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Abstract

Most of the proposed techniques for chemical shielding of radioactive waste implies
use of smectite clay, which degrades according to a well-known scheme. Since such
“buffer” clay has to serve for many thousands of years, the mechanisms in the
unavoidable long-term degradation process must be understood and accounted for
as described in the paper. In addition to conversion of smectite to non-expandable
minerals cementation by precipitation of siliceous matter created in the degradation
process is of concern since it can reduce the self-sealing capacity of desiccated or
mechanically damaged clay.
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1. Introduction

Smectite clays are proposed as chemical/mineralogical buffer in repositories for
radioactive waste requiring long-term service. This is threatened by conversion to
non-expandable clay minerals as discussed in the present paper.

A fundamental general chemical process is the empirical reaction expressed by
Equation (1):

S+ (Fk + Mi)=1 + Q + Chl )
where S denotes smectite, Fk K-feldspars, Mi micas, Q quartz, and Chl chlorite.

The reaction formula is a generalization and says nothing about the ways in which
the conversion to illite takes place and what the conditions are. Diagenetic formation
of illite and interstratified I/S (illite/smectite) was established in The Clay Mineral
Society already in the sixties implying a layer-by-layer altering mechanism by
which smectite layers are converted to illite layers. Nadeau has shown that the
conversion can have the form of dissolution of smectite and precipitation of (20 A)
illite particles in intimate association with smectite particles (Nadeau et al, 1985).
A most important parameter that does not appear explicitly in the equation is the
access to potassium. It is generally believed that it determines the rate of conversion
and that the amount of illite formed will be insignificant where the concentration of
this element is very low. This may not be the case, however, since potassium can
originate from dissolved I/S particles, implying cannibalization as suggested by
Pollastro (1985). Naturally, illite formation is slower in very dense smectite clay
than in soft clay, like bore muds, since the migration of all elements required for
neo-crystallization takes place by very slow diffusion.

A guiding series of experiments made in a joint French/Swedish R&D project in the
seventy/eighties is still a mine of information. Cylindrical 7 cm long MX-80
samples with a dry density of 1650 kg/m? were confined in cells with an iron plate
at the heated end and a water saturated filter at the opposite one (Pusch et al, 1993).
Weakly brackish water with Na as dominant cation and very little potassium (<10
ppm) was circulated through the filter that was kept at 90°C. The iron plate was
heated to 130°C during the 1-year experiments, yielding a thermal gradient of about
6°C/cm. The solution was pressurized to 1.5 MPa. In one of the tests a gamma
radiation dose of about 3E7 Gy acted on the iron plate, the adsorbed radiation dose
being 3972 Gy/h at the hot plate contact, around 700 Gy/h at half length of the
sample, and 456 Gy/h at the coldest end. The investigation of the samples comprised
XRD analysis (Figure 1), electron microscopy with EDX, chemical analysis,
infrared spectrometry, and CEC determination. The results can be summarized as
follows (cf. Figure 1):
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Figure 1: Schematic diffractograms of the reference MX-80 sample (20°C)
and the most heated part of the hydrothermally tested sample (130°C).
Feldspars, amphibole, some of the quartz and smectite disappeared in the hot
part (Pusch et al, 1993).

The analyses reported in Table 1 showed that there was nearly no difference
between the sample exposed to y radiation and the one that was not irradiated, except
that Fe migrated from the iron plate into the clay somewhat quicker under radiation.
Comparison with virgin MX-80 clay showed that hydrothermal treatment with and
without radiation gave insignificant chemical changes, which was also supported
by CEC data. They showed that untreated MX-80 had CEC=99 meq/100 g while
the most strongly heated and radiated clay had CEC=93 meq/100 g. However, creep
testing at room temperature of samples at various distances from the hottest end
showed obvious stiffening (Figure 2). Thus, the shear strain of the sample exposed
to 130°C was about 3 times smaller than of the one heated to 90°C.
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Table 1: Changes in one year long hydrothermal tests of MX-80.

Treatment 125-130°C 115-120°C 105-110°C 90-95°C
M - M — MO MO
F-- F-- F- F-
Hydrother_me_1| without gh: g T J:r Cg | +0 CGhLO
radiation K +4 K + KO K -
Q+ Q+ QO QO
I+ 10 10 10

+++ means strong increase, ++ significant increase, + slight increase, --- strong loss, --
significant loss, - slight loss. 0 means no change.

M=Montmorillonite, F=Feldspars, G=Gypsum, Q=Quartz, K=Kaolinite, Chl=Chlorite, I=Illite.

2. Grindrod/Takase’s model

In contrast to the conventional Reynold-type models, the one proposed by Grindrod
and Takase (Grindrod and Takase, 1993) considers dissolution and precipitation of
phyllosilicates by taking O10(OH)2 as a basic unit and defines a general formula for

smectite and illite:

Xo0.35 Mgo.33 Al165 Si4010 (OH)2 and Ko5.0.75 Al25.2.75 Siz25-35 O10(0OH)2

where X is the interlamellar absorbed cation (Na) for Na montmorillonite.

Dissolution takes place according to the following reaction:
Nag 33 Mgo,33 Al g7 Si4010(OH)2 +6H*=0.33Na + 0.33Mgz+ + 1.67AP + 4Si02(aq) + 4H,0
Precipitation takes place according to the following reaction:

K AlSiz O10 (OH)2 = K* + 3AIP* + 3 SiOz(aq) + 6H>,
(logK being a function of temperature).

The rate of the reaction r can be expressed as:
r=A exp (-Eo/RT)(K*)S?

where:

A=coefficient

Ea=activation energy for S/I conversion
R=universal gas constant

T=absolute temperature

K*=potassium concentration in the porewater
S=specific surface area for reaction

()

®3)

(4)

()
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The chemical model is coupled with the transport problem in the one-dimensional

cylindrical coordinate representing the buffer material. The kinetic reactions are

linked with diffusion-dominated transport of the aqueous species, i.e., silica,

aluminum, sodium, magnesium, and potassium, to form a set of quasi-nonlinear

partial differential equations for the aqueous species and minerals. The modellers

made spatial discretising by using a finite difference scheme that provided a set of

ordinary differential equations by use of which one can determine the concentration

of each aqueous species by solving the mass action equations with the total

concentration of the element in question.

The model has been applied to the KBS-3V case (Figure 2) by Grindrod and Takase

(cf. Pusch & Yong, 2006), taking the following data as a basis:

e dry density of the smectite buffer = 1700 kg/m?®

porosity = 0.35,

montmorillonite fraction by weight = 75 %,

initial pore water is seawater,

groundwater is of seawater origin and assumed to be in equilibrium with granite

at the specified temperature in the surrounding rock, e.g., 60 °C during the first

500 years,

e temperature at canister surface = 90°C, temperature at rock wall = 60°C,

e diameter of hole is 1.8m, diameter of canister is 1.0m,

o vertical water flow rate in the 1 cm rock annulus (EDZ) around the hole is 1
mm/day and 1 mm/month, respectively,

e diffusion coefficient of K* in the clay is E-9 m?/s,

e considered time = 500 years

Sm

Crushed rock-
bentonite

— Canister for spent fuel
S0 mm gap

10mm gap

Blocks of highly
compacted bentonite
s —— Base pad

Figure 2: Section of KBS-3V proposed by Swedish Nuclear Fuel and Waste
Management.
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Assuming the radial thermal gradient (about 0.75°C per cm radial distance from the
canister surface) to be constant during the considered time period, silica will be
released and transported from the hottest to the coldest part of the clay buffer.
Despite the conservative assumption of constant thermal gradient in the first 500
years, the model shows that no illite will be formed this early. However, cooling
will change this as documented by considering a period after 500 years with linear
temperature drop with time to 25°C after 10,000 years (Pusch, 2008). Silicification
and illite formation will hence take place, the first mentioned being illustrated in
Figure 3, from which it is concluded that precipitation of quartz will take place
within about 0.1 m from the rock wall. The possibility of amorphous silica
precipitation is believed to depend very much on the time scale of cooling relative
to that of quartz precipitation. Rapid cooling leaves the system super-saturated with
quartz, and the excess concentration of silica in solution eventually reaches the
solubility of amorphous silica at the lower temperature. Illite may also be formed in
the hydrothermal experiments of which Figure 4 is an example.
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Figure 3: Evolution of quartz abundance profile (~10,000 y). Precipitation
leading to cementation takes place in the outer, colder, 0.1 m part of the
buffer according to Grindrod & Takase (Pusch and Yong, 2006).
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Figure 4: Neoformed pseudohexagonal particles in montmorillonite-rich MX-
80 clay in contact with heater in a 3-year full-scale test of the KBS-3V concept
at SKB’s Aspo underground laboratory (After Kasbohm).

3. Recent clay degradation modelling
3.1 General

The mechanisms involved in conversion of smectite yielding illitization or
smectitization have been investigated by Herbert et al. (2011) and Nguyen-Thanh
(2012). These authors focused on the interaction of smectite-rich clay and iron
identifying mineralogical reactions in laboratory experiments of compacted
smectitic clays interacting with iron powder for simulating the contact of “buffer”
clay bentonite with steel containers. These experiments included mechanical
disturbance (“overhead rotation” on a large number of smectite-bearing clays and
led to the conclusion that different smectite clays have different specific dissolution
potentials. These investigators called smectite with low dissolution potential,
“Sleeper”, and smectite with high dissolution potential, “Sprinter”. This can explain
the different conversion paths for smectites of different origin: As long as the
amount of dissolved Si does not exceed the Si-loss caused by through-flow of
chemically “open” systems, the alteration process leads to “illitization”, while
smectitization is the dominating alteration mechanism if more Si is dissolved than
lost. It means that clays composed of illite-smectite mixed layer minerals buffers
dissolved Si and that the illite layers become converted to smectite. The process
reduces the tetrahedral charge deficit which represents smectitization. The
mechanism has been identified in mechanically agitated open systems and
percolated batch experiments and in systems with no through-flow.

We will cite here a study of the mineralogy and chemical constitution of a Tertiary
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Danish mixed-layer 1/S Holmehus clay (Heilmannn-Clausen et al, 1985) and
compare them with those of an internationally used reference clay from North-
American Ordovician clay (Wyoming bentonite, MX-80).

3.2  Virgin material

The mineral composition of the two clays was made by X-ray diffraction analysis
of randomly oriented powder of bulk samples and of oriented samples of < 2um
material in air-dried and ethylene-glycol-solvated forms. The study also included
X-ray fluorescence (XRF)-analysis of 26 elements including LOI, and the cation
exchange capacity (CEC) for determination of exchangeable Na, K, Mg and Ca. In
addition, transmission electron microscopy (TEM)-examination of <2 pm material
was conducted for characterizing morphology and stack order, and for determining
mineral formula (by TEM-EDX-analysis) for about 200 particles per sample. The
latter included Fourier transform infrared spectroscopy (FT-IR)-examination for
certifying XRD- and TEM-results respecting the octahedral and tetrahedral
constitutions of the smectite component.

Bulk samples were milled in an agate mortar by hand to <32 um for XRD-
investigation using a Philips PW1710-BASIS X-ray diffractometer equipped with
a Cu tube (Kal,2 radiation) and a secondary monochromator. The processing of
XRD-powder pattern included also Rietveld refinement for semi-quantitative
determination of essential mineral components by applying BGMN-software
(Bergmann et al., 1998; Ufer et al., 2008). Oriented specimens of the <2 um
fraction were analyzed by SIEMENS 106Theta/2Theta D5000-goniometer also
equipped with a Cu tube (Kal,2 radiation) as well as a 107 secondary
monochromator. The WinFit program (Krumm, 1994) was used for XRD-
diffractograms of oriented specimens (air-dried and ethylene-glycol treated) for
getting line-profiles of clay minerals with broad and strongly overlapping XRD
peaks and coherent scatter domains. Additionally, XRD patterns of oriented
specimen were modelled by use of the Sybilla© software developed by Chevron™
(Aplin et al., 2006). This software program allows direct comparison between
experimental and calculated XRD-profiles.

TEM investigations were carried out on the < 2pum fraction using a TECNAI G2 20
electron transmission microscope of the Hanoi University of Science, Vietnam
National University, Hanoi. It operated at 200 kV and was equipped with an EDAX
energy-dispersive X-ray (EDX) system and a FEI Eagle™ 2k CCD TEM camera
for characterization of morphology, crystal habit, element distribution and stack
order evaluated by electron diffraction. Selected particles were analyzed
chemically by EDX and the software toolkit of Kasbohm et al. (2011, 2013) used
for calculation of mineral formula. The procedure in this toolkit considered the sum
of equivalent charges of measured cations and its proportion to the theoretical total
charge of assumed phase (e.g. 22 for illite; 28 for chlorite) following Kdster (1977).
In this context, illite, recognized by the TEM investigation, is here referred to as

illite in the sense of Srodon et al. (1992), i.e. conforming to the following structural
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formula of illite in sensu stricto:
F1Xo.89 (Al1gs Feo.os Mgo.10) (Siz.20 Alo.go) O10 (OH)2

where FIX represents fixed K cations in the interlayer space. Furthermore, K-
and/or charge-deficient dioctahedral micas, with tetrahedral Si ranging from 2.8 to
3.3 per O10(OH)z, are termed dioctahedral vermiculite. The acronyms “IS-ml” and
“diVS-ml” refer to illite/smectite and dioctahedral vermiculite/smectite irregular
interstratifications, respectively. Furthermore, smectitic layer-ratio (%S) was
calculated using the TEM data bases on tetrahedral Al (Al'Y) according to Srodén
etal. (1992):

%S = (100.38 x (AI'V)2 - 213 x Al +100.25 (6).

Rate/degree of alteration (A%S) was calculated by using differences in numbers of
layers of smectitic reaction products (S% treated material) and smectitic layers of
initial materials (S% virgin material).

A%S = %Streated material - %Soriginal material (7

Based on the A%S yielded from TEM-EDX data, alteration of bentonite was
empirically taken as “illitization” (A%S < 0, regardless of K-amount) or
smectitization (A%S > 0). These processes were taken as Si-loss or Si-enrichment
in comparison with initial materials (Herbert et al., 2011; Nguyen-Thanh, 2012),
respectively.

FT-IR spectra were taken of KBr-tablets (10 g sample was mixed with 990 mg KBr
Uvasol) with recording of the mid-infrared range (400 cm™ to 4000 cm™) and
Gaussian distribution functions applied for smoothing the spectra and providing
exact values of the peak positions, intensity and area. The accuracy of the
evaluations was R2 > 0.98. CEC was measured using Cu-triethylenetetramine
(Cu-trien) in accordance with Dohrmann & Kaufhold (2009).

Mechanical disturbance by overhead rotation was made for simulate alteration of
Holmehus clay (Herbert et al., 2011; Nguyen-Thanh, 2012) or more specifically,
for removal of dissolved matter from the agitated particles. The test program
comprised determination of the grain size distribution by sieving after crushing and
milling air-dry raw material, and determination of hydraulic conductivity and
swelling pressure of crushed and milled clay compacted in 50 mm oedometer cells
for subsequent percolation with distilled water and 3.5% CacCl; solution in parallel
tests. Furthermore, overhead rotation experiments in deionized water were made
as a simple practical way of identifying mineralogical alteration processes.
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3.3  Results
Mineral examination by XRD
The outcome of the XRD examination (cf. Figure 5) can be summarized as follows:

‘ = Holmehus Clay (bulk)
& powder
‘ (randomly oriented)

Intensity (arbitrary units)

Position (°20 CuKao)

Figure 5. Holmehus bulk material (analysis by Kasbohm, Greifswald
University, Germany).

1. The Holmehus IS clay is dominated by IS-ml (55%), muscovite of 2M;-
polytype and quartz (Table 1). Small amounts of chlorite and feldspars
were also found as well as traces of anatase, pyrite, gypsum and jarosite.
The dioctahedral character of 1IS-ml and muscovite was proven by the
occurrence of the (060)-interference at 0.1504 nm,

2. The XRD-pattern of oriented specimen (fraction < 2 um) shows two fully
expandable IS-ml phases (1.7 nm spacing for ethylene glycol saturation).
The two phases consist of randomly interstratified illite-smectite mixed
layer phases: IS-ml (Reichweite R0) with an illite layer probability of
about 75%,

3. This IS-ml was characterized by a low K-deficit in the interlayer space of
illite layers and also reduced charge of interlayer space in smectite.
Furthermore, there is remarkable octahedral iron content originating in the
illite layers. The second main group of randomly interstratified 1S-ml was
composed by 27% of illite layers with high K-amount in interlayer space
(1.90 per (OH)4 O20) and also a high interlayer charge for smectite layers
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(0.8 per (OH)4 O20). Illite and smectite layers have high iron contents in the
octahedral sheet. Additional findings were iron-rich and high charged
species of R1-ordered illite-smectite mixed layer structure with an illite
layer probability of 40%, and Fe-rich and low charged discrete smectite as
well as Fe-bearing chlorite (Table 2). The occurrence of quartz and probably
traces of rozenite (0.447 nm) was noted.

The illite/smectite mixed-layer structure makes up 50-55 % by weight and the rest
is specified in Table 1, which shows the corresponding properties of the MX-80
clay with 85% montmorillonite in the clay fraction.

Tablel: Major accessory minerals in Holmehus and MX-80 clays. Weight

percentages.
Clay Muscovite 2M | Chlorite C%JSJ;ZI{,[E Plagioclase | K-feldspar | Calcite | Gypsum | Jarosite | Pyrite
Holmehus 10-20 <5 10-15 <5 5 3 2 2 0.3
MX-80 <2 <1 5-10 <3 <3 5 <1 - 0.2

Ratio of smectite layers (S%) is 60% in 1S-ml=and 30% in diVS-ml.

The evaluated element composition of Holmehus clay is compiled in Table 2, the
corresponding data for MX-80 being shown for comparison. The illite/smectite
mixed-layer structure makes up 50-55 % by weight. The MX-80 clay fraction has
about 85% smectite (montmorillonite). Figure 4 shows FT-IR spectra of bulk
material and of the clay fraction.

Table 2: Element data of bulk samples of Holmehus and MX-80 clays.

Element SiO2 | AlOs | Fe;0O3 | MgO | CaO | Na,0 | KyO
Holmehus 58.6 15.3 6.5 2.2 0.7 14 2.8
MX-80 63.6 19.8 5.0 3.2 3.1 2.8 1.0

The cation exchange capacity of Holmehus clay was found to be 29.7-31.6 meqg/100
g. For MX-80 the CEC has a typical average value of 90 meg/100 g.

3.3.1 Transmission electron microscopy (TEM)

The two kinds of mixed layer phases have two morphological forms: i)
xenomorphic flakes (probably products of diagenetic alteration) and ii) laths with
idiomorphic ends (probably detrital originating from weathered crust). Lath-like
particles are enriched in fraction <0.5um. Smectite of Na montmorillonite typically
shows interwoven stacks of 3-10 10 A lamellae and they appeared also in the
Holmehus clay However, it also contained xenomorphic flakes as indicated in
Figure 6, which represents one of the mixed-layer phases.
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p——————5um

Figure 6: TEM micrographs of Holmehus clay. Upper: Lath-like illite-
smectite mixed layer phases (magnification 20.000x). Lower: Mixed-layer IS
particles in the coarser part of the clay fraction (By Kasbohm, Greifswald
University, Germany).
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The TEM-EDX element analyses showed that the 1S-ml structures make up 45
frequency-% and the diVS-ml phases make up 15 frequency-% in Holmehus clay.
The rest was found to consist of quartz (18 frequency-%) and Fe- as well as Ti-
phases. The content of smectite layers (S%) in IS-ml is 60% and for the diVVS-ml it
is 30%. The two mixed-layer series is characterized by Fe-rich octahedral sheets.
They can be distinguished by the remarkably different tetrahedral compositions.
Mixed-layer phases identified by TEM were compared with XRD fitting results.
The component with 27% illite layer probability and 40% illite layer probability
have high K-amounts in the illite layers and high interlayer charge in smectite layers.
The TEM-data respecting octahedral iron and smectite layer probability showed
remarkable differences from those obtained from modelling of XRD-spectra. The
TEM-derived iron contents were higher and the values of smectite layer probability
were lower than expected from XRD-pattern modelling. Iron may be an iron oxide
crust surrounding the particles.

3.4  Expected transformation of Holmehus clay as engineered barrier for
isolating
3.4.1 General

The most important matter concerning use of smectitic clays for isolating hazardous waste
like radioactive rest products is that the clay seals must operate according to given criteria
for a given time that can be from a few hundred years to a hundred thousand years. It has
been in focus for a long time and led to the conclusion by various investigators that
smectite-rich clays like the commercial MX-80 clay will stay largely intact for very long
periods of time under the hydrothermal conditions that will prevail in repositories (Pusch
& Yong, 2006). The threat is basically that exposure of the clay to temperatures of up to
150°C for several decades in salt environment can cause dissolution of the swelling
minerals and thereby loss of tightness, expandability and self-sealing ability (Pusch et al.,
2013). Precipitation of dissolved elements can take place in the subsequent cooling period
by which cementation will occur, causing further reduction of the expandability that has
to be preserved for maintaining tight contact with the surroundings. These can be rock or
concrete constructions, which makes it necessary to consider chemical interaction of clay
and cement and degradation of both (Pusch et al., 2003).

3.4.2 Hydrothermal impact on Holmehus clay

Applying the “Specific Dissolution Potential”’- and “Si-buffer”-concepts of Herbert et al.
(2011) and Nguyen-Thanh (2012), Holmehus clay has shown only the low dissolution
potential of “Sleepers” by low-intensity mechanical treatment while increased energy
input changed the Holmehus clay to become a “Sprinter”. The high amount of dissolved
Si exceeded the loss of this element by the treatment, hence generating more smectite. The
comparison with Friedland clay indicated that further increase of the energy input (60 rpm)
would continue the smectitization process in Holmehus clay.

Smectitization of Holmehus clay is hence expected to be the main alteration process even
under the high temperature near the HLW containers in a repository because of the low
flow rate of porewater in the barrier system as indicated by experiments with native iron
in contact with compacted MX-80 bentonite and Friedland clay at 90°C (Herbert et al.
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2011).

3.4.3 Expected behaviour of Holmehus clay by hydrothermal experiments
under thermal gradients

Xiaodong et al. (2011) exposed confined MX-80 bentonite and samples of the Holmehus-
like Friedland clay to considerable thermal gradients that drove porewater through the
tested samples. This caused salt accumulation in the most heated parts and differences in
density in all parts. In contrast to Friedland clay, MX-80 clay had undergone considerable
changes, particularly in the form of a very significant loss of swelling pressure and a rise
in hydraulic conductivity by 100 times in the hottest part. The central and cold parts were
also markedly changed with respect to conductivity but they retained their expandability.
The swelling pressure of the mixed-layer clay had dropped notably in the hottest part but
only slightly in the central and cold parts. The hydraulic conductivity of the hot part was
about 50 times higher than of virgin clay but remained unchanged in the central and cold
parts. The most heated clay parts had undergone slight dissolution, and minor precipitation
of siliceous material can have taken place causing cementation and partial loss of
expandability. Copper, forming the heated ends of the hydrothermal cells, had dissolved
and migrated by more than a millimeter into the clay by diffusion in a few weeks (Kasbohm
et al. 2013).

The small degrading impact of the hydrothermal treatment on MX-80 bentonite respecting
the mineral composition shows that it performed as “Sleeper” and that the obvious
cementation by precipitated Si as documented by considerable stiffening in compression
tests, suggests that the tetrahedral Si in montmorillonite offered only a low Si-buffer
capacity. Such impact on Friedland clay was significantly lower because of its higher Si-
buffering capacity. Experiments by Herbert et al (2011) with Friedland clay have shown
that the swelling pressure and permeability of this clay and MX-80 bentonite with admixed
native Fe at low concentration for 25°C, 60°C and 90°C are less permeable when the
swelling pressure increases but that this is no longer the case for high Fe0-concentration
and temperatures at 90°C. Cemented aggregates caused decreasing permeability by
clogging voids.

Breakage of cemented aggregates by mechanical agitation raised the permeability without
decreasing the swelling pressure. In the light of the experiments the hypothesis of more
effective Si-buffering of mixed-layer S/I clays, one concludes that the Holmehus clay,
being similar to the Friedland clay, will perform acceptably as buffer clay because of its
character as “Sleeper”.

4. Overall conclusions

The general conclusion from this contemplation is that smectite/illite mixed-layer
clays of the presently examined kind have sufficiently good physical properties to
qualify as “buffer” isolation of hazardous waste including highly radioactive rest
products like spent reactor fuel. They can be regarded as weathered bentonites
representing an intermediate stage between freshly formed montmorillonite and
very old bentonites that have undergone complete conversion to non-expandable
clay minerals like the Ordovician clays on Gotland which underwent consolidation
under very high overburden pressure and temperature (Pusch et al., 2011). The
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impact on the chemical integrity of Holmehus clay of the hydrothermal conditions
in arepository is believed to be similar to but less extensive than those of competing
smectite-rich clays like MX-80.

The most important results reached in the study concerns the mineral stability and
the role of dissolved silica under hydrothermal conditions. Firstly, different smectite
clays have specific dissolution potentials. Smectite with low dissolution potential
behave as “Sleeper” and retain their expandability and tightness for very long times
while smectite with high dissolution potential is a “Sprinter” and undergoes early
and significant convergence to non-expandable forms. 1S-ml bearing clays like
Holmehus clay compensate their fast alteration by smectitization. This
smectitization coupled with the high Si-buffering capacity of 1S-ml bearing clays
improve the barrier performance concerning swelling pressure and permeability
also by avoiding of cementation of particles.
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