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I. INTRODUCnON 

"'" 

The potential Importance of backfilling and plugging In underground rsdloacllve 
waste repositories has lsd diffarents research lnst~utlons around the world (SKB in 
Sweden, CEA in France, AECL in Canada, etc.) to carry out extensive studies of 
swelling clay materials for the development ol engineered barriers. These materials, 
which have to be emplaced In underground conditions, should combine a variety of 
complementary properties from both the hydro-thermo-mechanical and geochemical 
viewpoints: Impermeability, swelling ability in order to fill all void space. heat transfer 
and retention capacity for the most noxious radionuclides. For years, the scientific 
oommuncy has acknowledged the fact that smect~e clays best exhibit these 
properties and. thus, most of the research effort has been devoted to this type ol 
materials. The aim of such studies Is to try and link the microscopic characleristics of 
the material (mineralogy, geochemical properties. microstructure, etc.} to its 
macroscopic behaviour (swelling properties, etc ... ). 

II. HISTORICAL PERSPEcnVE 
Before reviewing the information acquired on such clay materials, investigated for 
more than a decade either for reprocessed wastes or for spent fuel. we think 
Interesting to underline the facl that the concept of engineered barriers dates back to 
the end of the 70's. Indeed, the idea of disposing radioactive wastes in geological 
formations has a very long history but. until the mid-70's. the concept promoled in 
several countries was restricted to the waste form (usually glass since reprocessing 
was a common option at that time), Rs canister and the host rock (see for Instance 
Petit, [t) for a soclotechnical analysis of this field). In a paper, where the authors 
were questioning the capability of the geological formation to confine radionuclldes, 
as well as the ability of the geologist to model it. de Marsily et al. (2) insisted on the 
geochemical properties of the host rock, and In particular its retardation capability, 
due to a variety of mechanisms (sorption, ion exchange, etc.). They first introduced 
the Idea that such a function could be reinforced by "an artificjal one set up around 
the wastes. It could be possible, therefore. to reinforce the confinement locally by 
means ot a complementary physical barrier". However no particular suggestion was 
made about the possible constituents ot such an artificial geochemical barrier. 

Later on, Ringwood (3) suggested that the long-term geological stability or the 
Synroc constituents (basically titanate minerals) as well as of the Ni,Fe canister he 
was promoting (a material analogue to some meteorites) could be best guaranteed 
in particular geochemical oon~ions. Indeed, the remarkable corrosion reSistance in 
groundwaters of t11ese compounds has only been observed in well defined 
geochemical enllironments and Ringwood's Idea was to artificially generate or 
maintain such favourable conditions In the repository. Crushed serpentine as well as 
magnesium 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 groundwaters, the magnesium oxide would 
transform into a hydroxida halling swelling capacities and thus able to seal voids. 
Slmu~aneously, a Swedish law of t977 forbid any new development of the nuclear 
programme until the nuclear Industry could demonstrate that a reliable and definitive 
solution to the disposal of radioaclive wastes could be found. This official statement 
obliged the nuclear Industry, not only to develop a concept and to discuss scientific 
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issues, but to actually propose a feasible engineered solution to this soclo-technical 
and political problem. Through the two reports of the company in charge [4, 5[. ills 
qu~e dear that the Swedes soon realized that circulation of groundwater& would be 
u~avoidable in a granitic formation (praclically the only type of host rock available in 
th1s country for the purpose of disposing radioactive wastes) and that a prior~ 
would be to introduce an efficient hydraulic barrier In their concept. Some SCientists 
then remembered the known high swelling capaooies of smectite-based clays, which 
reflects their ability to absorb great amounts of water, and thus their sealing 
properties. It was also streSSed that such natural materials, which should be 
geochemically compatible with the granitic host rock, are also well known for their 
high exchange capacities and their ability to sorb a number of cations, thus 
presumably acting as a retention barrier tor radiotoxic nuclides escaping the waste 
form. Finally, the addition of certain compounds could Improve the limited thermal 
conductivity of day-based materials. The necessary optimization of all these 
functions ted the Swedish engineers to transform these natural materials into an 
actual enginaered barrier (by mixing sand to day, compec:lion, etc ... ). Specialists in 
all countries have then followed the Swedes along this line of mseareh and 
development. 

In this paper, we will review the Investigations carried out on such day-based 
engineered barriers and, as fer as It Is possible, we wiD make an intercomperiSon 
between the results obtained in different countries on similar materials. The scope of 
this paper will be restricted to the Initial properties of these engineered materials 
and, therefore, we will not tackle the important Issue of their tong-term behaviour. 
ThiS is essen !Iaiiy due to the fact that an intercomparison was quile dlf!lcult amongst 
the different materials selected due the disparity of experiments carried out. A larger 
overview of materials properties. on both short and long terms, will be given In 
Lajudie et at. (6]. In the present paper, we will describe the physical and chemical 
properties, as well as the Influence of additives which may be used to improve the 
performance of the materials. Because new options are now being considered for 
the disposal of mdloactivo wastes {e.g. in France reversibility), such materials are 
expected to fulfill additional mquirements, notably from the point of view of their 
mechanical properties, thus renewing the R&D programmes. The Mura 
developments of these research activities in this field will be outlined. 

Ill. RESULTS AND DISCUSSION 

In this paper, we ere dealing with five smectite clays selected by five major nuclear 
countries to best fit the combination of properties (swelling, heat transfer. retention) 
sought tor their particular disposal concept: Avonseal montmorinonlte for Canada, 
MX 80 montmorillonite In the case of Sweden, Montigel montmorillonite for 
Switlertand, S-2 montmorillonite for Spain and Fo·Ca lnterstralified kaolinite/ 
beidellite for F ranee. 

111.1 ·ORIGIN AND COMPOSmON Of SAMPLES 

We will give a brief Indication on the origin of each Clay, Its mode of formation, 
whenever known, its main composition (table I) as well as the marketing company, 
where app.-oprlate. 
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Table I· Mlnelllogleat compoaHion of tile lllllemrt ctaya (In%) 

Clay F':'71ca M~:w s;~ Mo~8~gel 
Avonseal 

19 1101 
Montmorillonite 75 84 66 79 

lnterstretlfled 80±2 
kaolinite/beidellite 

Kaolinite 4±2 <1 

Illite 4.6 2 9.5 

Mica <1 12to 15 

Quartz 6±1 15.2 3.6 8.3 5 

Cristobalile 1.7 

Goethite 6±t 

Hematite 0.25 

Feldsoath 5to B 6.1 2104 3 

Pvrite 0.3 

Calcite 1.4± 0.2 1.4 1.5 

Gvcsum 0.4 2 

Others 2 2103 

Oroanic matter 0.1 0.4 O.t 0.03 0.3 

Fo-Ca: This is a sedimentary day from the Paris Basin,_ ext~acted In a sit~. near to 
the Vexin region. The major component of the clay tract1on •s an interstrat1f1ed clay 
made up of 50% calcium beldellhe and 50% kaolinite [It]. This clay IS not 
commercialized. 

MX 80: This well known Wyoming day Is formed by the decom~osltion of volcanic 
rocks. ltls a sodium montmorillonite purchased by American Collo1ds [B). 

S-2: This Is a day from the Almera region, formed by. the hydrothermal 
decomposition of volcanic rocks. The major component is a calc1um montmonllomte 
with plagioclase, black mica and quartl. h also contains some fragments of volcan1c 
rock and silica (9). This Clay is not commercialized. 

Montigel: This is a Bavarian clay essentially made up of a calcium montrnorillonhe, 
marketed by the company Sud Chemie [B). 

Avonseal: This upper Cmtaceous sedimentary clay, from Saskatchewan, Canade, is 
probably derived from a volcanic ash like MX 80. It Is a natural!~ occumng sodium 
montmorHionhe, as shown by the predominance of exchangeable 1ons (table 1). This 
clay Is commercially available from Avonlea Mineral Industries [1 0). 

The selected Clays are swelling Clays of the smectite type and they all, as can be 
seen In table I, have montmorllonite as their main component, with the exception of 
Fo-Ca, which Is made up of inrerstratltied beldellhe and kaollnhe. Non-swelling clays 
are also present, In partlculer Illite In 5-2. and Avonseal, and. kaolinite In F~Ca and 
Montigel. Fo-Ca is the only day to conta1n 11on m the goethl!e and hematite forms. 
Monligel Is the only one to contain mica. All days, except Fo-Ca. contain varying 
quantities of quartz and feldspar. 
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10.2 ·SODIUM OR CALCIUM CONTENT OF CLAYS 

We ar!' In presen~ of two types of swelling clays, according to the nature of the 
m!ljor rnterfoUar catron: sodium or calcium (table II). When cia~ hydration occurs, Na' 
cations are surrounded ~y mora molecules of water than Ca" ones, and thus Na' 
catron have a larger radius. Then, the liquid limit w (which ~ Is the water content 
adsorbed by the clay to reach the liquid state) and th~ plastic limit w (water content 
adsorbed by the clay to form a paste) are higher lor sodium clays~ This is clearly 
showed on the figure 1: a good correlation exists between the geomechanical 
parameter (the liquid limit) and the chemical one (the Na/Ca ratio). 

Table II : Mllln phyalco-chemlcol ohoractorlattca at the live otlooted dey& 

Clay Fo-Co MXIO s-z Monllgel A-1 
Origin Vexin Wyoming Almolia Bavaria Saskalchewan 

(France) (USA) (Spain) (Gomrany) (Canada) 

< 2 ~mfraction (%) 90 801<>90 70roeo 101on 66 
Ambiant water eonten1 (%) 101<> 12 81014 10"' 13 7to 11 81o9 
Speoifoc weight (gtcm>) 2.67 2.70 2.78 285 2.75 
Speclllc area (m'IO) 430 562 569 493 63t 

Liquid Umit wL (%) 1t2 400 213 140 257 

Plastic fim~ wP /% 50 70 50 49 

CEC (meq/100g) 71 79 88 62 62 

Exchangeable Ca2• 73.1 30.1 42.0 37.6 39.5 

cations Mg•• 6.5 15.6 26.0 22.4 7.0 

(meq/100g) Na• 3.6 56.0 18.0 1.8 48.5 

K• o.e 2.3 2.0 02 0.7 

Na•/Ca2• raUo 0.05 1.96 0.43 0.05 1.18 

The MX 80 clay contains the highest sodium concenlration, at 56.0 meq of 
exchangeable Na· per 100g of clay, resulting in a vary high liquid limit W of 400% 
[12, 13]). Avonsaal also has a vary high exchangaablr, sodium lo~ content 
corresponding to 46.5 meq/100 g lor 39.5 meq/100 g of Ca • only. The average of 
the various liquid lim~ values w, Is 257% (10, 14]. 

Almost an the other clays have a high calcium content, 5-2 has 42 maq/100g 01 Ca 
with a fairly high liquid limit of 213%, owing to the presence of !ewer exchangeable 
sodium Ions (18 meq/100 g) than calcium iOns, a value which is st~l high [15]. The 
two Clays with little or no Na and a large quantity of exchangeable Ca Ions (37.6 In 
the case ol Montigal, ancl 73.1 meq/1 00 g in the case 01 Fo·Ca) also have the lowest 
liquid limits: 130'Yo and 112% lor Monflgel and Fo-Ca respectively (7, 8}. 

01.3 • THERMO..HYDRD-MECHANICAL PROPERllES 

Thermo-hydro-mechanical properties are extremely dependant on the densfty of the 
materials. In the case of the cllfferant clays, measurements have been performed at 
different density ranges, which do not always coincide. So. in order to maks a 
comparison between the various clays, the dry specffic gravity of 1. 75 was adopted, 
a value for which the greatest number of results were available. An additional reason 

tor choosing this value Is that It should approximately correspond to the density of 
the actual engin!l9red barrier (table Ill). 

w~ (%) 

soor------------------"1 
450 

400 ... 
! ... 
~ ... 
!200 
"' 1DO • Fo.C• .. 

0,0 0,5 

Figure I: Correlation b-llquld llmK end No• I ca2+ ratio 

2.0 

Table Ill : Thenno-hydf'OoiJiech&nlcal properties ol the five clays tor the reterence 
drydonsllyol1.75 

Cloy FcM:o MX80 s-~ Momlgol AvoniHI 

Swelling pr&S!Ur& (MPa) 13(16) 13 [17] 11 (151 15(181 16(191 

HydrBURc conductlv•y (mls) 5.10·14 (7] 2.10·14(20) 1.10-13115] <2.10-13 2.10·13 (221 
21 

Thermal conductivity (W.m-1.K-1) 0.95 (23] 0.93123] 0.89(9) 0.88 (24] 

111.3.1·Swelllngpresaure 
Smectltes swell In the presence of water by a process of lnterfoliar cation hydration. 
When clays are maintained within a constant volume, for instance in oedometric 
cells, pressure Is brought to beer on cell walls. In this type of cell, there Is no 
opportun~y lor radial deformation and the state of the stress can be determined 
using a single factor: the pressure on the can piston named swelling pressure. 

The pressures obtained for the materials 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 va~es between 2 and 1.4 (figure II). So, in the case of the reference 
specltlc gravity, t.75, only 5 MPa separate the clays which swell the most (Avonseal 
end Montigel). from the clays which swell the least (Fo-Ca, MX 80 and S2) ; (figure II 
and table Ill). As pari of a study into swelling w~hin a given volume, the nature of the 
exchangeable cation Which prevails In the clays (sodium or calcium) is not Indicative 
of the material's abilny to swell. Their high density must be considered as minimising 
the porous spaces; under these conditions, any increase in the volume of the clay 
layer fills the space available In the pores and Mngs about a sudden increase in the 
pressure exerted by the mate~al. On the other hand, In the case of swelling in an 
open space, the calcium or sodium content ol the clay plays a significant role. 
Sodium clays Increase much mom In terms ol volume that calcium clays, since the 
hydrated sodium montmorillonite base clay layer are thicker than the hydrated 
calcium montmorillonite layer. 
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10.3.2 • Hydraulic conducUvlly 

There are two main methods of measuring the hydraulic conductivity of clay 
samples: the first Is the oedomatrlc method, the sample is prossed in a call and the 
water ~xtracted Is mesur&d in fonctlon of time, the second uses a permeameter, 
whrch rs a special cell for measuring water trat1sfsr through the sample lor a given 
Injection pressure. 

At specific gr?,vlties greater than I. 75, the hydraufic conductivUias are always vary 
low (s 2 x 10· mts) (1eble Ill). The Wyoming MX 80 clay has the lowest hydraulic 
conductrvrty, followed by Montlgel, the other clays all having similar values 
(figure Ill). 

... ,..,. 
1 •• ,. +-~~---<~~~ .... ~~~,...~~~ ...... ~~........J 

Mo.,c~one~t, 1·,e 1,0 '·' 1,1 

FIQin 01 : Hydnutlc conductlvily of tho diiiGronl ~· VIIPIUB dty dlnally 

The microstructure of the. materials Is an Important factor In the hydraulic 
conductlvUy of clays: pora diameter, tortuousness etc. These data should shed light 
on the significantly different behaviours of the five clays selected. 11 can be sean tha1 
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the compacting method used to increase the density of the clay has a significant 
effect on the hydraulic conductivity measured. Compacting along a single axis 
induces greater orientation of the clay layer than Isostatic compacting. Therefore, if 
during measurement the flow of water is perpendicular fo the layer (compacting 
along a single axis). the hydraulic conductivity is lower than tor a sample which has 
been compacted lsosfatically, as it Is well shown by figure IV in the case of Fo-Ca 
day. 

111.3.3 • Thermal conductivity 

The thermal conductivity of a given clay is primarily a function of Its density as well 
as the type and quan~ties of non argilaceous minerals It r:onfains (23]. The thermal 
conductivities of the different clays are fai~y similar, but figure v shows a few 
notable differences. 

Fo·Ca has the highest values (0.95 Wlm.K lor p - 1.75, table lit). which can be 
explained by tha presence of both the goethite a~ hemat~e forms of iron which are 
minerals of high density. The Wyoming MX 80 montmorillonite also has a good 
thermal conductivity (0.93 Wlm.K tor p. ~ t .75), owing to the presence ol a larger 
quantity ol quartz (15.2%) than other materials (table 1). We can observe that the 
thermal conductivities obtained for the different clays are mucn lower than those of 
the host environment (e.g. granite: :>..- 3.5 W/m.K). So, research organizations are 
currently carrying out studies to identify, substances which, when added to fhese 
clays, would improve the transler of heat through the engineered barrier. 

Quartz is the simplest material which can be added fo clays to increase their thermal 
conduclivi1y. The possible deleterious effects ol the addition of quartz have been 
studied [15J. Indeed, when the quartz conterrt Is not in excess of 30 · 40%, there is 
no real effect on lhe clay's ability to swell or conduct water. In the case of S·2 
montmorillonite, adding quartz does not increase the hydraulic conductivity which 
remains below 1 o·" m/s (for dens~les < 1.45 g/cm'), or reduce the swelling pressure 
which remains above f 0 MPa (lor a density of 1. 7 g/cm"). When there is a low quartz 
content, individual grains are not in contact with eacll other. They are distributed 
within the clay medium without affecting the macroporosny. Conversely, when quartz 
content Is higher, the gaps between the large quartz grains are no longer tilled with 
clay particles, !hereby forming preterrtlal paths through the grain clusters. This 
phenomenon is also observed in !he case of the other days (19J. 

' .... ,---------------------, 

t E-U .r--t-...... ~-+~-+~-+~-+~..j.~....j 
u u u u u u u u u 
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Flgu18 PI : lniiUo,.. of the compacting method upon hydnwllc concluctlvlly 
(Exa...,te of llle fo.ca clay) 
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111.4 CHEMICAL PR watot cement) 
BARRIERS OPERTlES : FROM PASSIVE TO ACTIVE GEOCHEMICAL 

Retardation capabilities of clay-based en In . 
structural and textural properties of cia g .eared barners are a consequence of the 
been considered as a maJor feature of mtnerals. Nevertheless, they have seldom 
~~9chanlcdal properties. This can be illust'i'a~~:~~ EB compared to hydraulic and 

grate studies on clay bakflll m . Y ~ approach carried out in man ~ropertles of radionuclides have bee~S::Is ri dunng .the. eighties. the dlfluslo~ 
entonlte was compacted at various de pe mented '" dijfuslon cells, In which 

\lenerally associated with batch so grees [26, 27, 28j). Such experiments were 
Independently the retardation coeffieia:Ftslo~h~nments, In order to determine 
coeffictents. Many problems and discre ;,. can also be derived from diffusion 
sorption processes and their dependen: tes arose, o~ng to (1 J the complex~y of 
an uncomplete evaluation of physical u~J. the chemtstry of Interstitial fluids . (2) 
:mpaeled bentonhe, especially tor In sit 

8
'
0

':mfrocesses and parthways In 
ntonnes are complex mixtures of na u con. ons. In addition' commercial 

properttes of which must be evaluated. tural mtnerals, the mdlvldual sorption 

Consequently, d~fusion experiments in com . ~(~ unambuguously interpretable results ;:ct~d bentomte delivered consistent 
' Ide,, pertechnetate, etc ... ). To summarize Y or ~n-interaeling radionuclides 

properties of Clay based EB is rather difficult b!,';::.~!:~'ction of long term retardation 

• the response of each mineral fr cti . fluids must be evaluated, a on to chellllcal changes of interstitial 

• the individual sorption propertie (I mostly) of major and trace mine als on exchange and anion exclusion 
properly modeled, r constituents must be axperimentad and 

• the additivity of sorption pro erti reference to the lecture of hfghl es of each constituent must be checked in Y compacted benton~e ' 

• the long term mineralogical, textural d ' mtneral phases repository conditf an structural transformation of the 
As ons must be evaluated 

many countries, we have been chara I . of our EB reference clay 1
27

)) but cter zing _global diffusion/retention properties 
steps are pnogresslvely evatuaied : we are now tn a process in which the following 
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• individual sorption properties of mineral constituents, precise 
experimentation and Intrinsic modeling of ion exchange phenomena [29), 

• additi~ of ion exchange properties in complex systems, modeling of 
mu~lphase sorption properties, validation on natural materials. 

• controlled diffuSIOn experiments In representative physical and chemical 
conditions (fluid composition, Eh and pH), 

• In situ tests, which will be achieved in the future French underground 

laboratory (1998-2000) . 
Together with such an Integrated approach, we are developing new concepts In 
which geochemical processes are active, and progressively contribUte to a better 
confinement of radtonuclldes, as early suggested [25]. Among such processes are : 
ch8mical buffers. chemical getters. chemical getters which would be activated after 
water saturation, Clogging or sealing evolutlve mineral assemblages. The stabii~Y 
and tong tarm properties of such chemical barriers should be envisaged with a 
reference to natural geological systems (natural analoguas, and a general concept 
of buffering: coming baCk to an Initial equilibrium after a pe~urbation. 
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ABSTRACT 

Effecl of smectite illitization on mass release rate from the bentonite-filled buffer of the en
gineered barriers is analyzed based on expc:rimental rel!l_ulu of sorption of americiu~ an~ nep
tunium onto illite-smectite mixtures. and on mathematical models for smectite illillzahon by 
K+ diffusion. water flow through the enginee-red bamers, waste glass dissolution, and transport 
of americium and neptunium including solubility sharing with two major americium isotopes 
and moving bounduy 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. f11itizac1on effect is negligible with paromerer values assumed here. 

INTRODUCTION 

This paper presents. dfects of smectite illitiz.alion on tnm~pon of americium and neptunium 
through the bentonite-filled buffer region of engineered barrieu of a high-level radioactive 
waste repository. 

Due to elevated temperature and presence of potassium ion in groundwater. smectite, the 
major mineral in rhe buffer. changes into illite. As the illite content in the buffer increas~s. hy
draulic conductivity of the buffer will increase and sorption !!apacity of the buffer will de
crease. Increase: in hydraulic conductivity enhances water flow in the engineered barriers. re
sulting in faster ~ule glass dissolution and fasre~ radionucl~de rransport. Funhermore, gradual 
decrease in sorption distribution coerficients wHh increasmg illile content may resuh in m
crease in rnass release rates of radionuctides at the outer boundary of the engineered barriers 

Experimentally obtaining the sorption distriburion coefficients of americium and neptunium 
for vanous illite-smectite mixtures, we propose the quantitative relation between sorption dis
tnbution codficients and the illite content in the buffer. With the experimental result and the 
reported reaclion rate constanl for smec:tile illiuzation (I), sorption distribution coefflciems can 
be written as a function of time. 

With time·dependent hydraulic conductivity and sorplion dislribution <:ocfficients, mathe
matical models are established for (I) groundwater flow in the engineered barriers, (2) waste 
glass dissolution, and (l} 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 illite content. and so of tm~. Mass release rales of Am and Np at the outer boundary of the 
buffer are obtained numerically, and effects of smectite illitization on the performance of the 
engineered barriers arc shown quanhtatively. 

SMECTITE ILLITIZA T!ON 

Still, further studies are nr:a:ssa.ry for quantilative fo111'Julae of density, porosiry, permeabil
ity and sorption distribution coefficients as a function of illile content. Here we utilize there
sults by Altaner [I]. He estimated values of a potassium diffusion coefficient. smectite illitiza
!ion reaction rate constant. and a Darcy velocity in a bentonite layer by interpreting zoned K· 
bentonile with iiiite-rich contae£s and smecrile-rich interiorS as producrs of potassium metaso
matism. He established a mathematical model of K+ transport, assuming the smeclite illitiza.
tion as K+ +X -Smectite ~ US +Quant+ X •, where X+ ls an exchangeable cation such as 
Na+ or Ca2•, US mixed-layer illite/smectite. He reponed that potassium diffusion coefficient is 
in the order of to-7 cm2fsec and lhat the reaction rate constant varies from lQ--1!5 sec-1(500C) 
to 1(}-10 sec-1 (1500C). 

1be mathematical model for potassium transport and smectite illitization is given in the ref
erence [I) and cited here: 
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