metrohm 888
Titrando equipment (5 mL burette and a 6.0224.100 Metrohm combined pH micro-electrode),
with a specific dynamic equivalence point titration (DET) method. The major and trace
cations, including silica, were analysed by means of inductively coupled plasma optical
emission spectrometry (ICP-OES) in an Agilent 5900 synchronous vertical dual view (SVDV)
spectrometer. Sodium and potassium were determined by atomic absorption spectrometry
in an Agilent AA 240 FS spectrometer. Anions were analysed by ion chromatography by
using a Dionex ICS-2000 equipment.

3. Results

3.1. Physical Properties

The characteristics of the bentonite blocks at initial conditions before the in situ ex-
periment are given in Tables 3 and 4. The initial water content is between 10.6 and 17.2%,
the dry density is between 1.80 and 1.93 g/cm3 and the degree of saturation is between
67 and 84%. After 4.4 years of artificial hydration and heating, the samples increased their
water content up to ~30 ± 2%, showing lower values closer to the heater contact. The
dry density decreased up to ~1.52 ± 0.05 g/cm3, with a tendency to increase closer to the
heater contact (Table 4). It is interesting to note that although complete saturation was
achieved, the degree of saturation increased from the top to the bottom of the bentonite
package (from 93 to 100% of saturation), as described in [8], probably due to gravity, the
highest temperatures in the central part, and the steam–bentonite interactions at the top of
the bentonite package (Figure 2).
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Table 4. Physical properties of bentonite blocks analysed (see locations in Figure 3).

Subsample
Distance to
Heater (cm)

Water
Content w.c.

(%)

Grain
Density
(g/cm3) 1

Dry Density
(g/cm3)

Porosity
(%)

Degree of
Saturation

(%)

Asha Block 28 granite (G) 8.33 30.3 2.869 1.49 0.48 93
Asha Block 28 central (M) 5.00 29.9 2.869 1.49 0.48 92

FEBEX Block 25 granite (G) 8.33 28.1 2.735 1.51 0.45 94
FEBEX Block 25 central (M) 5.00 27.8 2.735 1.51 0.45 94
Rokle Block 14 granite (G) 8.33 29.9 2.940 1.63 0.45 109
Rokle Block 14 central (M) 5.00 28.2 2.940 1.58 0.46 96
IBECO Block 11 granite (G) 8.33 33.1 2.753 1.44 0.48 100
IBECO Block 11 heater (H) 1.67 30.9 2.753 1.56 0.43 112
MX-80 Block 1 granite (G) 8.33 32.5 2.735 1.46 0.47 102
MX-80 Block 1 heater (H) 1.67 29.8 2.735 1.52 0.45 101

1 [5].

3.2. Mineralogy
3.2.1. XRD Analysis

The random powder patterns of the samples analysed show the strongest (001) reflec-
tion of smectite located at ~14–15Å indicative of a two-layer hydrate Ca-Mg-Montmorillonite
(Figure S1 from Supplementary Data, Figure 5). This is due to the saline Na-Ca-Cl-
groundwater/bentonite interactions which provoked cation exchange reactions. Na-
bentonites (MX-80 and Asha 505) have changed the character of the smectite particles
acquiring a Ca-character, shifting d(001) values from 12 Å to 15 Å. In turn, the initial
Ca-bentonites (FEBEX, IBECO, Rokle) reveal two populations of water-hydrated mont-
morillonite clay particles, increasing the one-layer hydrate Na-montmorillonite compo-
nent (~12 Å). None of the bentonites showed significant indication of any smectite loss
or transformation.

d(006) XRD reflexion was centred at 1.49-150 Å both in reference and retrieved sam-
ples, with no changes being observed even in the samples located at the heater contact
(Figure 5). This indicates that the presence of neoformed trioctahedral smectites (saponite),
appearing at 60–61◦ 2θ, can be ruled out after the experiment, in contrast to former ABM
experiments [5,6,41] or in other in situ experiments, such as the FEBEX in situ test [42].

XRD analyses of oriented aggregates were performed to verify possible changes in clay
mineral particles, increasing Ilt/Sme interstratified and/or mixed-layered clay minerals
after the high-temperature heating experiment. However, no significant differences are
observed in the oriented aggregates (Figure 6, Figure S2 from Supplementary Material).
The dioctahedral smectites preserve their expandability (i.e., no illitization), according to
the (001) reflexion around 17 Å in the EG XRD pattern for all samples, which indicates
complete expansion of the interlayer sites. Kaolinite was present in the reference sample of
Asha 505 bentonite, and it is not a neoformed clay mineral.

Regarding other accessory mineral phases (Figure S1 from Supplementary Material
and Figure 5), Asha 505 bentonite block 28 showed the highest mineralogical differences
in the sample at contact with the heater interface, in which gypsum, Na-clinoptilolite and
an increase in calcite and Fe-oxides (goethite, hematite) were observed. FEBEX bentonite
block 25 shows an increase in calcite, feldspars and the presence of gothite (Figure S1).
Rokle bentonite block 14 increased the amount of goethite, hematite, calcite, dolomite and
the presence of siderite. IBECO bentonite block 11 showed similar patterns to the original
bentonite sample, except for the absence of calcite. MX-80 bentonite block 1 shows increased
amounts of calcite, gypsum, goethite and hematite and the presence of monohydrocalcite,
siderite and pyrite.
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Figure 5. XRD patterns of bulk samples from ABM5 experiment. Symbols according to [43]. Sme:
smectite, Ilt/Ms: illite/muscovite, Cpt-Na: Clinoptilolite, Gp: Gypsum, Tot. Phyll: total phyllosili-
cates, Crs: cristobalite, Cal: calcite, MhCal: monohydrocalcite, Qz: quartz, K-Fsp: potassium feldspar,
Pl: Plagioclase, Dol: dolomite, Gth: goethite, Hem: hematite.

 

Figure 6. XRD patterns of oriented aggregate samples (after ethylene glycol treatment).
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3.2.2. FTIR Analysis

The bentonite samples were also analysed by FTIR for acquiring information on
possible changes in the smectite structure, chemical composition and surface properties
due to chemical modifications, as well as to investigate mineral neoformations.

The spectra from the bulk samples of different bentonite blocks are shown in
Figures 7 and 8. All spectra include the main typical dioctahedral smectite bands
(Table S2 from Supplementary Material). The spectra show a band at 3627 cm−1 which
corresponds to the typical OH stretching region of structural hydroxyl groups for diocta-
hedral smectites with Al-rich octahedral sheets. These are inner hydroxyl groups lying
between the tetrahedral and octahedral sheets. The broad band near 3426 cm−1 is due
to stretching H-O-H vibrations of adsorbed water, while the band at 1642 cm−1 corre-
sponds to the OH deformation or bending adsorption of water. However, additional bands
around 3697 cm−1 indicate the presence of kaolinite in the Asha 505 and Rokle samples,
initially present in the raw samples. If the Si-O absorptions and OH bending bands in the
1300–400 cm−1 range are examined, only one broad, complex Si-O stretching vibration band
at around 1030 cm−1 is seen, which is typical of dioctahedral montmorillonite. In this range,
the occupancy of the octahedral sheet can be distinguished due to each cation strongly
influencing the position of the OH bending bands, which arise from vibrations of the inner
and surface OH groups. In all samples, the presence of a peak at 915 cm−1 (δAlAlOH) is
observed, which is typical of dioctahedral smectites. All samples from bentonites Febex,
Ibeco and MX-80 show a band at ~840 cm−1 (δAlMgOH), indicating a partial substitution
of octahedral Al by Mg. Asha 505, Rokle and MX-80 samples reflect an additional partial
substitution of aluminium by iron (δAlFeOH), with the band at 874-885 cm−1. However, the
Fe substitution is much higher in Asha 505 samples due to the decrease in the δAlMgOH
peak and the increase in the δAlFeOH peak. The adsorption band at 622 cm−1 can be
attributed to a R-O-Si vibrations (R = Al, Fe, Mg) in smectites and indicates a perpendicular
vibration of the octahedral cations and their connection to the tetrahedral sheet. The bands
at 520 cm−1 and 466 cm−1 correspond to Si-O-Al vibration of aluminium in the tetrahedral
sheet and Si-O-Si bending vibrations, respectively. All samples show the weak band at
798 cm−1 caused by the Si-O stretching of quartz. Calcite (~1426 cm−1) is observed in Asha
505, Rokle, Ibeco and MX-80 samples. However, this peak disappears in all the analysed
retrieved samples from the Ibeco bentonite block 11, as seen in XDR patterns, indicating a
high mineral dissolution process in this part of the bentonite package. No other alterations
are observed between the initial and retrieved samples from the bentonite blocks analysed.

 

Figure 7. Cont.
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Figure 7. FTIR spectra from samples taken from the ABM5 experiment: Asha 505 block 28 Febex
block 25 and Rokle Block 14.
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Figure 8. FTIR spectra from samples taken from the ABM5 experiment: Ibeco block 11 and MX-80
Block 1.

3.2.3. SEM Analysis

Bentonite samples in contact with the heater were analysed by SEM. All of them
showed Fe-hydro/oxides indicating the presence of corrosion products near the heater.
Barite was found in FEBEX and Rokle samples and pyrite (FeS2) and sphalerite (ZnS) in
MX-80 samples. All the samples contained organic carbon in some parts (Asha 505, FEBEX,
Ibeco). Microorganisms of fungi type (hyphae form) found in FEBEX, Rokle, and Ibeco
samples (see OM in Figure 9) may have formed after dismantling during storage due to the
high water content of the samples.
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Figure 9. SEM photomicrographs from different bentonites in direct contact with the heater
(Sme: esmectite, Ilt/Ms: illite/muscovite, Qz: quartz, ZnS: sphalerite, Fe-ox: Fe-oxyhydroxides,
OM: organic matter (hyphae), Py: pyrite, KFds: potassium feldspars).

The microstructure and composition of the clay mineral particles from samples at
contact with the heater contact were analysed by SEM-EDX. The SEM photomicrographs
and the crystallochemical formula of the smectite clay minerals analysed are shown in
Figure 9 and Table 5. The structure of the clay mineral particles remains intact, showing a
porous honeycomb microstructure, following similar patterns observed in original samples
prior to the hydration-heating treatment (see Sme particles in Figure 9). The clay mineral
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particles analysed belong to the same chemical composition domain of the smectite clay
mineral from the reference samples. However, some particles deviate from the reference
crystallochemical structure, the most significant changes being related to changes in the
cation composition in tetrahedral sheets, decreasing tetrahedral silicon, increasing tetrahe-
dral charge and total charge of the smectite clay particles. This is true for all samples except
for the Rokle bentonite samples, in which the excess of charge is located in tetrahedral
sheets originally, and after treatment, there is an increase in the octahedral charge, losing
octahedral Al. Fe and Mg content increased in the octahedral sheets, but variations are
not significant.

Table 5. Structural formula of clay particles analysed in reference samples and close to the heater
contact (h.u.c: half unit cell, p.f.u: per full unit cell, τ charge: tetrahedral charge, O. charge:
octahedral charge).

Sample Structural Formula
Layer Charge

(eq/h.u.c.)
Σtet Σoct

τ
Charge

(%)

O.
Charge

(%)

Weight (g/mol)
p.f.u.

Asha 505 Ref. (Si3.81Al0.19)IV (Al1.28Fe3+
0.48Mg0.24)VI

O10(OH)2 (Ca0.12Na0.21)0.32
0.43 4.0 2.00 44 56 764.87

Asha 505 Block 28

(Si3.81Al0.19)IV (Al1.10Fe3+
0.74Mg0.16Ti4+

0.01)VI

O10(OH)2 (Ca0.12Na0.05K0.05)0.33
0.33 4.0 2.01 59 41 778.21

(Si3.84Al0.16)IV (Al1.43Fe3+
0.32Mg0.23)VI

O10(OH)2 (Ca0.17Na0.10K0.02)0.29
0.46 4.0 1.98 36 64 756.05

(Si3.78Al0.22)IV (Al1.17Fe3+
0.60Mg0.19Ti4+

0.01)VI

O10(OH)2 (Ca0.17Na0.10K0.02)0.29
0.48 4.0 1.97 46 54 772.63

(Si3.62Al0.68)IV (Al0.81Fe3+
0.98Mg0.24Ti4+

0.004)VI

O10(OH)2 (Ca0.22Na0.05K0.03)0.29
0.51 4.0 2.04 75 25 798.99

(Si3.83Al0.17)IV (Al1.38Fe3+
0.35Mg0.27Ti4+

0.03)VI

O10(OH)2 (Ca0.13Na0.08K0.001)0.21
0.34 4.0 2.02 50 50 755.41

FEBEX Ref. (Si3.96Al0.04)IV (Al1.49Fe3+
0.13Mg0.38)VI

O10(OH)2 (Mg0.10Na0.20K0.03)0.32
0.42 4.0 2.00 10 90 742.12

FEBEX Block 25
(Si3.96Al0.04)IV (Al1.44Fe3+

0.12Mg0.43Ti4+
0.01)VI

O10(OH)2 (Ca0.15Na0.13K0.05)0.32
0.47 4.0 2.00 9 91 746.71

(Si3.72Al0.28)IV (Al1.32Fe3+
0.39Mg0.26Ti4+

0.05)VI

O10(OH)2 (Ca0.15Na0.11K0.03)0.29
0.44 4.0 2.02 63 37 763.51

Rokle Ref. (Si3.75Al0.25)IV(Al1.19Fe3+
0.67Mg0.15Ti4+

0.02Mn2+
0.01)VI

O10(OH)2 (Ca0.03Na0.14K0.07)0.24
0.27 4.0 2.04 93 7 776.00

Rokle Block 14
(Si3.89Al0.11)IV (Al0.98Fe3+

0.65Mg0.15Ti4+
0.08)VI

O10(OH)2 (Ca0.14Na0.04K0.08)0.26
0.40 4.0 1.96 27 73 777.36

(Si3.90Al0.10)IV (Al0.98Fe3+
0.60Mg0.34Ti4+

0.06)VI

O10(OH)2 (Ca0.17Na0.03K0.10)0.30
0.47 4.0 1.97 21 79 776.70

IBECO Ref. (Si3.96Al0.04)IV (Al1.48Fe3+
0.20Mg0.37Ti4+

0.01)VI

O10(OH)2 (Ca0.04Na0.09K0.02)0.15
0.20 4.0 2.07 18 82 743.37

IBECO Block 11 (Si4.0)IV (Al1.44Fe3+
0.12Mg0.39Ti4+

0.04)VI

O10(OH)2 (Ca0.08Na0.18K0.05)0.32
0.40 4.0 1.99 1 99 745.27

MX-80 Ref. (Si4.00)IV (Al1.51 Fe3+
0.22Ti0.01Mg0.24)VI

O10 (OH)2 (Ca0.06Na0.15K0.01)
0.29 4.00 1.98 0 100 744.34

MX-80 Block 1
(Si3.77Al0.23)IV (Al1.20Fe3+

0.60Mg0.17Ti4+
0.02)VI

O10(OH)2 (Ca0.18Na0.04K0.03)0.26
0.44 4.0 1.98 53 47 772.58

(Si3.92Al0.08)IV (Al1.65Fe3+
0.14Mg0.26)VI

O10(OH)2 (Ca0.05Na0.06K0.01)0.12
0.17 4.0 2.06 48 52 738.05

3.2.4. XPS and Mössbauer Analysis

For analysing the Fe distribution and speciation inside the bentonite block after
the in situ test, Rokle bentonite was selected due to its high Fe content.
Figure S3 from the Supplementary Material shows the wide scan XPS spectra recorded
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from a representative Rokle retrieved sample. The rest of the samples gave very similar
spectra. Table 6 collects the atomic percentages obtained from the quantification of such
spectra. The atomic concentrations show only minute variations from sample to sam-
ple which are within the error of the experimental determination. We must recall that
XPS is a surface sensitive technique and, therefore, the quantitative analysis refers to the
composition within the characteristic XPS depth probe, which is around 3–5 nm.

Table 6. Surface atomic concentrations calculated from the wide scan XPS spectra (in wt.%).

Sample Fe O Ti Ca Mg C Si Al

Reference 3.3 52.2 0.7 1.5 3.3 15.4 20.5 3.1
6G 4.4 56.6 0.8 1.3 2.9 11.5 19.5 3.0
5M 4.0 54.7 0.5 1.3 3.2 14.5 15.8 6.0
4H 3.3 53.7 0.9 1.3 3.2 14.8 18.7 4.0

In order to gain insight on the surface chemical states of iron and oxygen, high-
resolution spectra were recorded in the Fe 2p and O 1s spectral regions. The spectra were
computer-fitted using previous models [44] and the results are presented in Figure 10.
The Fe 2p spectra are all very similar. They are composed of an intense main spin orbit
doublet (BE Fe 2p3/2 = 712.3 eV; BE Fe 2p1/2 = 726.5 eV) and secondary structure: two
small shake-up satellites at 722.3 eV and 735.5 eV and a multiplet splitting component at
717.6 eV. These binding energies values and spectral features are all compatible with the
presence of Fe3+. It is difficult, based on these spectra, to ascertain if there is any small Fe2+

contribution. As it can be observed in Figure S4 of the Supplementary Information, it is
very complicated to separate, in an XPS spectrum, small concentrations of Fe2+ from the
majority presence of Fe3+ and vice versa.

The O 1s spectra showed in all the cases four different contributions located at 529.7 eV,
531.5 eV, 532.7 eV and 534.7 eV, which correspond to metal-O bonds, Al-O bonds, Si-O
bonds and organic carbon/adsorbed water, respectively [45–48]. The spectra show only
small differences, except for the increase in intensity of the contribution at 532.7 eV over
the course of the series. Although this component is mainly due to Si-O bonds, other
contributions due to oxygen-containing functional organic groups or chemi-/physi-sorbed
water cannot be discarded either.

Although XPS is a useful technique to determine oxidation states, it lacks the speci-
ficity of other techniques, such as Mössbauer spectroscopy, to characterize iron com-
pounds. Hence, 57Fe Mössbauer spectroscopy was employed to study the speciation
of the Rokle samples. Figure 11 shows the room temperature Mössbauer spectra recorded
from these materials.

All the Mössbauer spectra were fitted using six different components whose relative
areas varied from sample to sample. Whilst the reference samples, 6G (at granite contact)
and 5M (at middle bentonite block), gave spectra showing the same contributions in
different proportions, the sample 4H close to the heater contact gave a quite different
spectrum, showing an additional contribution which was not present in the spectra of the
other three. Table 7 collects the hyperfine parameters of the different spectral components
and Table 8 shows the relative areas of the components obtained from the fit of the spectra.
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Figure 10. XPS narrow scan Fe 2p and O 1s spectra recorded from the Rokle samples: reference,
4H: close to heater interface, 5M: middle, and 6G: close to granite interface; i.e., at 1.67 cm, 5.00 cm
and 8.33 cm from the heater contact, respectively.
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Figure 11. Room temperature 57Fe Mössbauer spectra recorded from the Rokle samples: reference,
4H: close to heater interface, 5M: middle, and 6G: close to granite interface; i.e., at 1.67 cm, 5.00 cm
and 8.33 cm from the heater contact, respectively.

Table 7. Hyperfine parameters obtained from the fit of the spectra presented in Figure 12.

Hyperfine Parameter D1 D2 D3 S1 S2 S3 S4

δ (mms−1) 0.36 0.38 1.03 0.37 0.33 0.35 0.37
Δ/2ε (mms−1) 0.44 0.81 2.41 −0.15 −0.14 −0.20 −0.20

H (T) 27.4 20.1 51.0 47.6

δ, isomer shift; Δ, quadrupole splitting, aplies to doublets; 2ε, quadrupole shift, apllies to sextets; H, hyperfine
magnetic field.

Table 8. Relative areas obtained from the fit of the spectra presented in Figure 12.

Area (%)
Distance to

Heater
(cm)

D1
Fe3+ Oh

D2
Fe3+ Oh

D3
Fe2+

S1
α-FeOOH

S2
α-FeOOH

S3
α-Fe2O3

S4
α-Fe2O3

like

Reference 41 29 3 16 7 5
6G 8.33 37 24 2 25 7 5
5M 5.00 37 21 3 29 5 5
4H 1.67 30 23 4 20 12 21
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Figure 12. Chemical composition of the solid phase (total fraction) prior to and after the dismantling
of the ABM5 experiment as a function of the heater distance (1.70 (H), 5.00 (M) and 8.30 (G) cm).
Arrows: variations of content (↑: increases or ↓: decreases).

The spectra of the four samples were dominated by an intense central paramagnetic
component which was best-fitted to two different quadrupole doublets (D1 and D2). The
hyperfine parameters of these doublets (Table 7) are characteristic of high spin Fe3+ in
octahedral oxygen coordination [49]. Since for a high spin Fe3+ ion (having a half filled 3d5

spherically symmetric configuration) the electric field gradient depends only on the lattice
charge distribution, a larger quadrupole splitting, Δ, implies a larger distortion from the
perfectly symmetrical octahedral coordination [50]. Thus, D1 corresponds to a situation
where the Fe3+ is in a lesser distorted octahedral configuration than that represented by
doublet D2. These types of quadrupole doublets are very common in the Mössbauer
spectra of bentonites. Sometimes they have been interpreted in terms of cis and trans
configurations, associated with the lower and higher Δ, respectively [51–53], although
some other interpretations consider only that the different Δ values result from different
geometrical distortions of the coordination polyhedra and/or the existence of different
ligands beyond the first coordination shell [54–56]. The highest paramagnetic contribution
corresponds to the reference sample while the smallest occurs in the 4H sample (close to
heater contact).

Apart from these two Fe3+ doublets, all the spectra contain a tiny Fe2+ doublet, ac-
counting for 3–4% of the total spectral area. Because of its small intensity and the many
overlapping components, its Mössbauer parameters were best determined by recording
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spectra in a lower range of velocities (Figure S4 from Supplementary Material). As shown in
Table 7, these Mössbauer parameters (D3) are compatible with an octahedral high spin Fe2+

species [49]. The spectra recorded from the reference samples 6G and 5M contain a broad
magnetic component which was fitted to two broad sextets, S1 and S2. The Mössbauer
parameters of these sextets are compatible with microcrystalline goethite [57]. The occur-
rence of two different goethite sextets might be due to goethite fractions having different
particle size or Al substitution. These goethite contributions increase in the order reference
< 6G < 5M. The spectra also show a low intensity (around 5%) magnetic sextet, S3, with
parameters typical of hematite [57,58].

As mentioned above, however, the spectrum recorded from the sample 4H located
close to the heater contact is quite different. Although the nature of the central paramagnetic
region appears to be the same as in the rest of the samples, it contains a much more intense
and defined magnetic component characterized by larger hyperfine magnetic fields. This
component was fitted to two different sextets, S3 and S4. Sextet S3 is typical of hematite
and S4 probably corresponds to a defective hematite phase (“hematite-like phase”) [59].
This sample still contains a noticeable goethite concentration. It is well-known that the
dehydration of goethite may result in the formation of hematite [60,61]. Therefore, it seems
plausible that this sample, which has been collected close to the heater, contains hematite
as a consequence of the loss of OH groups in goethite brought about by the local heating.
In addition, these species, or at least a fraction of them, may result from a high-temperature
corrosion process occurring at the C-steel heater surface. This sample also contains Fe2+. In
fact, it is in this sample that it can be observed more clearly due to the lower concentration of
goethite whose spectrum overlaps strongly with the Fe2+ doublet. This result indicates that
heating does not affect the Fe2+ species, probably because it is comfortably sited within the
clay mineral structure and is thus difficult to oxidize or cause a slight increase in Fe2+ within
the smectite structure. The presence of magnetite is discarded in all samples analysed.

3.3. Geochemistry of the Solid Samples

The geochemical analysis of the main elements in the total fraction of the bentonite
material was performed by means of: (a) XRF, (b) combustion (total carbon and sulfur
content), and (c) Fe(II)/Fe(III) speciation analysed via NH4HF2-H2SO4 leaching tests.

The main changes observed in all the samples are related to iron content,
which increased in all samples with respect their reference values (Figure 12 and
Tables S3–S4 from Supplementary Material), although other variations are observed. In all
of the Ca/Mg-bentonites (Febex and Ibeco), the calcium content slightly decreased, increas-
ing sodium, potassium and strontium contents. However, in all of the Na-bentonites (Asha
505 and MX-80), sodium content decreased, increasing calcium, potassium and strontium
content. This seems to indicate a tendency to equilibrate the composition at interlayer
sites in all type of bentonites, with a predominance of bivalent cations (see Section 3.4).
In addition, those bentonites with an initial higher iron content (Asha 505, Rokle and
MX-80) are able to acquire more iron in their structure than those having an initial lower
iron content (Figure 12). On the other hand, although the amount of Fe(II) is low with
respect to total Fe, Fe(II) content increased in samples close to the heater (Figure 13,
Table S5 from Supplementary Material). Variations in the Mg content at exchange sites are
less significant in comparison to sodium and calcium, but there is a tendency to increase in
the samples with a higher initial Fe content.
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Figure 13. Iron content in the solid samples prior to and after the dismantling of the ABM5 experiment:
Fe(II), Fe(III) and total Fe.

Regarding carbon and sulfur contents (Table 9), no significant differences are observed,
except for the presence of organic matter in the MX-80 bentonite block 1, but the values are
lower than in the reference value.

Table 9. Total carbon, total sulfur, total surface area (SA) and BET surface area obtained after the
dismantling of ABM5.

Sample
Distance
to Heater

(cm)

Water
Content

(%) 1

CTotal

(wt.%)
CInorg.

(wt.%)
COrg.

(wt.%)
STotal

(wt.%)
Total SA

(m2/g)
SBET

(m2/g)
CEC

(meq/100 g)

Asha 505 Ref. 2 13.1 0.03 0.02 0.01 0.02 88.6
Asha B28 G 8.3 16.8 0.10 <0.1 <0.1 <0.1 585 65.41 85.8
Asha B28 M 5.0 17.6 0.16 <0.1 <0.1 <0.1 574 55.99 83.9
Asha B28 H 1.7 13.4 0.19 <0.1 <0.1 <0.1 584 61.49 81.3
FEBEX Ref. 14.3 0.12 0.08 0.04 <0.05 628 ± 4 59.2 ± 5 98.1
Febex B25 G 8.3 13.8 0.08 <0.1 <0.1 <0.1 640 38.01 97.6
Febex B25 M 5.0 13.3 0.09 <0.1 <0.1 <0.1 627 45.76 96.5
Febex B25 H 1.7 13.2 0.05 <0.1 <0.1 <0.1 622 36.20 93.1

Rokle Ref. 17.2 0.27 0.10 0.17 0.02 573 ± 5 82.8 ± 0.3 73.8
Rokle B14 G 8.3 8.6 0.26 <0.1 <0.1 <0.1 538 66.90 73.1
Rokle B14 M 5.0 8.9 0.22 <0.1 <0.1 <0.1 549 64.09 73.0
Rokle B14 H 1.7 8.1 0.21 <0.1 <0.1 <0.1 517 58.70 70.3

Ibeco Ref. 14.7 0.79 0.62 0.17 0.23 611 ± 2 57.4 ± 0.4 90.2
Ibeco B11 G 8.75 13.1 0.13 <0.1 <0.1 <0.1 706 49.75 97.1
Ibeco B11 3 6.25 13.1 0.13 <0.1 <0.1 <0.1 688 48.98 97.9
Ibeco B11 2 3.75 13.6 0.15 <0.1 <0.1 <0.1 660 45.04 88.6
Ibeco B11 H 1.25 13.6 0.10 <0.1 <0.1 <0.1 680 51.71 95.0
MX-80 Ref. 10.6 0.28 0.08 0.20 0.24 481 ± 1 29.7 ± 0.2 83.6
MX 80 B1 G 8.3 11.6 0.27 0.16 0.11 0.16 523 21.72 84.1
MX 80 B1 M 5.0 11.6 0.29 0.22 0.07 0.22 542 18.91 87.6
MX 80 B1 H 1.7 11.4 0.24 0.22 0.02 0.22 528 22.48 87.8

1 from air-dried samples; 2 [5]; G: granite contact; H: heater contact.

3.4. Physico-Chemical Properties

The main physico-chemical properties analysed were external (BET) and total surface
(SA) areas, total cation exchange capacity (CEC), cation exchange population and the
distribution of soluble ions in aqueous extracts.

Total surface area is an important parameter related to the water absorption and
swelling capacity of bentonites. It determines the amount of water needed for hydrating
all of the clay particles. The lower the particle size, the higher the total surface area. The
external surface area of the stacks of layers was determined by N2-BET measurements.
External BET and total surface area values are given in Table 9. No significant changes
are observed in total SA, but a decrease in the external BET surface area is observed
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in all of the retrieved samples, with the values being much lower at the heater contact
(Figure S5 and Table S6 from the Supplementary Material).

The N2 adsorption-desorption curves of the samples (reference and retrieved) are
shown in Figure S6 from Supplementary Material. The isotherms are Type IV, indicating
adsorption on the mesoporous material (IUPAC classification). When the relative pressure
(P/P0) is higher than 0.4, a hysteresis loop appears, indicating that capillary condensation
occurs in the mesopores and macropores, with adsorption being dominated by capillary
condensation and evaporation. At P/P0 < 0.4, the adsorption and desorption isotherms
coincide with each other, and the adsorption is dominated by van der Waals force at this
stage. The N2 adsorption–desorption curves differ from all of the reference values and
are significantly affected by heating. Regarding the types of hysteresis loops, they can
reflect pore morphology in the porous material. The hysteresis loop for all of the samples,
except for the MX-80 bentonite, is between the H2 and H3 type, indicating the coexistence
of ink bottle-like pores and many slit pores formed by the plate-shaped minerals [62]. For
MX-80, the hysteresis loop is close to the H4 type, indicating the existence of slit-like pore
produced by similar layered minerals. According to the modification of the hysteresis loop,
all retrieved samples seem to increase the ink bottle-like pores.

Cation exchange capacity, CEC, is one of the most important parameters for char-
acterising the bentonite adsorption behaviour. This parameter is equivalent to the total
negative surface charge of a clay mineral and reflects the degree of reactivity of the ben-
tonite because CEC is related to the capacity of adsorption and retention of ions and to
the swelling capacity of the bentonites. The CEC parameter is linked with the interlayer
cations, who nature is also an important issue because the cation composition at exchange
sites affects not only the exchange properties but also the plasticity, the swelling capacity
and the rheological behaviour. Values of CEC and cation exchange population are observed
in Figure 14 and Table S7 from the Supplementary Material. Slight but not significant
variations are observed in CEC values with respect to initial values, slightly decreasing
towards the heating source, except for the MX-80 bentonite block located at the bottom
part. However, there is a complete readjustment in the cation exchange population in all
bentonites. Na-bentonites (Asha 505 and MX-80) reduce their sodium content, increasing
calcium. In the case of Mg-Ca bentonites (Rokle, Ibeco, FEBEX), sodium content increased,
as well as the calcium content, and the higher the sodium increase content, the lower the
initial sodium content at exchange sites in the bentonite (e.g., see Rokle with respect to
FEBEX bentonite). Magnesium content tends to decrease in all samples, except in MX-80
bentonite, where values increase at the heater contact.
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Figure 14. Cation exchange population after dismantling of the ABM5 experiment. Sr and Ba
percentage is multiplied by 100 and 1000, respectively. Arrows: variations of content (↑: increases or
↓: decreases).

Aqueous extracts were performed for obtaining ion inventories and ion distributions
along the bentonite blocks (Tables S8 and S9 from Supplementary Material). It should
be taken into account that only Cl−, F−, and Br− can be considered as conservative ions
(only affected by anion exclusion phenomena), whereas the rest of the anions and cations
are controlled by mineral dissolution/precipitation processes and ion exchange reactions
during the leaching tests.

The soluble salts obtained from the samples taken after the ABM5 experiment are
shown in Figure 15. The pH in the aqueous extracts is neutral with values between 7.6
and 7.8. Chloride values increased in all samples with respect to the initial reference
values, but the content is lower at the heater contact (H) than at the granite contact (G),
indicating a diffusion process through the compacted bentonite. It is interesting to see
also the increased values of fluoride and bromide contents coming from the infiltrating
Äspö groundwater (Table 2). Sulfate content depends on the type of bentonite and its
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initial pore composition, although values increase towards the heater contact in most
samples (Figure 16). Alkalinity values range between 0.3 and 0.7 mmol/100 g, expressed as
HCO3

−. Therefore, dissolution/precipitation processes of carbonates control the pH of the
bentonites’ pore water and cation exchange reactions. This is observed by cation content
variations (Figure 16), which increased in all samples with respect to the reference samples,
although with a tendency to decrease as a function of the heater contact, except for the
Na-bentonites. Mg also increased at the heater contact in the Na-bentonites (Figure 16).
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Figure 15. Anion distribution as a function of the heating contact obtained from leaching tests
(in mmol/100 g). Reference data for chloride and sulfate are given for comparison.
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Figure 16. Cation distribution as a function of the heating contact obtained from leaching tests
(in mmol/100 g). Reference data for chloride and sulfate are given for comparison.

3.5. Pore Water Chemistry

Pore water chemistry was obtained by squeezing at a pressure ranging between
20 and 30 MPa (Table 10), depending on the water content and dry density of the samples.
The greater the water content of the sample, the lower the squeezing pressure that was
needed (otherwise for dry density). The squeezing tests were performed with the pre-
requirement of obtaining some amount of water enough for chemical analysis at the lowest
squeezing pressure. This is because the greater the squeezing pressure, the greater the ease
with which water bound to clay particle surfaces is expelled [38]. A representative pore
water sample of homogeneously distributed electrolytes in the bulk aqueous phase requires
avoiding the sampling of different portions of the diffuse layer water. Because of the high
water content of the samples, pore water could be extracted at low squeezing pressures in a
few days (3–7 days). It is worth noting that the whole piece of a bentonite block was used
for squeezing tests, so the pore water chemical composition represents an average value
from each bentonite block from the granite contact to the heater contact, in spite of there
being a small solute gradient between these interfaces, as shown in Figures 15 and 16.

Table 10. Characteristics of the squeezing tests performed from bentonites after ABM5 dismantling.

Core Sample
Initial

Mass (g)

Initial
Dry

Density
(g/cm3)

Initial
w.c.
(%)

Time
Elapsed
(days)

Squeezing
Pressure

(MPa)

Pore
Fluid

Extracted/
Mass

Loss (g)

Final
Mass (g)

Final Dry
Density
(g/cm3)

Final w.c.
(%)

Efficiency
(%) (1)

Efficiency
(%) (2)

Asha B28 208.74 1.53 28.6 7 20 7.3 201.44 1.62 26.4 45.3 15.7
FEBEX B25 369.23 1.49 26.6 7 30 10.1 359.15 1.62 24.8 58.8 13.0
Rokle B14 292.90 1.60 31.2 5 20 10.8 282.06 1.67 25.4 23.3 15.6

IBECO B11 187.07 1.49 36.0 3 20 7.1 180.00 1.55 28.7 49.5 14.3
MX-80 B1 201.08 1.51 35.8 3 30 5.8 195.26 1.60 25.9 17.2 11.0

(1) Efficiency (%) = (Collected water × 100)/Extracted water; (2) Total Efficiency (%) = (100 × extracted
water)/(Pinitial − Pdry).

The pH of the pore waters is neutral/slightly alkaline, with values ranging between
7.1 and 7.9 (Table 11). The salinity of the pore water is very high due to both the infiltrating
marine Äspö groundwater (chloride content of 8580 mg/L (241.9 mmol/L, Table 2), and the
high salinity of the initial bentonites pore water (Table S11 from Supplementary Material).
After dismantling, ionic strength of pore waters ranges from 0.26 to 0.91 M, the lower
values being at the bottom part of the bentonite column (MX-80 bentonite block 1).
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Table 11. Chemical composition of the pore water extracted from the AMB5 bentonite blocks
(n.d.: non determined).

Sample
Asha

Block 28 S
FEBEX

Block 25 W
Rokle

Block 14 NW
IBECO

Block 11 S
MX-80

Block 1 IN

Sq. Pressure (MPa) 20 30 20 20 30
Water content (%) 28.6 26.6 31.2 36.0 35.8
Total weight (g) 208.74 369.23 292.90 187.07 201.08

Water type Na-Ca-Cl Na-Ca-Cl Na-Ca-Cl Na-Ca-Cl Na-Cl
pH 7.9 7.3 7.7 7.1 7.5

Alkalinity (meq/L) 0.94 0.90 0.90 0.76 1.18
F− (mg/L) <1 <1 <1 <1 <1
Br− (mg/L) 152 195 128 112 28
Cl− (mg/L) 25,000 24,000 24,000 19,000 5800

SO4
2− (mg/L) 1100 1100 1100 1700 1800

NO3
− (mg/L) 6.1 <1 <1 3.3 1.3

Si (mg/L) 210 7.0 3.6 200 8.5
Al (mg/L) <0.3 <0.3 0.08 <0.3 0.09
Na (mg/L) 9620 8100 9460 8040 3410
K (mg/L) 185 110 150 256 59
Ca (mg/L) 6100 4450 4350 3175 575
Mg (mg/L) 450 1500 560 850 180
Sr (mg/L) 49 60 47 30 12
Ba (mg/L) 0.45 0.52 0.55 <0.3 0.33
Fe (mg/L) <0.3 1.4 <0.03 <0.3 0.04
Cu (mg/L) 0.67 0.70 0.39 1.0 0.19
B (mg/L) 4.5 0.90 0.26 3.1 0.07

Mn (mg/L) 1.3 2.8 0.52 8.9 0.59
Mo (mg/L) <0.3 <0.3 0.37 <0.3 0.67
Ni (mg/L) <0.3 1.7 0.14 3.9 2.0
Ti (mg/L) <0.3 <0.3 <0.03 <0.3 <0.03
V (mg/L) <0.3 <0.3 <0.03 <0.3 <0.03

Zn (mg/L) 0.41 <0.3 0.06 0.51 0.23
S2O3

2− (mg/L) < 1 <1 <1 <1 <1
Acetate (mg/L) 51 <1 48 21 1.8
Formate (mg/L) 35 <1 2.0 741 14

TOC (mg/L) n.d. 57.1 97.1 n.d 44.2

The chemical composition of all bentonite pore waters is dominated by Cl−, Na and
Ca, except for the more dilute pore water from MX-80 block 1, which is Na-Cl water type.
The Äspö granitic groundwater (Ca-Na-Cl water type) is very saline with an ionic strength
of 0.91 M (Table 2). During infiltration, the bentonite pore waters changes from mainly
initial Na-Cl or Na-SO4 water type (see Table S11 from Supplementary Material), towards
a Na-Ca-Cl pore water in all bentonite blocks analysed, except for MX-80 block 1, which
changes from Na-SO4 to Na-Cl water-type.

Chloride concentration increased in all samples, with values ranging between
25,000 mg/L (705.2 mmol/L) and 5800 mg/L (163.6 mmol/L) from the top to the bot-
tom of the bentonite package, with the lower values being located at the bottom part
(MX-80 block 1). It should be taken into account the initial chloride contents of 6600,
2800 and 1100 mg/L for reference FEBEX, IBECO and MX-80 bentonites, respectively
(Table S11 from Supplementary Material). The same behaviour occurs for Na and Ca,
showing increased values.

Mg concentration in the pore water increased in all samples after the experiment, but
variations depend on the initial composition of the bentonite pore water, being higher for the
FEBEX bentonite [24,63] (Table S11). Sulfate contents are similar in all the bentonites, with
concentrations ranging between 1100 and 1800 mg/L, and the higher values corresponding
to Ibeco block 11 and MX-80 block 1 bentonites, which have higher initial reference values
(4300 and 9300 mg/L, respectively, Table S11).
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Alkalinity values are low, similar to that of the groundwater, with values ranging
from 0.76 to 1.18 meq/L, and the highest value belonging to the MX-80 Block 1 pore water.
However, these values seem to be much lower than those detected in reference samples
(Table S11). It is interesting to note the presence of TOC, acetate, and formate in the pore
waters (Table 11).

The geochemical code PHREEQC, version 3.4 [64] and the Thermoddem database [65]
were used for equilibrium modelling and saturation indices calculations (Table S10 from
Supplementary Material) at 25 ◦C. The saturation indices indicate that the pore waters from
all samples are saturated with respect to calcite, gypsum, celestine, barite, calcite, dolomite,
magnesite, barite and quartz (except Rokle) and undersaturated with respect to halite.

4. Discussion

From the geochemical point of view, specific long-term requirements for the function
of a bentonite to isolate the canisters from water and retard the migration of radionuclides
is to maintain a suitable chemical environment for the canister integrity and radionuclide
retention over time, buffering possible alteration/deterioration processes within the geo-
logical and engineered barrier systems. In this section, a discussion of results regarding the
possible alterations of the bentonites after 4.4 years of the experiment is given.

4.1. Physical Properties Variations

After 4.4 years of artificial hydration and heating, samples increased their water con-
tent by up to ~30 ± 2%, and the dry density decreased by up to ~1.52 ± 0.05 g/cm3 due to
bentonite swelling capacity. Therefore, the total physical porosity increased from 29–39% to
45–48% of the compacted bentonite blocks after the infiltration of the saline groundwater
(see microstructure of clay minerals Figure 9). Two factors probably influenced the miner-
alogical/geochemical behaviour in this experiment and the physico-chemical properties of
the bentonites. First, due to the bentonite/groundwater infiltration and final salinity of the
pore water, the relationship between external (pore water) and internal (interlayer water)
must have been readjusted during the experiment due to the decrease in the thickness of the
double diffuse layer (DDL), increasing the amount of available water (free water layer) for
geochemical reactions. Second, the experiment was performed at a constant temperature of
50 ◦C during most of the experimental period (3.45 years). The temperature was increased
to 150 ◦C for a period of 6 months and to 250 ◦C for the final 6 months (Figure 2). These
final overheating periods probably provoked an impact on water distribution and final
density, as observed after dismantling [8]. Dry density tends to increase towards the heating
contact, indicating a collapse or shrinkage process of the clay minerals, which increases
the inter-aggregate porosity and, hence, the external free water. Some micro-cracks are
observed in samples at heater contact (e.g., Ibeco, MX-80 in Figure 3), and temperature
increases the mineral dissolution. Both effects favour the increase in porosity. In addition,
water content is higher at the bottom part of the bentonite package, in spite of supposed
complete saturation of the bentonites. Indeed, the degree of saturation varies from 93 to
100% from the top to the bottom of the bentonite package probably due to steam–bentonite
interactions which affected the bentonites/groundwater interactions. After dismantling,
some geochemical modifications were observed depending on the location of the bentonite
block inside the package. For example, calcite content in IBECO bentonite samples (Block
11) was drastically decreased, whereas calcite precipitation is observed in the bentonite
blocks below and above. The variation in the sum of cation population and CEC values is
not the same in samples located at the bottom part (IBECO block 11 and MX-80 Block 1)
with respect to those located at the top part (Asha 505 Block 28, FEBEX Block 25 and Rokle
block 14).

4.2. Mineralogical and Geochemical Alterations

The high thermal conditions of this experiment (up to 250 ◦C) could have changed the
bentonite clay minerals to non-swelling minerals, affecting the performance of the barrier.
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However, there is no evidence for illitization, probably due to the low potassium contents
both in pore water and exchange sites, despite the high temperatures. No modifications
are observed in the clay mineral fraction after ethylene glycol treatment of the samples
analysed (Figure 6).

In addition, metallic iron produced by corrosion of the heater could lead to [41]:
(a) Fe(III) to Fe(II) reduction inside the clay mineral structure, affecting the layer charge,
(b) dissolution/alteration of smectite to other minerals, and (c) cementation processes affect-
ing plasticity, swelling or hydraulic conductivity of the bentonites. Trioctahedral smectites
were found in previous experiments, such as the ABM1 and ABM2 experiments [6,12],
the FEBEX in situ test [35,42], the TBT experiment [12], and the Prototype experiment [66].
However, in this work, no Mg- or Fe-rich trioctahedral smectites were detected despite the
decrease in Mg at exchange sites and the increase in iron due to the corrosion of the C-steel
heater. This is in agreement with other ABM5 studies [8,9]. Fully reducing conditions are
important constraints for the alteration of diocthedral smectites to trioctahedral ones.

The most interesting modifications found in the samples close to the heater were the
increase in gypsum and calcite, and the presence of siderite, monohydrocalcite, pyrite
and Na-clinoptilolite. These mineral phases decrease the porosity of the bentonite by
means of a cementation process, and act as a sink of Fe(II), avoiding the modification
of the clay mineral structure (e.g., transformation of montmorillonite to nontronite or
saponite). However, not all of these mineral phases were found in all bentonites (Figure 5
and Table S1 from Supplementary Material). Goethite and hematite (due to heat), as the
main Fe-oxides, and siderite were the corrosion products detected. Magnetite was not
found (even by Mössbauer spectroscopy analysis) in spite of the increase in Fe(II) at
the heater contact. Siderite neoformation was also observed in other ABM5 studies [8].
Hematite was not observed in all samples, only in Asha 505 Block 18, Rokle Block 14
and MX-80 Block 1. These bentonites contained higher amounts of goethite (Asha 505,
Rokle) or siderite/pyrite (MX-80) in their reference samples. Precipitation of hematite
may be due to heating (goethite to hematite transformation by heat), or due to siderite
dissolution/pyrite oxidation in the case of MX-80. However, pyrite and siderite are still
observed in all retrieved MX-80 samples analysed. Therefore, the presence of goethite
or hematite may be related with a heater corrosion process under different oxic/anoxic
environmental conditions, with the neoformation of goethite being favoured in presence
of oxygen.

Dissolution/precipitation processes of calcite are observed, which seems to be affected
by temperature and water vapour fluxes. Indeed, calcite dissolution increases with tem-
perature. It is interesting to note the dissolution of calcite in the IBECO bentonite Block 11,
which is not observed in the rest of the bentonite blocks located at the top and the bottom
of the bentonite package, where an increase in carbonates is indicated. Monohydrocalcite
is neoformed at the heater contact in Asha 505 bentonite. Gypsum content decreased in
MX-80 bentonite Block 1 at heater contact but increased in Asha 505 Block 28. Anhydrite
has not been found, although saturation indices from pore waters are oversaturated with
respect to gypsum and anhydrite.

An increase in free silica can be ruled out, although an increase in tetrahedral charge in
some clay minerals particles is observed. No significant variations in cristobalite/trydimite
and feldspars mineral phases were found, although the intensity of their reflections in-
creased in some samples.

4.3. Redistribution of CEC and Exchangeable Cations

The cation composition at exchange sites for the different bentonites was modified
after 4.4 years. Changes in exchangeable cation composition can be explained on the basis
of equilibration with Äspo saline (I = 0.91 M) groundwater (Table 2), which is enriched with
Ca and Na salts, due to chemical interactions between the buffer blocks and temperature.
The variation of the type of exchangeable cation in all bentonites seems to indicate that
concentration tends to reach equilibrium with groundwater/pore water and tends to be
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homogeneous in the whole bentonite column, with predominance of bivalent cations.
However, complete equilibration of the cation occupancy was not achieved after 4.4 years
of experiment due to the differences observed in the cation content at exchange sites and in
the pore water chemistry both from the granite to the heater contact and from the top to
the bottom of the column. The calcium bentonites increased their sodium content, and the
sodium bentonites increased their calcium content, with exchangeable magnesium being
replaced and decreased in all the samples, except in MX-80 block 1 located at the bottom of
the column. In spite of the available and increased magnesium content in the pore water,
no other additional magnesium-bearing mineral phases, such as saponite, were detected in
the bentonites by SEM, XRD or FTIR (Table S1).

These cation exchange variations may involve the decrease in the external surface area
noticed in all samples. This decrease may be explained by two mechanisms: (a) Missana
et al. [67] showed that the presence of over 80% divalent cations at exchange sites favours
the formation of large clay colloid particles, as well as that an increase in clay colloid size is
produced when there is an increase in the tetrahedral charge, independently of the main
interlayer cation. An increase in the particle size implies a decrease in the external surface
area; (b) an increase in the electrolyte concentration affects the colloid properties (size and
mobility) of the smectite due to the aggregation of clay particles. In this experiment, an
increase in the size of clay particles is expected due to the increase in pore water salinity,
divalent cations and the tetrahedral charge observed, favouring the decrease in the external
surface area.

The CEC values seems to slightly decrease towards the heater contact from the upper
part of the bentonite column towards the middle part (Asha 505 Block 28, FEBEX Block 25
and Rokle Block 14), with variations of −7.3, 5.0 and −3.5 meq/100 g in samples at the
heater contact with respect to reference values. However, this decrease is not observed in
the two blocks located at the bottom part of the column (IBECO block 11 and MX-80 Block
1), where changes are positive, increasing by about 4.5 meq/100 g.

The decrease in CEC at the heater contact has been observed in other in situ exper-
iments [9,11,42,68,69]. The decrease in CEC values may be related to high-temperature
conditions, water vapor formation [70], a lower content of smectite or to the decrease in the
layer charge of the smectite clay particles. The smectite and total phyllosilicates contents
in most of the samples are similar to the reference values, within the experimental error.
Thus, other explanations need to be given. Interestingly, the sum of cations at exchange
sites is similar to the total CEC value, except in the upper bentonite blocks (Asha 505 Block
28, FEBEX Block 25), where a decrease in exchangeable Mg was detected as an expense of
an increase in exchangeable Ca. This observation was observed twice after repeating the
determination, and also detected by [9]. The increase in calcium at exchange sites may be
indicative of an increase in the calcite content in the retrieved samples, as observed in XRF
data (Tables S3 and S4) and in [8], which could lead to its dissolution during the aqueous
extraction. However, this should not affect the magnesium content at exchange sites, which
decreases. Thus, this Mg decrease is not well understood.

A decrease in the CEC may be caused in this experiment by: (a) the collapse of clay
particles, particularly of highly charged smectites [71], (b) the collapse of clay particles due
to the high ionic strength of the pore water, reducing the swelling pressure (e.g., [18,72]),
(c) extensive drying because of the increased Ca/Mg fixation and/or K fixation at interlayer
sites [73]. All of these factors—the increase in layer charge, the increase in tetrahedral
charge (Table 5), high salinity and drying—are implicated in this package system. These
factors are controlled by temperature and water saturation. For this reason, the variations
observed in the CEC parameter, decreasing at the top and increasing at the bottom of the
bentonite column, seem to reflect that CEC is, in turn, affected by the temperature and
water vapor fluxes.
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4.4. Pore Water Chemistry Variations

Intrinsic properties of bentonites, such as CEC, the presence of soluble minerals
(e.g., calcite, gypsum, . . . ) and the low hydraulic conductivity and permeability of com-
pacted material (i.e., solute transport by diffusion) imply a large buffering capacity for
many geochemical processes. The chemical state of the buffer is defined by the bentonite
composition (clay minerals and accessory minerals) and the pore water composition. Con-
sequently, the chemical stability of the bentonite, that is, the alkalinity and redox buffering
capacity, will be firstly controlled by the bentonite–water interactions and the resulting
pore water chemistry (pH, redox potential, ionic strength, ionic composition, speciation
and complexation). In addition, the knowledge of the porewater chemistry in the clay
barrier is essential for performance assessment purposes in a nuclear waste repository, since
the porewater composition controls the processes involved in the release and transport of
the radionuclides.

In most studies performed with bentonites, it is observed that the bentonite com-
position controls the pore water chemistry evolution after their interaction with an infil-
trating groundwater, and it is basically controlled by ion exchange reactions and dissolu-
tion/precipitation of the more soluble trace minerals of the bentonite [74–76]. However, this
depends on the salinity of the infiltrating water, as observed in this experiment. In the case
of the saline Äspö groundwater/bentonite interaction, the pore water chemistry depends
on the diffusion rate of the infiltrating groundwater (which varies with the bentonite dry
density and water content, i.e., porosity), and it is basically controlled by ion exchange and
mineral dissolution/precipitation reactions.

The initial bentonite pore water was modified in all bentonite blocks after their interac-
tion with the saline Na-Ca-Cl groundwater. However, the pore water composition is not at
equilibrium in each bentonite block and in the whole bentonite package, since a diffusion
infiltration process of the conservative ions (Cl−, Br−, F−) is still observed towards the
heater after 4.4 years of the experiment. Anions diffuse more slowly than cations through
the bentonite as a result of anion exclusion. Thus, a clear evolution of the pore water is
observed after groundwater infiltration. The bentonite pore water changes from mainly
initial Na-Cl or Na-SO4 water-type (see Table S11 from Supplementary Material) towards
Na-Ca-Cl pore water in all bentonite blocks analysed, except for MX-80 block 1, which
changes from Na-SO4 to Na-Cl water-type. The final ionic strength values of the pore
waters (0.82–0.91 M) are similar in the upper bentonite blocks (Asha 505, FEBEX, Rokle) but
lower at the bottom part of the package (IBECO and MX-80), with values of 0.69 and 0.26 M,
respectively. Water vapor fluxes probably increased the salinity of the pore waters at the
top part. However, variations in ion composition of the pore water indicate that pore water
is controlled by the equilibration of infiltrating water with main accessory minerals and the
exchanger (cation exchange sites and surface complexation sites). In any case, pore water
chemistry data (Table 11) and anion inventory (Figure 15) indicate that saturated bentonites
(including cation occupancy and pore water composition) are not at equilibrium with the
external infiltrating groundwater. At each time, an equilibrium between pore water and
exchange sites is established, but pore water chemistry is continuously modified during
the diffusion transport of anions, which are affected by anion exclusion.

pH values are neutral in all pore water samples analysed, indicating the buffering ca-
pacity of the bentonite via protonation/deprotonation reactions and dissolution/precipitation
of mainly calcite. Alkalinity values decreased in all samples and saturation indices from
pore waters indicate saturated conditions with respect to calcite.

Organic matter (TOC) and acetate and formate (volatile fatty acids, VFAs) were found
in pore water samples from the different bentonites (Table 11). At this interface, factors of
temperature and possible hydrogen, available due to corrosion processes, may reflect the
reduction of CO2 to produce acetate and then formate, via abiotic or microbially induced
reactions. However, the presence of microorganisms was not studied in this experiment and
their implication in different reactions at the heater interface is a pure speculation. Another
idea is that the hydrolysis of carbon-containing steels, leading to the generation of H2, CO2
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and hydrocarbons, may be another possible process for the presence of acetate and formate
in the pore water close to the heater, as discussed in [35,42]. Organics were not studied in
this experiment, but their evolution should be taken into account in further studies.

4.5. Iron–Bentonite Interactions

Metal corrosion was characterised by an increase in the Fe content in the samples and
the presence of corrosion products, mainly close to the bentonite/heater interface. Most of
the heater corrosion probably occurred in oxic conditions due to the observed corrosion
products, goethite and hematite. However, oxygen may rapidly be depleted at the surface
of steel by the reactions of Fe-bearing minerals in the bentonites: pyrite, siderite, Fe(II) in
octahedral sites of montmorillonite particles, etc. However, this redox buffer capacity is
limited due to the low amounts of reduced components, which will depend on the initial
composition of each bentonite. In some zones, after oxygen depletion/consumption, the
possible anoxic corrosion could produce some amount of Fe(II), which was transported by
diffusion through the bentonite from the heater contact [14]. Indeed, an increase in Fe(II)
is observed at the heater contact (Figures 11 and 13), with the content being much lower
than Fe(III). This Fe(II) precipitated as siderite and pyrite, as shown by XRD in different
samples (Figure 5), but not in all bentonites. Therefore, redox conditions must have been
locally different. However, it seems that in this package system, oxygen is not completely
depleted. Magnetite was not detected, in contrast to former ABM experiments [14]. In
addition, variations in sulfur contents are insignificant.

5. Conclusions

Geochemical modifications of different bentonites (Asha 505, FEBEX, Rokle, IBECO
and MX-80) used as engineered barriers were studied in the ABM5 experiment. In this
medium large-scale in situ test, bentonite compacted blocks were artificially saturated with
saline Äspö groundwater and heated progressively to 150 ◦C and finally up to 250 ◦C
during the last six months.

The main change observed in all bentonites is the modification of exchangeable cation
composition, explained on the basis of equilibration with Äspo saline groundwater en-
riched with Ca and Na salts. Calcium bentonites (FEBEX, Rokle, IBECO) increased their
sodium content, and sodium bentonites (Asha 505, MX-80) increased their calcium content.
Exchangeable magnesium decreased in all of the samples, except in MX-80 block 1 located at
the bottom of the column. The variation of the type of exchangeable cations in all bentonites
seems to indicate that concentration tends to reach equilibrium with groundwater/pore
water and to be homogeneous in the whole bentonites column, with predominance of
bivalent cations at exchange sites.

Cation exchange variations and/or salinity of the pore waters may explain the decrease
in the external surface area values observed in all samples. However, swelling capacity is
not affected due to the fact that the total surface area data are not modified.

A decrease in CEC values is observed towards the heating surface, which may be
related to the high salinity of the pore water, a modification of the crystal structure of the
smectite clay particles, increasing the layer charge, and the drying. These factors are driven
by temperature, water vapor fluxes and water saturation.

In spite of the available and increased magnesium content in the pore water, no
other additional magnesium-bearing mineral phases and/or trioctahedral smectites were
detected, as found in ABM1 and ABM2 experiment. Furthermore, the transformation of
montmorillonite to illite is discarded, probably due to the low potassium concentrations
both in pore waters and exchange sites.

Fe increased as a function of the distance to the heater contact. Heater corrosion
provoked the increase in iron in the bentonite, and goethite, hematite and siderite were
found as corrosion products. No magnetite was detected. Although the ratio of ferrous
to ferric iron increased in the close vicinity of the C-steel heater, the major Fe content is as
Fe(III). No indications of Fe-montmorillonite were detected.
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The initial bentonite pore water was modified in all bentonite blocks after their inter-
action with the saline Na-Ca-Cl groundwater. Pore waters changed from mainly an initial
Na-Cl or Na-SO4 water type towards a Na-Ca-Cl pore water in all bentonite blocks anal-
ysed, except for MX-80 block 1, which changes from Na-SO4 to Na-Cl water-type. Water
vapor fluxes probably increased the salinity of the pore waters at the top part of the package,
since the final ionic strength (0.82–0.91 M) was similar in the upper bentonite blocks (Asha
505, FEBEX, Rokle) but lower in the bottom part of the package (IBECO and MX-80), with
values of 0.69 and 0.26 M, respectively. The pore water chemistry of bentonites evolved as
a function of the diffusion transport of the saline infiltrating groundwater (anions being
affected by anion exclusion), the chemical equilibrium of cations at exchange sites and
mineral dissolution/precipitation processes. These reactions are in turn dependent on
temperature and water vapor fluxes. All bentonites preserved their hydro-geochemical
properties, after being subjected to saline groundwater infiltration, heating and interaction
with corroding metals during the 4.4 years of the experiment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min12040471/s1, Table S1. Mineral phases detected in the bentonite samples (by XRD, FTIR
and SEM techniques); Table S2. Positions and assignments of vibrational bands of dioctahedral
smectites, kaolinite and illite; Table S3. Chemical composition of the solid phase (total fraction) for
different samples obtained after the dismantling of the ABM5 experiment: Asha Block 28, Febex
Block 25 and Rokle Block 11; Table S4. Chemical composition of the solid phase (total fraction) for
different samples obtained after the dismantling of the ABM5 experiment: Ibeco Block 11, MX-80
Block 1; Table S5. Fe(II), Fe(II) and total Fe contents obtained after the dismantling of theABM5
experiment; Table S6. Parameters deduced from the BET and t-plot treatment on the adsorption of N2
at 77 K from samples obtained after the dismantling of the ABM5 experiment, Table S7. Total cation
exchange capacity (CEC) and cation exchange population prior to and after the dismantling of the
ABM5 experiment (in meq/100 g); Table S8. Soluble salts from aqueous leaching tests a 1:4 solid to
liquid ration, in mg/L; Table S9. Ion inventory obtained from aqueous leaching tests, in mol/100 g;
Table S10. Calculated parameters and saturation indexes of the pore waters; Table S11. Chemical
composition of the pore waters obtained by squeezing at 25 MPa for water vapour saturated FEBEX,
IBECO RW C16, and MX-80 bentonites at initial conditions; Figure S1. XRD patterns of total fraction
samples from ABM5 experiment; Figure S2. XRD patterns of oriented aggregate samples from ABM5
experiment (normal and after ethylene glycol and heating at 550 ◦C treatments); Figure S3. Wide scan
XPS spectrum recorded from the sample Rokle 4H at heater contact, Figure S4. Fe 2p XPS spectra
recorded from samples containing different concentrations of Fe(III) and Fe(II) standard compounds;
Figure S5. Room temperature Mössbauer spectra recorded in a narrow range of velocities for Rokle
samples: reference, 4H: close to the heater interface, 5M: middle, and 6G: close to granite interface, i.e.,
at 1.67 cm, 5.00 cm and 8.33 cm from heater contact, respectively, Figure S6. N2 adsorption/desorption
isotherms from reference and retrieved ABM5 samples.
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Abstract: The cement–clay interaction (CI) experiment was carried out at the Mont Terri rock
laboratory to complement the current knowledge on the influence that cementitious materials have
on Opalinus Clay (OPA) and bentonite (MX). Drill cores including the interface of OPA, concrete
(LAC = low-alkali binder, and OPC = ordinary Portland cement), and MX, which interacted for
4.9 and 10 years, were successfully retrieved after drilling, and detailed analyses were performed
to evaluate potential mineralogical changes. The saturated compacted bentonites in core samples
were divided into ten slices, profiling bentonite in the direction towards the interface, to evaluate
the extent and spatial variation of the mineralogical alteration of bentonite. Regarding the mineral
compositions of bentonite, cristobalite was dissolved within a range of 10 mm from the interface in
both LAC-MX and OPC-MX, while calcite precipitated near the interface for OPC-MX. In LAC-MX
and OPC-MX, secondary products containing Mg (e.g., M-S-H) also precipitated within 20 mm of
the interface. These alterations of bentonite developed during the first 4.9 years, with very limited
progress observed for the subsequent 5 years. Detectable changes in the mineralogical nature of
montmorillonite (i.e., the formation of illite or beidellite, increase in layer charge) did not occur
during the 10 years of interaction.

Keywords: cement–clay interaction; bentonite; cementitious materials; alteration; alkaline conditions

1. Introduction

Bentonite is used in radioactive waste disposal facilities as an engineered barrier owing
to its suitable physicochemical properties, such as swelling properties [1], low hydraulic
permeability under saturation conditions [1] and cation exchange capacity for radionuclide
sorption [2]. Cementitious materials that are used as part of the engineered barrier degrade
and generate alkaline pore water, which interacts with natural clays or bentonite. Although
bentonite should inhibit the migration of radionuclides, its physicochemical properties
change with mineralogical alterations when under alkaline conditions for a long period of
time. Therefore, the evaluation of the alteration behavior of bentonite during its interaction
with cementitious materials is important for performance assessments and safety analysis
for radioactive waste disposal.

The mineralogical alteration of bentonite under alkaline conditions has been reviewed
in previous studies [3–5]. Based on these reviews, the mineralogical alteration of bentonite
has been attributed to the dissolution of the minerals present in bentonite and the subse-
quent precipitation of secondary phases. The dissolution of the major minerals of bentonite
has been extensively investigated; previous studies have summarized the dissolution
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rates of these minerals [6,7], as well as the potential secondary phases in various chemical
conditions [3,5]. Savage et al. (2007) suggested that calcite, dolomite, chalcedony, C(A)SH
at variable Ca/Si ratios, K-feldspar, illite, phillipsite, analcime, clinoptilolite, and heulan-
dite are the most likely secondary phases to form in a low-temperature cement–bentonite
systems [5].

In addition to the above mineralogical alterations (i.e., dissolution and precipitation),
the mineralogical nature of montmorillonite, which is the main component of bentonite,
changes as it reacts with alkaline solutions. The illitization of montmorillonite is one of
the major alteration phenomena that occur when montmorillonite reacts with a KOH
solution [8–13]. Beidellitization and a change in the layer charge of montmorillonite
also occur when reacting with alkaline solutions [8,9]. These mineralogical alterations
of montmorillonite affect its swelling properties. Consequently, there are changes to be
expected in the physicochemical properties of bentonite. Therefore, the progress of these
changes in the mineralogical nature of montmorillonite with time, is also important for
understanding the alteration behavior of bentonite under alkaline conditions.

In radioactive waste disposal facilities, a highly compacted form of bentonite is used
to obtain low hydraulic permeability. Many studies on the mineralogical alteration of
bentonite, as described above, have been carried out based on a high liquid–solid ratio
used in powder samples. In contrast, there are a number of uncertainties that must be
considered as the mineralogical alteration of compacted bentonite materials under alkaline
conditions has not been extensively investigated [14–19]. Long-term alteration of bentonite
materials in radioactive waste disposal is predicted by numerical analysis, such as in
reactive transport modelling. Validation of the numerical results requires experimental
results that take into account specific material properties, such as compacted bentonite
and the type of cementitious materials. Such experimental results will also be useful for
examining unknown parameters in the numerical analysis, such as reactive surface area of
minerals that undergo dissolution. Furthermore, because the performance assessments and
safety analysis of radioactive waste disposal targets long-term processes, it is valuable that
the results of these experiments, such as those produced by Alonso et al. (2017) [20] and
Fernández et al. (2017) [21], are produced under the assumed environmental conditions
(e.g., temperature) for as long as possible.

The cement–clay interaction (CI) experiment is carried out at the Mont Terri rock
laboratory [22]. The aim of the CI experiment is to reduce uncertainty in process-related
cement–clay interactions, such as mineralogical alteration, generation of hyperalkaline pore
water chemistry, and changes in the porosity of each material over relatively long-term
periods. In the CI experiment, the compacted bentonite and cementitious materials were
emplaced in Opalinus Clay (OPA), which is a claystone formation of mid-Jurassic age,
investigated at the Mont Terri rock laboratory, and the host rock was foreseen for a deep
geological repository envisaged in Switzerland [23]. The field experiment was repeatedly
sampled, including the interfaces of each material: OPA, bentonite, and cementitious
materials. Interface regions were analyzed to evaluate the mineralogical alteration as a
function of space and time [22]. In this study, we characterized bentonite that reacted
with cementitious materials for 4.9 and 10 years to specifically estimate the extent of the
mineralogical alteration of bentonite.

2. Overview of CI Experiment

Previous studies have described the detailed setup of the CI experiment [22,24].
The concrete and bentonite were installed in two vertical boreholes (386 mm in diameter,
up to 9 m in length) in the OPA. Three different cements, i.e., ordinary Portland cement
(OPC), ESDRED cement, and low alkali cement (LAC), were used to prepare the concrete
with common aggregate content and grain size distributions (sand and gravel up to 16 mm).
These concretes were set in each part, as shown in Figure 1. Previous studies have also
summarized the details of the materials [22,24]. In particular, the pH of OPC and LAC
pore water, which influences the chemical interactions between concretes and bentonite,
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was reported to be equal at 13–13.3 and 12.2–12.4, respectively [22]. MX-80 bentonite (MX),
also called Wyoming bentonite, was emplaced as a mixture of highly compacted pellets and
fines, covered with a prefabricated concrete lid with a water saturation system and sealed
against the overlying concrete section. In other words, MX was installed by sandwiching
the top and bottom surfaces with different types of concrete (Figure 1). MX was saturated
by artificial pore water (APW) using a water saturation system. APW mainly contained
Na, Ca, Mg, Cl, SO4, K, and TIC (Table 1) and provides an approximate of the pore water
composition of the OPA at the experimental location in the Mont Terri rock laboratory.
The bentonite sections were fully saturated after approximately 1 year (monitoring water
uptake and swelling pressure).

Figure 1. Schematic diagram of the settings for the CI experiment [22]. Dotted rectangles indicate the
sampling location for each core sample. Samples BCI-12 and BCI-15 were sampled after 4.9 years,
samples BCI-19 and BCI-20 10 years after emplacement of the materials. OPC: ordinary Portland
cement; LAC: low-alkali binder; MX-80: bentonite.

Table 1. Composition of the artificial pore water (APW).

Na+ K+ Mg2+ Ca2+ SO4
2− Cl− TIC * pH **

Concentration
(mmol/L) 204.8 2.33 14.33 12.65 11.76 236.9 0.359 9.6

* Toral inorganic carbon. ** pH was calculated from the charge balance of each cation and anion concentration
using the Geochemist’s Workbench (GWB) software package.

The MX employed in the scope of the CI experiment was the same granular ben-
tonite as used in a large-scale emplacement test in the scope of the ESDRED project [25].
The bentonite consisted of small pellets (8–15 mm) with high density (ca. 2000 kg/m3)
and low water content (4 wt%), and variable amounts of fine fractions. The CI experiment
performed a full-scale emplacement test for bentonite (92 kg), with a relatively low fine
fraction (about 20%) which was partially removed by sieving, with an average moisture
content of 6.1 wt%. It achieved a bulk density (moist) of 1548 kg/m3 and developed a
swelling pressure of >3.3 MPa. A similar mixture was emplaced in the field test, but the
emplacement density is not exactly known, approximately 1450 kg/m3. Swelling pressure
was monitored at the top of the bentonite sections, and reached 0.6–1.3 MPa after 4 months
of saturation, 1.3–1.6 MPa (BCI-6) and 1.4–1.9 MPa (BCI-7) after 12 months. Pressures
of 2.2–2.5 MPa (BCI-6) and 2.6 MPa (BCI-7) were reached after 4 years, and remained at
similar values 10 years after emplacement.
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3. Samples and Methods

3.1. Samples

A drilling campaign to collect the core samples, including the interface of bentonite
and concrete, was carried out 4.9 and 10 years after the installation of each material.
Core samples were taken from the bottom interface of the bentonite to avoid any compli-
cations from the water saturation system equipped at the top of the bentonite. (Figure 1).
The core samples used in this study were BCI-12, BCI-15, BCI-19, and BCI-20. BCI-12
and BCI-20 included the interface of MX and LAC which reacted for 4.9 and 10 years,
respectively. BCI-15 and BCI-19 included the interface of MX and OPC which reacted
for 4.9 and 10 years, respectively. Figure 2 shows photos and X-ray CT images of BCI-15
and a schematic diagram of sample separation. To evaluate the mineralogical alteration
in bentonite, it was divided into ten sections in the range of 50 mm from the interface.
The sample ID was numbered sequentially from the interface.

Figure 2. Core sample of BCI-15. (A) Photo of core sample, (B) X-ray CT image of core sample,
(C) photo of core sample after cutting along the dotted line in (A), and (D) division thickness of
bentonite and sample ID.

3.2. Sample Characterization

For mineral identification, the X-ray powder diffraction (XRD) patterns of the bentonite
were obtained using a randomly oriented sample by XRD with CuKα radiation (RIGAKU
RINT 2500, Tokyo, Japan). Samples divided as shown in Figure 2 were dried under
vacuum conditions and manually ground using an agate mortar. The obtained powders
were loosely compacted in an aluminum folder for XRD measurements to avoid particle
orientation. Each sample was scanned at 40 kV, 30 mA, 0.01◦ 2θ steps and a scan range of
2.5–65◦ 2θ. The morphologies and major elemental distribution of the bentonite samples
were investigated by scanning electron microscopy (FE-SEM: JEOL JSM-7001F, Tokyo,
Japan) and electron probe microanalyzer (EPMA: SHIMADZU EPMA1610, Kyoto, Japan;
JEOL JXA-8100, Tokyo, Japan), respectively. For FE-SEM imaging, the vacuum-dried
bentonite granules were split, and the fracture surface was coated with osmium and
observed. EPMA samples, containing the interface of concrete and bentonite, were prepared
by encapsulating vacuum-dried samples in resin and polishing the analysis surface.

The extracted cations of bentonite were evaluated as follows. The dry sample (300–500 mg)
was dispersed in 10 mL of 1 M NH4Cl solution for 1 day and was solid–liquid separated
by centrifugation. This process was repeated five times. All collected solutions were used
to measure the concentrations of Na, K, Ca, and Mg by inductively coupled plasma-atomic
emission spectrometry (ICP-AES: SHIMADZU ICPS-7510, Kyoto, Japan). This method may
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indicate a Ca concentration that is overly high compared with the exchangeable Ca content
because of the possible dissolution of Ca carbonate contained in the sample, as discussed in
a previous study [26]. Therefore, the term “extracted cation” was used in the present study.

The montmorillonite content of bentonite was estimated using the methylene blue
absorption test. The methylene blue absorbed on bentonite was measured based on
the Japanese Industrial Standard (JIS Z 2451) [27]. The montmorillonite content was
calculated by dividing the amount of methylene blue absorbed on bentonite by that of
pure montmorillonite, which was assumed to be 140 mmol/100 g [28]. According to JIS Z
2451, the standard deviation of the adsorbed amount is 4–6 mmol/100 g [27]. Therefore,
the error in calculated montmorillonite content was ±3–4%.

The mineralogical alteration of montmorillonite in bentonite under alkaline condi-
tions was examined by detecting illitization, beidellitization, and an increase in the layer
charge [8–13]. To evaluate these alterations, the clay particle fraction of bentonite (0.2–2 μm)
was collected by centrifugation. For oriented clay sample preparation, dispersions of the
collected clay samples in deionized water were spread onto glass slides and air-dried.
To evaluate illitization, the oriented clay sample, after saturation with ethylene glycol (EG),
was analyzed by XRD. The percentage of expandable layers (smectite) of the sample was
determined using the Δ2θ1–Δ2θ2 diagram [29]. To evaluate beidellitization, a Greene–Kelly
(GK) test was carried out for all clay samples. Each sample (30–50 mg) was immersed three
times in 10 mL of 1 M LiCl solution for 1 day. The samples were subsequently washed five
times with 80% alcohol until the samples were chloride free (AgNO3 test). The Li-saturated
samples were spread with water onto silica slide glass. The Li-saturated samples were
air-dried and then heated at 300 ◦C for 24 h in a muffle furnace. Afterwards, the samples
were saturated with glycerol (GLY) vapor at 110 ◦C for 1 day before XRD measurements.
The mean layer charge of the clay samples was analyzed using dodecylammonium chloride
and octadecylammonium chloride according to the alkylammonium ion exchange method
presented in previous studies [30–32]. The clay samples (15 mg) were dispersed in 5 mL
of 0.1 M dodecylammonium chloride solution and 0.05 M octadecylammonium chloride
solution and heated at 65 ◦C for 2 days. The suspensions were solid–liquid separated by a
centrifuge and then treated once again with fresh alkylammonium chloride solution for
one day. The samples were then washed with alcohol until the samples were chloride
free. The washed clay sample was spread onto glass slides and dried at 65 ◦C in an oven.
The dried samples were analyzed by XRD. The mean layer charge of the clay sample was
calculated using the formula proposed by Olis et al. (1990) [31].

4. Results and Discussion

4.1. Mineral Compositions and Element Distributions

Figure 3 shows the XRD patterns of the bentonite samples. Although no XRD analysis
of the initial MX used for the CI experiment was conducted, Karnland (2010) summarized
the mineral composition of MX-80 for the commercial batches of each year, with the
mean composition determined as montmorillonite (81.4%), illite (0.8%), calcite (0.2%),
cristobalite (0.9%), gypsum (0.9%), muscovite (3.4%), plagioclase (3.5%), pyrite (0.3%),
quartz (3.0%), and tridymite (3.8%) [2]. The MX used in the present study mainly comprised
montmorillonite, quartz, cristobalite, and feldspar and contained extremely small amounts
of mica minerals, gypsum, and calcite. In the XRD patterns recorded to evaluate mineral
composition, each peak attributed to feldspar occurred randomly regardless of the distance
from the interface, although sufficient attention was paid to sample homogenization and
orientation randomization (see above). Therefore, all samples were concluded to contain
feldspar, but the exact variation of feldspar amount could not be assessed. In contrast,
the peak intensity of cristobalite was weak near the interface (within 10 mm) for both
LAC-MX and OPC-MX (Figure A1). Figure 4A,B show SEM images of cristobalite in
BCI-15. These cristobalites were observed at a location more than 60 mm from the interface,
but they were hardly observed near the interface. From these results, as cristobalite was
characterized as fine particles with a diameter of several hundred nm, cristobalite had
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a high reactivity and dissolved by reaction with cementitious fluids near the interface.
Comparing between the 4.9- and 10-year samples, the range in which cristobalite was
dissolved was slightly more advanced in LAC-MX after 10 years but was almost the
same in OPC-MX. This indicates that the advance of the dissolution front for cristobalite
occurred during the first 4.9 years of interaction, after which there was a strong decrease
in its propagation rate. A small peak of gypsum was observed far from the interface,
disappearing at a distance of ~20 mm from the interface. As Karnland (2010) reported that
gypsum is initially contained in MX-80 [2], this behavior was ascribed to the dissolution of
gypsum near the interface.

Figure 3. XRD patterns of bentonite in LAC-MX and OPC-MX. (A) LAC-MX_4.9 y, (B) LAC-MX_10 y, (C) OPC-MX_4.9 y,
and (D) OPC-MX_10 y. M: montmorillonite; Q: quartz; C: cristobalite; F: feldspar; Mi: mica mineral; G: gypsum; Ca: calcite.
Arrow pointing to cristobalite peak.

Figure 5 shows the EPMA-determined elemental distributions of 10-year core samples.
For OPC-MX (BCI-19), a high Ca concentration was detected near the interface, as was also
observed in the SEM and EPMA analyses of BCI-15 (Figures 4C and A4). Figure 4C shows
an SEM image of calcite grains near the interface (~1 mm). In SEM images, calcite was
hardly observed far from the interface because of its extremely small content. The results of
SEM and EPMA analyses suggest that calcite precipitated only near the interface because
of the interaction between MX and OPC.
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Figure 4. SEM images and EDS analysis of bentonite in BCI-15. (A) Montmorillonite and cristobalite
(in white circle), (B) fine particles of cristobalite, (C) calcite (in white square), and (D) EDS spectrum
of calcite at point indicated by the arrow in (C).

Figure 5. Elemental distribution of the 10-year core sample (BCI-19 and BCI-20).
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In Figure 5, a notable elemental re-distribution in the bentonite component is the high
Mg concentration near the interface in both LAC-MX and OPC-MX. This high Mg concen-
tration was also observed in the 4.9-year core sample (Figures A2 and A3). This suggests
that secondary products containing Mg were precipitated near the interface. Mäder et al.
(2017) and Bernard et al. (2020) reported the possible formation of magnesium-silicate-
hydrate (M-S-H), or hydrotalcite-like phases, due to the interaction between OPA and
cementitious materials in the CI experiment [24,33]. The Mg-containing secondary prod-
ucts observed herein were also presumed to be M-S-H, hydrotalcite-like, or similar phases,
as OPA and MX are similar clayey materials. In the concrete section, the distribution of the
high concentrations occurred from the interface in the order of S and Cl in both LAC and
OPC (Figure 5). In other words, Cl penetrated the concrete section more deeply than S did.
The depth of S and Cl penetration into concrete was deeper in OPC than in LAC. The en-
richment zones of these elements were distributed parallel to the interface between each
concrete and MX. Therefore, these elements were concluded to penetrate concrete through
MX. As the APW used to saturate MX and the pore water of OPA [34] contained substantial
amounts of S and Cl, these elements penetrated the concrete along with the saturation
of MX and precipitated. Although the precipitates were not analyzed, they presumably
contained new products such as monosulfate and/or ettringite and Friedel’s salt.

4.2. Extracted Cations and Montmorillonite Contents in Bentonite

Figure 6 shows the compositions of the extracted cations in bentonite. As MX was
saturated by APW and the pore water of OPA containing various ions, the extracted
cation composition in Figure 6 represents that after the reaction of MX and these solutions.
Karnland (2010) summarized the exchangeable cations in MX-80 for batches of each year [2].
From this report, the mean exchangeable Na, Ca, K and Mg contents of MX-80 were
obtained as 55, 13, 1 and 5 meq/100 g, respectively. The extracted Na, K, and Mg contents of
MX far from the interface were similar to the above values, whereas the extracted Ca content
exceeded the exchangeable Ca content reported by Karnland (2010) [2]. This difference was
due to the dissolution of the small amounts of calcite contained in MX during extraction by
1 M NH4Cl solution, as described above.

Here, the amounts of extracted Ca and Mg near the interface (0–15 mm) were higher
than those far from the interface. The amounts of extracted Na and K were almost constant,
independent of the distance from the interface. The ion exchange reaction of bentonite
results in an increased content of a certain cation while decreasing the contents of other
cations. Therefore, this result suggests that the ion exchange reaction is not the main cause
of the increase in Ca and Mg contents near the interface. Furthermore, the total amount
of extracted cations increases near the interface. If the extracted cation is electrostatically
adsorbed, the negative charge of bentonite, especially montmorillonite, should have in-
creased near the interface. However, no change was observed in the mean layer charge
of montmorillonite, as described below. Based on these observations, we suggest that the
increase in the amount of extracted Ca and Mg is due to the dissolution of the mentioned
secondary phases (i.e., calcite and Mg-binding phases) during the extraction treatment.
In the comparison between the 4.9- and 10-year samples, both Ca and Mg in OPC-MX and
LAC-MX showed almost the same value and distance from the interface with no change
in the increasing total extracted cations. These results indicate that the precipitation of
secondary phases occurred mainly during the 4.9-year interaction and had little progress
over the next five years.

Figure 7 shows the content of montmorillonite in bentonite. The montmorillonite
content of MX was approximately 78~80%. This value is almost identical to the montmoril-
lonite content obtained by Karnland (2010) [2] when the reported variation in each year is
considered. In LAC-MX, no change was observed in the 4.9- and 10-year samples, such that
we consider that there was no montmorillonite dissolution. In OPC-MX, the montmo-
rillonite content appears to show a slight decrease near the interface, but it was not a
significant difference considering the error of the methylene blue adsorption experiment.
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These results indicate that the dissolution of montmorillonite did not significantly progress
in the interaction between LAC-MX and OPC-MX for 10 years.

Figure 6. Extracted cation compositions of bentonite by a 1 M NH4Cl solution. (A) LAC-MX_4.9 y,
(B) LAC-MX_10 y, (C) OPC-MX_4.9 y, and (D) OPC-MX_10 y.

Figure 7. Montmorillonite content of bentonite. (A) LAC-MX and (B) OPC-MX for 4.9 (blue diamonds) and 10 (brown
squares) years.

The dissolution rate of montmorillonite under alkaline conditions depends on the pH,
temperature, and degree of undersaturation (ΔGr) [35–37]. Furthermore, for compacted
bentonite, the reactive surface area for dissolution, i.e., the edge surface area [38], would
be reduced as the bentonite is compacted and the component minerals are coated with
each other. To evaluate the dissolution rate of montmorillonite in a realistic compacted
bentonite–concrete interaction, it is important to analyze core samples that have reacted for
an extended period to detect dissolution and obtain data on the above influencing factors.
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4.3. Mineralogical Characteristics of Montmorillonite

The illite % of the illite/smectite interstratified mineral (I/S) was determined by
XRD analysis of the sample treated with EG. If smectite-rich R0 I/S forms from smectite,
the peaks of d002 and d003 of the sample shift to low and high angles, respectively [39].
Figure 8 shows the XRD patterns of the clay fraction samples collected from each bentonite
sample after EG treatment. No peak shifts in d002 and d003 were observed in any of
the samples (Figure A5). The illite% was evaluated using the Δ2θ1–Δ2θ2 diagram [29];
consequently, the formation of an illite layer was not observed. Therefore, illitization of
montmorillonite did not occur during the 10-year interaction in both LAC-MX and OPC-MX.

Figure 8. XRD patterns of montmorillonite after ethylene glycol (EG) treatment. (A) LAC-MX_4.9 y,
(B) LAC-MX_10 y, (C) OPC-MX_4.9 y, and (D) OPC-MX_10 y. Sample IDs are arranged 1–10 from the
top to bottom of each figure.

Montmorillonite and beidellite have mainly negative charges (layer charge) on octa-
hedral and tetrahedral sheets, respectively. These clay minerals can be identified by the
GK test, featuring characteristic XRD peaks at 0.95 nm (montmorillonite) and 1.77 nm
(beidellite) [40]. Figure 9 shows the XRD patterns of the clay fraction samples after the
GK test. Although some patterns appear to show a weak broad shoulder around 3~7◦ 2θ,
this remains unexplained at present. On the other hand, all samples showed a peak near
0.95 nm, which indicated that almost no beidellite was formed. The mean layer charge
of montmorillonite was evaluated from the XRD patterns of the alkylammonium treated
samples (Table 2). From these results, the mean layer charge shows almost the same value,
where no change was observed during the 10-year interaction in both LAC-MX and OPC-
MX. From the above evaluation, we clarified that illitization and changes in layer charge
characteristics (i.e., position and the mean layer charge) of montmorillonite did not occur
during the 10-year interaction. The change in the mineralogical nature of montmorillonite,
as described above, and the change in the exchangeable cation compositions affect the
swelling property of bentonite. As these changes were not observed in this study, there
would be no change in the swelling property of MX due to that effect for 10 years.
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Figure 9. XRD patterns of montmorillonite after the GK test. (A) LAC-MX_4.9 y, (B) LAC-MX_10 y,
(C) OPC-MX_4.9 y, and (D) OPC-MX_10 y. Sample IDs are arranged 1–10 from the top to bottom of
each figure. Triangles (�) and circles (•) indicate the ideal peak positions of montmorillonite and
beidellite, respectively.

Table 2. Mean layer charge * of montmorillonite in each compacted bentonite.

Sample ID
LAC-MX OPC-MX

4.9 y 10 y 4.9 y 10 y

01 0.28 0.29 0.28 0.29
02 0.28 0.29 0.28 0.29
03 0.28 0.29 0.28 0.29
04 0.28 0.29 0.28 0.28
05 0.27 0.28 0.27 0.28
06 0.28 0.28 0.27 0.28
07 0.28 0.29 0.27 0.28
08 0.27 0.28 0.27 0.28
09 0.27 0.28 0.27 0.28
10 0.27 0.28 0.27 0.28

* The mean layer charge is the average of the values evaluated using dodecylammonium chloride and octadecy-
lammonium chloride solutions.
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4.4. Bentonite Alteration during 10 Years of Interaction

In the CI experiment, the main alterations of bentonite due to interaction with cemen-
titious materials were the dissolution of cristobalite and the precipitation of secondary
phases containing Ca and Mg. The initial pH of MX-80 slurry and the pore water of com-
pacted samples has been previously reported to be approximately 8~9 [41,42]. The direct
measurement of pH in the alteration zone is not possible, but the observed dissolution of
cristobalite and precipitation of secondary products mentioned imply a high-pH pertur-
bation extending some distance into the bentonite. Particularly, all secondary Mg-phases
showed a strongly reduced solubility with increasing pH, and therefore, zones of Mg
precipitation outline a high-pH front. The complexity of such mineral reaction fronts is
best clarified by using reactive-transport modeling.

These alterations mainly progressed in the first 4.9 years with little progress during
the next five years. Although the cause of the change in expansion rate of alteration zone is
not yet clear, the following two possibilities can be considered. The first is the possibility
that alteration occurred in a relatively short time after each material was installed in the
vertical boreholes. Cementitious materials had excess water and pore water when the
hydration reaction was in progress after casting. In contrast, bentonite was not completely
saturated with water immediately after installation. Therefore, this would suggest that the
highly alkaline solution in the cementitious materials was easily transferred to the bentonite
by suction. Due to this rapid migration of highly alkaline solutions, the dissolution of
highly reactive minerals (e.g., cristobalite with a fine particle size) and the precipitation of
secondary products would proceed in a relatively short period of time. The permeation of
the solution into the unsaturated bentonite causes the swelling of montmorillonite near the
interface. The swelling of montmorillonite improves the water tightness and consequently
inhibits further penetration of the solution. In addition, the supply of APW and the pore
water of OPA could also have contributed to a reduction in suction. Therefore, it would
suggest that the distance of the observed alteration area, i.e., the range of the initial alkaline
solution penetration, was limited to approximately 15 mm or less.

The second possibility is the effect of clogging by secondary products. The precipi-
tation of secondary products, calcite, and Mg-binding phases may reduce the porosity of
bentonite, resulting in limited mass transfer. Similar to this manner, the precipitation of S-
and Cl-binding phases and the progressing hydration in cementitious materials may also
contribute to the reduction in porosity. As a result, this would inhibit the expansion rate
of the alteration zones. This second possibility, especially the effect that a decrease in the
porosity has on the expansion rate of the alteration zones, will be also discussed in future
studies using reactive-transport models. The finding that the observed expansion rate of
the alteration zones occurs in a non-linear manner is important for predictions of long-term
bentonite–cement interactions. For predictions of long-term interactions, one must not
only elucidate the mechanism of the observed alteration behavior (the two possibilities
mentioned above), but also obtain data for the slow alteration rates (e.g., dissolution of
montmorillonite). This will be revealed in future analyses of long-term interacting core
samples from the CI experiment (e.g., 20 years).

5. Conclusions

To understand the alteration behavior of bentonite caused by the interaction with
cementitious materials, we analyzed core samples collected from the CI experiment con-
ducted at the Mont Terri rock laboratory. Cristobalite dissolved within the range of 10 mm
from the interface and calcite precipitated near the interface. Secondary products contain-
ing Mg (e.g., M-S-H or hydrotalcite-like phases) probably also precipitated in the range
of 20 mm from the interface. In the extracted cation composition, the amounts of Ca and
Mg increased near the interface due to the dissolution of these secondary products during
the extraction process. These alterations of bentonite mainly progressed during the first
4.9 years (possibly within a much shorter time), with little progress occurring during the
next five years. It must be noted that the mineralogical characteristics of montmorillonite
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in bentonite did not change during the 10-year interaction; consequently, the swelling
property of MX should not have changed due to this effect for 10 years. Although the mech-
anism of the observed alteration behavior—as mentioned above—is not yet entirely clear,
the finding that the observed expansion rate of the alteration zones is highly non-linear is
important for predictions of long-term bentonite–cement interactions.

The CI experiment represents a long-term experiment at a relatively large scale,
evaluating the interaction of compacted bentonite with concrete, taking into account
relevant materials expected in radioactive waste repositories. We believe that the results of
the detailed analysis in this paper can be used to advance numerical analyses of long-term
interactions by reactive transport modelling.
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Appendix A

Figure A1. XRD patterns of bentonite in LAC-MX and OPC-MX. (A) LAC-MX_4.9 y, (B) LAC-MX_10
y, (C) OPC-MX_4.9 y, and (D) OPC-MX_10 y. Arrows indicate the peak position of cristobalite.
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Figure A2. Elemental distribution of LAC-MX_4.9 y (BCI-12).

Figure A3. Elemental distribution of OPC-MX_4.9 y (BCI-15).
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Figure A4. Calcium distribution of OPC-MX_4.9 y (BCI-15).

Figure A5. XRD patterns of montmorillonite after EG treatment. (A) LAC-MX_4.9 y, (B) LAC-MX_10 y, (C) OPC-MX_4.9 y,
and (D) OPC-MX_10 y. This figure shows an enlargement of 8–20◦ 2θ in Figure 8.
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Abstract: The construction of a repository for geological disposal of radioactive waste will include
the use of cement-based materials. Following closure, groundwater will saturate the repository
and the extensive use of cement will result in the development of a highly alkaline porewater,
pH > 12.5; this fluid will migrate into and react with the host rock. The chemistry of the fluid
will evolve over time, initially high [Na] and [K], evolving to a Ca-rich fluid, and finally returning
to the groundwater composition. This evolving chemistry will affect the long-term performance
of the repository, altering the physical and chemical properties, including radionuclide behaviour.
Understanding these changes forms the basis for predicting the long-term evolution of the repository.
This study focused on the determination of the nature and extent of the chemical reaction, as well
as the formation and persistence of secondary mineral phases within a mudstone, comparing data
from sequential flow experiments with the results of reactive transport modelling. The reaction of
the mudstone with the cement leachates resulted in small changes in pH with the precipitation of
calcium aluminium silicate hydrate (C-(A-)S-H) phases of varying compositions. As the system
evolves, secondary C-(A-)S-H phases re-dissolve and are replaced by secondary carbonates. This
general sequence was successfully simulated using reactive transport modelling.

Keywords: ordinary Portland cement; mudstone; sequential flow experiment; reactive-transport
modelling; radioactive waste disposal

1. Introduction

The construction of a repository for geological disposal of radioactive waste will
include the use of cement-based materials [1–4]. Following closure, groundwater will
saturate the repository and the use of cement will result in the development of a highly
alkaline porewater, pH > 12.5, in the case of ordinary Portland cement (OPC) [5,6]. The fluid
will migrate into and react with the host rock. The chemistry of the migrating fluid will
evolve over time, initially being high in Na and K with high pH ~13.5 (Stage I), evolving to
a Ca rich fluid with pH ~12.5 (Stage II), followed by C-S-H buffering (Stage III), and finally
returning to the groundwater composition [7]. This evolving fluid chemistry will affect the
long-term performance of the repository, altering the physical and chemical properties of
the host rock, including radionuclide behaviour ([7] and references within). Understanding
these changes forms the basis for modelling the long-term evolution of the repository.

Flow-through or column experiments [8] are a useful technique with which to obtain
experimental data on the spatial and temporal changes as the chemistry of the migrat-
ing fluid evolves. However, many previous studies have used only a single fluid at a
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time [9–11], and although the reactions of different OPC leachates (representing Stages I
and II) have sometimes been examined, these studies generally compared the reaction of
unaltered solids (either single minerals, synthetic mineral assemblages, or real rocks) and a
single leachate.

It is known, for example, that the Ca/Si ratios of the secondary calcium silicate
hydrate (C-S-H) and calcium aluminium silicate hydrate (C-A-S-H) phases may change by
re-dissolution and precipitation as the chemistry of the reacting fluid evolves, i.e., reduction
in Na and K and increases in Ca concentration [12–15]. Indeed, this has been observed
in laboratory column experiments [15] in which early-formed C-S-H and C-A-S-H gels
were replaced by ones with a lower Ca/Si ratio during successive reaction with fluids
representing the evolution of a cement leachate over time. The initial Na-K-Ca-OH fluid [15]
was followed by a Ca(OH)2-saturated fluid and, finally, a Ca-HCO3-type fluid (neutral
pH), representing eventual re-saturation of by background bicarbonate groundwater [15].
However, this work [15] only used a ‘generic’ crystalline rock.

Some previous modelling studies [16–18] have been undertaken to consider the fluid
evolution impacts on the host and secondary mineralogy, but without experimental data
with which to validate the predictions. In addition, most of these modelling studies used a
single input fluid and tracked evolution of this fluid’s chemistry and change in mineralogy
with time and/or distance. An understanding of how the evolution in chemistry of the mi-
grating cement pore fluids from the repository and subsequent interaction with the altered
the host rock is critical for the prediction of the long-term evolution of the mineralogy, and
will be part of the safety assessment for radioactive waste disposal repository.

This study focused on the sequence of alteration owing to the evolution of OPC-type
leachate chemistry on argillaceous mudstone from the Horonobe Underground Research
Laboratory (URL), Hokkaido, Japan [19]. This study describes the use of sequential fluids
to represent the evolution of the cement leachate fluid chemistry with time and how
it interacts with the host rock, which has been identified as a key area of uncertainty,
particularly with the modelling of such systems [7]. This was performed by setting up
a series of identical flow experiments to provide (at least in a laboratory time frame)
information on the sequence of reaction. The first flow experiment was stopped after the
reaction with a fluid representative of an early OPC cement leachate. In the remaining
experiments, the reactant fluid was then changed to one representative of an evolved
leachate. Again, after a period of reaction, one of the experiments was terminated and
the reactant fluid changed to a natural groundwater for the final stage of reaction. Fluid
chemistry was monitored throughout the experiments, providing a near continuous record
of the evolution of the reacted fluid chemistry, and with the three different fluid types,
‘snapshots’ of the mineralogical variations could be determined. The specific aim of this
work was the determination of the nature and extent of the chemical reaction as well as the
formation and persistence of secondary mineral phases within the mudstone, as the fluid
chemistry evolved, by the comparison of experimental data with geochemical reactive
transport modelling.

2. Materials and Methods

2.1. Horonobe Mudstone

Samples of mudstone, for use in this study, were collected from the Horonobe URL
site, Hokkaido, Japan [19]. The samples were taken from gallery walls located in 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%), feldspar
(5–10 wt%), and pyrite (<2 wt%) [20,21]. The mudstone samples were crushed to <500 μm
prior to being used in the experiments. The use of crushed materials increases the surface
area available for reaction and encourages a greater degree of reaction within the time
constraints of a laboratory study. However, it is recognised that the crushing process could
also result in the generation of highly reactive ‘fines‘, resulting in experimental artefacts,
i.e., increased initial dissolution.
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2.2. Description of Fluids

Cement pore fluids representative of the alkaline leachates expected from a cemen-
titious repository [22,23] were used for these sequential experiments. The first fluid rep-
resented a ‘young’ OPC leachate pH ~13.4 with high [Na] and [K]. A second fluid, an
‘evolved’ OPC leachate, was Ca-rich and saturated with respect to portlandite, pH ~12.5.
The OPC leachates were prepared from analytical grade reagents; Na and K were added as
hydroxides and Ca as CaO. The third fluid was Horonobe groundwater (HGW) collected
from the 07-V140-M03 borehole (depth 140 m, sampled on 22 July 2020), located in the
Koetoi Formation, which was stored in stainless-steel containers under nitrogen before use.
Details of the initial concentrations of ions in the fluids are given in Table 1.

Table 1. Initial concentrations of major ions in the OPC leachates and Horonobe groundwater.

Leachate pH @ 24 ◦C Components (mg/L)

‘young’ OPC leachate Na K Ca SiO2 Mg Cl HCO3
−

(Na-K-Ca-OH) 13.4 1500 7300 60 - - - -

‘evolved’ OPC leachate Ca SiO2 Mg Cl HCO3
−

(saturated Ca(OH)2) 12.5 800 - - - -

Horonobe groundwater Na K Ca SiO2 Mg Cl HCO3
−

07-V140-M03
(sampled 22 July 2020) 7.93 2580 74 69 68 97 2900 2200

Upon sub-sampling the fluid from the reservoir used in the flow experiment, it was
noted that the pH of the HGW (pH ~8.65) had increased from that of the original HGW
(pH ~7.93, Table 1) as sampled from the stainless-steel container. This was accompanied
by a corresponding decrease in [HCO3

−] to ~1900 mg/L (from ~2200 mg/L), indicating
that there had been some degassing of the HGW during the set-up of the experiment.
Typically, HGW from the same borehole [24] has a ~pH 7.4~7.8 and a [HCO3

−] ranging
from 2700–3100 mg/L, suggesting that, even in the stainless-steel container, there had been
some degassing of the HGW.

2.3. Description of the Flow Experiments

A small flow cell (SFC) as used in previous studies, examining differences in alteration
of Horonobe mudstone with ordinary Portland and low alkali cement leachates [14], was
used to conduct the experiments. A schematic of the small flow cell set-up is shown in
Figure 1. The SFC was constructed from three pieces of acrylic plastic, sealed by a combi-
nation of ‘O-rings’ and bolts (Figure 1). Both inlet and outlet sides for the cell were fitted
with filters and porous polypropylene disks, which, on the inlet side, aided the distribution
the incoming fluid across the whole face of the mudstone sample. Polypropylene fluid
reservoirs and sample collection bottles were used, with flow through the cell controlled by
a Cole-Parmer MASTERFLEX® peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA) [14].
The dry density of the packed mudstone could be controlled during the initial set-up. The
experiments conducted here used a dry density of 1 g/cm3 (corresponding to a solid mass
~3.14 g); this was achieved using a small stainless-steel hand-press to mould the mudstone
sample. The experiments were conducted inside a glove box continuously flushed with N2.
The primary aim of this flushing was to prevent carbonation of the alkaline leachates by
atmospheric carbon dioxide.
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(a) (b) 

Figure 1. (a) Schematic (after [14]) and photograph (b) of small flow cell (SFC).

On completion of the experiments, the SFC was partly dismantled and the mudstone
sample was vacuum dried, while still being held in the central section, before being carefully
extruded and sectioned into ~1.5 mm thick slices, using a thin blade, before subsequent
mineralogical analysis.

A series of three flow experiments were conducted to examine the sequential reac-
tion of Horonobe mudstone with OPC leachates and groundwater. This was achieved
by reacting mudstone samples with successive fluids starting with the ‘young’ OPC
leachate (SFC-1), followed by the ‘evolved’ OPC leachate (SFC-2), and finally HGW (SFC-3).
Figure 2 gives details of the experiments conducted, together with the reaction duration
with each fluid.

 

Figure 2. Details of the experiments, with interval and total times for the sequential experiments with the Horonobe
mudstone reacting with OPC leachates and then ground water.

2.4. Fluid Sampling and Analysis

Sampling of the fluids was performed within the protective N2 atmosphere of the glove
box. All collected fluids were filtered using 0.2 μm 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 MΩ cm demineralised water (Millipore Simplicity® ultrapure water system)
and then acidified with concentrated HNO3 (1% v/v), in order 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 300× (PerkinElmer, Inc., Waltham, MA, USA),
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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 Ion
Chromatograph system (Thermo Fisher Scientific, Waltham, MA, USA), calibrated using
mixed anion standard solution (Kanto Chemical Co., Inc, Tokyo, Japan). All fluid samples
were stored in a refrigerator at <5 ◦C until required for analysis. Considering instrumental
and sample preparation errors (e.g., sample dilution), a total 5% error was assumed.

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.

2.5. Solids’ Sampling and Analysis

On completion of the experiments, the mudstone samples were cut into ~1.5 mm
thick slices, using a thin blade, with SEM stubs and powdered samples for XRD being
prepared for subsequent mineralogical characterisation. Petrographic analysis of the
solid samples was performed using a combination of both scanning electron microscopy
(SEM) (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 were prepared as carbon coated, random mount
stub samples. Techniques used included SEM using secondary electron imaging (SE)
and backscattered electron (BSE) imaging and element distribution analysis using with
energy-dispersive X-ray spectroscopy (EDS). Samples for XRD were prepared for analysis
by taking a representative sub-sample and grinding to a fine powder

2.6. Mineral Saturation State Calculations

The saturation indices (SI = log (IAP/Ks)—where IAP: ion activity product and Ks:
solubility constant) of the primary and potential secondary minerals—in the reacted fluids
were calculated using the PHREEQC v3.6.3 geochemical code [25]. Calculations were
performed using the JAEA thermodynamic database (JAEA-TDB) [26]. JAEA-TDB version
PHREEQC20.dat (v1.2, 11 March 2021) was used for the calculations, being the latest
version available at the time.

2.7. Reactive-Transport Modelling
2.7.1. CABARET Model Concept

Fully-coupled 1D reactive transport models were constructed using the ‘CABARET’
(Cement And Bentonite Alteration due to REactive Transport) computer modelling code
(Quintessa Limited, Henley-on-Thames, UK). CABARET was chosen for the modelling
in preference to codes such as PHREEQC, as it allows coupling of porosity evolution (as
minerals dissolve and/or precipitate) with diffusive and advective transport. CABARET
uses the underlying QPAC Code, which has been used in previous reactive transport
modelling studies [27,28]. CABARET uses an adaptive time-stepper to maximise the solver
efficiency, which reduces the size of the time-step in response to external events (e.g.,
time-dependent inputs) or ‘emergent events’ (e.g., precipitation of secondary minerals or
total dissolution of pre-existing minerals) and increases the time-step when the system is
evolving less rapidly.

Supporting calculations (e.g., aqueous chemical speciation) were undertaken using
PHREEQCv3 to generate the initial fluid compositions and to identify the key aqueous
species specified in the CABARET models. The same JAEA-TDB [26] version was used for
the CABARET calculations as used for the PHREEQC mineral saturation state calculations.

2.7.2. CABARET Model Setup and Parameters

Figure 3 shows the geometry of the experimental set-up as represented in CABARET.
As CABARET was designed to work with a single input fluid type, it was necessary
to generate the fluids ‘in situ’, effectively reproducing the fluid reservoir used in the
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experimental set up. This reservoir contained defined ‘hypothetical minerals’ (Tables S1–
S3) which, when reacted with the inflowing fluid (i.e., pure water), replicated the three
different successive reacting fluids. The resulting chemistry matched the fluid compositions
given in Table 1.

Figure 3. Geometry of the experimental set-up as represented in CABARET. ‘Container’ represents
the fluid reservoir, with the mudstone divided into 10 sections, each 1 mm long and 20 mm in
diameter (note: not to scale).

Although CABARET is an efficient model, as with other complex simulations, it is
still desirable to minimise the number of active components (i.e., chemical species and
minerals) in the system in order to obtain results in a reasonable computational time.

The choice of minerals considered in the model was determined by the analysis of the
Horonobe mudstone and precipitates observed in this study together with information
from previous studies of the Horonobe mudstone mineralogy [18,20,29]. In addition,
previous geochemical modelling studies on various clayrock–cement fluid reactions were
used to inform the choice of likely active minerals [15,30,31]. The active minerals are given
in Table 2. Ten aqueous basis species (H2O, Al+++, Ca++, Cl−, H+, HCO3

−, K+, Mg++, Na+,
Si(OH)4(aq), SO4

–) were active in the model, together with 35 related aqueous complex
species. A full list of the active chemical species is available in Table S4. The choice of
chemical species included was based on the chemical analysis of the reacted fluids and the
compositions of the minerals included in the model.

Table 2. Details of the ‘model’ Horonobe mudstone composition and potentially active minerals.

Vol % Formula in Thermodynamic Database (JAEA TDB, [26])

Porosity 56.4

SiO2(am) 27.5 SiO2

Montmor 4.18

Montmor_Ca Ca0.165(Mg0.33Al1.67)(Si4)O10(OH)2
Montmor_K K0.33(Mg0.33Al1.67)(Si4)O10(OH)2

Montmor_Mg Mg0.165(Mg0.33Al1.67)(Si4)O10(OH)2
Montmor_Na Na0.33(Mg0.33Al1.67)(Si4)O10(OH)2

Quartz 4.15 SiO2

Illite 3.63 K0.6(Mg0.25Al1.8)(Al0.5Si3.5)O10(OH)2

Albite 1.91 NaAlSi3O8

K_Feldspar 1.17 KAlSi3O8

Anorthite 1.09 CaAl2Si2O8

Portlandite Ca(OH)2
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Table 2. Cont.

Vol % Formula in Thermodynamic Database (JAEA TDB, [26])

CSH055
to

CSH165

(CaO)1.65(SiO2)(H2O)2.1167, (CaO)1.55(SiO2)(H2O)2.0167,
(CaO)1.45(SiO2)(H2O)1.9167,

(CaO)1.35(SiO2)(H2O)1.8167, (CaO)1.25(SiO2)(H2O)1.7167,
(CaO)1.15(SiO2)(H2O)1.6167
(CaO)1.05(SiO2)(H2O)1.5167,

(CaO)1.00(SiO2)(H2O)1.4667,(CaO)0.95(SiO2)(H2O)1.4167,
(CaO)0.90(SiO2)(H2O)1.3667, (CaO)0.85((SiO2)(H2O)1.3167,

(CaO)0.80(SiO2)(H2O)1.248,
(CaO)0.75(SiO2)(H2O)1.17, (CaO)0.65(SiO2)(H2O)1.014, (CaO)0.55(SiO2)(H2O)0.858

Stratlingite_Al (Ca2Al(OH)6)(AlSiO2(OH)4)(H2O)3

Analcime
(Analcite) NaAlSi2O6(H2O)

Clinoptilolite_alk,
Clinoptilolite_Ca
Clinoptilolite_K

Clinoptilolite_Na

K2.3Na1.7Ca1.4(Al6.8Si29.2O72)(H2O)26
Ca3(Al6Si30O72)(H2O)20
K6(Al6Si30O72)(H2O)20

Na6(Al6Si30O72)(H2O)20

Phillipsite_alk
Phillipsite_Ca
Phillipsite_K

Phillipsite_Na

K1.4Na1.6Ca0.4(Al3.8Si12.2O32)(H2O)12
Ca3(Al6Si10O32)(H2O)12
K6(Al6Si10O32)(H2O)12

Na6(Al6Si10O32)(H2O)12

Brucite Mg(OH)2

MSH06
to

MSH15

(MgO)0.6(SiO2)(H2O)1.08, (MgO)0.7(SiO2)(H2O)1.2, (MgO)0.8(SiO2)(H2O)1.32
(MgO)0.9(SiO2)(H2O)1.44, (MgO)1(SiO2)(H2O)1.56, (MgO)1.1(SiO2)(H2O)1.68
(MgO)1.2(SiO2)(H2O)1.8, (MgO)1.3(SiO2)(H2O)1.92, (MgO)1.4(SiO2)(H2O)2.04

(MgO)1.5(SiO2)(H2O)2.16

Monocarbonate_Al (Ca2Al(OH)6)2(CO3)(H2O)5

Monosulfate_Al (Ca2Al(OH)6)2(SO4)(H2O)8

Magnesite MgCO3

Thaumasite Ca3Si(OH)6(SO4)(CO3)(H2O)12

Calcite Ca(CO3)2

Dolomite CaMg(CO3)2

Gypsum CaSO4(H2O)2

Ettringite_Al Ca6(Al(OH)6)2(SO4)3(H2O)26

Friedel_Salt_Al (Ca2Al(OH)6)2(Cl)2(H2O)4

Kuzel_Salt_Al (Ca2Al(OH)6)2((SO4)0.5Cl)(H2O)6

Thermodynamic data (equilibrium constants and standard molal volume for minerals)
were taken from the JAEA-TDB [26] version PHREEQC20.dat (v1.2, 11 March 2021). Kinetic
rates for primary minerals were taken from [32,33] and the references within, those for
montmorillonite from [34] and C-S-H from [35]. Data for surface areas were from [34,36].
Ion exchange of Na, K, and Ca from the reactant fluids with the clays in the mudstone was
included, and the ion exchange parameters for montmorillonite were taken from [37].

In terms of the description of diffusion, including the effect of tortuosity, within
CABARET, this was derived from [38] with dispersion and advection as described in [39].
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3. Results

3.1. Aqueous Chemistry

The chemical evolution of the three flow-through experiments was nearly identical
when comparing the same fluid type. That is, the fluid analytical data for the ‘young’ OPC
leachate were the same for SFC-1, -2, and -3 experiments, and the data for the ‘evolved’
OPC leachate from the SFC-2 and 3 experiments were identical. The results of the SFC
experiments with the ‘young’ OPC leachate have previously been discussed in detail in [14].

3.1.1. Changes in pH

Figure 4a shows the evolution of pH with time for the experiment with the ‘young’
OPC leachate, followed by the ‘evolved’ OPC leachate and then HGW (SFC-3). In all three
experiments, there was an initial decrease to pH ~4 due to the presence of dissolution of
sulphate phases, the discussion of which can be found in [14]. The pH recovered from
the low values within the first 24 h to pH ~13.2. The pH reduction with the ‘young’ OPC
leachate was ~0.2 pH units lower than the original leachate, and a similar drop was seen
with the ‘evolved’ OPC leachate (pH ~12.4). With the change to HGW, the pH decreased,
but even after ~36 d of reaction, the measured pH ~9.25 was still higher than that of the
inflowing groundwater (pH ~8.6).

 
(a) 

Figure 4. Cont.
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(b) 

Figure 4. Major changes in fluid chemistry with time. Horonobe mudstone with ‘young’ OPC, and
then the ‘evolved OPC leachate followed by HGW. (a) pH; (b) [Na], [K], [Ca], [SiO2], and [Cl]. Legend
text: yOPC—‘young’ OPC leachate; eOPC—‘evolved’ OPC leachate; HGW—Horonobe groundwater.
Lines indicate concentrations in reacted samples; single points the original concentration in the
reacting fluids.

3.1.2. Changes in Na Concentration

The changes in Na concentrations in the reacted fluids are shown in Figure 4b. In
all three experiments, [Na] decreased from the concentration in ‘young’ OPC leachate to
~1300 mg/L and remained at close to this value until the inflowing fluid was changed to
the ‘evolved’ OPC leachate (Figures 4b and S1) when, as expected, [Na], reflecting the lack
of Na in the ‘evolved’ OPC leachate, decreased to ~10 mg/L (analytical detection limit)
(Figures 4b and S2). With the change to HGW, [Na] slowly rose over the next 25 days
(Figure 4b) to close to that of the HGW (~2600 mg/L). This time to match the incoming
fluid concentration was slower than the time taken for [Na] to reach steady state with the
change from the ‘young’ to the ‘evolved’ OPC leachate, which was only ~10 d.

3.1.3. Changes in K Concentration

With the ‘young’ OPC leachate, [K] initially decreased to ~4100 mg/L, possibly ow-
ing to ion exchange reactions with the clays in the mudstone [14], before increasing to
~5700 mg/L (Figures 4b and S1) and remained, within analytical error, at this concentration
until the fluid was changed to the ‘evolved’ OPC leachate (SFC-2 and -3) when the [K]
dropped to <40 mg/L (Figures 4b and S2). As with [Na], with the change to HGW (SFC-3),
[K] recovered to close to the concentration present in the groundwater.

3.1.4. Changes in Ca Concentration

With both of the OPC leachate types, [Ca] in the reacted fluids was significantly lower
than of the original OPC leachates (<25 mg/L for the ‘young’ OPC leachate and ~640 mg/L
for the ‘evolved’ OPC leachate (Figure 4b, Figures S1 and S2)). When HGW replaced the
OPC leachate, [Ca] decreased over the next 25 days to <5 mg/L, mirroring the changes
seen in [Na], and remained at this value for the remaining duration of the experiment
(Figure 4b).
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3.1.5. Changes in Silica Concentration

In all the experiments (Figure 4b, Figures S1 and S2), the silica concentrations increased
rapidly in the first 6 days of the reaction to high levels ~1000 mg/L, and then slowly
decreased to ~500 mg/L at the time of the change to the evolved’ OPC leachate (~40 d).
With the ‘evolved’ OPC leachate, silica decreased further, so that, after 7 d of flow with the
evolved’ OPC leachate, silica concentrations were <3 mg/L (Figures 4b and S2). When the
inflowing fluid was changed to HGW, silica concentrations in the reacted fluids increased
over 14 d to approximately twice that of the HGW, i.e., ~130 mg/L.

3.1.6. Changes in Other Ions

With the exception of Rb and Sr, which tracked the concentrations of Na and Ca,
respectively, the concentrations of the remaining cations analysed (e.g., Al, Ba, Cs, Cu, Fe,
Li, Mg, Mn) showed no significant change from the concentrations in original fluids.

In general, the concentrations of anions (Br, NO2
−, NO3

−, and F) reflected the re-
spective concentrations present in the OPC leachates and groundwater. With the ‘young’
OPC leachate, sulphate concentrations in the first fluid samples collected showed an early
large peak (up to ~800 mg/L), but, after 7 d, sulphate concentrations were <5 mg/L and
showed no significant change during the subsequent reaction with neither the ‘evolved’
OPC leachate nor HGW.

In all three experiments, phosphate showed a small peak (~10 days reaction) before
decreasing to <1 mg/L. Previous studies [29] reported rare apatite in some samples of
Horonobe mudstone, the dissolution of which may have been the source of this phos-
phate peak.

The behaviour of Cl (Figure 4b) with the change to HGW was similar to that of Na,
and took ~25 d to reach the concentration of the original HGW (~2900 mg/L).

Bicarbonate concentrations in the collected fluids from the reaction with both OPC
leachates were below detection, but once the fluid was changed to HGW, [HCO3

−]
increased to ~1300 mg/L over 14 d, but did not reach the concentration of the HGW
(~1900 mg/L).

3.2. Mineralogical Analysis
3.2.1. ‘Young’ OPC Leachate Experiment (SFC-1)

A summary of the evolution of the mineralogy for the SFC-1 is shown in Figure 5 and
discussed in greater detail in [14]. In the first section (~0–1.5 mm), there was evidence for
the dissolution of the primary material, and no secondary phases were observed. However,
in the next section, ~1.5–3 mm, a wide variety of secondary C-S-H and C-A-S-H phases
were observed (Figure 5 and [14]). By section 3, ~3–5 mm, there was no further evidence
for additional secondary phase precipitation, and mineral surfaces showed little sign
of reaction.

3.2.2. ‘Young’ and Then ‘Evolved’ OPC Leachate Experiment (SFC-2)

A summary of the evolution of the mineralogy for the experiment with ‘young’ OPC
leachate, followed by the ‘evolved’ OPC leachate (SFC-2), is shown in Figure 6. Again, the
mudstone samples were cut into ~1.5 mm thick slices before being prepared for subsequent
mineralogical characterisation.
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Figure 5. Summary of mineralogy of Horonobe mudstone with ‘young’ OPC leachate. 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 (reproduced from [14]).

In the first section (~0–1.5 mm), a variety of C-(A)-S-H phases were observed
(Figure 6), identified by semi-quantitative SEM-EDS analysis. These phases varied in
Ca/Si, Al content, and morphology. By section 3 (~3–4.5 mm), as with section 1, a variety
of C-(A)-S-H phases were observed, but also present were ‘needle-like’ crystals. SEM-EDS
analysis (Figure 6) suggested that they had a high S content, possibly representing an
ettringite or monosulphate-like composition. Both ettringite and monosulphate are often
found in hydrated Portland cement pastes [40]. XRD analysis (Figure S2) proved inclusive
as to which phase(s) was present, but the SEM-EDS analysis suggested Si was also present.
Ettringite has been shown to be able to accept the replacement of up to half of its Al
by Si [41], which suggests ettringite as the likely phase, though monosulphate is still a
possibility if the Si detected was due to the presence of the underlying primary mineral. An
examination of section 6 (~8.5–10 mm) by SEM again showed the presence of a needle-like
sulphur bearing phase and a variety of C-S-H and C-A-S-H phases (Figure 6).

PHREEQC was used to calculate mineral SI in the reacted fluids based on the analysed
fluid chemistry (Figure S3). The calculations showed that, for most primary mineral phases,
the degree of undersaturation increased in the ‘evolved’ OPC leachate, suggesting more
dissolution compared with the ‘young’ OPC leachate. In addition, the modelling suggested
that, as well as C-S-H phases being saturated or close to saturation, both ettringite and
monosulphate would also be saturated in the collected fluids (Figure S3) when reacted
with the ‘evolved’ OPC leachate.
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Figure 6. Summary of mineralogy of Horonobe mudstone with ‘young’ OPC (Na-K-Ca-OH) and then ‘evolved OPC
leachate (Ca(OH)2) (SFC-2). All SEM photos are secondary electron (SE) images. The white square in the SEM images from
Sections 1 and 3 indicate the areas used for SEM-EDS analysis of the secondary phases.

3.2.3. OPC Leachates Then HGW (SFC-3)

A summary of the evolution of the mineralogy for the experiment with the ‘young’
OPC and then the ‘evolved’ OPC leachate followed by HGW (SFC-3) is shown in
Figure 7. Unlike the experiments with the OPC leachates (SFC-1,2), it was difficult, owing
to partial cementation of the sample, to prepare equally sliced samples for mineralogical
characterisation.

In the first section (~0–1.0 mm), many surfaces showed signs of significant secondary
precipitation. SEM-EDS analysis (Figure 7) of these precipitates showed them to be arago-
nite/calcite, sometimes containing small amounts of Mg, of varying morphologies. Most
of these crystals were small, ranging from around ~2 to ~10 μm, suggesting fairly rapid
formation. As the HGW contained significant carbonate and the mudstone was saturated
with the ‘evolved’ OPC leachate, it was expected that carbonate precipitation would oc-
cur, especially as, in the HGW itself, calcite was close to saturation. Indeed, calculation
of mineral states, using PHREEQC, indicated that carbonates were close to saturation
(Figure 8) in the collected reacted fluids. Apart from aragonite/calcite (Figures 7 and S4),
no other secondary phases were found, and where visible, the primary mineral surfaces
appeared to be clean of ‘fines’. The secondary C-S-H phases, and ettringite/monosulphate,
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observed in the experiments with the OPC leachates (SFC-2) appeared to have re-dissolved
in this section.

In Section 2 (~1.0–2.5 mm), again, ‘clean’ diatoms were visible. Secondary precipitates
of differing compositions were also found. SEM-EDS analysis of these precipitates was
sometimes inconclusive, with some rare precipitates having compositions that could be
attributed to high Ca/Si, C-S-H phases, and/or calcite overlying primary silicate minerals.
The examination of the saturation state of various C-S-H phases in the reacted fluids
suggested that all C-S-H phases were undersaturated (Figure 8), and thus should have
re-dissolved. Elsewhere in this section, secondary calcites of different morphologies,
sometimes containing Mg, were found. Some larger carbonate crystals (Figure 7) with
diameters of 40–50 μm were also observed, suggesting that these had formed more slowly
than those observed in the first section of the SFC.

 

Figure 7. Summary of mineralogy of Horonobe mudstone with ‘young’ OPC (Na-K-Ca-OH), then ‘evolved OPC leachate
(Ca(OH)2), and then HGW (SFC-3). Except where indicated, each section was ~1.5 mm. All SEM photos are secondary
electron (SE) images. The white square in the SEM images from Sections 1 and 2 indicate the areas used for SEM-EDS
analysis of the secondary carbonates.
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Figure 8. Selected secondary mineral saturation states in reacted fluids, experiment with ‘young’ OPC (Na-K-Ca-OH), and
then the ‘evolved OPC leachate (Ca(OH)2), followed by HGW; all data from SFC-3. Representative C-S-H phases in blue;
zeolites in red; and S-bearing cement phases in green.

By section 6 (~7.5–10 mm), ‘stacked’ carbonate grains (calcite) were frequently ob-
served; again, some of these crystals were large (typical diameters of 30–40 μm), suggesting
slow sustained growth. Although zeolites were identified as possible secondary minerals
from the calculations for the mineral saturation states (Figure 8), no evidence was found for
their formation, though it should be noted that the available thermodynamic data for many
zeolites remain poorly known [17]. However, given the much faster precipitation rate of
both aragonite and calcite relative to zeolites, carbonates would be highly favoured over
zeolites as secondary phases over experimental timescales. In addition, other studies have
suggested that higher temperatures (>60 ◦C) may be required for zeolite formation [42].

4. Results of Reactive Transport Modelling

To further examine the reaction sequence seen in these experiments and to extend
the timescale beyond that possible in the laboratory experiments, coupled 1D reactive
transport models were constructed using the ‘CABARET’ software.
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Model Predictions vs. Experimental Data

Figure 9 shows the comparison of the results of the CABARET model compared with
the experimental data for the major aqueous components. The model predictions for
the evolution of pH (Figure 9a) were a good match for the experimental data. Both Na
and K predicted concentrations were also a good match, especially for the OPC leachates
(Figure 9a). However, Na with the HGW was predicted to increase faster to the concentra-
tion of the HGW than the experimental data. Calcium concentrations (Figure 9b) were also
a reasonable match to the experimental data for the OPC leachates, although predicted
[Ca] with the ‘evolved’ OPC leachate were slightly lower than in the experiments.

  
(a) (b) 

  
(c) (d) 

Figure 9. Summary of the model predictions compared with the experiment data (a) pH, [Na], and [K]; (b) [Ca], [SiO2], and
[Cl]; (c) selected C-S-H saturation indices; (d) zeolite saturation indices.

Silica concentrations were more difficult to match with the experimental data
(Figure 9b). Although an initial increase in silica concentration was predicted by the
CABARET model, this was significantly lower than the concentration observed in the
experiments; the reason(s) for this mismatch are not clear, but one possible explanation
could be that, in the experiments, the crushing process produced many highly reactive
‘fines’ that would have reacted before the bulk of the mudstone.

In addition, with the HGW, silica concentrations in the CABARET model initially
rose to ~1200 mg/L (~2 × 10−2 mol/kg) compared with ~140 mg/L (~2.3 × 10−3) in the
experiments, before decreasing after 100 d to ~63 mg/L (~7.65 × 10−4 mol/kg), which was
about half the concentration observed in the experiments.
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Chloride concentrations with the HGW (Figure 9b) showed an almost immediate
increase from <1 to ≈3200 mg/L in the model rather than the delayed increase seen in the
SFC-3 experiment, showing a similar behaviour to sodium.

Comparison of the saturation indices (SI) for selected C-S-H and zeolite phases derived
from the fluid chemistry (see Figure 8) and CABARET are shown in Figure 9c,d. Although
the absolute numerical values for the mineral SI are often different, the trend in the
model is a reasonable match for the experiment derived SI data, with the major difference
being that, in the experiments, zeolites were oversaturated compared with CABARET
model predictions.

Figure 10 shows the predicted variation of porosity and selected minerals with distance,
at defined time steps. The variation in porosity with time and distance (Figure 10a) predicts
that, for the ‘young’ OPC leachate (0 to 20 d) from 0 to 2.5 mm, the porosity would increase,
i.e., dissolution of the primary minerals after 3 mm, the porosity decreases, indicating
formation of a secondary phases(s). From ~7 to 10 mm, the porosity remains close to but
slightly higher than the starting value (56.4%), suggesting continued partial dissolution of
the mudstone minerals.

The predicted changes in porosity mirrored the prediction of C-S-H phase precipitation
(Figure 10b), which was predicted at time step of 40.2 (d), i.e., the change from ‘young’ OPC
to ‘evolved’ OPC to be the greatest, ~3–4.5 mm, which matches well with the mineralogical
observations from the flow experiment with the ‘young’ OPC leachate (SFC-1) (Figure 5).

With the ‘evolved’ OPC leachate, the model suggests continued dissolution of the
mudstone and increased precipitation of C-S-H phases (Figure 10a,b; time steps of 40.2, 58.4,
and 76.7 (d)) with C-S-H phase precipitation extending throughout the flow cell (Figure 6),
but still with its maximum between 2.5 and 4.5 mm.

With the change to HGW (Figure 10a; time steps of 94.9 and 113.2 (d)), the porosity
close to the inlet (0–1 mm) decreases in direct response to the predicted formation of
secondary calcite (Figure 10c), and because calcite is predicted to form throughout the cell,
porosity is also reduced along the whole flow path. Again, this was in good agreement
with the experimental observations of calcite precipitation (Figure 7). Also shown in
Figure 10 are exemplar data for the primary minerals, which show continued dissolution
with time and distance (Figure 10d,e).

 

  
(a) (b) 

Figure 10. Cont.

334



Minerals 2021, 11, 1026

  

  
(c) (d) 

  
(e) (f) 

 

Figure 10. Legend for all plots, except porosity; (a) time step (days), selected model data showing variation along the length
of SFC with time; (a) porosity, red dashed line indicates initial porosity; (b) total C-S-H present; (c) calcite; (d) albite (as
representative of the feldspars); (e) total montmorillonite; and (f) amorphous silica. Time step of 40.2, (d) change from
‘young’ to ‘evolved’ OPC leachate; time step of 80.3, (d) change from “evolved’ OPC leachate to HGW.

Figure 11 shows summary plots of the changes in composition of modelled mineral
assemblage for the unreacted mudstone and after reaction with each fluid (i.e., time 0,
~40, ~80, ~120 d). This illustrates the variation in the relative proportions of the primary
and secondary minerals with time and distance. The increase in volume of C-S-H phases
precipitated with the ‘evolved’ OPC leachate compared with the ‘young’ leachate is evident,
as is the complete removal of C-S-H phases and replacement by calcite following reaction
with HGW, which is the same sequence observed in the experiments (see Figures 5–7).
In addition, primary minerals, though showing slight dissolution, dominate the mineral
assemblage throughout.

Zeolites were predicted to form, but, as noted above (Section 3.2.3), carbonates would
be favoured over zeolites as potential secondary phases.
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(a) (b) 

  
(c) (d) 

 

Figure 11. Legend for all plots. Summary of the composition of modelled mineral assemblage: (a) Horonobe mudstone
before reaction; (b) after reaction with young for 40 d; (c) after successive reaction with both OPC leachates; and (d) after
successive reaction with both OPC leachates and Horonobe groundwater.

5. Discussion

In summary, the experimental data obtained from this study on the reaction of mud-
stone with highly alkaline fluids are consistent with previous modelling and experimental
studies on other host rocks [9–11,15,39], although the Horonobe mudstone is less reactive
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than some of the mineral assemblages previously investigated, i.e., Borrowdale Volcanic
Group; Äspö Granite; Wellenberg marl [10], Opalinus Shale [11]; and a generic crystalline
rock [15].

5.1. Chemistry and Mineralogy

The pH with the OPC leachates was buffered to <0.2 pH units below that of the
unreacted leachates, and similar changes in pH have been observed in other studies with
OPC leachates [9–11,14,15]. However, with the change to Horonobe groundwater, the pH
of the reacted fluids did not, within the timeframe of this study, return to that of the HGW
(pH~8.6), but remined slightly higher at pH~9.4 (Figure 4a), suggesting that there was some
longer-term buffering of the pH by the remnant secondary mineral assemblage present
after reaction with the successive OPC leachates, i.e., the presence of C-(A-)S-H phases.

It was also noticeable that, for [Na] and [Cl] (Figure 4b), there was a delay before the
dissolved concentrations increased towards the levels present in the HGW (Figure 4b). As
chloride is normally considered to be a conservative species, this suggests that the lag in the
experiments is due to a physical/transport process rather than a chemical one. A possible
explanation for this is that there was a slow mixing of the HGW with OPC leachate(s)
trapped within the pore spaces by the precipitated C-(A-)S-H phases that continued until
the phases completely dissolved, thereby releasing the trapped fluid; this would also result
in a slightly higher pH than expected with the HGW. Previously, it has been reported
that the presence of C-A-S-H phases caused fluid stagnation and poor flow in some
pores/voids, resulting in some cases in the persistence of secondary precipitates [15]. The
model included porosity in solute transport processes, but did not consider heterogeneity
in the porosity distribution.

The sequential reaction of the mudstone with the OPC leachates was dominated by
the initial precipitation of C-(A-)S-H phases of varying compositions (SEM-EDS, semi-
quantitate analysis), with accompanying variations in the concentration of Ca and Si in the
reacted fluids. This general sequence was also predicted by the modelling, allowing direct
comparison of the experimental system evolution with the reactive transport simulations.
With the change to the groundwater and the consequent reduction in pH, the secondary
C-(A-)S-H phases re-dissolved, confirming model predictions that they would dissolve,
owing to the lower pH of the groundwater, and be replaced by secondary carbonates.

In the experiments, [Ca] remained below that of the HGW owing to the formation of
these carbonate minerals, and [Si] increased as the C-(A-)S-H phases dissolved. However,
the simulated magnitude of the [Si] increase and the subsequent decrease was greater than
that seen in the experiments, suggesting that there was either a kinetic inhibition to the
dissolution of C-(A-)S-H phase(s) in the experiments or that a physical mechanism [15]
not simulated by the model, as discussed above for [Na] and [Cl], was controlling the
dissolution, and hence [Ca] and [Si]. This clearly illustrates the importance of being able to
compare model predictions with analytical data.

5.2. Extent of Reaction

While, with the ‘young’ OPC leachate, the extent of reaction in the experiments was
limited to only the first few millimetres (Figure 5), there was greater reaction with the
‘evolved’ OPC leachate, and thus greater secondary C-(A-)S-H precipitation (Figure 6),
reflecting the higher [Ca] of that leachate. Although observed throughout, the secondary
C-(A-)S-H phases were still, at least subjectivity, most prevalent in the first few millimetres.
The model simulations showed a similar trend with regard to both the extent and degree
of reaction (precipitation) to the experimental data.

In a previous study working with Opalinus clay (OPA) and a similar ‘young’ OPC
leachate as used in this study [11], it was found that, even after 18 months, the precip-
itation zone within the OPA was limited to <2 cm, with C-A-S-H phases together with
Ca-carbonate, portlandite, and brucite identified. Similarly, it has been previously observed
during the reaction of Na-montmorillonite with simulated OPC and OPA porewaters [43]
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that porosity changes were limited to ~2 mm penetration into the clay, and comparable
observations have also been made in related studies [43–46]. In a review of cement-clay
modelling with high pH fluids [47], it was noted that many reactive transport models pre-
dicted limited zones of alteration similar to the extent seen in the experiments undertaken
in this study.

However, the higher than expected pH in the reacted fluids and the trend in Ca
and silica concentrations following the change to groundwater suggest that some C-(A-
)S-H phases may persist for a longer time than predicted by the modelling as a result
of a physical mechanism. A probable explanation for this is that the secondary phases
will have formed in the pore spaces, blocking some fluid flow paths, thus reducing the
impact of the inflowing groundwater, and furthermore that formation in voids will reduce
the reactive surface area of the secondary phases, further slowing their dissolution [15].
Again, this illustrates the importance of having analytical data with which to validate
model predictions.

The experiments provided mineralogical data only at four time steps (i.e., at the
start and at ~40, ~80, and ~120 d) and the outflow fluid chemistry was only sampled
intermittently. As the CABARET model predictions were in general agreement with the
experimental data at these time steps, the model can then be used to examine how the
chemical and spatial changes may have evolved between these data points, as well as to
explore the changes in fluid chemistry within the flow cell, which are difficult (at least at
the millimetre scale of the flow cell used here) to determine experimentally.

5.3. Recommendations for Model Improvements and Validation

The CABARET reactive transport model has been demonstrated to be in general
agreement with the experimental data, which gives greater confidence in the potential use
of this code to make predictions at greater scale. However, common with other reactive
transport models, e.g., PHREEQC [25] and TOUGHREACT [48] and others, there is scope
for improving the agreement with experimental data.

For example, in CABARET, the surface area for each mineral is assigned a fixed
value in the initial set-up file, and this does not subsequently vary with dissolution or
precipitation. Reactive-transport models are able to couple diffusive and advective flow
to porosity, but processes such as heterogenous pore occlusion and secondary minerals
coating primary solids are not considered, with only bulk porosity being able to evolve in
each model cell.

The timing of the sequence of host rock alteration resulting in the formation of
C-(A-)S-H phases, which later re-dissolve with the change to groundwater and the re-
lease of any sorbed radionuclides, requires further investigation, as the experimental data
from this study suggest that this process may occur over a somewhat longer time than
predicted by the reactive transport modelling.

To fully understand the temporal and spatial extent of the reactions on mineral evolu-
tion (precipitation and dissolution) and the subsequent effect on radionuclide migration
requires longer duration experiments with intact samples, under carefully controlled lab-
oratory conditions, and more realistic ‘in situ’ experiments to provide data for model
validation. Further improvements to the available simulation software are also required to
analyse and extend the results from such experimental programmes to repository scales.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/min11091026/s1, Figure S1: Major changes in fluid chemistry with time. Horonobe mudstone
with ‘young’ OPC leachate (SFC-1) and Horonobe mudstone with ‘young’ OPC, and then ‘evolved
OPC leachate (SFC-2). Figure S2: XRD analysis of unreacted and reacted mudstone samples experi-
ment with ‘young’ OPC, and then the ‘evolved OPC leachate (SFC-2). Figure S3: Selected primary
mineral and C-S-H phase saturation states in reacted fluids, experiment with ‘young’ OPC, and then
the ‘evolved OPC leachate (SFC-2). Figure S4: XRD analysis of unreacted and reacted mudstone
samples experiment with ‘young’ OPC, and then the ‘evolved OPC leachate, followed by HGW
(SFC-3). Table S1: Calculated Log K for the hypothetical minerals; ‘young’ OPC leachate. Table S2:
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Calculated Log K for the hypothetical minerals; ‘evolved’ OPC leachate. Table S3: Calculated Log K
(for the hypothetical minerals); Horonobe groundwater. Table S4: Details of the dissolved chemical
species included in the CABARET reactive transport model.
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Abstract: Strong chemical gradients between clay and concrete porewater lead to diffusive transport
across the interface and subsequent mineral reactions in both materials. These reactions may influence
clay properties such as swelling behaviour, permeability or radionuclide retention, which are relevant
for the safety of a radioactive waste repository. Different cement types lead to different interactions
with Opalinus Clay (OPA), which must be understood to choose the most suitable material. The
consideration of anion-depleted porosity due to electrostatic repulsion in clay modelling substantially
influences overall diffusive transport and pore clogging at interfaces. The identical dual porosity
model approach previously used to predict interaction between Portland cement and OPA is now
applied to low-alkali cement—OPA interaction. The predictions are compared with corresponding
samples from the cement-clay interaction (CI) experiment in the Mont Terri underground rock
laboratory (Switzerland). Predicted decalcification of the cement at the interface (depletion of C–S–H
and absence of ettringite within 1 mm from the interface), the Mg enrichment in clay and cement
close to the interface (neoformation of up to 17 vol% Mg hydroxides in concrete, and up to 6 vol%
in OPA within 0.6 mm at the interface), and the slightly increased S content in the cement 3–4 mm
away from the interface qualitatively match the sample characterisation. Simulations of Portland
cement—OPA interaction indicate a weaker chemical disturbance over a larger distance compared
with low-pH cement—OPA. In the latter case, local changes in porosity are stronger and lead to
predicted pore clogging.

Keywords: cement—clay interaction; diffusion; dual porosity; electrostatic effects; reactive transport
modelling; near field; radioactive waste repository; low-pH cement

1. Introduction

Deep geological repository designs include cementitious materials for structural
elements, backfill or waste matrix. While mineralogy in Opalinus Clay (OPA) has proven
stability for the last 170 million years, cementitious minerals are subject to deterioration;
hence, concrete infrastructure has a typical service life between 50 and 100 years.

Chemical gradients between porewaters of cement and contrasting materials cause
diffusive fluxes of dissolved species. In case of cement—clay interfaces, this may lead to
mineralogical alterations, which in turn are expected to locally influence important barrier
properties like permeability, swelling pressure or specific retention.

Experimental literature documents chemical and mineralogical changes at clay—
cement interfaces [1–10]. Local decalcification (instability of portlandite, calcium silicate
hydrate (C–S–H), and ettringite) is the main alteration of the cement. The resulting Ca
depletion within a thin layer down to 0.2 mm can be measured by element mapping with
various techniques, but mineralogical characterisation with such high spatial resolutions
is still demanding [1]. Even more challenging is the characterisation of the measured Mg
enrichments at the interface: the most likely neoformation, nano-crystalline magnesium
silicate hydrate (M–S–H), shows no distinct reflections in X-ray diffraction [11]. Mg X-ray
absorption near-edge spectroscopy reveal a crystallographic structure similar to certain
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clay minerals [12,13], which impedes M–S–H detection within OPA by this technique.
The location and Mg content of the Mg-enriched layer in OPA depend on the nature of
the cement [14]. Other interactions between cement and OPA result in carbonation in
the cement and a sulphate enrichment detached from the interface, and the change of
the exchanger population in OPA [6]. Reactive transport model approaches predict such
changes [11,14–19], but studies rarely compare modelling results with experimental data.
Of value are modelling studies comparing different cement types interacting with clay
under similar conditions to contribute to the engineering design of a repository.

Changes in porosity, its distribution and connectivity—and therefore also permeabilit-
y—near such interfaces are important processes governing the long-term physicochemical
evolution of the engineered barrier and its geological near-field [17]. Increasing poros-
ity in the Portland cement close to the interface, and clogging in the claystone adjacent
to it are experimentally observed and commonly predicted by reactive transport mod-
elling [15–17]. These studies all use a simplified porosity concept and do not account for
the clay-specific influence of clay layer charge on the porewater solute distribution and on
diffusive transport.

Dual porosity reactive transport modelling can take into account such clay-specific
features, and this may be crucial when modelled porosity clogging approaches zero-
porosity. Jenni, Gimmi, Alt–Epping, Mäder and Cloet [14] describe a novel dual porosity
approach, simulate the short-term evolution of Portland cement concrete (OPC) in contact
with OPA, and compare the results with experimental data from the CI experiment (Cement-
clay Interaction) carried out in the Mont Terri rock laboratory (www.mont-terri.ch). The
current study repeated the simulation but exchanged the OPC concrete with a low-alkali
cement concrete (ESDRED, named after the European project “Engineering Studies and
Demonstrations of Repository Designs” 2004–2008, which included the development of
this concrete formulation). Both types of concrete were installed in the CI experiment, and
their interfaces were sampled and characterised several times after emplacement. The
simulation outcome was compared with element maps of the appropriate interface sample,
and with the outcome of the previous OPC-OPA model.

2. Materials and Methods

The multicomponent reactive transport modelling was performed in 1D with the
FLOTRAN code [20] in the same way the OPC—OPA interaction was modelled [14,19].
These publications contain further details, especially on the dual porosity approach used
for the OPA part of the model, which is summarised in Section 2.2. Advection is negligible
in these types of clay host systems. Site-specific transport studies on undisturbed OPA
state diffusion-dominated transport [21]. Small hydraulic heads in the OPA close to the
repository are expected, which lead to Peclet numbers in the range of 10−2 to 10−3 [22].
Glaciations or tunnel convergence might increase the importance of advection only tem-
porarily. Therefore, only diffusion and electrochemical migration were included in this
model approach.

Comparable reactive transport simulations considering electrostatic effects on the
solutes were carried out by using CrunchFlowMC and PhreeqC. Alt–Epping, et al. [23]
compare the capabilities of these codes with respect to dual porosity. Results of OPC—OPA
interface simulations with these codes have been presented in Jenni, et al. [24].

2.1. Modelling of the Concrete Domain

Diffusive transport followed by reactions between concrete and clay rock start when
the freshly-mixed cement slurry is applied to a clay rock surface. Substantial interactions
between the materials are likely to occur during the early stage of cement hydration. There-
fore, the initial condition of the simulation should consist of unhydrated cement clinker and
water. Initial conditions with hardened cement are appropriate in case of pre-cast elements
brought in contact with clay, and should not be used to simulate shotcrete applications.
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Concrete properties used in the model (e.g., aggregate content, ESDRED cement
composition) matched the concrete used in the Mont Terri CI experiment (Table 1, taken
from Jenni, Mäder, Lerouge, Gaboreau and Schwyn [6]). The concrete aggregates were
considered as non-porous and were included in the initial condition because they lowered
total diffusive transport. The low specific surface areas and reaction rates of the aggregate
minerals suggested treating them as inert for the limited time-scale of the model, in contrast
to reactive clinker phases and nanosilica.

Table 1. Characteristics of concrete and cement. Binder represents all reactive components (cement,
silica). Cement composition was determined by XRD Riedtveld analysis using an internal standard.

Concrete Composition

CEM I 42.5 N [kg/m3] 210
silica fume [kg/m3] 140

superplasticiser [kg/m3] 4.2
accelerator [kg/m3] 16.8

water [kg/m3] 175
water/binder weight ratio – 0.5

sand, gravel [kg/m3] 1800

Cement Composition

alite [wt%] 52.8
belite [wt%] 22.8

aluminate [wt%] 5.0
ferrite [wt%] 7.9

periclase [wt%] 1.0
calcite [wt%] 2.9
quartz [wt%] 0.5

anhydrite [wt%] 1.9
hemihydrate [wt%] 1.7

gypsum [wt%] 0.0
syngenite [wt%] 2.0
dolomite [wt%] 1.5

Within the cement, a geometric factor (ratio of constrictivity/tortuosity) of G = 0.1
was chosen, following arguments in Jenni, Gimmi, Alt-Epping, Mäder and Cloet [14].

The clinker dissolution rates mainly control the overall cement hydration kinetics,
and the formation of hydrates is generally considered to be instantaneous [25,26]. Here,
all cement hydrates formed with a fast rate constant of 10−3 mol/m3/s and a generic
surface area of 0.01 m2/g (rate law described in [27,28]). Two combined dissolution rates
per mineral (Table 2) were derived by a best-fit of clinker and silica fume dissolution
data, measured by quantitative XRD on reference samples of the same cement [29]. The
two rates were implemented by incorporating two reacting versions of the same mineral.
Reaction rates of potentially forming non-cement hydrates were taken from Palandri and
Kharaka [30] (generic surface area of 0.1 m2/g). Thermodynamic data was taken from the
Cemdata07.2 [26,31–36] and EQ3/6 databases. More details about clinker composition,
solid solutions of hydrates, and phase reactions are given in [14].

The set accelerator added to the ESDRED concrete leads to a formate content of more
than 0.2 M in the early porewater, slightly decreasing with time [29]. In the initial condition
of the model, 0.2 M formate, charge-balanced by Ca, was added to the pure water to
account for this substantial anionic charge.

2.2. Dual Porosity Modelling of Opalinus Clay

Opalinus Clay was modeled in the exact same manner as described in Jenni, Gimmi,
Alt-Epping, Mäder and Cloet [14], that contains further explanations and figures. Rock
composition (Table 3) and porewater chemistry data were taken from Berner, et al. [38],
based on measured and modelled data [39–41]. Thermodynamic data was taken from
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EQ3/6, except for chlorite (7 Å chamosite), K-feldspar, and albite, which were treated
as inert. Too many reactive minerals in the simulation violate the phase rule, and no
equilibrium initial condition can be achieved. Pyrophyllite represented the TOT layer of
smectite, considered as inert due to the small extent of reaction to be expected within the
time-scale of the model. Reaction rates for all reactive minerals were taken from Palandri
and Kharaka [30].

Table 2. Stoichiometric clinker composition calculated from measured cement bulk chemical composition after Taylor [37],
measured silica fume composition, implemented dissolution rates, and surface areas.

Alite
C3S

Belite
C2S

Aluminate
C3A

Ferrite
C4AF

Si Fume

CaO [formula units] 2.911 1.975 2.793 4.202 0.024
SiO2 [formula units] 0.956 0.914 0.17 0.293 0.981

Al2O3 [formula units] 0.027 0.041 0.85 1.066 0.001
Fe2O3 [formula units] 0.01 0.01 0.088 0.665 0
Na2O [formula units] 0.002 0.002 0.036 0.005 0
MgO [formula units] 0.054 0.015 0 0 0.003
K2O [formula units] 0.002 0.014 0.016 0.007 0.003

log rate constant1 [mol/m2/s] −5.06374 −5.34159 −4.06095 −4.69578 −9.24229
log rate constant2 [mol/m2/s] −7.27421 −8.48021 −8.21623 −8.2 −11.39708
surface area for 1 and 2 [m2/g] 0.00319732 0.00301906 0.00329394 0.0026751 21

Table 3. Mineral composition of OPA in wt% of dry rock.

[wt%]

illite 23.9
kaolinite 17.7
smectite 12.2
calcite 13.7

dolomite 0.5
quartz 17.1
siderite 3.3
pyrite 1.0

kalifeldspar 1.3
albite 1.0

chlorite 8.3

In OPA, 6 vol% of 12 vol% total pores contains porewater with cations balancing the
negative charge of the clay layers. This porosity consists of the water in the clay interlayer
plus the water on clay outer particle surfaces (often called diffuse double layer). Because
both of these porewater domains are similarly influenced by the negative charge of the
clay layers, the sum of the domains was implemented in the model, and is called Donnan
porewater (and Donnan porosity). Its homogeneous chemical composition was calculated
by assuming Donnan equilibrium with the remaining fraction of the porewater, which
is here referred to as freely accessible porewater, free porewater in short (contained in the
free porosity). Donnan equilibrium assumes a homogeneous composition of the Donnan
porewater (averaging a Poisson-Boltzmann distribution), and equal activity coefficients in
both porosity domains [14]. The code inhibited mineral precipitation in the Donnan poros-
ity, and all minerals kinetically equilibrated with the free porewater. Thermodynamically,
mineral phases at saturation had equal chemical potentials in both domains, despite the
depletion of anions (compensated by an electrostatic potential term). The restricted space
in the interlayer was assumed to inhibit nucleation. Chagneau, et al. [42] give experimental
evidence for mineral precipitation in the free porosity only in compacted clay. This implies
that the Donnan porosity was not clogged and always provides a pathway for mainly
neutral species and cations that diffuse while maintaining charge balance (by considering
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streaming potentials in multi-component transport). The model approach presented here
can handle this type of transport [14].

In a Donnan porosity concept, Donnan equilibrium between the Donnan porewater
and the free porewater replaces conventional cation exchange. An electrostatic term de-
pendent on ionic strength and the mean potential governs the Donnan equilibrium. In
CrunchflowMC or PhreeqC [23,43–47], this is implemented by an explicit partitioning func-
tion that distributes aqueous species between Donnan and free porewater. In the present
FLOTRAN approach, the ion partitioning resulted from rapid diffusion and electrochemical
migration between the free and Donnan porewater. The cation exchange capacity (CEC)
was represented by immobile anions in the Donnan porewater. Technical implementation
details are given in [14]. The geometric factor (G = constrictivity/tortuosity) in the free
porosity was set to 0.023, and to 0.006 in the Donnan porosity (derived from diffusion
experiments in OPA [14]).

The Donnan porosity was not linked to a specific clay mineral in the current approach,
and the total ion charge in the Donnan porewater balanced the bulk CEC of OPA. Dissolu-
tion or precipitation of clay minerals did not decrease or increase the CEC or the Donnan
porosity as they should. This simplification is acceptable, because the clay minerals are vir-
tually stable on the time-scale of the model presented here (rate constant <10−13 mol/m2/s
after [30]).

The arithmetic averaging of concentrations in the electromigration term between
adjacent cells in FLOTRAN [20] was changed to harmonic averaging, as argued in [48].
More details are given in [14].

3. Results and Discussion

3.1. Model Predictions of Low-pH Cement—Opalinus Clay Interaction

The initial conditions of the unhydrated ESDRED cement matrix consisted of pure
water with Ca-formate (accelerator) in the free porewater, which was undersaturated
with respect to the cement clinkers (Figure 1). The OPA free porewater was in chemical
equilibrium with the reactive OPA minerals as well as in Donnan equilibrium with the
Donnan porewater. This initial condition describes the fresh (unhydrated), well-mixed
concrete right after casting into the borehole drilled into OPA (start of the Mont Terri CI
experiment), or by analogy a shotcrete just applied to a tunnel wall for stabilisation within
a repository.

Comparably fast dissolution of clinkers and silica fume led to the precipitation of
mainly C–S–H and ettringite (Figure 2). The high Si content and lower pH in the porewater
compared to OPC suppressed portlandite formation and favoured low Ca/Si C–S–H, which
is the main difference compared with Portland cements [49]. During the dissolution of the
clinker phases, Ca and OH species diffused directly into the OPA due to the concentration
gradient. At the same time, some OPA porewater species diffused into the concrete. At the
interface, the pore solution in ESDRED was slightly lower in pH and dissolved Ca, which
led to the instability of C–S–H and ettringite. In turn, Mg diffusing in from OPA porewater
led to precipitation of Mg-phases.

Over time, the model predicted the precipitation of hydrotalcite in the unaffected
ESDRED due to a slow dissolution of MgO associated with clinker, as predicted in [29].
However, hydrotalcite was not observed experimentally as a hydration product of ESDRED
(same reference). In the present approach, hydrotalcite might have been more stable due to
a overpredicted availability of Al in the pore solution that might be consumed in reality by
Al uptake by C–S–H [50] and by M–S–H [51].

At the interface, hydrotalcite, M–S–H and/or talc precipitated. M–S–H is described
in literature as a hydrated nano-crystalline precursor of phyllosilicates like talc or Mg-
smectite [52], and therefore the presence of talc in the database inhibited the precipitation
of early M–S–H due to its precursor character, i.e., M–S–H is a less stable phase compared
to talc. Predictions of the nature of the Mg precipitates are uncertain due to uncertainties
in thermodynamic data for Mg (Si-) hydroxides. The formation of a specific Mg (Si-)

347



Minerals 2021, 11, 664

hydroxide depends on local pH and Mg, Ca, Al, and Si concentrations. Regardless of its
nature, the Mg (Si-) hydroxides precipitated within the Ca-depleted zone of the cement,
and could partly compensate the additional pore space available due to C–S–H dissolution.
Availability of Mg from OPA, the Mg content in the cement, and the capability of the
OPA to lower the pH in the cement determined the extent to which the porosity in the
cement at the interface could be clogged. The model prediction clearly shows that Mg (Si-)
hydroxides have the highest potential to clog the porosity in the cement at the interface.

 

Figure 1. Phase volume fractions of initial condition of the concrete—OPA interface. The legend shows all phases considered
in the model (por.: porosity; HyTlct: hydrotalcite; Stratling: strätlingite; HyGt: hydrogarnet; AFm: monosulphate; AFt:
ettringite; Portland: portlandite; Clinopt: clinoptilolyte; Crist (a): alpha-cristobalite; SiO2am: amorphous silica; SiFume:
silica fume; Sulfate: sum of gypsum, hemihydrate, anhydrite; C4AF: ferrite; C3A: aluminate; C2S: belite; C3S: alite). Only
reactive phases ondergoing visible volume changes are shown in subsequent figures (top 30 vol%, black frame). The entire
domain was discretised into 16 × 100 μm-cells close to the interface, 30 × 1 mm-cells further away, and two large cells at
the outer concrete and OPA boundaries.

Calcite formed in the cement with ongoing in-diffusion of inorganic carbon species
from OPA. Transport was fast enough to carbonate the entire cement domain, but only
resulted in calcite contents below 1 vol% due to the limited reservoir in the OPA porewater.
Therefore, carbonation reduced porosity and transport insignificantly according to this
model prediction.

From the very beginning of interaction, the high-pH front entered the OPA, where it
was buffered by dissolution of clay minerals. Only negligible volumes of dissolving clay
were required to efficiently buffer pH, but the limiting factor was the slow reaction kinetics
relative to the OH diffusion. Two scenarios were calculated using the slow reaction rates in
Palandri and Kharaka [30], and the increased rates (four orders of magnitude) proposed
by Marty, et al. [53]. Figure 3 shows a more advanced high-pH front in case of slower
reaction rates, whereas the faster clay reactivity hindered the pH front more efficiently
from entering the OPA.
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Figure 2. Predicted volume evolution of the reactive phases (legend and explanation of horizontal
axis in Figure 1 and captions). The pH of the free porewater is indicated in the dark blue free
porosity area.
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Figure 3. pH profiles across the OPA free porewater after 10 h of interaction with ESDRED, modelled
with slow and increased reaction rates of illite and kaolinite. Interface at 0 mm, ESDRED on the left,
OPA on the right.

Following a strong concentration gradient, Mg migrated into the cement. The de-
creasing Mg in the OPA free porewater is buffered by the large Mg content in the Donnan
porosity (equivalent to the clay exchangeable cations). The high mobility of the cations
in the Donnan porosity led to a depletion of Mg up to 15 mm into the OPA within 2.7 y,
compensated mainly by Ca (Figure 4), originating from the instability of mainly C–S–H
at the interface (decalcification of the cement). The predicted dissolution of the minor
dolomite content in the OPA contributed to a smaller extent to the Mg supply. The freed
Ca and carbonate species were bound in newly formed calcite, but were also released to
the OPA porewater.

Figure 4. The cation concentration profile in the Donnan porewater (in charge equivalent fractions)
across the OPA after 2.7 y of interaction with ESDRED. In the current modelling approach, the Donnan
porewater concentrations replaced the cation occupancies of clay models with explicit ion-exchange.
Explanation of horizontal axis in Figure 1 captions.

Mg-hydroxides also formed in the OPA at the interface within a layer of increased pH.
Between 100 d and 2.7 y, the free porosity became completely clogged, but the model was
set up in a way that transport between the free porewater in the cement and the Donnan
porewater in the OPA could continue (Section 2.2). However, anion mobility across the
interface was extremely low due to the low anion concentration in the Donnan porosity.
In turn, neutral species (e.g., water tracer) and cations still migrated considerably across
the interface, as proposed in Jenni, Gimmi, Alt-Epping, Mäder and Cloet [14], and by a
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diffusion experiment with a fully clogged illite core [42]. A single porosity model approach
cannot predict this ongoing interaction across an interface clogged on the clay side of
an interface.

3.2. Comparison of Low-pH and Portland Cement Interactions with Opalinus Clay

The modelling of the ESDRED low-pH cement interaction with Opalinus Clay pre-
dicted an early clogging of the free porosity on the clay-side, which led to a substantial
decrease of the interaction rates: phase distributions after 4.8 y of interaction resemble
the 2.7 y old interface, and the penetration of the pH front virtually stopped (Figure 5).
In contrast, the porosity at the OPC-OPA interface was only predicted to minimally clog
after 4.8 y [14]. In both predictions, OPA initial conditions and transport models are equal.
The main difference is the presence of rapidly dissolving silica fume and the formate as
additional anion charge carrier in the ESDRED, leading to a lower pH and an increased Si
content in the porewater compared to OPC.

 

Figure 5. Cont.
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Figure 5. Predicted volume evolution of the reactive phases after 4.8 y of interaction of ESDRED (top),
and OPC (bottom, modified from [14]) with OPA. The phase legend and explanation of horizontal
axis is shown in Figure 1 and captions, the pH of the free porewater is indicated in the dark blue free
porosity area.

3.3. Comparison of Model Predictions with Measurements

Quantitative agreement of the model predictions with measurements is not perfect
but shares essential communalities. It must be kept in mind that significant local variability
exists across samples of equivalent interfaces in terms of amount of neoformations and
extent of interaction zones. The qualitative agreement of measurements on both ESDRED—
OPA and OPC—OPA interfaces with predicted interaction is striking. Both simulations
predicted decalcification and depletion in sulphur in the cement at the interface (portlandite,
C–S–H, and ettringite dissolution) in agreement with chemical maps (Figure 6 and [14]).
Whereas a substantial Mg enrichment was measured in ESDRED and in adjacent OPA
only close to the interface, OPC—OPA interfaces showed no or very limited Mg increase
at the interface, but a small detached enrichment at approximately 7 mm distance from
the interface in the OPA (Figure 7). These cement-specific features were predicted by both
simulations: the Mg-mineral hydrotalcite occured in both ESDRED and OPA right at the
interface, but in OPC—OPA, brucite (very high in Mg) occurred distant from the interface
(further details given in [14]). Both models also suggested that the Mg enrichments in the
OPA traced the high-pH fronts, which reached different positions in the two interfaces
(Figure 5). The exact identity of the Mg-phase is under investigation [1,12].
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Figure 6. SEM EDX element maps of 4.8 y ESDRED-OPA interfaces, concrete on the left, OPA on
the right of the interface marked in red. Bright areas represent high concentrations of the element
indicated. On the concrete side, only the cement matrix between the aggregates is relevant. OPA
contains pyrite (high S areas) and calcite (high Ca spots).
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Figure 7. Comparison of SEM EDX Mg maps of interfaces (4.8 y), concrete on the left, OPA on the right of the interface
marked in red. Bright areas represent high Mg concentrations. On the concrete side, only the cement matrix between the
aggregates is relevant.

4. Conclusions

Several uncertainties of this modelling approach limit a quantitative prediction of
the evolution at the cement—clay interface, especially for extended interaction times to
hundreds or thousands of years. Transport parameters, especially geometric factors in the
free and Donnan porosities, are not well known and large errors may arise from a simple
estimation from OPA diffusion experiments. Clay dissolution rates given in literature
differ significantly, but strongly influence the interaction model outcome: the relationship
between transport, e.g., migration of the pH-front, and rates of mineral dissolution, e.g.,
buffering pH, determine the extent of cement—clay interaction. An additional crucial
uncertainty is the degree to which the free porosity can be clogged. Further, assuming a
minimal remaining free porosity, as strongly suspected in the concrete, leads to considerable
interaction within thousands of years. In contrast, full clogging of the total porosity in
the concrete at the interface (implemented in the model by allowing precipitations up to
zero porosity) would completely stop cement-clay interaction. Such conceptual questions
cannot be answered by modelling studies, but require long-term transport experiments,
whose outcome can then be used to conceptualise the models.

It is striking that the predicted extent of alteration in terms of overall mass transfer
in case of the ESDRED (“low-pH cement”) was in fact larger than that in the OPC case
after a given time, e.g., 4.7 y (Figure 5). This was predicted despite that the mobility of
solutes across the interface became restricted due to clogging of free porosity in case of the
low-alkali cement. Only the penetration of the high-pH front into the claystone was more
extensive in the OPC case, but it was associated with smaller mineral mass transfers. In the
ESDRED, the decrease of Ca-containing hydrates at the interface was higher than in OPC.
More dissolved Ca may have diffused from ESDRED into the OPA and exchanged with Mg,
which precipitated within the narrow high-pH zone. The clogging of OPA’s free porosity
could not stop this cation exchange, because it could continue via the Donnan porosity.
In contrast, OH− was mainly present in the free porosity and its diffusion was therefore
affected by free porosity clogging. In the OPA in contact with OPC, the Mg neoformations
distributed over a far wider high-pH zone and clogged only a small porosity fraction.

A supposedly higher inherent reactivity of OPC compared to low-alkali cementitious
products due to its contrasting initial pH has motivated implementers to reduce, substitute
or omit OPC in some repository designs for radioactive waste. If our model indeed captured
the key reactive processes, a more extensive alteration at OPC-claystone interfaces may not
be expected, and thus this a priori assumption is incorrect and should not be a decisive
issue. A similar conclusion was reached [2] simply by comparing the extents of alteration
based on highly-resolved element maps and other methods (similar to Figures 6 and 7),
and this despite a significantly larger water/cement ratio of 0.8 in OPC compared to 0.5 in
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the ESDRED cement. Based on the extensive characterisation and modelling of interfaces
from the Mont Terri CI experiment reacted for up to 10 years, the high-pH front coming
from OPC enters deeper into the OPA compared with the ESDRED high-pH front. In
turn, the volumes of dissolved cement and neoformations are larger at the ESDRED-OPA
interface. Simplified numerical simulations of Portland cement—clay interaction run
for longer times [17,38,54] predicted clogging after considerably longer interactions than
10 years. This suggests that both high-pH and low-pH cements will clog eventually. The
expected difference in clogging time might be crucial if the buffer resaturation requires
water transport across a clay-cement interface.
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Abstract: The geological disposal in deep bedrock repositories is the preferred option for the manage-
ment of high-level radioactive waste (HLW). In some of these concepts, carbon steel is considered as
a potential canister material and bentonites are planned as backfill material to protect metallic waste
containers. Therefore, a 1D radial reactive transport model has been developed in order to better
understand the processes occurring during the long-term iron-bentonite interaction. The numerical
model accounts for diffusion, aqueous complexation reactions, mineral dissolution/precipitation and
cation exchange at a constant temperature of 25 ◦C under anoxic conditions. Our results suggest that
Fe is sorbed at the montmorillonite surface via cation exchange in the short-term, and it is consumed
by formation of the secondary phases in the long-term. The numerical model predicts precipitation
of nontronite, magnetite and greenalite as corrosion products. Calcite precipitates due to cation
exchange in the short-term and due to montmorillonite dissolution in the long-term. Results further
reveal a significant increase in pH in the long-term, while dissolution/precipitation reactions result
in limited variations of the porosity. A sensitivity analysis has also been performed to test the effect
of selected parameters, such as corrosion rate, diffusion coefficient and composition of the bentonite
porewater, on the corrosion processes. Overall, outcomes suggest that the predicted main corrosion
products in the long-term are Fe-silicate minerals, such phases thus should deserve further attention
as a chemical barrier in the diffusion of radionuclides to the repository far field.

Keywords: radioactive waste disposal; iron–bentonite interaction; reactive transport; numerical
model

1. Introduction

Burial in a stable deep geological formation is the generally accepted strategy for the
safe management of high-level radioactive waste. In some repository concepts, the waste is
foreseen to be emplaced in metallic canisters (e.g., made of carbon steel), which would be
surrounded by bentonite as buffer material (engineered barrier system or EBS). During the
geochemical evolution of such a repository system, groundwater is expected to move
through the barriers and contact the metallic canisters, which will start corroding. In case
of canister failure and subsequent waste matrix alteration, bentonite, consisting mainly of
montmorillonite, would be able to retain the released radionuclides. However, during con-
tainer corrosion, long-term geochemical processes at the corroding container/bentonite
interface will proceed and have an impact on the properties of the geotechnical barrier. Such
information may be of relevance for the Safety Case of the repository. To gain insights into
container corrosion and bentonite alteration, several experiments and numerical models
studying the iron-bentonite interactions have been reported in literature (see, e.g., in [1–5]).

In laboratory experiments at 90 ◦C studying the interaction between iron and
argillite [6,7], or iron and bentonite [8], the formation of a layer of secondary phases, made
of magnetite, siderite and Fe-silicates such as nontronite and cronstedtite, was found at the
reacting interface. More recently, Kaufhold et al. [9] reported that the presence of highly
reactive silica results in the predominant formation of Fe-silicates as corrosion products
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rather than magnetite. These findings suggest that the nature of formed corrosion products
depends on the composition of the infiltrating porewater and thus on the mineralogical
composition of the bentonite and argillite but also on the coupling of reaction kinetics
and transport. Some of these reactions take a long time and cannot be reproduced over
laboratory time scales [10]. Due to the strong coupling of kinetically controlled dissolu-
tion/precipitation/transport processes, reactive transport models play an important role
for studying the long-term iron-bentonite interaction. Some of the reactive transport calcu-
lations considered magnetite and siderite as principal corrosion products [11,12], and most
of them also considered the formation of Fe-silicates such as berthierine, greenalite or
cronstedtite [10,13–19]. The predicted results suggested that not only magnetite but also
Fe-silicates can form during the long-term iron-bentonite interaction. Hence, the con-
ceptual model considered has an effect on the predicted results. For instance, some re-
ported reactive transport models considered a gap between the canister and the bentonite
(see, e.g., in [15,18]), but this approach enhances the alteration of both canister and ben-
tonite because the reactive surface area is much larger than the one considering that canister
and bentonite are in contact without any gap in between. In the real system, any gap would
be closed due to bentonite swelling upon hydration. Thus, the reactive surface area of the
bentonite minerals is only related to the porosity of the bentonite. Other authors considered
the canister as porous material (see, e.g., in [13,19]) allowing dissolution of the canister and
precipitation of corrosion products within the canister pores. However, in the real system,
the canister can only react at the interface with bentonite due to the presence of porewater.
The temperature of the system is under discussion in the literature, some reported reactive
transport models of EBS in clays considered a fully water-saturated isothermal system
with a temperature of 50 ◦C [13], 70 ◦C [18] or 100 ◦C [17,20] conditioning the nature of the
secondary phases that can form during the long-term interaction. However, according to
Finsterle et al. [21], the heat pulse could last between a few decades to a few hundred years,
then the ambient temperature prior to waste emplacement will prevail in the long-term
anaerobic conditions. Then, a temperature around 25 ◦C would be expected from the depth
taking into account the geothermal gradient. Indeed, isothermal reactive transport models
at 25 ◦C have been reported [19], however, for an EBS in granite.

The objective of this study is, therefore, to better understand the processes that will oc-
cur in the long-term iron-bentonite (i.e., MX-80) interaction and the nature of the secondary
phases for an EBS in clay rock by means of reactive transport models. The conceptual
model assumes that bentonite is fully water-saturated and that heat pulse is already dissi-
pated, therefore, anaerobic conditions at a constant temperature of 25 ◦C are considered.
Reported corrosion products that were found experimentally [6,8,22,23] are considered as
potential secondary phases. Due to the lack of long-term experimental data, our results
are compared with other published numerical studies on iron–clay/bentonite interac-
tion [13,18,19]. The conceptual model and the results of the reference model are presented
in Sections 2 and 3 respectively. In addition, a sensitivity analysis, Section 4, has been per-
formed in order to study the effect of selected parameters, such as corrosion rate, diffusion
coefficient, reactive surface area and the porewater composition, on the corrosion products.

2. Reactive Transport Model

2.1. Processes and Governing Equations

The simulations were carried out using Retraso-CodeBright [24]. This software pack-
age couples CodeBright [25], a finite element computer code that can handle multiphase
flow and heat transfer to a module for reactive transport, which includes aqueous com-
plexation reactions, precipitation/dissolution of minerals and adsorption. For more details
about the code we refer to Olivella et al. [25] and Saaltink et al. [24]. Only an outline of the
main processes taken into account in the present work is given here.
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The conceptual model considers that the system is fully water-saturated, then the mass
balance of reactive transport can be written as

Ua
δφρlca

δt
+ Ud

δφρlcd

δt
+ Um

δ(1 − φ)ρscm

δt
= Uai(ca) + USt

krm(ca) (1)

where φ is the porosity, ρl and ρs are the liquid and solid densities, respectively (kg m−3).
Vectors ca, cd and cm (mol kg−1) are the concentrations of aqueous species, adsorbed
species and minerals respectively. Matrix St

k and vector rm contain the stoichiometric
coefficients and the rates of the kinetic reactions, which can be considered as functions of
all aqueous concentrations. Matrices Ua, Ud and Um are called the component matrices for
aqueous, adsorbed and mineral species and relate the concentrations of the species with
the total concentrations of the components. The matrix U is the component matrix for all
species. These matrices can be computed from the stoichiometric coefficient of the chemical
reactions. i is the diffusion term, and according to Fick’s law [25] can be written as

i(ca) = ∇ · (Dpφρl∇(ca)
)

(2)

where Dp is the molecular diffusion coefficient in porous media (m2 s−1):

Dp = τ1.1 × 10−4 exp
( −24530

R(273.15 + T)

)
(3)

De = φDp (4)

where τ is the tortuosity factor, R = 8.31 J mol−1 K−1, T is the temperature (◦C) and De is
the effective diffusion coefficient (m2 s−1).

2.2. Conceptual Model

Our conceptual model considers a cylindrical carbon steel canister surrounded by ben-
tonite (Figure 1). It takes into account the reactions that could occur during the interaction
between steel, bentonite and the porewater. We assume anaerobic conditions, when the
bentonite is fully water-saturated, and therefore interaction between canister, bentonite
and porewater can occur. This also implies that the thermal pulse has dissipated [19,26],
thus a temperature of 25 ◦C is considered. No gas phase has been considered in the
numerical model due to a water-saturated system, and the negligible presence of some
type of dissolved gases such as hydrogen or CO2. These assumptions are similar to that
reported in literature by other authors (see, e.g., in [19]) implying that the model does
not consider the potential impact of H2 evolution on the integrity of the bentonite barrier.
However, in the real system aerobic conditions will prevail first and temperature will de-
crease with time, and during the hydration process the bentonite will be altered. According
to Bossart et al. [26], consumption of oxygen in bentonite pores will be consumed within
decades. During this phase, a mixture of crystalline and amorphous Fe(II) and Fe(III)
corrosion products will be generated [22]. Thermal equilibration usually is assumed to
take decades up to some hundreds of years [26]. Recent simulations [27], however, result
in much longer thermal equilibration times. This will have a certain influence on corrosion
and alteration kinetics. However, the temperature dependence of iron corrosion rates
appears to be moderate (see, e.g., in [28]). Full bentonite saturation is established after
some decades [26,27,29]. As long as the packing density of the bentonite does not reach
threshold values of 1250–1450 kg m−3 [30] significant microbial impact cannot be excluded.
In experimental studies complex corrosion product mixtures are found, predominantly
magnetite [30] but also sulphide minerals such a pyrite [31]. However, the anoxic steel
corrosion phase under saturated bentonite conditions and at relatively low temperature
appears to dominate thereafter for thousands of years. The main fraction of secondary iron
corrosion phases will, thus, form under those conditions investigated in the present study
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and finally will represent the corrosion phase layer which will interact with radionuclides
released from waste forms first upon loss of container integrity.

Figure 1. Geometry and materials of the 1D radial model. The axisymmetric model only considers
the canister-bentonite interface, at x = 0.45 m, and a thickness of 0.3 m of bentonite, from x = 0.45 to
x = 0.75 m.

The geometry of the 1D axisymmetric model reflects the canister–bentonite inter-
face and 0.3 m of bentonite (Figure 1). The canister is considered only as a node in the
boundary. The bentonite is discretised into 45 unidimensional finite elements with sizes
ranging from 0.5 cm near to the interface to 1 cm near to the boundary. The total iron–
bentonite interaction time is 10,000 years. The model considers only diffusion as transport
mechanism (Equation (2)). We assume a pore diffusion coefficient of 1 × 10−10 m2 s−1

(Equation (3)) [19]. The porosity of bentonite is 0.4 [18,19], yielding an effective diffusion
coefficient of 4 × 10−11 m2 s−1 (Equation (4)). Table 1 summarises our conceptual model,
which is also compared with other reported numerical models.

Table 1. Comparison of the main differences in conceptual models between the present study and other reported models in
the literature.

Present Study Bildstein et al. [13] Wilson et al. [18] Samper et al. [19]

Geometry Canister as boundary Porous canister Canister as boundary
and porous canister Porous canister

Temperature 25 ◦C 50 ◦C 70 ◦C 25 ◦C
Bentonite MX-80 MX-80 MX-80 FEBEX

Secondary phases
Magnetite, nontronite

greenalite, siderite
cronstedtite

Magnetite, siderite,
chamosite, saponite

cronstedtite

Magnetite, siderite
amesite, berthierine
chlorite, greenalite,
lizardite, analcime,

cronstedtite, saponite

Magnetite, siderite
analcime, cronstedtite

Corrosion rate 2 μm y−1 4.3 μm y−1 1 μm y−1 2 μm y−1

Interaction time 10,000 y 16,250 y 10,000 y 1 × 106 y

2.3. Geochemical System

The geochemical model accounts for steel corrosion, aqueous complexation reactions,
mineral dissolution/precipitation and cation exchange reactions.

2.3.1. Solid Composition

The mineral composition of MX-80 bentonite and the volumetric fractions of each
mineral were based on that given by Karnland [32], which is comparable to the characteri-
sation made by Kiviranta et al. [33]. The primary phases considered are montmorillonite,
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quartz, muscovite, albite, illite, pyrite and calcite. The volumetric fractions of each phase
are listed in Table 2. We assume that carbon steel is composed only of iron, Fe(s), which
is the main phase of carbon steel. The potential corrosion products considered in the
numerical model have been selected according to published experiments [6–8,23] and
from the Iron Corrosion in Bentonite (IC-A) experiment in the Mont-Terri rock laboratory
(Switzerland) [22,31,34], which are magnetite, greenalite, cronstedtite, siderite, nontronite-
Na and nontronite-Mg. Other modelling works reported in literature (see, e.g., in [18,19])
considered zeolites as secondary phases such as analcime; however, we did not consider
them because they were not reported by Morelová et al. [31].

Table 2. Bentonite mineralogical composition considered in the numerical model. The volumetric
fractions are also listed for each phase.

Mineral Volumetric Fraction (m3m−3)

Montmorillonite 5.01 × 10−1

Quartz 4.70 × 10−2

Albite 2.10 × 10−2

Muscovite 2.10 × 10−2

Illite 5.00 × 10−3

Pyrite 4.00 × 10−3

Calcite 1.00 × 10−3

2.3.2. Solution Composition

Table 3 shows the chemical composition of the MX-80 bentonite initial porewater used
in the numerical model. In the real system, the bentonite will be hydrated by the clay
groundwater reacted with the concrete liner. Therefore, the composition of the MX-80
bentonite porewater will depend not only on the reactions with the primary phases of
the materials, but also on the secondary phases formed during these reactions. In order
to simplify the problem, the majority of authors in literature calculate the porewater as a
result of the equilibrium of bentonite with a groundwater (see, e.g., in [35]). Other authors
calculate the initial water composition of the bentonite using mineral constraints (see, e.g.,
in [13]). In this work, a clay groundwater that was not oversaturated with the minerals
used in the model has been selected. The initial porewater calculated, first using PhreeqC,
corresponds to the composition of the porewater used by Martin et al. [8,36] equilibrated
with montmorillonite, because it is the main phase of the bentonite. Ca, Na, K, Fe, Mg,
Al and Si are thus at equilibrium with the montmorillonite used in the numerical model
(Table 4), and SO4 corresponds to the value used by Martin et al. [8]. Then, the obtained
values from the PhreeqC calculation have been fixed in Retraso-CodeBright as well as the
pH, where Cl has been used for the charge balance and HCO−

3 is at equilibrium with calcite.
The resulting porewater composition is a simplification, therefore a sensitivity analysis
studying the effect of the variation of the initial porewater has been done (Section 4.3).
The primary and secondary species taken into account in the numerical model have been
selected according to the speciation made using PhreeqC with the clay porewater [8,36]
equilibrated with montmorillonite at 25 ◦C, which pH is 7.30. The resulting primary and
secondary species have been compared with those reported by Samper et al. [19]. The redox
is described by the redox pairs O2(aq)/H2O and Fe3+/Fe2+.
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Table 3. MX-80 bentonite initial porewater composition used in the numerical model. Imposed
constraints to calculate some of these values (equilibrium with solids and charge balance) are
also indicated.

Component Water Composition (mol L−1)

Al(OH)−4 2.00 × 10−7

Ca2+ 8.60 × 10−3

Cl− 3.54 × 10−2 charge balance
Fe+2 7.19 × 10−8

HCO−
3 1.31 × 10−3 calcite

K+ 2.50 × 10−3

Mg2+ 6.50 × 10−3

Na+ 7.30 × 10−3

SiO2(aq) 1.00 × 10−4

SO2−
4 1.70 × 10−3

O2(aq) 1.00 × 10−15

pH 7.30

2.3.3. Thermodynamic Data

The used thermodynamic data at 25 ◦C for all mineral and aqueous complexation reac-
tions are given in Tables 4 and 5, respectively (also in Tables S1–S3 from the supplementary
material). The equilibrium constants (log K) are taken from the Geochemist’s Workbench
database thermo.com.V8.R6.full (generated by GEMBOCHS.V2-Jewel.src.R6 [37]).

Table 4. Equilibrium constants (log Keq at 25 ◦C) of the minerals taken into account in the numerical
model. Reactions are written as the dissolution of 1 mol of mineral in terms of the primary species
Ca2+, Fe2+, SiO2(aq), Al(OH)−4 , H+, SO2−

4 , HCO−
3 , K+, Na+, Mg2+, Cl− and O2(aq).

Mineral Formula/ Reaction log Keq

Iron Fe(s) + 2H+ + 0.5O2(aq) = Fe2+ + H2O 59.01
Montmorillonite Ca0.02Na0.15K0.2Fe0.45Mg0.9Al1.25Si3.75O10(OH)2 −18.02
Quartz SiO2 −4.00
Albite NaAlSi3O8 −19.39
Muscovite KAl3Si3O10(OH)2 −52.86
Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 −41.92
Pyrite FeS2 217.34
Calcite CaCO3 1.85
Magnetite Fe3O4 −6.51
Greenalite Fe3Si2O5(OH)4 22.65
Cronstedtite Fe4SiO5(OH)4 −0.73
Nontronite-Na Na0.33Fe2Al0.33Si3.67H2O12 −35.82
Nontronite-Mg Mg0.165Fe2Al0.33Si3.67H2O12 −35.92
Siderite FeCO3 −0.19

2.3.4. Cation Exchange

The MX-80 bentonite cation exchange reactions and log K at 25 ◦C taken into account
in the numerical model are listed in Table 6 (also in Table S4 from the supplementary
material). The Gaines–Thomas convention is used for cation exchange reactions based on
Appelo and Postma [38]. A cation exchange capacity (CEC) of 750 meq kg−1 is used for the
bentonite [32].
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Table 5. Secondary species with their equilibrium constants (log Keq at 25 ◦C) taken into account in
the numerical model. Reactions are written as the dissolution of 1 mol of mineral in terms of the
primary species Ca2+, Fe2+, SiO2(aq), Al(OH)−4 , H+, SO2−

4 , HCO−
3 , K+, Na+, Mg2+, Cl− and O2(aq).

Formula log Keq Formula log Keq

Al(OH)3(aq) −5.99 Fe(OH)−4 13.12
Al(OH)+2 −11.55 Fe(OH)+2 −2.59
AlOH2+ −17.18 Fe(SO4)−2 −11.73
Al3+ −22.14 FeSO4(aq) −2.19
CaCO3(aq) 7.01 Fe2(OH)4+

2 −14.02
CaSO4(aq) −2.10 HSO−

4 −1.98
CaOH+ 12.85 HS− 138.27
CaCl+ 0.70 OH− 13.99
CaHCO+

3 −1.04 MgCO3(aq) 7.35
CaCl2(aq) 0.65 MgHCO+

3 −1.03
CaH3SiO+

4 8.79 MgSO4(aq) −2.38
CO2−

3 10.32 MgOH+ 11.78
CO2(aq) −6.34 MgCl+ 0.14
Fe3+ −8.48 MgH3SiO+

4 8.54
FeHCO+3 −2.04 NaOH(aq) 14.79
FeCO3(aq) 5.53 NaCO−

3 9.82
FeCl+ −0.16 NaHCO3(aq) −0.15
FeCl2+ −7.67 NaCl(aq) 0.78
FeCl2(aq) 2.46 NaSO−

4 −0.81
FeOH+ 9.63 KCl(aq) 1.50
FeOH2+ −6.29 KOH(aq) 14.46
Fe(OH)2(aq) 20.59 KSO−

4 −0.87
Fe(OH)3(aq) 3.64

Table 6. MX-80 bentonite cation exchange reactions and log K at 25 ◦C [38].

Exchange Reaction log K

2NaX + Ca2+ = 2Na+ + CaX2 0.80
2NaX + Fe2+ = 2Na+ + FeX2 0.50
2NaX + Mg2+ = 2Na+ + MgX2 0.60
NaX + K+ = Na+ + KX 0.70

2.3.5. Kinetic Data

A kinetic approach is used for the dissolution-precipitation of mineral phases
(Equation (5)). The form of the rate law is from [39]

Rm = σmkm(Ωm − 1)η (5)

where Rm is the mineral dissolution–precipitation rate (mol m−3 s−1), σm is the surface
area (m2m−3), km is the kinetic rate constant (mol m−2 s−1), Ωm is IAP

K where IAP is the
ion activity product and K is the equilibrium constant (ion activity product at equilibrium),
and η is an empirical parameter of the kinetic law, which is 1 for all the minerals except the
iron in which is 0 in order to get a constant iron corrosion rate.

The reactive surface areas and kinetic constants used for the primary minerals consid-
ered in the bentonite and corrosion products, based on those used by Bildstein et al. [13],
are given in Table 7. For the secondary phases, large values of the surface areas are used,
leading to precipitation at equilibrium.
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Table 7. Reactive surface areas and kinetic constants (at 25 ◦C) of the primary minerals considered
in the bentonite and the possible corrosion products. (a) Cama et al. [40] (b) Bildstein et al. [13]
(c) Dove [41] (d) Knauss and Wolery [42] (e) Kamei and Ohmoto [43] (f) Plummer et al. [44]
(g) Wilson et al. [18] .

Mineral σm (m2/m3) km (mol/m2s) References (km)

Montmorillonite 1 × 103 1.58 × 10−13 (a,b)
Quartz 0.01 1.00 × 10−14 (c,b)
Albite 0.01 1.00 × 10−13 (d,b)
Muscovite 0.01 1.58 × 10−13 Montmorillonite analogue
Illite 0.01 1.58 × 10−13 Montmorillonite analogue
Pyrite 0.01 5.01 × 10−6 (e,b)
Calcite 0.01 6.31 × 10−7 (f,b)
Magnetite 1 × 103 4.47 × 10−11 (g)
Greenalite 1 × 103 4.90 × 10−11 (g)
Cronstedtite 1 × 103 1.58 × 10−13 (b)
Nontronite-Na 1 × 103 1.58 × 10−13 Montmorillonite analogue
Nontronite-Mg 1 × 103 1.58 × 10−13 Montmorillonite analogue
Siderite 1 × 103 1.00 × 10−9 (b)

After the closure of the repository the available oxygen will be consumed, then, in the
long-term, anaerobic conditions will prevail. Thus, iron will corrode according to

Fe(s) + 2H2O = Fe2+ + 2OH− + H2(g) (6)

The following reaction is obtained by rewriting reaction (6) in terms of the primary
species used in the numerical model:

Fe(s) + 2H+ + 0.5O2(aq) = Fe2+ + H2O (7)

Following Samper et al. [19] the iron corrosion rate (rc) is calculated as

rc =
kcMw

ρ
(8)

where kc is the kinetic constant corrosion rate (mol m−2s−1), Mw is the molecular weight
(55.85 g mol−1) and ρ is the density of carbon steel (7860 kg m−3).

A constant corrosion rate of 2 μm y−1 [22], which gives kc = 8.93 × 10−9 mol m−2s−1,
is used in the reference model.

3. Results of the Reference Model

3.1. Solution Composition

Figure 2 shows the calculated concentration of dissolved aqueous species and ad-
sorbed species against distance. During the first 100 years, the Fe concentration in the
porewater increases due to iron dissolution. However, Fe is partly adsorbed by the mont-
morillonite and partly consumed by the secondary phases (e.g., nontronite). At 1000 years,
it decreases considerably in the porewater (below 1.6 × 10−9 mol L−1) because it is mainly
consumed by the formation of secondary phases (e.g., magnetite, nontronite and greenalite)
rather than being adsorbed, and also because of the high pH. The Si concentration increases
in the first 5 years due to dissolution of bentonite minerals, after that, it decreases because
of the relatively rapid precipitation rate for Fe-silicates and the slow dissolution rate of
montmorillonite. The Ca concentration decreases in the first 1000 years due to calcite
precipitation, afterwards it increases due to dissolution of montmorillonite. The HCO3
concentration decreases with time due to calcite precipitation. The pH of the porewater
increases progressively from 7.5 to 10.9 because of the dissolution of iron (Equation (7))
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and some bentonite minerals, such as montmorillonite, albite and illite consume protons
(Table 4). This increase in pH has also been reported by Bildstein et al. [13].
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Figure 2. Concentration of dissolved species in the porewater and of adsorbed species against
distance for the reference model (rc = 2 μm y−1). The interface between steel and bentonite is at
0.45 m. Results after 5, 100, 1000 and 10,000 years of interaction are compared.

3.2. Mineral Composition of the Bentonite

Figure 3 displays the calculated variation of the volumetric fraction of the minerals
against distance. Bentonite minerals dissolve because the dissolution of iron provokes an
increase in pH that makes silicates unstable. Montmorillonite dissolution releases Ca yield-
ing calcite precipitation, however, specially in the first 100 years, Ca in the montmorillonite
interlayer can also be exchanged by Fe and thereby likewise induce calcite precipitation
(7.5 × 10−6 m3m−3). The volumetric fraction of calcite remains constant from 1000 to
10,000 years indicating no precipitation/dissolution. Dissolution of the primary phases
of the bentonite are more important after 10,000 years when the pH is higher. Results
from the numerical model show precipitation of nontronite, magnetite and greenalite as
secondary phases. At 5 years, specially nontronite-Mg but also nontronite-Na precipitate
because there is available Fe and Si in the porewater due to iron and bentonite dissolution,
respectively. Magnetite starts precipitating at 100 years, when enough Fe is available. At
1000 years, pH is increasing that provokes the dissolution of nontronite-Na and nontronite-
Mg, which release Si and Fe. At the same time, the bentonite minerals and the canister are
still dissolving. These conditions lead to greenalite formation. Greenalite is more stable
than magnetite under these conditions, therefore, magnetite dissolves. At 10,000 years,
greenalite is the main corrosion product. Corrosion products (nontronite, magnetite and
greenalite) precipitate quite close to the iron-bentonite interface, and calcite also precip-
itates along the first 5 cm right after the interface. The reference model predicts neither
precipitation of cronstedtite nor that of siderite.
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Figure 3. Volumetric fraction of minerals versus distance for the reference model (rc = 2 μm y−1).
For the primary phases (montmorillonite, albite and calcite) the variation of the volumetric fraction
is plotted. Positive values mean precipitation and negative values mean dissolution. The interface
between steel and bentonite is at 0.45 m. Results at 5, 100, 1000 and 10,000 years of interaction
are compared.

Precipitation of magnetite, calcite and greenalite has been recently found in the Iron
Corrosion in Bentonite (IC-A) experiment in the Mont-Terri rock laboratory (Switzer-
land) [31], which supports our model results. Experiments performed by Schlegel et al. [6,7]
and Martin et al. [8] reported the presence of magnetite, cronstedtite and siderite, but our
reference model does not predict the formation of siderite or cronstedtite. These reported
experiments were performed at 90 ◦C with Callovo-Oxfordian argilite, which contains
about 30 wt% calcite. Thus, the temperature, bentonite and porewater compositions could
have a significant impact on the nature of formed corrosion products.

Other modelling works reported in literature, such as Bildstein et al. [13] and Sam-
per et al. [19], predicted the precipitation of cronstedtite and siderite. However, they did not
consider greenalite as corrosion product in their numerical models. Therefore, the potential
secondary phases selected in the numerical model have an impact on the predicted results.
On the other hand, the porewater composition considered had higher HCO−

3 concentration
in solution allowing siderite precipitation, and the differences in the bentonite composition
and temperature of the system could have an effect as well. Although small differences,
in general, our results are consistent with other reported models in the literature [13,18,19],
where a carbonate phase (calcite or siderite) and Fe-silicate phases (greenalite, nontronite
or cronstedtite) will precipitate as corrosion products together with magnetite. The other
reported numerical models [13,18,19] consider the canister as porous media, then mag-
netite prevails as corrosion product precipitating in the canister. However, when iron is
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considered as boundary [18], Fe-silicates are dominating, which is in agreement with our
findings, indicating that bentonite is mainly altered to Fe-silicates rather than to magnetite.

Simulation results are always influenced by certain assumptions and simplifications
in the conceptual model. For instance, pyrite forming due to the presence of sulphate-
reducing bacteria has been observed in experiments [45]. However, our conceptual model
does not consider biological processes, therefore pyrite formation cannot be reproduced.
The relevance of microbially induced iron corrosion may, however, be relevant only tem-
porarily as long as the bentonite packing density is not high enough to suppress microbial
activity significantly [30,46].

3.3. Porosity

Figure 4 shows the porosity variation at 5 and 10,000 years. The numerical model
calculates the total mineral volumetric fraction in each node (V f ), ranging from 0 to 1,
and the porosity is calculated with the following relationship:

φ = 1 − V f (9)

In general, the model does not predict important changes in porosity, being unnotice-
able at 5 years. At 1000 years, the porosity decreases due to the precipitation of magnetite,
calcite and nontronite, but especially magnetite forming in larger amounts. At the end
of the calculations, at 10,000 years, there is a decrease in porosity right after the interface
due to precipitation of greenalite. Although there is also dissolution of bentonite near the
interface, precipitation is higher than dissolution thus porosity decreases. Slightly further
away from the interface, there is an increase of porosity mainly due to montmorillonite
dissolution. Numerical models reported in literature, such as that by Bildstein et al. [13]
and Samper et al. [19] predicted pore clogging due to the formation of magnetite followed
by an increase of porosity due to dissolution of bentonite. They considered the canister as
porous material, thus magnetite, which has larger molar volume (44.52 cm3mol−1) than
iron (7.09 cm3mol−1), could precipitate clogging the pores. However, our conceptual model
considers the canister as boundary, hence, the secondary phases precipitate in the porosity
of the bentonite. Dissolution of montmorillonite and precipitation of greenalite take place
at the same time, both with similar pore volumes, 133.96 cm3mol−1 and 115 cm3mol−1,
respectively, therefore, not much changes on porosity are predicted.
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Figure 4. Porosity against length for the reference model (rc = 2 μm y−1). The interface between steel
and bentonite is at 0.45 m. Results at 5, 100, 1000, and 10,000 years of interaction are compared.
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4. Sensitivity Analysis

4.1. Corrosion Rate of the Canister

In the real system, it is expected to have larger corrosion rates at the beginning that will
decrease with time [22]. The formation of corrosion products at the surface of the canister
will result in the formation of a protective layer, which would likely decrease the corrosion
rate. Therefore, larger and lower corrosion rates with respect to the reference model have
been considered in order to study the effect of the corrosion rate on the formation of
secondary phases. In the reference model we assume a constant rate of 2 μm y−1, which is
replaced with a rate of either 10 or 0.1 μm y−1. Our numerical results are comparable with
those reported by Samper et al. [19].

Figure 5 shows the model results considering a constant corrosion rate of 10 μm y−1.
The higher corrosion rate yields a rapid increase in pH, which is then almost constant at
1000 years. This can be explained by the higher dissolution of iron and montmorillonite,
consuming protons. In comparison with the reference model, in this model, at 5 years,
the Fe concentration in the porewater is higher, yielding a rapid precipitation of secondary
phases, and then it decreases with time because of increasing pH, which is linked to
secondary phases formation. At 100 years, calcite, nontronite-Mg and magnetite are
the main secondary phases, in volumetric fractions larger than in the reference model.
The precipitation of greenalite starts earlier and is the principal consumer of Si at 1000 years,
and therefore nontronite does not continue forming. At 10,000 years, considerable amount
of greenalite forms.
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Figure 5. Results for the numerical model with a corrosion rate of 10 μm y−1 (continuous lines) are
compared with those from the reference model (r = 2 μm y−1, dashed lines). The interface between
steel and bentonite is at 0.45 m. Results at 5, 100, 1000 and 10,000 years of interaction are given.
(a) Fe concentration and pH against distance and (b) volumetric fraction of minerals versus distance.
For the primary phases (montmorillonite and calcite) the variation of the volumetric fraction is
plotted. Positive values mean precipitation and negative values mean dissolution.
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Figure 6 displays the model results considering a constant corrosion rate of 0.1 μm y−1.
In the first 1000 years, the Fe concentration in the porewater increases with time. During this
time, Fe(II) species mainly diffuses through the bentonite and adsorbs via cation exchange.
However, at 1000 years, it decreases due to precipitation of corrosion products. The pH is
barely increasing with time reaching a maximum value of 8. Therefore, bentonite does not
dissolve much. Calcite precipitates more noticeably at 1000 years due to Fe(II)/Ca(II) cation
exchange within the montmorillonite interlayer, and at 10,000 years, calcite precipitates
due to the Ca coming from the montmorillonite dissolution. Nontronite precipitates due to
the available Fe and Si in the porewater, however, at 10,000 years, Fe is mainly consumed
by magnetite precipitation. The numerical model does not predict precipitation of other
corrosion products such as greenalite, because there is not enough Fe and Si in the system
to let greenalite precipitate due to the low dissolution of bentonite and low corrosion rate.
In this model, the predicted alteration thickness is larger because diffusion dominates
rather than mineral dissolution–precipitation processes. The cation exchange is relevant
for the first 1000 years when there is not much precipitation of magnetite.
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Figure 6. Results of the numerical model with a corrosion rate of 0.1 μm y−1 (continuous lines) are
compared with those from the reference model (r = 2 μm y−1, dashed lines). The interface between
steel and bentonite is at 0.45 m. Results at 5, 100, 1000 and 10,000 years of interaction are compared.
(a) Fe concentration and pH against distance. (b) Volumetric fraction of minerals versus distance.
For the primary phases (montmorillonite and calcite) a variation of the volumetric fraction is plotted.
Positive values mean precipitation and negative values mean dissolution. The reference model results
for montmorillonite at 10,000 are not plotted (see Figure 3 for that detail).

373



Minerals 2021, 11, 1272

4.2. Diffusion Coefficient

Other authors working on similar systems used a larger pore diffusion coefficient for
the bentonite [18]. In order to study the impact of the diffusion coefficient on the formation
of corrosion products, we assumed a pore diffusion coefficient being six times higher
(6 × 10−10 m2 s−1), which is the same as used by Wilson et al. [18]. This model considers
the same corrosion rate as in the reference model (2 μm y−1). Model results are shown in
Figure 7. In comparison with the reference model, a higher diffusion coefficient gives a
larger thickness of the altered bentonite, which has also been reported by Samper et al. [19].
Ca released from bentonite dissolution is transported away and therefore gives a larger
thickness of calcite precipitation. The Si supply from bentonite also gives a larger precipita-
tion area for nontronite and greenalite. The thickness of the porosity alteration is larger,
however, there is less variation in porosity because there is higher diffusion of dissolved
species away from the corroding iron.
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Figure 7. Results of the numerical model with a diffusion coefficient of 6 × 10−10 m2 s−1

(rc = 2 μm y−1) (continuous line) are compared with those from the reference model (dashed line).
Volumetric fraction of minerals and porosity versus distance. For the primary phases (montmoril-
lonite and calcite) the variation of the volumetric fraction is plotted. Positive values mean precipita-
tion and negative values mean dissolution. The interface between steel and bentonite is at 0.45 m.
Results at 5, 100, 1000 and 10,000 years of interaction are compared. For magnetite and porosity only
results at 10,000 years are plotted.

4.3. Porewater

There is disagreement in literature about how to determine the initial composition
of the porewater of the bentonite, because it is not easy to obtain a reliable composition.
Thus, we study the effect of the porewater composition on the nature of formed corrosion
products. The composition considered (Table 8) corresponds to a granitic porewater
reported by Samper et al. [19]. This porewater composition has been selected because it
contains the concentration of all primary species used in our model and higher Si content.
In this case, the porewater is not at equilibrium with the montmorillonite. The interaction
of low mineralized groundwater with bentonite is investigated in scenarios simulating the
intrusion of glacial melt water into emplacement caverns of a repository in crystalline rock
(see, e.g., Bouby et al. [47]).
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Table 8. Initial porewater composition used in the sensitivity analysis.

Component Water Composition (mol L−1)

Al(OH)−4 1.00 × 10−8

Ca2+ 1.52 × 10−4

Cl− 3.95 × 10−4

Fe+2 1.79 × 10−8

HCO−
3 5.05 × 10−3

K+ 5.37 × 10−5

Mg2+ 1.60 × 10−4

Na+ 4.35 × 10−3

SiO2(aq) 3.76 × 10−4

SO2−
4 1.56 × 10−5

O2(aq) 1.00 × 10−15

pH 7.83

Figure 8 shows the results calculated for the numerical model. The pH remains
constant around a value of 8. In this system, the Fe-silicates are the main corrosion products
and no precipitation of magnetite is predicted. Calcite precipitates during the 10,000 years
due to Ca/Fe(II) exchange. Nontronite-Na, cronstedtite and greenalite precipitate during
the first 10 years. However, afterwards they dissolve and the Fe and Si are consumed by
precipitation of nontronite-Mg, which remains until the end of the run (10,000 years). Thus,
our model results suggest that the porewater composition can affect the nature of corrosion
products, being Fe-silicates as main corrosion products. Our numerical model results differ
from that from Samper et al. [19] because of different assumptions in the conceptual model,
such as the selected secondary phases, considering the canister as porous material and a
boundary flow.
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Figure 8. Evolution of pH and volumetric fraction of secondary phases at two distances from the
steel/bentonite interface considering a granitic porewater (rc = 2 μm y−1).

4.4. Reactive Surface Area

In the reference model, large reactive surface areas (σ = 1000 m2/m3) have been
used for the secondary phases in order to let them precipitate at equilibrium. However,
a sensitivity analysis on the surface area has been done, using a much lower value (σ = 0.1
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m2/m3). Figure 9 shows the calculated evolution of volumetric fraction of the secondary
phases. Calcite, magnetite, nontronite-Mg and nontronite-Na precipitate within the first
1000 years. However, afterwards, magnetite and nontronites dissolve, while the volumetric
fraction of calcite remains constant. Magnetite dissolves slowly within 3000 years, after that
no magnetite remains in the first node (interface), and only 6 × 10−5 m3m−3 remains in the
following nodes (see Figure 3). Nontronites dissolve rapidly, not only the first node, but
also in the following nodes. At the same time, greenalite starts precipitating consuming
the Fe and Si of the system. In general, a lower reactive surface area does not give
important changes compared to the reference model for calcite, magnetite and greenalite,
because although the low kinetics they reach the equilibrium. However, the lower surface
area provokes a delay on time on nontronite precipitation, because more time is needed to
reach the equilibrium.
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Figure 9. Evolution of the volumetric fraction of the secondary phases of the model with a
low reactive surface area (σ = 0.1 m2/m3, continuous lines) compared with the reference model
(σ = 1000 m2/m3, dashed lines). Results of the node at the interface (0.45 m) and the node right after
the interface (0.455 m) are plotted.

4.5. Longer Interaction Time

The reference model considers an iron-bentonite interaction of 10,000 years because
it is the time expected that the canister should resist failure [48]. However, due to the
slow kinetics of the primary minerals dissolution, longer interaction times can cause more
dissolution of them, and therefore, more precipitation of secondary phases. Thus, the effect
of a 100,000 years interaction is also studied, taking into account the same corrosion
rate as in the reference model (2 μm y−1). Figure 10 displays the calculated volumetric
fractions only for the minerals that present some variations with respect to the reference
model (albite, magnetite and cronstedtite). From the period of time between 10,000 and
100,000 years, the volumetric fraction of montmorillonite remains constant, therefore the
volumetric fraction of calcite is also constant. However, the dissolution of albite and quartz
increase with time. This Si supply could inhibit montmorillonite dissolution [49,50], and is
consumed by precipitation of cronstedtite (1.8 × 10−5 m3 m−3), which precipitates not
only near to the interface, but extends into the bentonite. Magnetite slightly dissolves,
at 10,000 years the predicted volumetric fraction is 6 × 10−5 m3 m−3 and at 100,000 years is
5 × 10−5 m3 m−3. Even for longer interaction times and with the formation of cronstedtite,
the main corrosion product of the system at the end of the run (100,000 years) is greenalite,
being the same as that in the reference model.
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Figure 10. Volumetric fraction of minerals of the model with 100,000 years interaction (rc = 2 μm y−1). For albite the
variation of the volumetric fraction is plotted. Positive values mean precipitation and negative values mean dissolution.
The interface between steel and bentonite is at 0.45 m. Results at 10,000 and 100,000 years of interaction are compared.

5. Conclusions

A 1D radial reactive transport model has been developed in order to better understand
the processes occurring in the long-term iron–bentonite interaction. Results suggest that Fe
partly diffuses and is partly adsorbed to montmorillonite by cation exchange, in the short-
term. In the long-term, Fe is mainly consumed by corrosion products formation. Calcite
precipitates due to the release of Ca into the porewater, in the short-term because of cation
exchange, and in the long-term because of montmorillonite dissolution. The reference
model predicts precipitation of nontronite, magnetite and greenalite as corrosion products.
In the short-term, nontronite and magnetite form consuming the Fe and Si of the system,
however, in the long-term, greenalite is predicted as main corrosion product forming
upon alteration of the bentonite. Due to the slow kinetics of the minerals, not much
mineral dissolution/precipitation is predicted, and therefore, the variation of porosity is
not relevant. However, porosity slightly decreases near the interface due to precipitation of
mainly greenalite, and increases thereafter because of montmorillonite dissolution.

Results of the sensitivity analysis show that a larger corrosion rate would provoke a
rapid precipitation of greenalite due to the rapid Si supply from the dissolution of bentonite.
On the contrary, when a lower corrosion rate is considered, the model predicts slower
dissolution of bentonite, hence, only nontronite and magnetite precipitate. When a larger
diffusion coefficient is considered, the transport of dissolved Fe(II) species dominates with
less mineral dissolution/precipitation occurring. The porewater composition can affect
the nature of corrosion products formed, Fe-silicates being more relevant than magnetite.
A lower reactive surface area for the secondary phases does not seem to have an important
impact. Longer iron–bentonite interaction time allows higher dissolution of bentonite, thus
cronstedtite forms coexisting with calcite, magnetite and greenalite.

Overall, outcomes suggest that the predicted main corrosion products on the long-
term are Fe-silicates minerals. Such phases thus should deserve further attention as
chemical barrier in the diffusion of radionuclides to the repository far field. Our results can
differ from other reactive transport calculations reported in the literature because of the
assumptions considered in the conceptual model, such as the selected secondary phases,
considering the canister as porous material or the temperature of the system.
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.3390/min11111272/s1, Tables S1 and S2: Log K at 25 ◦C and stoichiometric coefficients of homoge-
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Log K at 25 ◦C and stoichiometric coefficients of cation exchange reactions.
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