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Abstract

A clay barrier, consisting of smectite, is common to most disposal designs for HLW repositories. Concerns are
that elevated temperatures and long time periods may alter the two properties, the barrier is employed: a high
swelling as well as cation exchange capacity (CEC). A "natural analogue" approach has therefore been attempted
to predict smectite characteristics and stability in relation to time/temperature. Following investigations were
performed in order to determine changes in swelling capacity and CEC:
(1) Conversion of smectite to other clay minerals.
(2) Changes in the layer charge characteristics of the clay minerals.
(3) Swelling potential measurements of the smectitic interlayer.
Smectite was thermally unstable and transformed into illite via illite/smectite interstratifications (I/S) and chlorite
at temperature exceeding about 100°C. The swelling potential was directly related to the proportion of smectite.
As a conclusion it can be stated that elevated temperatures (>70°C) result in the transformation of smectite into
illite. For backfill purposes it is recommended that the clay content in the backfill barrier should be as high as
technically possible and that mixing the bentonite with K-bearing minerals (granite) should be avoided.

INTRODUCTION

A multi-barrier design is most likely to become the standard reference concept for the disposal
of high level radioactive waste all over the world. A clay engineered barrier forms an integral
part of all proposed designs and the safety of a disposal site is strongly dependent on the
functioning of this clay containment barrier, generally referred to as backfill barrier.

Bentonite (smectite) is considered the most likely component for the backfill barrier due to its
dual properties: a marked swelling and a high cation exchange capacity (CEC). Swelling will
limit access of water to the metal container and accordingly reduce corrosion, while a high
CEC helps to retain radioactive nuclide, once they escaped the metal container. Any change in
either of the two smectite properties will greatly retard the barrier's functioning.

According to a thermal model of a potential waste repository, the maximum temperature in a
barrier material would initially be 200°C, later drop to 150°C and remain so for about 500
years. Smectite would therefore be exposed to these elevated temperatures over a time period
of many hundreds of years.

Evidence from various low-temperature environments indicates that smectite is unstable at
temperatures above about 70°C and transforms into illite through intermediate illite/smectite
interstratifications (I/S; Velde, 1985). Random (R=O) I/S structures with about 30% illite
form at a palaeotemperature of about 70°C, transform to R=I arrangements at temperatures of
about 100-120°C and to R=3 I/S at 170-190°C. Discrete illite occurs at temperatures
exceeding 200-220°C. This mineralogical change from smectite to illite is generally
considered to be the most important diagenetic reaction in progressively buried shales. As
illites possess neither significant swelling nor cation exchange properties, the overall result of
the illitization would be that both the sealing and the radionuclide sorption capacity of the
barrier would be greatly reduced. Any aspect, associated with thermal illitization, is therefore
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of fundamental importance to the long-time performance of backfill barriers in HLRW
disposal.

Of particular concern in this respect is that rises in temperature may not only result in the
transformation of part of the smectite into illite, but also in changes of the layer charge
characteristics of the smectite, possibly long before any illitization takes place (Howard and
Roy, 1985). This aspect is crucial for HLRW research, as the magnitude of the layer charge is
a governing parameter of the swelling capacity and only low-charge smectites exhibit the type
of osmotic swelling required in sealing materials (Slade et al., 1991). The mode of
transformation may strongly affect layer charge characteristics of the smectite. The long-term
stability of smectites in HLRW repositories can be construed by examining geological
analogues, which are of particular relevance with respect to the role of time, which cannot be
simulated in laboratory experiments.

It was the objective of the present study to:

(a) Establish the smectite-to-illite conversion using samples from the contact-metamorphic
sections in the vicinity of minor dolerite sills where smectitic sediments had been
subjected to elevated temperatures of short duration.

(b) Determine potential changes in layer charge characteristics of the smectric interlayers in
I/S in relation to stacking.

(c) Determine the swelling potential of the smectite interlayer in relation to stacking order,
layer charge and organic matter content.

Geologically, the sedimentary rocks of the Great Karoo Supergroup of the Republic of South
Africa constitute the ideal material for studying time-temperature dependent smectite
illitization, as in this strata smectite-dominated sediments were subjected to elevated
temperature of vastly different degrees and durations due to the basin's complex thermal
history. Three different thermal regimes can be discerned, which have singly or collectively
contributed to the present thermal maturity levels (Buhmann, 1992; for summary):

(a) Burial diagenesis in connection with geosynclinal subsidence. Burial-related temperatures
increase from about 70°C in the north of the Karoo Basin to more than 270°C in the
south-west.

(b) Contact metamorphism in the vicinity of igneous intrusives. the emplacement of dolerite
dykes and sills resulted in local thermal events of relatively short duration, geologically
speaking. Sills vary in thickness from a few cm to several hundred metres and the contact
metamorphic sections extend to about 1-1.5 time the sill thickness (Buhmann, 1991).

(c) A high heat flow associated with an extensive tectonic lineament areas towards the east
of the basin.

Post-burial modifications are controlled by uplift and erosion. Erosion has removed up to
5000 m of sediment in the southwesternmost part of the basin and only a few 100 m in the
northernmost part.

The various litho-stratigraphic Karoo subunits are the upper Carboniferous glaciogenic
Dwyka Formation, Ecca Group, Beaufort Group and the Jurassic Drakensberg Group,
formerly called Stormberg Group.
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EXPERIMENTAL

Numerous borehole cores have been drilled through Karoo strata in connection with the
exploration for coal, petroleum and precious metals. Some cores have been retained as
representative and are available to researchers from the Council for Geosciences. These cores
may represent the ideal geological analogue for construing the functioning of the backfill
barrier in HLW, provided a set of criteria is fulfilled.

(a) mineralogy, dominated by smectite
(b) temperature: 70°C-200°C range; this restricts core locality to the northern part of Great

Karoo Basin
(c) lithology: mudstone
(d) time: "short", geologically speaking, i.e. contact metamorphic section of sedimentary

sequences
(e) weathering: below the African Cycle 1 weathering influence (>ca. 50 m depth).

These predictions reduced the number of cores, suitable for the present study, considerably.
Two cores have finally been selected.

Samples were gently ground and analysed for whole-rock and clay mineral composition and
for b-order spacings by means of X-ray diffractometry (XRD). Random mounts were prepared
by pressing the whole-rock powder against a rough filter paper. Samples were analysed by
means of X-ray diffractometry. Analyses were carried out on a Philips XRD unit operated at
40 kV and 40 mA at a scanning rate of 1°2 6 per minute, using graphite monochromated Co
Ka radiation. Oriented clay specimen were recorded from 2 to 53°2 0, whole rock random
powder pattern from 3 to 75°2 9.

For the clay analyses different tests were performed:

Clay minerals were identified and quantified by means of X-ray diffractometry. Layer charge
characteristics of smectitic interlayers were determined after solvation with ethylene glycol,
glycerol, intercalation with dodecylamine, saturation with K and by applying the Greene-Kelly
test. The swelling capacity was determined by recording final volumes of 100 mg clay in
20 ml of a dilute NaCl solution.

The whole-rock mineralogy differed in their non-clay versus clay content. All samples
contained quartz, chlorite, mica and I/S, most samples plagioclase. Compared to the lighter
coloured ash bands, the dark-grey to black mudstones had a significantly lower clay content,
reflected in a (quartz + feldspar)/clay ratio which ranged above 1.7 compared to 1.1-0.1 for
the light-coloured ash layers. Superlattice reflections were visible in the random pattern in
ash, but not in mudstone layers.

Thermal illitization is observed for di-octahedral smectites only and most of the commercially
available bentonites, which will be used as backfill material, are di-octahedral. The
distinguishing factor between di- and trioctahedral minerals is the value of the b-parameter,
which is determined from the 060 reflection. Di-octahedral mineral have a 060 reflection of
1.47—1.50 A, tri-octahedral species of 1.50-1.54 A. All clay minerals, present in the samples
investigated, give 060 readings of ^1.50 A, confirming their position within the di-octahedral
subgroup.
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The <0.2 um fractions also contained chlorite, mica and I/S. Chlorite and mica proportions
were considerably lower than in the whole rock fraction, while I/S contents were higher. This
finding is in line with results worldwide which document the concentration of I/S in the fine-
clay fraction (Strodum, 1980). Small amounts of quartz were identified in all mudstone
samples while it was absent from ash layers.

Potassium fixation was determined via the collapse of smectite layers to 10 A upon saturation.

EXTRAPOLATION METHOD

The "natural analogue" approach has been attempted to predict smectite characteristics and
stability in relation to time/temperature. Samples were derived from two borehole cores where
a smectite dominated mudstone sequence had been intruded by minor dolerite sills which
creating a geothermal gradient in their vicinity. Elevated temperatures were maintained over a
time period which is of an order of magnitude similar to that required for reliable functioning
of backfill material in HLW repositories. One of the cores also contained ash layers, which
differed from the adjacent mudstones by a lower mica (K) and organic matter content and
significantly higher clay proportions.

The objective of the extrapolation method from natural observation was to threefold:

(1) to establish the potential conversion of smectite to other clay minerals which lack a high
swelling and CEC capacity,

(2) to determine potential changes in layer charge characteristics, a governing parameter in
the degree of swelling, in relation to smectite proportions, stacking order and related
palaeotemperature, and

(3) to determine the swelling potential of the smectitic interlayer in relation to stacking
order, layer charge and organic matter content.

Such data provide the tool to develop models which allow the long-term extrapolation of the
functioning of engineered bentonite barriers due to its swelling and cation exchange capacity
depending on the thermal evolution of the repository and on the presence of potassium ions.

RESULTS AND DISCUSSION

Smectite was thermally unstable and transformed into illite via illite/smectite
interstratificaitons (I/S) and chlorite at temperature exceeding about 100°C. The geothermal
gradient in the vicinity of the sills is reflected a linear decrease in smectite proportions (40-
5%) with increasing proximity to the sill contact, highlighting the importance of temperature
as the dominant factor governing the degree of illitization. Other parameters of importance
were clay content and related porosity/permeability and potassium availability. In ash layers
the smectite proportions were markedly higher than in adjacent mudstone layers.

The smectite species, studied, consisted of an association of low-and high-charged varieties in
all samples. The proportion of high-charge varieties was indirectly related to the smectite
proportions in the I/S and, accordingly, palaeotemperature.

The swelling potential was directly related to the proportion of smectite, as expected. The
relationship between organic matter and osmotic swelling was inconclusive.
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CONCLUSIONS

As a conclusion it can be stated that elevated temperatures (>70°C) result in the
transformation of smectite into illite. The extent of illitization, however, is strongly and
indirectly related to the clay content of the sediment and directly to the proportion of K-
bearing minerals.

From the experimental findings it is obvious that the long-term functioning of a engineered
barrier depends on temperature, clay content in the materials applied and on the absence of
potassium ions. As high temperatures in a HLW repository cannot be avoided, it is
recommended to provide the clay content in the backfill barrier as high as technically possible.
Further on it is recommended to keep the potassium content sufficiently low. This means it
makes no sense for long-term considerations to mix bentonite with K-bearing minerals as they
are present in granite.

REFERENCES

[ 1 ] Velde, 1985, "Clay Minerals: A phsyco-chemical explanation of their occurrence".
[2] Howard and Roy, 1985, "Development of layer charge and kinetics of experimental

smectite alteration", Clays Clay Min. 33, 81-88.
[3] Slade et al., 1991, "Chistalline swelling ofsmectite sample in concentrated NaCl

solutions in relation to layer charge", Clays Clay Min. 39, 234-238.
[4] C. Biihmann, 1992, "Smectite-to-illite conversion in geothermally and lithologically

complex Permian sedimentary sequence", Clays Clay Min. 40, 53-64.
[5] C. Btihmann, 1991, "Clay mineralogical aspects of thermally induced parent material

discontinuities", Appl Clay Sci. 6, 1-19.
[6] Strodum, 1980, " Precise identification of illit/smectite interstratifications by X-ray

powder diffraction", Clays Clay Min. 28, 401-411.

55


