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I. INTRODUCTION

The potential impartance of backfilling and plugging In underground radioactive
wasta repositories has lad difierants research institutions around the world (SKB in
Sweden, CEA in France, AECL in Canada, etc.) to carry out extensive studies of
sweliing clay materials for the development of engineered barriers. These materials,
which have to be amplaoed in underground conditions, should combine a variety of
complementary properties from both the hydro-thermo-mechanical and geochemical
viawpoints: imparmeability, swalling ability in order to fill all void space, heat transfer
and retantion capacity for lha mosi noxious radionuclides. For years, the scientific

y has acknow d the fact that smectita clays best exhibit these
properties and, thus, most of the research effort has been devoted 1o this type of
materals. The aim of such studies is to try and link the microscopic characteristics of
the rial hemical properties, microstructure, etc.} to its
macroscapic behawour (swelllng propartles, etc...).

fl. HISTORICAL PERSPECTIVE

Before reviewing the information acquired on such clay materials, investigated for
more than a decade either for reprocessed wastes or for spent fuel, wa think
interssting to underline the fact that the concept of angineered barriers dates back to
the end of the 70's. Indeed, the idea of disposing radioactve wastes in geological
formations has a very long history but, until the mid-70's, the concept promoted in
sevaral countrias was rastricted to the waste form (usually glass since reprocessing
was a common option at that time), its canister and the host rack (see for instance
Petit, {1] for a sociotechnical analysis of this field). in a papsr, where the authors
were questioning the capability of the geological formation to confine radionuclides,
as well as the ability of the geologist to model it, de Marsily et al. {2] insisted on the
geochamical properties of the host rock, and in particular its retardation capability,
due to a variety of mechanisms (sorption, ion exchange, stc.). They first introduced
the idea that such a function could be reinforced by "an artiticial one set up around
the wastes. it could be possible, therefore, 10 reinforce the confinement locally by
means of a complementary physical barrler”. Howaver no particular suggestion was
made about the possible constituents of such an artificial gaochemical barriar.

Later on, Ringwood (3] suggested that the longterm geological stability of the
Synroc constituents (basically titanate minerals) as well as of the NisFe canister he
was promoting (a material analogue to some meteorites) could be best guaranteed
in particular geochemical conditions. indeed, the remarkable corrosion resistance in
groundwaters of these compounds has only been observed in welt defined
geochemical environmants and Ringwood's idea was to artificially generate or
maintain such favourable conditions in the repository. Crushed serpentine as wall as
magnaesium oxide were proposed as buffer materials to fill the repository cavity.
Again, the geochemical function of such materials was stressed. However,
Ringwood also noted that, in contact with groundwataers, the magnasium oxide would
transform into a hydroxide having swelling capacities and thus able 1o seal voids.

Simultaneously, a Swedish law of 1977 forbid any new development of the nuclear
programme until the nudear industry could demonstrate that a reliable and definitive
solution to the di | of radi © could be found. This official statemant
obligad the nudear industry, not only to devalop a concept and to discuss scientific
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issues, bul to actually propose a faasible enginaered solution to this socio-technical
and political problem. Through the two repons of the company in charge [4, 8], it is
quite clear that the Swedss soon realized that circulation of groundwaters would bs
unavoidable in a granitic formation (practically the only typs of host rack available in
this country for the purpose of disposing radicactive wastes) and that a priority
would be to introduce an efficient hydraulic barrier in their concept, Some sciantists
then rememberad the known high swelling capacitios of smectite-based clays, which
reflects their ability to absorb great amounts of water, and thus their sealing
properties. It wag also stressed that such natural materials, which should be
gaochemically compatible with the granitic host rock, are alss well known for their
high exchange capacities and their ability to sorb a numbes of cations, thus
presumably acting as a retention barrier for radiotoxic nuclidas escaping the waste
form. Finally, the addition of certain compounds could improve the limited thermal
conductivity of clay-based materials. The necessary optimization of ail thase
functions led the Swedish engineers to transtorm these natural materials into an
actual engineered barrier (by mixing sand to clay, compaction, etc...). Spacialists in
all countries have then followed the Swades along this fine of research and
development.

In this paper, we will review the Investigations carried out on such clay-based
engineerad barriers and, as far as it is possibla, we wil make an intarcomparison
b the results obtained in different countrias on similar materials. The scope of
this paper will be restricted to the initiai properties of thase enginesred materials
and, therefore, we will not tackle the imponant issue of thair fong-term behaviour,
This is essentially due to the fact that an intercomparison was quite difficult amongst
the different materials selected due the disparity of experimants carried out, A larger
overview of materials properties, on both short and long terms, will be given in
Lajudie et al. [6]. In the presant paper, we will descrive the physical and chemical
properties, as wall as the influence of additives which may be used to improve the
performance of the materials. Because new options are now being considerad for
the disposal of radicactive wastes (e.9. in France roversibility), such materials are
expacted to fultlil additional raquirements, notably from the point of view of their
mechanical properties, thus rengwing the R&D programmes. The future
developments of these research activities in this fiald will be outlined.

1. RESULTS AND DISCUSSION

in this paper, we are dealing with five smactite clays selected by five major nuclear
countries to best fit the combination of properties (sweliing, heat transfer, retention)
sought for their particular disposal concept: A f mantmorillonite for Canada,
MX 80 montmorillonite in the case of Sweden, M igel illonite for
Switzerland, S-2 montmorillonita for Spain and Fo-Ca interstratified kaoiinite/
beidellite for France.

I1l.1 - ORIGIN AND COMPOSITION OF SAMPLES

We will give a brief indicetion on the arigin of each clay, its mode of formation,
whenever known, its main composition (table 1} as well as the marksting company,
whera appropriata.

Table |: Mineralogical composition of the difiersnt clays (In %)

Clay Fo-Ca MX 80 8-2 Montigel | Avonseal
n_ 18] _ [9f ey | 110)
Montmorillonite 75 84 66 79
interstratified 80zx2
kaolinita/beidaliite,
Kaolinite 4+2 <1
lite 4.6 2 9.5
Mica <1 1210 15
Quartz 611 15.2 kK] 8.3 5
Cristobalite 1.7
Goethite 611
Hamatite 0.25
Feldspath StoB 6.1 2tad 3
Pyrite 03
Calcite 1.4%02 14 1.5
Gypsum 04 2
Cthers 2 2103
Otganic matter 0.1 0.4 0.1 0.03 0.3

Fo-Ca: This is a sadimentary clay from the Paris Basin, extracted in a site near to
the Vexin region. The major component of the clay fraction is an imgvstranfney clay
made up of 50% calcium beldellite and 50% kaolinite [11]. This clay is not
commerclalized.

MX 80: This well known Wyoming day is formed by the dacomposition of volcanic
rocks. It Is a sodium montmoriltonite purchased by American Colloids (8].

§-2: This is a clay from the Almera region, formed by the hydrothermal
decomposition of volcanic rocks. The major component is a calcium montmoritlonite
with plaglaclase, black mica and quartz. it also contains some fragments of volcanic
rock and silica [9]. This clay is not commercialized.

Montigel: This is a Bavarian clay essentially made up of a calcium montmorillonite,
marketed by tha company Sud Chemie [8).

Avongsal: This uppaer Cretaceous sedimentary clay, from Saskatchewan, Canada, is
probably derived from a volcanic ash like MX BO. It is a naturally occurring sodium
montmorillonite, as shown by the predominance ot exchangeable ions (table [). This
clay is commercially avallable from Avoniea Mineral Industrias [10).

The selacted clays are swealiing clays of the smectite typs and they all, as can be
seen in table ), have montmorillonite as their main D it, with the ption of
Fo-Ca, which is made up of interstratified beidellite and kaolinite. Non-swelling clays
are also present, in particular lllite in S-2 and Avonseal, and. kaolnite in Fo-Ca and
Montigel, Fo-Ca is the only clay to contain iron in the goethite and hematita forms.
Montige! is the only one to contain mica. All clays, except Fo-Ca, contain varying
quantities of quartz and feldspar.




1.2 - SODIUM OR CALCIUM CONTENT OF CLAYS

We are in presence of two types of swelliing cla s, according to the natur

major interfoliar cation: sodium or calcium (tagm ll{ When clayghydraﬂon occt.;r:,fbtdze’

cations are surrounded by more molecules of water than Ca® ones, and thus Na*

cation have a larger radius. Then, the liquid fimit w_(which it is the water content

adsorbad by the clay to reach the liquid state) and the plastic limit w,, (water content

adsorbed by the clay to form a paste) are higher for sodium daysf This is clearly
] hanical

showed on the figure 1: a good correlation exists b th
parameter (the liquid limit) and the chemical one {the Na/Ca ratio).
Table I! : Main hi # of the flve sek clays
Clay Fo-Ca MX 80 82 Montigel Avonssal
Origin Vexin Wyoming | Almeria | Bavaria | Saskaichewan
(France) | (USA) (Spain) | (Germany}|  (Canada)
< 2 ym fraction (%) %0 801090 | 70060 | 70t 77 ]
Ambiant water content (%) | 101012 [ Bto14 | 10013 | 711 8109
Specific weight (gemd)l 267 270 278 285 275
[Specific area {mg) 430 562 568 499 631
Liquid limet  wi (%) 12 400 213 140 257
Plastic imit_wP (%)} 50 70 50 49
CEC (meq/100g) 7 7 a8 82 82
Exchangeable Ca2 73.1 30.1 420 arse 395
cations Mp?* 65 158 26.0 224 70
(mecy100g) Na* 36 56.0 18.0 1.8 485
Ke (Y} 23 20 02 07
Na*/Ca?" ratio 0.05 1.86 043 0.05 118

The MX 80 clay contains the highest sodium concentration, at 56.0 meq of
exchangeabla Na* per 100g of clay, resulting in a very high liquid limit W_of 400%
[12, 13)). Avonsesl also has a very high exchangeablg sodium fori content
corresponding to 46.5 meq/100 g for 39.5 meq/100 g of Ca™ only. The average of
the various fiquid limit values W\ is 257% (10, 14].

Almos! alt the other clays have a high caicium content, S-2 has 42 meg/100g of Ca
with a fairly high liquid limit of 213%, owing to the presence of fewer @xchangeable
sodium ions (18 meqg/100 g) than calcium ions, & value which is still high [15). The
wo clays with little or no Na and a large quantity of exchangeable Ca ions (37.6 In
the case of Montigel, and 73.1 maq/100 g in the case of Fo-Ca) also have the lowest
liquid Himits: 130% and 112% tor Montigel and Fo-Ca respectively [7, 8].

1.3 - THERMO-HYDRO-MECHANICAL PROPERTIES

Thermo-hydro-mechanical properties are extremely dapendent on the density of the
materials. In the case of the different clays, measurements have been performed at
different density ranges, which do not always coincide. So, in ordar to maks a
comparison between the varlous clays, the dry specific gravity of 1.75 was adopted,
a value for which the greatest numbar of results were available. An additional reason

for choosing this vatua is that it should approximately correspond to the density of
the actual enginsered barrier (table Mi).
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Na' 7 Ca™ ratio

Figure 1 : Correlstion between fiquid limit and Na* / Ca2+ ratio

Table I : The hyd p of the five clays for the reference
dry density of 1.75
Clay Fo-Cs MX 80 $-2 Monfigel | Avoneent
Swalling pressure {MPa) 13[16] 1207 1115 15{18) 16[19)

Hydraulic conductivity | (s} | 5.10-14 {7] [2.10-14 (20}[1.10-13 [5] <2{.2101-13 2.10-13 {22}
1

Thermal conductivity | (W.m-1.K-1)| 0.95(23] { 0.93{23] | 0s89(9) | 0.66]29) l

Hi.3.1 - Swelling pressure

Smactites swell in the presence of water by a procaess of interfoliar cation hydration.
When clays are maintained within a constant voluma, for instance in oedometric
cells, pressure Is brought to bear on cell walls. In this type of call, there is no
opportunity for radial deformation and the state of the stress can be determined
using a single factor: the pressure on the cell piston named swalling pressure.

Tha pressuras obtained for the materlals are fairly similar and depend mainly on the
density of the clay. In general, the swelling pressure drops by a factor 30 to 40 when
the dry density varles batween 2 and 1.4 {figure 1). So, in the case of tha referance
specific gravity, 1.75, only 5 MPa separate the clays which swell tha most (Avonseal
and Montigel), from the ¢lays which swaell the least (Fo-Ca, MX 80 and S2) ; (figure 1l
and table l1). As part of a study into swelling within a given volume, the nature of tha
exchangeable cation which prevails in the clays (sadium or calcium) is not indicative
of the material's ability to swell. Their high density must be considerad as minimising
tha porous spaces; undar these conditions, any increase in the volume of the clay
layer fills the space availabie in the pores and brings about a sudden increase in the
pressure exerted by the material. On the other hand, in the case of swelling in an
open space, the calcium or sodium content of the clay plays a significant role.
Sodium days increase much more in terms of volume that calcium cdlays, since the
hydrated sodium montmorillonite base clay layer are thicker than the hydrated
calcium montmorillonite layer.
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11.3.2 - Hydraulic conductivity

sampies: the first is the oedk (]

Figuro i : Swelling pressure of tha difigrent clays

There are two main methods of measuring the hydraulic conductivity of clay
hod, th §

injection pressure.
At specific gravities greatar than 1.75,

conductivity, followed by Montigel,

-] is in a cell and the

water px'tracted is mesured in fonction of time, the second usas a permsameter,
which is a special cell for measuring water transfer through the sample for a glvor;

, the hydraufic conductivities are elways vary

fow (< 2x 1™ 0vs) (table M), The Wyoming MX 80 clay has tha lowest hydraulic

the other clays all having similar values

(figure 1i1).
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The mi of the il

is an imp tactor in the hydraulic

conductivity of clays: pore diameter, tortuousness atc, These data should shed light
on the significantly different behaviours of the five clays selacted. It can be seen that

the compacting method used to increase the density of the dlay has a significant
effact on the hydraulic conductivity measured. Compacting along a single axis
induces greater orlentation of the day layer than isostatic compacting. Therefara, if
during measurement the flow of water is perpendicular to the layer (compacting
along a single axis), the hydrautic conductivity is lower than for a sample which has
been compacted isostatically, as it is wall shown by figure IV in the case of Fo-Ca
clay.

11.3.3 - Thermal conductivity

The thermal conductivity of a given clay is primarily a function of its density as well
as the type and quaniities of non argilaceous minerals it contains [23]. The thermal
conductivities of the ditferant clays are fairly similar, but figure V shows a few
notable differances.

Fo-Ca has the highest values {0.95 W/m.K for p, = 1.75, table HI), which can be
explained by the presence of both the goethite and hematite forms of iran which are
minerais of high density. The Wyoming MX 80 montmorillonite also has a good
thermal conductivity (0.93 WimK for p, = 1.75), owing to the presence of a farger
quantity of quartz (15.2%) than other materials (lable 1). We can observe that the
thermal conductivities obtained for the different clays are much lower than those of
the host environment {9.9. granite: A = 3.5 W/m.K). So, research organizations are
currently carrying out studies to identify, substances which, when added to these
clays, would improve the transter of heat through the engineered barrier.

Quartz is the simplest material which can be addad to clays to increass their thermal
conductivity. The possible deleterious affects of the addition of quartz have been
studied [15). indeed, when the quartz content is not in excess af 30 - 40%, there is
no real sffect on the clay's ability to swell or conduct water, In the case of S-2
montmaorillonite, adding quarntz does not increase the hydraulic conductivity which
remains below 10" mve (for densities < 1.45 gicm”), or_reduce the swalling pressure
which remains above 10 MPa (for a density of 1.7 g/cm™). When there is & low quartz
content, individual grains are not in contact with each other. They are distributad
within the clay medium without affecting the macroporosity. Conversely, when quartz
contant is highar, the gaps betwaen the large quartz grains are no longer filled with
clay particles, thereby forming prefential paths through the grain clusters. This
phenomenon is also cbservad in the case of the other clays {19).
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Figure I¥ : Infitence of the compacting method upon hydrauflc conductivity
{Example of the Fo-Ca ¢lay)
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Figure V : Therma) conductivity of the different clays (al their ambiant water conternt)

1.4 CHEMICAL PROPERTIES : FROM PASSIVE TO ACTIVE GEOCHEMICAL
BARRIERS

Retardation capabilities of clay-based engineared barsdars are a consequence of the
structural and textural propenties of clay minerals. Neverheless, they have seldom
been considered as a major teature of clay-based EB compared fo hydraufic and
mechanicat proparties. This can be illustrated by the approach carried out in many
intagrated sludies on clay bakfil materials ; during the eighties, the diffusion
properties of radionuclides have been experimented in ditfusion cells, in which
bentonite was compacted at various degrees (26, 27, 28]). Such experimonts were
generally associated with batch sorption experiments, In order to determina
independently the retardation coefficients, which can also be derived from diffusion
coefficients. Many problems and discrepancias arose, owing to (1) the complexity of
sorption processes and their dependance upon the chemistry of interstitial fluids ; (2)

an uncomplete evaluation of physical diffusion processes and parthways in
compacied bentonite, especially for In situ conditions. In addition, commercial

bantanitas ara complex mixtutes of natural minerals, the individual sorption
properties of which must be evaluated.

Consequently, diffusion experiments in compacted bentonite deliverad consistent
and unambuguously interpretable results only for non-interacting radionuclides
(iodide, pertechnatate, etc...). To summarize, the prediction of long term retardation
proparties of clay based EB is rather difficult because ©

« the response of each mineral fiaction to chemical changes of interstitial
fluids must be evaluated,

the individual sarption properties (jon exchange and anion exclusion
mostly) of major and trace mineral constituents must be experimented and
properly modeled,

the additivity of sorption properties of each constituent must be checked, in
reference to the tecture ot highly compacted bentonite,

the long term mineralogical, textural and structural transformation of the
mineral phases repository conditions must be evaluated.

As many countries, we have besn characterizing giobe) ditfusion/ratention properties
of our EB refersnce clay [27]), but we are now in a process in which the following
stops are progressively evaluated :

« individual sorption properiss of mingral constituens, pracise
and

i ic madeling of ion exchange phenomena [2'9]. '
r
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EFFECTS OF SMECTITE ILLITIZATION ON TRANSPORT OF ACTINIDES
THROUGH ENGINEERED BARRIERS OF HLW REPOSITORIES
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Kanagawa, 259-12, Japan
**Department of () E: Systems Science, The University of Tokyo,

ineering and
7-3-1 Hongo, Bunkyo-ku, Tokys, 113, Japan
ABSTRACT

Effect of smectite illitization on mass release rate from the bentonite-filled buffer of the en-
gineered barriers is analyzed based on experimental results of sorption of americium and nep-
tunium onto ilkite- i H and on h ical models for smectite illitization by
K* diffusion, water flow through the engineered barriers, waste glass dissolution, and transport
of americium and neptunium including solubility sharing with two major americium isotopes
and moving boundary effect of the neptunium precipitation region. Numerical results for mass
release rates of americium and neptunium as well as time-dependent pore velocity and glass
dissolution rate are shown. litization effect is negligible with parameter values assumed here.

INTRODUCTION

This paper presents effects of smectite illitization on transpon of americium and neptuntum
through the bentonite-filled buffer region of engineered barriers of a high-level radioactive

waste repository.

Due 1o ¢l d temperature and p of p ion in groundwater, smectite, the
major mineral in the buffer. changes into illite. As the illite content in the buffer increases, hy-
draulic conductivity of the buffer will increase and sorption capacity of the buffer will de-
crease. Increase in hydsaulic conductivity enhances water flow in the engineered barriers, re-

sulting in faster waste glass di and faster r de transport. Furthermore, gradua)
decrease in sorption distribution coefficients with increasing illite content may result in in-
crease in mass refease rates of radi tides at the outer boundary of the engi d bamiers

- Experimentally obtaining the sorption distribution coefficients of amesicium and neptunium
for vanous illite-smectite mixiures, we propose the quantitative relation between sorption dis-
tribution coc(ficients and the illite content in the buffer. With the experimental result and the

reported ion rate for illitization [ £], sorption distribution coefficients can
be written as 2 function of time.
With time-d dent hydraati ductivity and sorption distribution coefficients, mathe-

matical models are established for (1) groundwater flow in the engineered barriers, (2) waste
glass dissolution, and (3) mass transport through the buffer. Analytical solutions are obtained
for the pore velocity of groundwater in the buffer and the glass dissolution rate as a function of
the iltitc content, and so of time. Mass release rates of Am and Np at the outer boundary of the
buffer arc obtained numerically, and effects of smectite illitization on the performance of the

engincered barmiers are shown quantitatively,
SMECTITE ILLITIZATION

Still, further studies are necessary for quantitative formulae of density, porasity, permeabil-
ity and sorption distribution coefficients as a function of illite content. Here we utilize the re-
sults by Altaner [1]. He d values of a p diffusion coefficient, smectite illitiza-
tion reaction rate constant, and a Darcy velocity in a bentonite layer by interpreting zoned K-
bentonite with illite-rich and ite-rich interiors as prod of p ium metaso-
matism. He established a mathematical model of K+ port, ing the ite illitiza-
tion as K+ + X -Smectite — US + Quartz + X *, where X * is an exchangeable cation such as
Nat or Ca2*, IS mixed-layer illi ite. He reponted that p ium diffusion coefficient is
in the order of 10-7 cm?/sec and that the reaction rate constant varies from 10-13 sec-1(500C)
to 10-10 gec—1 (150°C).
ical model for p i port and
erence [ 1] and cited here:

iltitization is given in the ref.
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