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A B S T R A C T

The quantification of colloid erosion from compacted bentonite barrier, in a high-level waste repository, is
considered especially relevant because erosion may compromise its performance and because eroded colloids
may contribute to radionuclide transport.

The erosion behaviour of different raw bentonites, compacted at high density, was analysed in a confined
system under favourable chemical conditions. A complete physical and geochemical characterisation of clays
was carried out to overall relate clay physico-chemical characteristics and structure to their erosion behaviour.

The mass eroded under compacted and confined conditions were in all cases lower than those obtained under
free-dispersed conditions; indicating that compacted and confined conditions were limiting erosion. Maximum
erosion was below a 1% of the initial mass.

Results clearly showed that clay erosion under compacted state was hindered for those bentonites with high
content of bivalent cations in exchangeable positions ((Ca + Na) > 90%), low smectite content (Sm. < 70 wt
%) and high tetrahedral charge (|τ| > 0.1 e/h.u.c.). In addition, it was demonstrated that, at high solid to liquid
ratios, dissolution of salts present in the clay and cation exchange reactions decrease the extent of erosion.

1. Introduction

Compacted bentonite is an engineered barrier considered in high-
level radioactive waste (HLRW) repositories to confine the waste
(Chapman, 2006; Pusch, 2008; Sellin and Leupin, 2013). It is widely
accepted that clay selected by this scope should have high smectite
content, to develop sufficient swelling pressure, to provide low hy-
draulic conductivity and to hinder radionuclide migration, altogether
contributing to repository safety (Kaufhold and Dohrmann, 2016; Sellin
and Leupin, 2013). The characteristics that make smectite appropriate
are related to its layered structure where two tetrahedral (τ) sheets
sandwich and octahedral (O) sheet conforming a TOT structure type
2:1, which is balanced by an interlayer of hydrated cations (e.g. Odom,
1984).

Amongst the main processes that may compromise the bentonite
performance, erosion and colloid formation are considered of concern
(Missana et al., 2011; Sellin and Leupin, 2013). Erosion is defined as the
removal of surface material and its transportation by a natural agent, in
this context flowing water, which can favour both mechanical and
physical weathering. Bentonite erosion causes mass loss which directly
affects the barrier integrity and performance. In addition, eroded col-
loids (particles in suspension with diameters < 1 μm) may contribute

to radionuclide transport (Missana et al., 2008; Ryan and Elimelech,
1996; Schaefer et al., 2012).

Clay erosion has been widely studied in the field of soil resistance to
water and irrigation (Grissinger, 1966) and many relevant issues can be
extracted from this field, as the relevance of mineral composition, clay
content, calcium/magnesium ratios or free oxides content (Bütak, 2005;
Morgan, 2004). However, the particular conditions of a bentonite
barrier in a HLRW repository, where the clay is compacted at high
density and confined by the repository host rock (Chapman, 2006;
Pusch, 2008; Sellin and Leupin, 2013), may influence its erosion be-
haviour.

In order for erosion to occur, the bentonite barrier must be saturated
with the groundwater coming from the repository host rock. The pro-
cesses that come up during clay hydration are well described (e.g.
Gailhanou et al., 2017). Due to hydration, clay individual layers can be
separated, causing delamination or large clay aggregates can be de-
compose in smaller particles, by exfoliation. Also, when compacted
bentonite is hydrated, swelling is favoured (Norrish, 1954) and the clay
will intrude in available pore spaces and micro-fractures. If a local
hydraulic gradient does not exist, diffusion will be the driving force for
colloid releases (Kallay et al., 1987), and free dispersion may primarily
promote bentonite erosion and colloid formation.
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Mechanical forces, like those produced by water advective flow may
additionally favour clay erosion and colloid detachment. Erosion under
flow conditions depends on flow velocity, water chemical composition
and fracture conditions (Birgersson et al., 2009; Missana et al., 2011;
Pusch, 1999; Schatz et al., 2013).

To assess the magnitude of bentonite erosion, and to identify the
mechanisms and geochemical conditions that favour it in a HLRW re-
pository, different experimental approaches have been proposed with
dispersed or compacted clay, accounting for stagnant and flow condi-
tions, both in open or closed systems (Albarran et al., 2014; Alonso
et al., 2007; Baik et al., 2007; Bessho and Degueldre, 2009; Birgersson
et al., 2009; Degueldre and Benedicto, 2012; Garcia-Garcia et al., 2009;
Kaufhold and Dohrmann, 2008; Liu and Neretnieks, 2006; Missana
et al., 2003, 2011; Pusch, 1999; Schatz et al., 2013; Seher et al., 2009).

Conceptual models have been also developed to describe particle
detachment by diffusion (Kallay et al., 1987), or swelling and detach-
ment promoted by advective flow (Liu and Neretnieks, 2006; Liu, 2010;
Liu et al., 2009; Neretnieks et al., 2009). These models sometimes apply
to simplified systems: flat surfaces, Na-homoionic clays and low ionic
strength groundwater. To date, uncertainties are still associated to
bentonite erosion and colloid formation processes, under real re-
pository conditions, preventing the precise quantification of erosion
and colloid formation at the bentonite/host rock interface.

Clay dispersion in water has been analysed in different ground-
waters (Birgersson et al., 2011; Garcia-Garcia et al., 2009; Kaufhold and
Dohrmann, 2008; Luckham and Rossi, 1999; Norrish, 1954; Pertsov,
2005; Pusch, 1999); it occurs when attractive forces between the clay
particles are overcome. It is well accepted that groundwater with low
ionic strength and low content of divalent cations promotes peptisation
(deflocculation), and favour the separation of individual smectite
layers, giving to the clay/water system a sol character and favouring
spontaneous colloid formation (Birgersson et al., 2011; Sen and Khilar,
2006). On the contrary, in groundwaters whose ionic strength is above
the minimum concentration to cause flocculation, smectite forms a
coherent gel inhibiting particles release and restricting colloid stability
(Luckham and Rossi, 1999; Missana et al., 2003, 2018a).

In a recent study (Missana et al., Submitted), the dispersion of
smectite clays was analysed by adding one gram of clay to one litre of
deionised water. After centrifuging the sample, the mass, surface charge
and size of dispersed colloids were obtained, under the most favourable
conditions in terms of low ionic strength water. The intrinsic char-
acteristics of colloids dispersed from different smectite clays were re-
lated to the main physico-chemical and structural properties of the bulk
smectite (Missana et al., Submitted). Maximum colloid dispersion was
measured for Na-homoionic smectites, while significant lower amounts
were dispersed from Ca-smectites. It was found that the governing clay
characteristics that promote colloid dispersion are the smectite content,
the Na predominance as interlayer cation, and the layer charge and the
charge distribution between the octahedral (O) and tetrahedral (τ)
smectite layers.

Bentonite erosion and colloid dispersion may be different under
compacted and confined conditions because, the interlayer space is in
the nanometre scale, affecting the electrical interactions (overlapping of
electrical double layers). Moreover, the high ion concentration of the
clay porewater (Bradbury and Baeyens, 2009; Fernández et al., 2004;
Karnland et al., 2011; Wersin et al., 2016), may affect the water con-
ditions at equilibrium, especially at high solid to liquid ratios.

The aim of this study is to analyse which physico-chemical factors
are playing a major role in the erosion and colloid formation under
compacted and confined conditions. An experimental set-up previously
developed to these purposes was selected (Albarran et al., 2014; Alonso
et al., 2007). In previous experiments, the effect of compaction density,
water chemistry and dominant exchange cation were analysed with a
Ca-Mg bentonite (FEBEX, Huertas et al., 2000). It was demonstrated
that higher erosion was promoted at higher compaction densities
(Alonso et al., 2007), with homoionic Na-bentonite and in low ionic

strength waters (Albarran et al., 2014).
The present study was focused on relating erosion results to the

inherent physico-chemical properties of clay minerals, and also to
evaluate the relevance of the water chemistry at equilibrium, two as-
pects that were not previously analysed. Experimental conditions were
selected to account for the most favourable conditions for erosion: high
compaction density and deionised water (Albarran et al., 2014; Alonso
et al., 2007).

To analyse the relevance of clay physico-chemical characteristics on
erosion, fourteen different clays were selected. They are mainly raw
bentonites from different origin and reference clays, from the Minerals
Society Source Clays Repository, representative of relevant clay mi-
nerals from the smectite group (montmorillonite, beidellite, nontronite
and saponite). Selected clays cover a wide range of physico - chemical
and structural conditions. They were fully characterised (Fernández
et al., 2017a) to facilitate their classification from the point of view of
their erodibility in a HLRW repository.

The bentonite erosion results obtained in compacted and confined
conditions were compared to those determined for the same clays under
free dispersed conditions, were maximum erosion is achieved (Missana
et al., Submitted). With this comparison we aimed to highlight addi-
tional aspects to be accounted for quantifying bentonite erosion in a
repository, like the chemical equilibrium between the clay and the
groundwater.

The water chemistry evolves when in contact with the clay, because
soluble salts and minerals dissolve and because cation exchange pro-
cesses take place. This chemical evolution is limited under low solid to
liquid ratio, but clay/water chemical interactions may play a major role
on erosion processes under repository conditions.

2. Materials and methods

2.1. Clay minerals

Fourteen clayey materials were selected for the study. They are
mainly raw bentonites studied in the frame of radioactive waste man-
agement research programmes and also clays from the Minerals Society
Source Clays Repository, which are representative of relevant clay
minerals from the smectite group. Selected clay minerals, their origin
and references where more information about the clays can be obtained
are included in Table 1.

All selected clay minerals lay within the smectite group
(Guggenheim et al., 2006). Smectite is a planar hydrous phyllosilicate,
with a layered structure, where two tetrahedral (τ) sheets sandwich and
octahedral (O) sheet (TOT structure type 2:1). When the tetrahedral
and octahedral sheets are joined in a layer, the resulting structure is
electrically charged which is balanced by a cation interlayer sheet.
Smectite clay minerals possess a negative permanent layer charge
which arises from cation substitutions in the phyllosilicate sheets,
conferring smectites assorted structure and chemical composition.

Selected clays were characterised to evaluate their main physico-
chemical and structural characteristics. Full details on clay character-
isation can be found in (Fernández et al., 2017a). Major and minor
minerals, clay minerals content, and the main structural features that
allow smectite classification (Emmerich et al., 2009; Guggenheim et al.,
2006) were determined: dioctahedral or trioctahedral nature, clay mi-
neral layer charge, charge distribution between tetrahedral (T) and
octahedral (O) sheets, cation distribution within the octahedral sheet
and inside the interlayer. It is noteworthy that all these physico-che-
mical properties were determined on the same samples used for erosion
experiments, applying to all the same methodology, to facilitate com-
parison and generalisation of smectite erosion process. Obtained values
are comparable to those reported in the literature (i.e., MX-80 or
IBECO, in Karnland (2010)).

Table 2 presents the main characteristics of the analysed clays. All
clays are 2:1 phyllosilicates with a layer charge between 0.25e and
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0.60e per O10(OH)2 half unit cell (h.u.c), where e is the electron charge
(1.6·10−19 C). Most of them are dioctahedral smectites, except for the
two saponites (MCA-C and B64) which are trioctahedral. Dioctahedral
smectites with low or null tetrahedral charge can be defined as mon-
tmorillonites, where layer charge in the octahedral sheet is mainly
generated by substitution of Al3+ by Mg2+. In contrast, beidellite is the
end-member with mainly tetrahedral charge and low octahedral
charge. Nontronite is characterised by a large Fe content in the octa-
hedral sheet, and it is regarded as the third end-member of dioctahedral
smectites.

At higher solid to liquid ratio, the dissolution of soluble salts present
in the clay, mainly halite, gypsum and calcite, will establish a chemical
equilibrium that may be relevant for erosion process under studied
conditions. Table 3 presents the anion inventory (Cl− and SO4

2− con-
tent in mmol/100 g of clay) measured for studied clays (Fernández
et al., 2017a). The clays with higher salt inventory are NANOCOR® and
MSU.

2.2. Experimental set-up: erosion cell and analyses

Fig. 1 shows the experimental set-up used to quantify bentonite
erosion and colloid formation from bentonite under compacted and

confined conditions. The selected dry density was 1.65 g cm−3, a value
in the upper range of densities considered by different national con-
cepts of HLRW repositories (Sellin and Leupin, 2013).

Table 1
Selected clays, type, origin and reference, initial experimental conditions: weighted masses (g) and initial water content (w.c in %).

Clay Type Origin/location References Weighted mass (g) w.c (%)

Nanocor® 2:1 Na-smectite Commercial, China http://www.nanocor.com/ 4.813 16.00
MSU 2:1 Na- smectite Khakassia deposit, Russia Sabodina et al., 2006 4.398 6.84
FEBEX 2:1 Ca-Mg smectite Cortijo de Archidona, Almeria, Spain Huertas et al., 2000 4.756 13.56
MX-80 2:1 Na smectite Wyoming, USA Müller-Vonmoss and Kahr, 1983 4.387 6.57
MILOS-IBECO 2:1 Ca-Mg smectite Milos island, Greece

(sample IBECO RWC 16)
Koch, 2002; Koch, 2008 4.739 12.92

Rokle S65
Sabenil

2:1 Na smectite
(fully activated)

Rokle deposit, Czech Republic Konta, 1986 4.514 8.56

Rokle B75 2:1 Na-Mg Sm
(partially Na-
activated)

Rokle deposit, Czech Republic Konta, 1986 4.418 6.84

Ypresian YC-Doel-40 2:1 Na- smectite Doel nuclear zone in Antwerpen, Belgium
(378.78–379.58m depth)

Nguyen et al., 2014 4.282 4.05

Ypresian YC-Kallo-38 2:1 Na-smectite Kallo town in Beveren, Belgium (324.89–325.84m depth) Marcke and Laenen, 2005 4.301 4.48
SBId-1 2:1 Ca beidellite Idaho, USA (Clay Mineral Society) Post et al., 1997 4.498 8.52
NAu-1 2:1 Ca-Mg nontronite

Fe-rich
Uley Graphite Mine, Australia (Clay Mineral Society) Keeling et al., 2000 4.743 12.80

SAz-2 ‐ Cheto 2:1 Ca-smectite Arizona, USA (Clay Mineral Society) Jaynes and Bigham, 1987 4.948 17.42
MCA-C 2:1Mg saponite Cerro del Aguila, Spain Cuevas et al., 1993; Pusch et al.,

1996
4.615 10.93

B64 2:1Mg saponite Grevena, Macedonia Kastridis et al., 2003; Kaufhold et al.,
In Prep

4.633 12.54

Table 2
Physico-chemical and structural characteristics determined for studied clays (Fernández et al., 2017a). *B64 data from (Kastridis et al., 2003).

Clay Smectite Na Ca + Mg Tetrahedral Charge
(e/h.u.c)

Octahedral Charge
(e/h.u.c)

Layer charge
(e/h.u.c)

Charge density
(C/m2)

(wt. %) (%) (%)

Nanocor® 98 93.45 2.51 −0.04 −0.34 −0.38 0.13
MSU 79 90.24 4.46 −0.14 −0.21 −0.35 0.12
FEBEX 94 27.77 66.43 −0.07 −0.31 −0.38 0.13
MX-80 89 68.32 26.27 −0.08 −0.2 −0.28 0.10
MILOS-IBECO 88 26.30 68.97 −0.04 −0.29 −0.33 0.11
Rokle S65

Sabenil
78 76.93 16.66 −0.26 −0.11 −0.37 0.13

Rokle B75 78 55.67 34.64 −0.29 −0.11 −0.40 0.14
YC-Doel-40 26 47.61 34.09 −0.14 −0.24 −0.38 0.13
YC-Kallo-38 30 56.86 30.48 −0.14 −0.26 −0.40 0.14
SBId-1 78 0.73 92.01 −0.26 −0.06 −0.32 0.11
NAu-1 90 3.78 91.32 −0.32 −0.05 −0.37 0.12
SAz-2 ‐ Cheto 98 0.44 94.64 0 −0.5 −0.50 0.17
MCA-C 78 4.16 87.95 −0.25 −0.15 −0.40 0.13
B64 65 0.33 92.29 −0.13 −0.38 −0.51 0.17

Table 3
Anion inventory in studied clays (Fernández et al., 2017a).

Clay Cl SO4

mmol/100 g mmol/100 g

NANOCOR® 4.40 10.68
MSU 2.06 1.82
FEBEX 3.01 0.78
MX-80 1.36 3.26
MILOS-IBECO 1.82 1.35
Rokle-B75 1.22 0.11
Rokle-S65 1.27 0.07
YC-Doel-40 5.05 0.66
YC-Kallo-38 1.62 1.31
SBdI-1 (beidellite) 1.29 0.15
NAu-1 (nontronite) 2.87 0.08
SAz-2 ‐ Cheto 1.32 0.00
MCA-C (saponite) 1.56 0.09
B64 (saponite)* 1.50 0.00
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In the set-up, the compacted bentonite pellet (approximately 4–4.5
grams, depending on clay humidity) was placed in a stainless-steel
cylinder and it is sandwiched between two sintered stainless-steel fil-
ters. Table 1 presents the weighted masses and the initial water content
(w.c. in %) of studied clays. The filters have 20mm diameter and 3mm
thickness and a pore size of 100 μm, as can be appreciated in the SEM
image presented in Fig. 1b. A porosity of 38% was estimated from the
dimensions and mass of the filter.

The cell is closed by two open Delrin grids that guarantee clay
confinement but allowing the release of eroded particles through both
filters (Fig. 1c) being the total surface available for particle releases of
3.54 cm2.

To promote clay erosion, the cell is immersed in 200mL of deio-
nised water (DW), to account for the most favourable conditions for
erosion (low ionic strength and absence of divalent cations) (Missana
et al., 2011). All experiments were carried out at room temperature and
inside a glove box, under controlled atmosphere, to avoid dust con-
tamination.

Erosion process in selected set-up is outlined in Fig. 1. After cell
immersion in DW water, compacted clay pellet is hydrated and clay
swelling is favoured but, due to confinement, free swelling is not al-
lowed. The clay is expected to extrude through the pores of the filters,
which resemble the rock micro-fractures. Eroded particles can be re-
leased to the contact water, without any additional force. By analysing
the liquid phase, we measure the fraction of particles eroded and re-
leased to the liquid phase.

According to previous studies, selected filters have sufficient pore
size (100 μm) not interfering in the erosion process. For example, in
Grissinger (1966) measured clay erodibility under flow conditions with
a filter with pores of 5 μm diameter. Equivalent colloid releases were
measured from compacted bentonite with 2, 10 and 100 μm pore sizes
(Seher et al., 2009). For Na-clays, no filter effects were observed on
erosion by Birgersson et al. (2009), until reducing pore sizes down to
0.5 μm and for Ca-clays for sizes of 100 μm, when little to no erosion
was measured.

To quantify clay erosion and to relate erosion values to the physico-
chemical and structural properties of the clays, the aqueous phase was
periodically sampled (2mL) for two years, to analyse the particles
eroded from the compacted clays.

Photon Correlation Spectrometry (PCS) technique (Holthoff et al.,
1996) was selected to evaluate the concentration of eroded particles
and their average hydrodynamic diameter. PCS measurements were
carried out with a Zetasizer NanoS Malvern equipment with a He-Ne

laser source of λ=633 nm and detection at 173°, which features allow
measuring particles from 2 nm to 3 μmat particle concentrations higher
than 0.5mg L−1. The errors of size measurements are obtained by the
standard deviation of at least five measurements.

Particle mass and concentration were determined with calibration
curves of PCS count-rate vs. concentration (Ledin et al., 1993). Cali-
bration curves were obtained with laboratory prepared bentonite col-
loid suspensions, of known size and concentration, obtained in deio-
nised water by centrifuging the different bentonites at 600 g during
20min. The colloid concentration was determined by gravimetric
measurements.

The mass background was determined immersing the erosion cell
components in 200mL of deionised water and by periodically analysing
the water during 420 days. Considering the cell components back-
ground and the equipment resolution, detection limit under experi-
mental conditions is around 1mg.

Chemical analyses were carried out, at the end of the experiment, on
the final electrolytes. These studies aim to analyse chemical changes
(major and trace elements) promoted by the presence of bentonite, in
relation to erosion masses. Major and trace cations were analysed by
inductively coupled plasma atomic emission spectrometer (Varian
735ES, AA240 FS). Sodium and potassium were determined by atomic
absorption spectrometry using a Agilent AA 240 FS spectrometer.
Anions were analysed by ion chromatography (DIONEX ICS-2000).
Geochemical calculations were carried out with the code Geochemist's
Workbench® (v. 8.0).

At the end of the experiment, the clay fraction eventually retained
in the filter pores (100 μm pore size) was analysed to evaluate if clay
clogging occurred during the experiment. The filters were weighted at
the end of the experiment and after an acid treatment (with HCl 1M) to
facilitate clay removal. The remaining mass in the filters was maximum
with NANOCOR® clay (0.035 g per filter) and lower than 1.5% of the
initial mass in any case, being far from the 0.9 g that would fit in a filter
(estimated considering filter dimensions and a clay density of
2.7 g cm−3). This fully discard clay clogging in filter pores. In other
erosion experiments, carried out in artificial fractures, the clay fraction
extruded in the fracture is sometimes accounted for as eroded (Missana,
2016; Schatz et al., 2016). In our case, the masses extracted from the
filters may be affected by filter dissolution, due to the strong acid
treatment. Therefore, in this study, (only) the fraction of particles de-
tached and released to the liquid phase is consider as eroded.

As mentioned, eroded masses obtained here from compacted and
confined clays were compared with those measured in free-dispersion

Fig. 1. (a) Set-up used to analyse bentonite erosion under compacted and confined conditions; (b) SEM image of stainless steel filter surface with 100 μm pore size; (c)
Outline of erosion process and colloid formation in selected set-up.
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experiments, where maximum colloid formation was determined after
suspending 1 gram of different clays in 1 litre of deionised water (DW),
to maximize their dispersion. After centrifuging, the supernatant was
collected and the mass, surface charge and particle size were de-
termined. The mass of dispersed colloids was considered the first im-
portant parameter to assess clay erodibility (Missana et al., Submitted).

3. Results and discussion

Fig. 2 presents the eroded mass (in mg) measured, as a function of
time, in 200mL of electrolyte in contact to the different raw bentonites
compacted at 1.65 g cm−3 and adequately confined. The initial elec-
trolyte was deionised water (DW). Lines were included to guide the eye.

Fig. 2a shows those experiments where measured eroded masses
were appreciable (mass > 5mg). The highest values were measured
for FEBEX clay (40mg), followed by MX-80, Nanocor® and IBECO clays,
which are clays with exchangeable Na+ content higher than a 20% of
the cation exchange capacity (CEC) and a smectite content
(Sm.)≥ 80wt % (Table 1). In Fig. 2b, the eroded mass (mg) measured
for those bentonites showing limited (mass 1–2mg: MSU, YC-D40 and
Rokle B75) or negligible erosion (mass< 1mg: MCA-C, NAu-1, YC-
K38, SAz-2, B64, SBId-1) are presented. Eroded mass was determined
by PCS analyses by using calibration curves obtained with laboratory
prepared colloids of known concentrations. Equipment resolution limits
precise quantification of masses lower than 1mg, under experimental
conditions.

All clays exhibited a similar behaviour in the sense that eroded mass
initially increased with time but, after about 100 days, achieved an
equilibrium, as previously observed (Albarran et al., 2014; Alonso et al.,
2007). However, the magnitude of erosion was significantly different
amongst the different clays. After equilibrium was reached, the average
of last measured values was taken as eroded mass. Erosion masses
eroded from compacted clay were low and, even considering the
maximum values measured for FEBEX clay, obtained mass (40mg) re-
presented an erosion of only 1% of the mass initially installed (4–4.5 g),
and the percentage of eroded mass dropped to a 0.06% for the MSU
clay.

Table 4 summarizes the masses eroded (in mg) from all studied
bentonites. In this table, values were presented in different units (mg
and ppm) and normalised to the area available for transport (in kg/m2,
considering the surface area of two filters: 3.54·10−4 m2) to facilitate
the comparison with other experiments.

In Table 4, the average hydrodynamic diameter measured by PCS
for eroded particles was also included. When appreciable erosion was
measured, the eroded particles had an average diameter of around
300–500 nm, values that are by definition in the colloid range
(< 1 μm). The smallest diameters were measured for Nanocor®, the clay
with higher smectite content and higher Na+ content at interlayer sites,
in agreement to previous observations, under free-dispersed conditions,
where the higher the Na+ content was the smaller the particles were,
(Missana et al., Submitted). The particle size conditions transport and
stability (Missana et al., 2018a; Albarran et al., 2013).

Fig. 2. Eroded mass measured, as a function of time, from different raw ben-
tonites compacted at 1.65 g cm−3 and immersed in deionised water during
600–700 days. (a) Clays showing appreciable eroded masses; (b) Clays with
eroded masses lower than 5mg. The lines are included to guide the eye and the
label of each clay is indicated.

Table 4
Maximum masses eroded from bentonites compacted at 1.65 g cm−3 in deionised water, and average particle diameters measured by PCS. Eroded masses are
presented in different units to consider the final water volumes (ppm) and surface available for transport (kg/m2), calculated considering 3.54·10−4 m2 (two filters
surface area).

Clay Eroded mass (mg) Eroded mass (ppm) Eroded mass (kg/m2) Average particle diameter (nm)

NANOCOR® 24.8 ± 4 146 ± 24 (7.0 ± 1.1)·10−2 248 ± 31
MSU 2.67 ± 1 17.2 ± 6.4 (7.6 ± 2.8)·10−3 299 ± 88
FEBEX 40 ± 5 268 ± 30 (1.3 ± 0.2)·10−1 333.5 ± 42
MX-80 18.29 ± 0.5 120 ± 3.2 (5.2 ± 0.1)·10−2 286 ± 30
MILOS-IBECO 14 ± 1 92 ± 7 (4.0 ± 0.3)·10−2 386 ± 50
Rokle S65

fully activated
1.45 ± 0.21 8 ± 1 (4.1 ± 0.6)·10−3 468 ± 50

Rokle B75
(part. Activated)

1.9 ± 0.5 11 ± 3 (5.4 ± 1.4)·10−3 286 ± 80

YC-D40 1.8 ± 0.1 10 ± 0.6 (5 ± 0.3)·10−3 352 ± 22
YC-K38 0.3 ± 0.1 1.7 ± 0.6 (8.5 ± 2.8)·10−4 372.7 ± 71
SBId-1 (Beidellite) 0.02 ± 0.03 0.1 ± 0.2 (5.7 ± 0.8)·10−4 1625 ± 138
NAu-1 (Nontronite) 0.4 ± 0.22 2 ± 1 (1.1 ± 0.6)·10−3 1260 ± 300
SAz-2 ‐ Cheto 0.05 ± 0.04 0.3 ± 0.2 (1.4 ± 1.1)·10−4 821.8 ± 290
MCA-C (Saponite) 0.65 ± 0.34 3.6 ± 1.9 (1.8 ± 0.9)·10−3 995 ± 50
B64 (Saponite) 0.03 ± 0.02 0.2 ± 0.1 (8.5 ± 5.7)·10−5 907 ± 115
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The obtained masses were compared to those obtained under dis-
persed conditions (Missana et al., Submitted), where potential erod-
ibility is maximised. At first sight, clearly lower erosion masses were
measured under compacted and confined conditions (Table 4). Under
free dispersed conditions, maximum erosion was measured for Na-
nocor® clay (735 ppm), which is by far higher than the value measured
here (24.8 mg or 146 ppm). And moreover, Nanocor®, despite of being
the clay with higher smectite and Na+ content, it was not the clay that
shows the highest erosion under compacted conditions (Table 3), being
surpassed by FEBEX clay (40mg or 238 ppm).

Amongst the clays that undergo erosion, eroded masses are low,
which prevent obtaining strong dependencies. The variability of values
may be attributed to the raw nature of studied clays, which are not pure
smectites, and which have (oxy)hydroxides and other accessory mi-
nerals in their composition, and the erosion behaviour of natural ben-
tonites could deviate from the pure smectite behaviour (Milodowski
et al., 2016), as it has been already observed for other properties like
cation exchange (Meunier et al., 1992), or swelling capacity (Montes-H
et al., 2005). For example, Czech bentonites (B75 and S65) have ap-
preciable illite and kaolinite and also different Fe oxides (Fernández
et al., 2017a), which may contribute to inhibit erosion, since they affect
bentonite colloid stability (Mayordomo et al., 2014). The ability of Al
and Fe oxides to reduce clay swelling and to promote clay flocculation
has been observed (Goldberg and Glaubig, 1987) and being considered
more efficient in Ca-dominated clays than on Na-clays. The relevance of
minor minerals and (oxy)hydroxides present in the clay on erosion
behaviour should be further analysed.

3.1. Role of smectite content and exchangeable cations

Fig. 3 presents the maximum masses eroded from the different raw
bentonites, as a function of the smectite (Sm.) content. In this figure,
the bentonites were plotted in three groups, according to their erosion,
from lower to higher values: mass< 1mg (black triangles), mass be-
tween 1 and 5mg (red circles) and mass > 5mg (blue squares).

Higher erosion was measured for clays with higher smectite content
while the Ypresian clays, the with lower smectite content (Sm. < 30wt
%), showed erosion values lower than 2mg.

Eroded masses from clays where appreciable erosion was measured
showed rather good correlation with the clay smectite content, with the
exception of Nanocor® clay, which has the highest smectite and Na+

content (Table 2), but not the highest erosion.
In free dispersion studies, also carried out in deionised water,

correlation between colloid mass released and smectite content was
observed for Na- and mixed Na/Ca mixed clays (Missana et al.,
Submitted). The dependence here was much more abrupt and erosion
dropped for clays with smectite content below a 90 wt%.

Excluding Ypressian clays (YC-Doel-40 and YC-Kallo-38), for their
low smectite content, all smectites that showed negligible erosion
(nontronite NAu-1, beidellite SBId-1, SAz-2 “Cheto” clay and MCA-C
and B64 saponites) have very low Na content in the exchange complex
(Na+ < 10% and Ca2+ + Mg2+ > 90%); so that they can be defined
as Ca/Mg clays. This indicated that high content of bivalent cations
(Ca2+ + Mg2+ > 90%) was a dominant factor affecting erosion, in
this case inhibiting it (Fig. 3a). In fact, it is considered that smectites
with more than 90% of Ca do not form sols (Birgersson et al., 2009),
and low erodibility of Ca-dominated soils is usually reported
(Grissinger, 1966).

The rest of the clays have smectite content from 78% (Rokle-S65
and Rokle-B75) up to 98% (Nanocor®) and a wide range of Na+ content:
mixed Na/Ca-clays with Na+ content slightly higher than 25% (FEBEX
or IBECO) up to Na-clays with Na+ content higher than a 90% of the
cation exchange capacity higher than a 90% (MSU and Nanocor®).
Nanocor® and MSU clays have higher Na+ content but they are not the
most eroded clays, being erosion mass higher for FEBEX with a Na+

content lower than 30%. Therefore, eroded masses were not correlated
to the Na+ content.

This independence of masses eroded from compacted clays of the
clay Na content was striking at first sight, because it is well-known that
the presence of Na+ in the interlayer (approximately above 20%)
causes disaggregation of clay platelets and the formation of smaller
tactoids (Banin and Lahav, 1968), and that the Na+ content in the
exchange complex affects clays dispersion (Bell and Stenius, 1980). In
free-dispersion experiments, higher colloid masses were generated from
laboratory exchanged Na-homoionic clays, but similar quantity of col-
loids were generated from raw mixed Na/Ca clays (Kaufhold and
Dohrmann, 2008; Missana et al., Submitted).

Previous experiments carried out with compacted clays showed that
erosion mass from laboratory prepared Na-homoionic FEBEX was
higher than from raw FEBEX bentonite, and almost zero from Ca-
homoionic FEBEX, both under stagnant (Albarran et al., 2014) or flow
conditions (Missana et al., 2011).

The fact that masses eroded from Na-homoionic clay samples ver-
ified dependency on the Na content, not clearly observed in raw clays,
suggested that accessory minerals or oxides present in the clay, the salt
inventory and/or properties related to compaction are playing an im-
portant role. In fact, experimental conditions are transient and elec-
trolyte and porewater concentrations evolved with time.

One of the characteristics of smectite clays is its swelling capacity,
and thus, a relationship between erosion mass and swelling pressure
was not discarded. Swelling pressure reported for FEBEX bentonite at
1.65 g cm−3 dry density is 5MPa (Huertas et al., 2000) and that for MX-
80 or IBECO clays, against deionised water, is around 12MPa,
(Karnland, 2010). The fact that swelling pressures are not available in
the open literature for all the studied clays prevents an assessment.
Swelling ability of smectites is affected by the water uptake and their
salinity, by the exchangeable cations (Norrish, 1954) and by the charge
distribution.

3.2. Role of layer charge and charge distribution

Fig. 4 shows the mass eroded from the different bentonites, nor-
malised to the clay smectite content (%), as a function of the clay tet-
rahedral charge per half unit cell (e/h.u.c), expressed in absolute va-
lues. In the figure, the clays whose low erodibility was already
explained by their low smectite content (Sm. < 70wt %) or by cation
exchange capacity dominated by divalent cations
(Ca2+ + Mg2+ > 90%) are plotted with open symbols.

Eroded mass decreased as the tetrahedral charge increased (in

Fig. 3. Eroded mass measured in deionised water from different raw bentonites
compacted at 1.65 g/cm3, as a function of the smectite content. Dashed line was
included to guide the eye.
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absolute value), with the only exception of SAz-2 clay, which have null
tetrahedral charge but negligible erosion, explained by its Ca-nature, a
dominant factor hindering erosion. All clays that suffered erosion have
low tetrahedral charge (τ), between 0 and 0.1 e/h.u.c, where e is the
electron charge, while those clays whose tetrahedral charge is higher
than 0.1 e/h.u.c exhibited limited (MSU, S65 and B75) or negligible
erosion (Ca/Mg-clays: beidellite, nontronite and saponite). The low
erosion of saponites has been attributed to their tri-octahedral nature
(Mantovani et al., 2009).

The closer the charges are located to the surface, the stronger the
repulsion between clay basal surfaces should be, providing favourable
detachment conditions. But on the other hand, more surface localised
charges should enhance the interactions with interlayer cations, which
could inhibit swelling. In principle, an increase of tetrahedral charge is
expected to strengthen the interactions between TOT layers, lowering
particle detachment (Hetzel and Doner, 1993). Under compacted con-
ditions, the interlayer space is reduced and TOT interactions are ad-
ditionally favoured, affecting the electrical interactions of charge layers
(overlapping of electrical double layers). An increase of TOT interac-
tions is expected to limit detachment.

Low tetrahedral charge also leads to smaller particles and particle
size increases as tetrahedral charge increases (Missana et al.,
Submitted), and this is verified for all clay groups (Tables 2 and 4).

3.3. Role of clay/water interactions and chemical equilibrium

Results have shown that the low erodibility measured for most clays
can be attributed to their low smectite content, high content of divalent
cations and high tetrahedral charge, but still, it is not clear why the clay
with highest smectite and Na+ content, low tetrahedral charge is not
the clay which exhibits highest erosion.

Under compacted and confined conditions, the solid to liquid ratio
is higher than in free dispersed experiments (20 g L−1 compared to
1 g L−1), so that clay/water interactions may be enhanced.

The water chemistry was analysed at the end of the experiments.
Table 5 presents the concentration of major ions, measured in waters in
equilibrium with all studied clays, and the pH and conductivity mea-
sured at the end of the experiments. In all cases, initial water is deio-
nised, but measured electrical conductivities at the end of the experi-
ment increased, indicating that dissolution of soluble salts present in

the clay occurred (Table 3).
According to the major anions measured, dissolution of halite

(NaCl), gypsum (CaSO4·2H2O) and also calcite (CaCO3) occurred, the Cl
and SO4 concentrations being in most cases in agreement with the anion
inventory present in the clays, especially with calcite (Table 3). The
clay with higher anion content in the salt inventory was Nanocor®,
probably coming from the industrial treatment used to homoionise the
clay.

If we look to the concentration of major cations (Na+, Ca2+ and
Mg2+) measured in the water at equilibrium, (initially deionised
water), values suggested that cation exchange processes took place,
because Na concentrations are higher than expected assuming only
halite dissolution, and Ca concentrations in solutions are lower. This
means that the initial content of cations in exchangeable positions is
varying. (Dohrmann et al., 2013) observed that the type of dominant
interlayer cation initially present is less important than the surrounding
water. An increase of bivalent cations in exchangeable positions is ex-
pected to hinder erosion.

The ionic strength was calculated with measured cation and anion
concentrations, and obtained values are confirmed by measured con-
ductivities (Table 5). Fig. 5 presents the eroded mass obtained from the
different bentonites as a function of the ionic strength at equilibrium. In
this figure, the clays whose low erodibility was explained by their low
smectite content (Sm. < 60wt%), by their high content of divalent
cations (Ca2+ + Mg2+ > 90%) and by their high tetrahedral charge
(|τ| > 0.1 e/h.u.c) are plotted with open symbols.

The ionic strength values measured in the water at equilibrium for
Ca/Mg clays were generally low, while the highest ionic strength
(∼10−2 M) were measured for the Na-clays (Nanocor® and MSU), va-
lues explained by dissolution of soluble salts (Cl− and SO4

2−) in their
inventory. The rest of the clays have values between 2·10−3 M and
9·10−3 M. The lower ionic strength measured for FEBEX, clay compared
to that of IBECO, MX-80 and, especially Nanocor® clay, may explain its
higher erosion.

Results obtained from several erosion experiments carried out under
different experimental conditions led to the conclusion that a salinity
higher than 1–2·10−2 M (in Na) inhibits the erosion process (Missana,
2016; Schatz et al., 2016). According to (Birgersson et al., 2009),
montmorillonites do not suffer erosion when the external ionic strength
is higher than 4·10−3 M, for Na-bentonites, or higher than 2.5·10−3 M
for mixed Na/Ca montmorillonites (Ca2+ > 20%). Critical coagulation
concentrations against Na and Ca electrolytes are published in Missana
et al. (2018a).

Ionic strengths measured at equilibrium approach the values which
are considered to limit, and could partially explain the lower erosion
measured (lower than 1% of the initial mass installed) under compacted
conditions, in comparison free dispersed conditions (Missana et al.,
Submitted). In addition, the reduced erosion measured for the clay with
highest smectite and Na+ content can be related to its highest ionic
strength. In fact, its inherent characteristics, high smectite content and
Na-nature had probably favoured appreciable erosion, not fully in-
hibited by water chemistry.

These chemical effects which inhibit erosion would be enhanced at
a higher solid to liquid ratio. In natural groundwaters with relatively
low ionic strengths, low clay colloid concentration (< 1mg L−1) was
found (Degueldre and Benedicto, 2012; Degueldre and Laaksoharju,
2014; Degueldre et al., 1989a, 1989b, 1996), and even lower in
groundwaters with high ionic strength groundwater (Degueldre and
Laaksoharju, 2014; Iwatsuki et al., 2017).

In a high-level radioactive waste (HLRW) repository, geochemical
evolution of bentonite is expected at the long term due to the water
income (Wallis et al., 2016) and heating (Fernández and Villar, 2010;
Fernández et al., 2017b). For example, in the FEBEX experiment
(Grimsel Test Site, Switzerland) (Huertas et al., 2000), where a bento-
nite barrier simulating a HLWR was installed at a real scale in a granite
area with hydraulic conductivities in the range of 10−11 m/s, it was

Fig. 4. Mass eroded from different raw bentonites normalised to clay smectite
content (mg/% Sm) as a function of clay tetrahedral charge (in absolute values
(e/h.u.c): (■) Clays with eroded mass > 5mg; (●) Clays with eroded mass
1–5mg. (◇) Clays with smectite content < 30% (YC-Doel40 and YC-Kallo38);
(∇) Clays with (Ca2+ + Mg2+) > 90% (SBId-1, NAu-1, SAz-2, MCA-C and
B64). Dashed line was included to guide the eye).
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found that, in the surrounding of the bentonite barrier, the groundwater
chemistry changed from CaHCO3 type to NaCl type (Buil et al., 2010).
Increased ionic strengths are expected to inhibit erosion and colloid
formation. In fact, at the FEBEX site, where groundwater chemical
conditions where in principle favourable for colloid formation and
stability, very little colloid concentrations (< 1 ppm) where measured
(Missana et al., 2018b). Our results showed that, under repository
conditions, clay/water interactions and chemical equilibrium will de-
termine erosion behaviour of a priori erodible clays over their initial
physico-chemical and structural characteristics.

4. Conclusions

The erosion behaviour of fourteen different natural bentonites, re-
presentative of relevant clay minerals form the smectite group, was
analysed under compacted and confined conditions, characteristics of a
bentonite barrier in a high level radioactive waste (HLRW), in deionised
water, to account for favourable chemical conditions for erosion.
Results were analysed in relation to the main physicochemical and
structural characteristics of the clays and compared with results

obtained under free-dispersed conditions.
The masses eroded measured under compacted and confined con-

ditions and subjected to favourable chemical conditions (low ionic
strength water in absence of divalent cations: deionised water) were in
all cases very low. At maximum, eroded mass measured corresponds to
a 1% of the initial mass installed. Obtained values are by far lower than
those obtained under free-dispersed conditions, indicating that pro-
cesses related to the compacted and confined conditions were limiting
erosion. When appreciable erosion was measured, the average diameter
of the eroded particles was around 300–500 nm, values that are by
definition, in the colloid range (< 1 μm), what would affect their sta-
bility and transport behaviour.

Negligible erosion was measured from Ca/Mg-clays
(Ca2++Mg2+ > 90%), independently of their smectite content or
charge distribution, indicating that high content of divalent cations in
exchangeable positions is a dominant aspect affecting smectite erosion,
in this case inhibiting it.

All clays which showed appreciable erosion have smectite content
higher than 70wt%. In addition, all erodible clays have tetrahedral
charge lower than 0.1 e/h.u.c (in absolute value). Eroded masses de-
creased as tetrahedral charge (in absolute value) increases, because of
clay layers interactions are strengthened, limiting detachment.
However, eroded masses were not straightforward related to the main
exchangeable cation, in contrast to that observed under free dispersed
conditions.

The chemical analyses carried out at equilibrium revealed salt dis-
solution and cation exchange processes took place. Ionic strengths
measured at equilibrium partially explained the limited erosion mea-
sured under compacted conditions, in comparison free dispersed con-
ditions. In particular, the ionic strength of water in contact with studied
Na-clays was higher, in agreement to the higher concentration of so-
luble salts in their inventory. This pointed out that, under repository
conditions, where solid to liquid ratio is high, the clays salt inventory
and clay/water interactions may play a very relevant role on erosion
despite the structural characteristics of the clays.
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Table 5
Chemical characteristics of water equilibrated with clay erosion cells during 600–700 days.

Clay pHFIN CondFIN
μS/cm2

Ca2+

(M)
Mg2+

(M)
Na+

(M)
K+

(M)
HCO3

−

(M)
SO4

2-

(M)
Cl−

(M)
Ionic strength
(M)

NANOCOR® 7.42 673 1.0·10−5 1.4·10−4 6.1·10−3 2.8·10−5 9.8·10−4 2.3·10−3 7.1·10−4 8.6·10−3

MSU 9.88 719 1.0·10−5 8.6·10−6 8.3· 10−3 5.9·10−5 5.1·10−3 4.8·10−4 3.9·10−4 3.6·10−3

FEBEX 8.20 190 1.2·10−5 9.1·10−5 1.9·10−3 2.6·10−5 1.2·10−3 2.3·10−4 4.2·10−4 1.4·10−3

MX-80 8.86 364 1.4·10−5 8.6·10−5 3.8·10−3 3.3·10−5 2.4·10−3 7.0·10−4 1.0·10−4 2.8·10−3

MILOS-IBECO 9.30 286 2.1·10−5 4.5·10−5 2.7·10−3 5.1·10−5 1.8·10−3 3.3·10−4 1.4·10−4 1.9·10−3

Rokle S65
(fully activated)

9.75 600 7.7·10−6 1.3·10−5 6.1·10−3 6.7·10−5 4.8·10−3 2.3·10−5 2.5·10−5 6.5·10−3

Rokle B75
(part. activated)

9.32 393 2.0·10−5 2.3·10−5 5.2·10−3 1.5·10−4 4.7·10−3 4.0·10−5 1.7·10−4 1.9·10−3

YC-D40 9.20 437 3.5·10−5 1.4·10−5 4.0·10−3 2.1·10−4 2.6·10−3 1.4·10−4 1.0·10−3 1.3·10−3

YC-K38 8.64 395 1.3·10−5 8.6·10−6 3.6·10−3 1.7·10−4 2.0·10−3 6.2·10−4 3.4·10−4 1.1·10−3

SBId-1 (beidellite) 5.00 42 1.6·10−5 1.1·10−5 5.2·10−5 7.9·10−5 1.5·10−3 9.2·10−6 1.1·10−4 0.6·10−5

NAu-1 (nontronite) 5.63 154 6.7·10−5 4.5·10−5 9.6·10−4 6.4·10−5 1.2·10−3 2.2·10−5 9.9·10−4 4.7·10−4

SAz-2 ‐ Cheto 5.87 35 5.2·10−5 1.2·10−5 6.1·10−5 2.1·10−5 7.4·10−4 2.0·10−6 1.1·10−5 2.8·10−4

MCA-C (saponite) 7.84 79 2.0·10−5 3.6·10−5 6.1·10−4 4.3·10−5 5.7·10−4 2.6·10−5 8.7·10−5 4.3·10−4

B64 (saponite) 8.11 97 1.4·10−4 3.2·10−4 3.9·10−5 2.3·10−5 8.5·10−4 6.2·10−6 1.4·10−5 1.4·10−3

Fig. 5. Eroded mass measured in deionised water from different raw bentonites
compacted at 1.65 g cm−3, in relation to the ionic strength of the contact water
at equilibrium. ( ) Clays with eroded mass > 5 mg; (◇) Clays with smectite
content < 30% (YC-Doel40 and YC-Kallo38); (∇) Clays with
(Ca + Mg) > 90% (SBId-1, NAu-1, SAz-2, MCA-C and B64). ( ) Clays with
tetrahedral charge |τ| < 0.1 e/h.u.c.
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