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Abstract: Bentonite is a claystone formed by a complex mineralogical mixture, composed of mont-
morillonite, illite, and accessory minerals like quartz, cristobalite, feldspars, carbonates, and minor
amounts of iron oxy-hydroxides. Bentonite presents complexity at various scales: (1): a single mineral
may present different chemical composition within the same quarry (e.g., feldspars solid solutions);
(2): montmorillonite presents variability in the cation-exchange distribution while illite may be pre-
sented as mixed-layer with smectite sheets; and (3): hardness and crystal size are larger in accessory
minerals than in clay minerals, preventing uniform grinding of bentonite. The FEBEX bentonite
used is originally from Almería (Spain), and it is a predominantly calcium, magnesium, and sodium
bentonite. This Spanish FEBEX bentonite has been hydrothermally altered at laboratory scale for
7–14 years. A thermal gradient was generated by heating a disk of pressed iron powder, simulating
the metal waste canister, in contact with the compacted bentonite sample. Hydration was forced from
the opposite direction. XRD recorded patterns were very similar. In order to minimize the bias of
XRD semi-quantitative determination methods, Rietveld refinement was performed using BGMN
software and different structural models. Confidence in the quantification of the main phases allows
us to convincingly detect other subtle changes such as the presence of calcite in the hydration front,
right at the interface between the saturated and unsaturated bentonite, or the presence of goethite,
and not hematite, in the saturated bentonite, near the source of hydration. Smectite component
was 72 ± 3% and the refinement was consistent with the presence of ~10% illite, comparable with
previous characterizations.

Keywords: bentonite; montmorillonite; illite; Rietveld refinement; X-ray diffraction; iron-bentonite
interaction

1. Introduction

Bentonites are claystones, mainly formed by hydrothermal alteration of volcanic
rocks [1–3]. They are mostly composed of clay minerals from the smectite family, a type of
phyllosilicate that provides certain characteristics of interest as materials with structural func-
tions of sealing, low permeability, and chemical barrier through cation-exchange processes.

Smectites are a group of clay minerals with a 2:1 phyllosilicate structure. The tetra-
hedral and octahedral sheets present isomorphic substitutions of mainly Si(IV) for Al(III)
and of Al(III) for Mg(II), respectively, so that an excess of negative charge is generated
in the structure that constitutes a permanent layer charge. Its chemical formula can be
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expressed as (M+(x+y)·[(Al,Fe(III)(2−y),Mgy)·Si(4−x)Alx·O10(OH)2]·nH2O. The presence of
an interlayer space and the moderate magnitude of the laminar charge (x + y < 0.6) in
its structure facilitate the entry of hydrated cations to neutralize the structural negative
charge, and for this reason, smectite acts as a cation exchanger. Montmorillonites, as the
most common smectites, present isomorphic substitutions in the inner sheet (octahedral),
so the electrostatic force between the charged layers and the exchangeable cations in the
interlayer zone is diffuse. This allows intercalation of cations coordinated with their sphere
of solvating water molecules [4].

These structural characteristics explain at the molecular level one of the most impor-
tant properties of montmorillonite: its swelling capacity in water. Besides, montmorillonite
is a mineral with a very small crystal size, typically made up of laminar layer stacks of
10 nm in thickness × 50 nm in section [5], which facilitates its contact with an external
solution. Bentonites have a wide variety of industrial uses: foundry molds for the steel
industry, bentonite-drilling muds for use in excavation, binder for pellets, and as a con-
struction material resistant to the passage of water, etc. [6]. However, one of its most
prominent uses is chemical sealing and buffering, contemplated for the geological storage
of high-level radioactive waste. In this context, not only the ability of bentonite to swell
is important but also its very plastic behavior, ensuring that possible cracks formed by
pressure in the host rock are easily sealed. In addition, compacted bentonite acquires very
low hydraulic conductivity and has sufficient thermal conductivity to control pronounced
temperature gradients. These characteristics cause the radionuclides transport mechanism
to be predominantly diffusive and, therefore, have a very slow release to the geosphere. The
high cation-exchange capacity is an important characteristic for retention of radionuclides
in cationic form such as Cs, Sr, or Ni, abundant in burnt nuclear fuel, in the event of an
accidental release [7,8]. Nowadays, the first high-level radioactive waste (HLRW) perma-
nent repository is being constructed in Finland and an outer shell of compacted bentonite
is planned to surround the copper canisters to be emplaced under license in 2024–2025 [9].

For this purpose, the bentonite barrier must be physically and chemically stable for
thousands of years, so the bentonite used must, therefore, have a series of characteristics
that ensure stability. The different accessory minerals it contains come into play in its
chemical stability. According to ref. [10], who studied more than 10 high-grade bentonites
thought to be used as compacted clay engineering barriers for HLRW confinement, the
mineralogical composition of high grade bentonites is on average:

- 80 ± 10 wt.% smectite, mostly natural sodium exchanged forms. The sodium form has
lower hydraulic conductivity and excellent swelling properties, in relation to other
forms, such as calcium [11].

- <30 wt.% accessory minerals.

Accessory minerals may confer reactivity to bentonite and can interfere with its
structural properties, leading to unwanted processes in the barrier. Calcite and pyrite can
undergo acid-base and redox reactions. Gypsum is highly soluble, leading to the presence
of porewater with high ionic concentrations, which also limit the swelling properties [12].

Consequently, it is very important to know the mineralogy of bentonite prior to the
study of its applicability as a sealing material in an engineered barrier system. The most
useful tool for the study of the mineralogical composition of predominantly crystalline
materials is X-ray diffraction (XRD) of polycrystalline samples.

However, some mineralogical characteristics of bentonite have certain problems that
can complicate their quantification study by XRD:

- A variable chemical composition, where isomorphic substitution is common, causes
variation in X-ray diffraction patterns. In turn, the difference in cations located in
the interlayer space (mainly Mg2+, Ca2+, Na+, and K+) alter the positions of the
characteristic reflections (e.g., [13,14]).

- Highly variable structures, which generate different types of interstratification and
defects in three-dimensional space lattice, cause greater complexity in the X-ray
diffraction patterns, compared with phases with a high degree of crystallinity [15].
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- The preferential orientation of the smectite particles affects the signal intensities in
pulverized samples. Phyllosilicates tend to be oriented in sheets, modifying the
intensity of reflection compared to a random orientation and making analysis dif-
ficult. Preparation methods such as front loading tend to generate this preferential
orientation [16].

- The mixture of different accessory minerals imposes other difficulties. The presence of
small crystal size or amorphous silica polymorphs produce very broad signals in XRD
that do not allow good quantification. On the other hand, potassium feldspars and
plagioclases generate numerous reflections with very little reproducible intensities,
due to the difference of grinding size and effects of preferred orientation when mixed
with soft clay [17,18].

Quantification performed by X-ray diffraction can be grouped into single-reflection
and full-pattern techniques. The former, including the RIR method, makes use of a specific
reflection of the analyzed phase for its quantification of the weight percentage of the mineral
sample, using the pure phase signal as a reference [16,19].

Despite their usefulness, individual reflection techniques present difficulties in deter-
mining multiphase samples that produce an overlapping of signals or present a certain
preferential orientation. Clays are among these materials, due to their tendency to be
oriented in a laminar way and their complex composition. Consequently, full pattern
techniques have proven to be more effective in their analysis, especially the Rietveld
method [20]. The Rietveld method [21] is a technique that theoretically adjusts the struc-
tural and experimental parameters to the complete powder diffractogram profile of the
sample, considering it as the sum of the Bragg reflections that appear at respective angular
positions, and using crystallographic data of each of the phases present in the material. It is
a holistic approach to mineralogical quantification, rather than those techniques based on
single reflections measurements.

Before performing a Rietveld refinement, it is necessary to define a series of functions
that model the theoretical diffractogram, such as the signal profile function, full width
at half maximum (FWHM), peak asymmetry, preferential orientation, and background,
among others. Different software, such as SIROQUANT, TOPAS, or BGMN, was developed
to define these functions through algorithms, and design theoretical structural models
according to the Rietveld refining procedure [20].

This work aimed to carry out a reliable quantification of the minerals present in sam-
ples of FEBEX bentonite taken from a long-term experiment 14 years in duration, choosing
the Rietveld method as the analysis technique. Previously used semiquantitative techniques
in similar experiments [22] often produce uneven results in a series of determinations where
apparently pattern differences are very small for slightly altered similar materials. With the
use of this method, we discuss the consistency of differences produced by the alteration
found in the characterization of a long-term reacted iron powder–bentonite interface.

2. Materials and Methods
2.1. Experiment

For the purpose of this research, Fe–bentonite cells (FB), designed and implemented
by the CIEMAT (Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas)
in Madrid, Spain, have been used in long-term laboratory experiments of up to 14 years.
A series of FB experiments were designed for the interpretation of the corrosion zone at
the interface of a steel container (simulating a HLRW canister) and a compacted bentonite
(Spanish FEBEX reference), just as installed in the FEBEX in situ experiment [23]. Six cells
(FB1 to FB6) were set up in August 2006 [24]. The bentonite cells are cylindrical with an
internal diameter of 7 cm and an internal length of 10 cm. The FB cells were inserted into a
Teflon cylinder to prevent lateral heat conduction. The top of the cells is made of a stainless
steel cap. Inside this plug there is a water inlet, regulated at room temperature (25 ◦C) by
recirculation from a water deposit. The bottom of the cells is a flat stainless steel heater at
a temperature of 100 ◦C in contact with a 1.3 cm thick section of pressed iron powder. In
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this way, a constant temperature gradient is imposed between the top and bottom of the
sample. The hydration of the bentonite was carried out through the top plug of the cell
with water extracted from a pressurized stainless steel tank. A schematic diagram of the
setup and a picture of the cells are shown in Figure 1. In this paper, the results of cell FB5,
dismantled after 14 years of Fe-bentonite interaction, were used for XRD quantification as a
function of the distance from the corroded iron powder hot zone. Water content of original
bentonite dried in the laboratory environment was 14%. Hydration front in the experiment
was localized in the transition of FB5_4 to FB5_3 sections (Figure 1).
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Figure 1. Image of the cells used to study the iron–bentonite interfaces. Diagram showing the
configuration and location of the sensors in a FB cell and temperatures registered at the sensors before
dismantling. Samples cut from the FB5 cell every 15 mm are numbered within the right graphic of
water content evolution (5–25 weight % scale).

2.2. FEBEX Bentonite

FEBEX is a bentonite from Almería, Spain. It is a predominantly calcium, magne-
sium, and sodium (approximately 1/2, 1/4, 1/4 cation charge equivalents) bentonite. The
montmorillonite in this bentonite has a small degree of intercalation of illite layers, so it is
actually a randomly interstratified mixed layer illite/montmorillonite mineral, with 90 wt.%
montmorillonite in its composition [25]. It also contains quartz, plagioclase, K-feldspar,
calcite, and cristobalite [26,27]. Semi-quantification of this material has been presented
in different reports, mostly based in the use of selected peak areas pondered by experi-
mental correction factors as established by previous authors [28], RIR (reference intensity
ratios) [16], or methods that include external calibrations using mixtures with common
minerals as quartz [10]. Unfortunately, all these approaches seem to overestimate the clay
minerals amount, as a representative mixture calibration, for instance, of silica polymorphs
or feldspars is not possible to prepare. Moreover, critical difficulties are found to grind
these hard minerals together with clay minerals, preventing their homogenization. Several
data extracted from semi-quantified characterizations are compiled in Table 1. One trial
was performed using the Rietveld refinement by means of the SIROQUANT© V3 software,
from Sietronics Pty Limited. The results obtained in this first trial of Rietveld refinement
were used to change some of the RIR data of minerals quantified (see notes in Table 1).
Then, the quantities, specifically for plagioclase mineral were increased significantly, both
in refined or RIR quantified data (a) and (b) in Table 1. The scope of the present work is
to check this quantification with another independent Rietveld refinement, including the
potential to change structural models.
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Table 1. Semi-quantification data for FEBEX bentonite mineralogy included in several reports.

Phase [29] [30] [10] (a) (b)

Plagioclase 2 ± 1 1 ± 0.5 0.8 ± 0.2 5 ± 1 11.2
Cristobalite 2 ± 1 2 ± 0.5 1.6 ± 0.5 4.5 ± 1 (**) 1.2

Calcite <1 1 ± 0.5 0.9 ± 0.2 0.8 ± 0.1 (**) 2.7
Goethite - - - + -

Halite - - - - -
Hematite - - - - -

Maghemite - - - 1 -
Magnetite - - + + -

Illite - (10) * 1 ± 0.5 <1 -
Orthoclase <1 2 ± 1 0.8 ± 0.2 + -

Quartz 3 ± 1 2 ± 1 0.7 ± 0.2 4 ± 1 3.1
Smectite >90 92 ± 3 94 ± 1 85 ± 2 81.5

*: % mixed layer Illite/Smectite using the method described by previous authors [31]. (a) Unpublished (RIR)
method using the International Centre of Diffraction Data (ICDD) powder diffraction files (PDF) standards
supported in High Score Expert Plus© software (version 2.1.b 2005). Some of the RIR were adjusted to fit a
RIETVELD refinement quantification using SIROQUANT. (**) Calcite, Cristobalite, and Magnetite were quantified
by acid degassing digestion and titration (calcite), alkaline dissolution (90 ◦C treatment of 0.05 g/25 mL NaOH
0.5 M and measurement of dissolved silica) (cristobalite) and by weighing magnetic fraction separated in a
magnetic stirrer (magnetite). (b): Same as (a) Using SIROQUANT© software RIETVELD refinement without
considering the aid of physical and chemical treatment for selected minerals quantification in (a). +: present;
-: not detected. Note: References [10,29,30] are duplicate samples; (a) is an average of four different samples; (b) is
the SIROQUANT© refinement of one FEBEX bentonite original sample.

Complementarily, to have another independent experimental measurement for the
quantification of the major montmorillonite mineral, 5 g of bentonite by duplicate was
weighed out and added to a 150 cm3 centrifuge tube with distilled water. The tubes were
placed in an ultrasonic bath to disperse the sample, and then centrifuged using a SIGMA™
swing-out rotor centrifuge. The necessary centrifuge time was calculated knowing the
distance from the rotor axis to the bottom of the centrifuge tube, the height of the liquid
in the tube, the average density of the particles (2.6 g/cm3), and the size of the particles
to be separated. These calculations were performed using the Centriset© software [29],
obtaining that to sediment the fraction > 0.5 µm it was necessary to centrifuge for 5 min
at 1500 rpm. After centrifugation, the supernatant was removed. The entire process of
dispersion and sedimentation removing the suspension was repeated until the supernatant
was transparent, which was the condition in which the separation was terminated. This
>0.5 µm residue was weighed, considering the suspended rejected fraction as representative
of clay fraction weight. This fraction was determined as 54.6 ± 2.5 wt.%. Small quantities
of montmorillonite were detected in the residuals (fragments of altered volcanic rock were
still present) and evaluated by the modified RIR method. Then, performing a correction for
the residuals fraction, an amount of 78.6 ± 2.5 wt.% was determined to more accurately
represent the clay fraction.

2.3. XRD Quantification
2.3.1. Use of BGMN© and the Profex Interface

BGMN (www.bgmn.de, accessed on 13 June 2022) was selected in this work due to
the need to find a universal and precise model that could describe the shape of the signals
within a wide range of ◦2θ angles [32]. Its design has capabilities that make it a potential
tool for the analysis of multiphase materials such as clays, including optimization algorithm
for the background calculation, a single step for calculation of the set of parameters of
the initial model, correction of preferential orientations with anisotropic peak broadening,
and the application of complex disorder models for implementation of real structural
models. The profile function selected for the refinement was the pseudo-Voigt. Spherical
harmonics were used as convolution factors to represent anisotropic crystal size and strain
and asymmetric peak shape when using the lattice model. Research carried out with the
software has successfully generated structural models of clay minerals for their quantitative

www.bgmn.de
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analysis [33,34], as well as evaluating the degree of preferential orientation in them [35]. In
addition, the free user interface Profex [36] facilitates the addition of subphases, considera-
tion of amorphous phases in quantification results, or the conversion of crystallographic
information from the CIF file into modifiable STR format for refining optimization.

For judging the quality of the Rietveld refinement fits, the most commonly used
criteria are the discrepancy values (χ2) and the agreement factors R (Rwp, Rexp and RB). In
general, smaller Rietveld error indices values indicate a better fit between the observed
and calculated patterns. In particular cases, wrong models with poor-quality data may
exhibit smaller values for error index than some good models with high-quality data.
Therefore, they must never be used as the sole criterion for judging the quality of the
profile fit. A graphical view of a fit is a necessary complement to evaluate the refinement
quality. In this study, to evaluate the goodness-of-fit, χ2 was the Rietveld discrepancy value
considered. In addition, graphical examinations were performed for several examples and
are shown in the paper.

2.3.2. XRD Equipment Parameters

The samples were measured in a Bruker D8 Discover diffractometer with Bragg–
Brentano configuration, operating at a voltage of 40 kV and an intensity of 40 mA. It contains
a primary monochromator, working with Cu Kα1 monochromatic radiation (λ = 1.54056 Å)
and a fast multichannel LYNXEYE XE-T detector that discriminates fluorescence. The
instrumental file to be considered in BGMN input parameters used was the “UIBK-D8-
Discover-FDS-LynxEye”, manually adding the wavelength used, and setting the minimum
2θ angle at 3◦2θ, and up to 65◦2θ, i.e., virtually the whole pattern registered. Samples were
grinded by hand with an agate mortar and pestle until the fine powder was able to adhere
to the walls. Adhered scales were grouped at the bottom and gently disaggregated with
the pestle to form a fine powder. The powder was mounted by the backloading method in
a 1.5 cm diameter circular holder.

The phases included in the refinement were all the minerals that were found both
in previous characterizations of the bentonite and those identified in the first analysis of
long-term FB experiments. Then, they were refined using structural models of quartz,
albite, anorthite, orthoclase, calcite, cristobalite, muscovite1Md (illite), smectite_di2w,
halite, goethite, and hematite. Maghemite and magnetite were also included but after
refinement they were determined in <0.01 wt.%. In this paper, taking into account that the
FEBEX montmorillonite interlayer was occupied mostly by divalent cations in the smectite
interlayer, and that samples were dried at ambient conditions, the di-hydrated structure
of dioctahedral smectite was used. In order to maintain divalent cation di-hydrated
environmental conditions, samples were equilibrated with a 50% relative humidity using a
MgNO3-saturated solution environment.

3. Results
3.1. FEBEX Bentonite

The original bentonite XRD pattern was first refined. The refinement, in a first step,
included a selection of an appropriate structural model for the smectite phase. An initial
search into the Crystallography Open Database (COD) CIF files showed a match for a
montmorillonite structural model [37]. After inspection of the obtained refinement, the
theoretical diffractogram did not align well with the experimental pattern. Therefore,
such model was discarded in favor of a more general structural model of a turbostratic
disordered di-hydrated smectite [33], resulting in a better match at ◦2θ angles of 6.0◦ (001),
19.7◦ (020, 110), 34.7◦ (040, 220), 54.0◦ (150, 240, 310), and 61.6◦ (060, 330).

Most of the sharp narrow peaks in the 26–32◦2θ were identified as plagioclase. Then,
structural models of plagioclase were searched for a better refinement in the range of ◦2θ
angles 26–32◦. The patterns of plagioclase in this range may vary significantly within
different diffractograms of several FEBEX bentonite samples. An initial approach was to
use Anorthite and Albite from the BGMN database for an estimated composition, followed
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by a refinement using composition of Albite:Anorthite 40:60 Labradorite. Due to plagioclase
isomorphism, the refinement was not as successful as expected, but suggested the idea of
using subphases of Albite and Anorthite to consider their compositional variability within
the bentonite. This resulted in the better fit and refinement if, in addition, the structural
models of their high-crystallinity phases were used [38,39]. Figure 2 shows the differences
in pattern refinement for the selected region of 21.0–31.0◦2θ, using the BGMN database
compared with the use of the mentioned high-crystallinity structural models.
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Figure 2. Patterns showing the refinement of bentonite in the region of plagioclase main reflections in
the range of 21.0–31.0◦2θ. Pattern in the right side show the better refinement by using the structural
models proposed by previous authors [38,39].

The (hk0) reflections attributed to montmorillonite, for instance 34.7◦2θ, cannot be
completely resolved in the theoretical pattern, as the shape of the band is not properly
refined in most diffractograms. Illite (disordered 1Md muscovite phase) addition in the
refinement led to a substantially better theoretical pattern fit and a better resolution for the
referred reflection and, in general (hk0) indexed peaks. Figure 3 shows the impact in the
refinement with and without Illite addition.
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Figure 3. BGMN Rietveld refinement example of the region at 34.7◦2θ showing the (040) and (220)
reflections attributed to montmorillonite. Effect of the addition of the Muscovite_1Md structural
model to smectitedi-2w (right side).

The complete group of identified minerals was added to the refinement without
further modifications of the corresponding STR files in BGMN, as some trials of changes
of their parameters resulted in no significant change of their theoretical diffractograms.
After quantification, mineralogical phases with a composition <0.01% were discarded from
subsequent refinements, further improving the theoretical diffractograms. Figure 4 shows
the aspect of the refinement for a sample of the complete FEBEX original bentonite.
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Table 2. Quantification (wt.%) after BGMN© refinement (χ2 < 5).

Phase FEBEX FB5_1 FB5_2 FB5_3 FB5_4 FB5_5 FB5_6

Plagioclase 7.7 11.8 14.8 9.5 13.0 9.7 16.5
Cristobalite - 0.5 0.3 0.3 0.3 0.3 0.4

Calcite 0.9 0.6 1.8 0.6 3.9 1.1 2.2
Goethite 0.5 - 0.6 0.5 1.4 2.2 -

Halite - - 0.1 0.1 0.1 0.1 -
Hematite - - - - - - -

Maghemite - - - 0.1 - 0.2 -
Magnetite 0.4 - - - - 0.1 -

Illite 12.7 1.3 9.5 11.9 11.0 8.1 7.1
Orthoclase 2.4 2.5 1.8 1.8 1.8 1.3 2.55

Quartz 2.5 3 1.1 2.5 1.0 1.0 1.5
Smectite 73.0 82.0 70.0 72.6 67.5 75.9 69.2

χ2 2.93 3.6 3.6 2.6 2.9 2.5 4.8
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Figure 4. BGMN refinement of a sample of original FEBEX bentonite. Mineral quantification and
goodness of fit are shown in Table 2.

Table 2 shows quantification after the refinement of the original bentonite and the
bentonites refined after the 14 years experiment determined in the six sections analyzed,
cut and separated approximately every 1.5 cm (Figure 1).

3.2. FB 5 Hydrothermal Experiment

Figure 5 show the result of FB5 bentonite experiments samples refinement in three
sections of interest, FB5_1, FB5_3, and FB5_5, respectively, going from the heating to the
hydration end. Despite evident variations in the presence of sharp thin reflections, the
refinement of the whole pattern determines mineral weight % that are relatively homoge-
neous comparing these series of similar FEBEX bentonite samples with a good agreement
quality validated by χ2 < 5 statistical parameters.
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Figure 5. FB5 experiment samples refinement in three sections of interest, FB5_1, FB5_3, and
FB5_5, respectively, going from the heating to the hydration zone of the FB iron–bentonite
hydrothermal experiment.

Several aspects of the quantification of this series of samples can be discussed subse-
quently to be consistent with expected general effects presented on bentonite mineralogy.

4. Discussion of Results

The experiments carried out are characterized by the existence of two opposite hy-
drothermal gradients affecting a bentonite barrier. A groundwater hydration front is to be
developed against the heat (approximately 100 ◦C in the metal waster canister surface) that
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will be produced by the active disintegration of burnt fuel radioisotopes during the first
100 years in an active high-level nuclear waste repository [40]. As a consequence, reactive
processes characteristic of hydrothermal alteration should be expected to be observed in
the analyzed long-term experiments.

The results obtained by mineralogical quantification using the BGMN software and
the optimized selection of certain structural models produced a set of comparable and
homogeneous results in which some processes expected in long-term hydration and heating
experiments were observed.

Relatively long-term laboratory experiments (up to 5–15 years) have been conducted
under repository conditions in which FEBEX bentonite has experimented minor alteration
(e.g., [41,42]), with qualitative evidence on impacts on mineralogical and geochemical
properties. These authors have reported a minor dissolution of smectite and a limited in-
crease in the formation of mixed-layer illite–smectite. This irreversible dehydration process
(illite or collapsed smectite structure production) and the loss of the expansive swelling
component (smectite) are very important variables to be quantified in the experiments.
Swelling under hydration (swelling pressure) and cation-exchange properties are the key
for hydromechanical isolation and chemical buffering functions of bentonite clay rock [43].

Our quantification results are in agreement with the abovementioned minor alteration
of the bentonite claystone as a whole. Considering the samples to be very similar to the
original bentonite, Illite composition yielded a weight % near 10%, very similar to that
determined by previous authors [25] in FEBEX bentonite by means of analysis of regularity
of basal reflections (interlayer periodicity) using specific XRD-oriented preparation. It is
known that other XRD-specific tests are necessary to be performed (e.g., [44]) to qualitatively
ascertain of the nature of the mixed layering, often complemented with chemical analysis of
the clay fraction. Then, the BGMN refinement was able to include the mixture of illite with
montmorillonite in the quantification, which was not possible in the routine procedures
for semi-quantification of FEBEX bentonite. Moreover, the sum of smectite and illite is
very close to the 80% weight determined by the gravimetric analysis described in the
methodology for the clay minerals fraction.

XRD powder pattern of the iron interface FB5_1 sample can be refined without con-
sidering the illite component, maintaining the 80% weight for smectite accounting for
the clay minerals content. This effect may be an anomaly or a structural change that has
to be elucidated. The progression of illite to smectite has been reported under <100 ◦C
temperatures in similar hydrothermal alteration of bentonites [45].

Other mineralogical changes related to dissolution and precipitation processes are
also important to check. Soluble ions transported from cold hydrated zones to warm
dehydrated zones can lead to precipitation of halite, anhydrite, gypsum, or calcite in
hydrated to dehydrated transition zones. Dehydration heat zones are water evaporative
environments in which solutions become more concentrated [41]. In these critical zones,
and in connection to alkaline environments (concrete, iron oxidation), the formation of
silica minerals has also been reported [46].

In terms of potential precipitation processes, calcite proportion in sample was in-
creased up to approximately 4% near the limit in which the hydration front (water saturated
bentonite) was stopped by the heat gradient (sample FB5_4). The precipitation of sparingly
soluble components in this evaporative interface is, therefore, highly probable as has been
argued before [41]. It is worth to mention that in the bentonite water-saturated zone FB5_5,
goethite iron oxyhydroxide was present while it was absent close to the hot iron powder
zone (FB5_1). Again, this is very consistent with the hydrated environmental conditions of
the experiment. Conversely, in the section in contact with the hydration source (FB5_6),
no iron oxyhydroxides were detected and the maximum goethite was in FB5_5. Then,
it is necessary to check the possibility of goethite dissolution and precipitation of iron
oxy-hydroxide with the advance of the hydration front (in FB5_5). Precipitation of goethite,
at moderate temperatures > 50 ◦C in alkaline pH, by transformation of Fe (III)-precipitated
hydroxide is documented in the literature [47].
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Cristobalite was not quantified in the BGMN refinement of the original FEBEX ben-
tonite and was present in all samples with a maximum relative value found for FB5_1.
There is no evidence for significant dissolution–precipitation processes of silica in the bulk
samples analyzed in this experiment compared to observations in alkaline interfaces of
FEBEX bentonite [46].

Finally, it is worth mention that differences between theoretical and experimental
diffractograms for the di-hydrated montmorillonite peak at 6.0 ◦2θ increased as the ana-
lyzed section became closer to the hydration end (Figure 6). This suggest the formation of a
secondary phase of sodium montmorillonite by ion exchange substitution, being a process
more favorable for regions in contact with water containing ions in solution rather than in
relatively drier regions close to the heating end. Many long-term hydration experiments,
under an imposed heat gradient, behave in the sense of concentrated Na and Ca in the
exchangeable cation smectite complex near the hydration source and conversely Mg and
less Ca with minor Na near the warmer dry zones [48].
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5. Conclusions

Summarizing the quantification results, they were in reasonable agreement with the
type of alteration that was expected in the bentonite analyzed. More important is that clay
mineral percentages were in close agreement with the experimental weighting method
used as a complementary test and using two different Rietveld approaches, SIROQUANT©
and BGMN. The whole pattern refinement reduces the high uncertainty developed in using
height or areas to measure the intensity of mayor peaks. Nevertheless, is important to check
structural models that adequately yield an optimum fitting to mineral phases involved, in
particular those affected by being representative of complex solid solutions as feldspars or
to intervene in the formation of mixed layering as illite.

Further work is also needed to follow in gaining confidence and improving the quality
of quantification of accessory minerals. It is needed also to implement the refinement of
the proportion of 1w and 2w hydrates in the montmorillonite present in the bentonite by
means of considering an adequate structural model.
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