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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

Minerals 2022, 12, x FOR PEER REVIEW 4 of 36 
 

inder (Figure 1). The copper specimens were positioned in blocks 16 and 20 at 3 cm dis-
tance 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 
samples were preserved immediately inside vacuum-sealed aluminium-foil bags for 
avoiding water loss and oxidation due to their exposure to the air-atmosphere. 

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 

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− SO42− 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 

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 10820 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 10640 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 10800 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 10740 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 11040 10.6 31.1 1.93 1.49 2.735 29 46 69.9 101.7 30.6 

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

 
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]).

Minerals 2022, 12, x FOR PEER REVIEW 5 of 36 
 

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. 

 
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). 

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). 

  

0

50

100

150

200

250

300

15/11/2012 23/07/2013 30/03/2014 05/12/2014 12/08/2015 18/04/2016 24/12/2016 31/08/2017

Te
m

pe
ra

tu
re

 (º
C)

Block 27 (0.4 m depth) - 0 mm
Block 21 (1 m depth) - 0 mm
Block 15 (1.6 m depth) - 0 mm
Block 9 (2.2 m depth) - 0 mm
Block 3 (2.8 m depth) - 0 mm
Block 3 - 5 mm
Block 3 - 40 mm
Block 3 - 60 mm

28/12/2013

15/10/2013

10/04/2017

14/10/2016

28/09/2016

20/05/2016
18/04/2017

Block 15
Block 9

Block 27

Block 21

Block 3

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− SO42− 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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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).



Minerals 2022, 12, 471 7 of 37

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◦ 2θwith 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.
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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.



Minerals 2022, 12, 471 12 of 37Minerals 2022, 12, x FOR PEER REVIEW 12 of 36 
 

 
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 feld-
spar, Pl: Plagioclase, Dol: dolomite, Gth: goethite, Hem: hematite. 

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

3.2.2. FTIR Analysis 
The bentonite samples were also analysed by FTIR for acquiring information on pos-

sible 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 dioctahedral smectites with 
Al-rich octahedral sheets. These are inner hydroxyl groups lying between the tetrahedral 

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.

Minerals 2022, 12, x FOR PEER REVIEW 12 of 36 
 

 
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 feld-
spar, Pl: Plagioclase, Dol: dolomite, Gth: goethite, Hem: hematite. 

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

3.2.2. FTIR Analysis 
The bentonite samples were also analysed by FTIR for acquiring information on pos-

sible 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 dioctahedral smectites with 
Al-rich octahedral sheets. These are inner hydroxyl groups lying between the tetrahedral 

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



Minerals 2022, 12, 471 13 of 37

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.
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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 dis-
solution 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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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
∆/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; ∆, 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, ∆, 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 ∆, respectively [51–53], although
some other interpretations consider only that the different ∆ 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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