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Introduction 
The concept for the disposal of high

level radioactive waste (HlW) in Switzer
land is illustrated in Figure 1:1 the waste, 
solidified in a borosilicate glass matrix, is 
encapsulated in a 2>cm-thick steel canister 
which has a minimum life expectancy of 
1,000 years. After this time, the heat pro
duced by SOSr and 131Cs will have dissipated 
and the repository will have adjusted to 
the host rock ambient temperature of 
around 6()0C. 

The steel canisters will be placed in 
horizontal tunnels, 3.7 m in diameter, at a 
depth of around 1.000 m in the granite of 
northern Switzerland, and the tunnels 
then backfilled.. The backfill material, an 
important link in the chain of engineered 
lJ1d natural safety barriers, satisfies both 
physica11mechani.cal and chemical require
nents. The most important of these are: 
• Low hydraulic conductivity compared 
:o the host rock; 
• Good swelling properties to seal con
;truction-caused joints and rock fractures; 
r Plasticity to absorb rock movements 
lild to distribute pressure homogeneously; 
1 Good retention of radionuclides; and 
I Stability over a period of at least 106 

·ears. 
~conomic aspects and availability should 
1so be considered; each canister requires 
8 tons of backfill material, or of the order 
f 250,000 metric tons for the planned re
ository. 

portions of quartz, mica, and feldspars as 
inert components. • 

Structure of 
Three-Layer Silicates 

Montmorillonite-along with illite 
which is also of interest here-belongs to 
the multifuld group of three-layer silicates.5 

The structural elements of these minerals 
are Si04 tetrahedra [T) and MO, octahe
dra (0), where the metal cation M is usually 
AI or Mg. Pyrophyllite can be regarded as 
the structural prototype (Figure 2), 

(1) 

constructed from the T-0-T composite 
layers, which have a thickness of 1 run. 

Steel canister 

HLW glass matrix 

Montmorillonite varies from this structure 
with the isomorphic substitution of mag
nesium(U) for aluminum(III) in the octa
hedral layer. This results in a negative 
charge on the composite layers which is 
compensated for by the presence of inter
layer alkali- or alkaline-earth cations. The 
ideal composition of sodium montmoril
lonite is: 

Illite is similarly constructed except that 
the layer charge arises from the exchange 
of aluminum(ITI) for silicon(IV) in the te
trahedral layers and the interlayer sites 
contain potassium cations. The ideal com
position is: 

Kll67[Si:mAI061](Alz)010(0H)l. (3) 

The most important properties of the three
layer silicates-swelling capacity, plas
ticity, low permeability, and absorption 
behavior-are closely related to the struc
ture, layer charge, and type of interlayer 
cation. Microcrystallinity is also important; 
the platelet diameter is less than 2 ,urn. 

Swelling of the 
Three-Layer Silicates 

The cohesion of the three--layer silicates 
is due to the electrostatic attraction be
tween the charged layers and the inter
layer cations. In addition to charge density, 
charge separation is also important be
cause of the substitution in the octahedral 
layer; this is·larger in montmorillonite 
than in illite, where the substitution takes 
place in the tetrahedral layer (Figure 2). 

Host rock • 

Highly compacted bentonite blocks 

Natural bentonites mostly fulfill this set 
f requirements. 2J Named after their dis
:>very locale at Fort Benton, Wyoming, 
entonites are weathering products of vol
mic ash. Their essential component is the 
ay mineral, montmorillonite, present in 
roportions of 65-99%. Depending on the 
m-tpOSition of the volcanic starting mate
ill, bentonites also contain various pro-

Figure 1. Sectional drawing of a disposal tunnel (diameter: 3.7 m) with emplaced 
high-level radioactive waste and the system of technical safety barriers. Courtesy of 
Nagra. 

tS 8ULLETINJDECEM8ER 1994 
11111111111111111111111111111111111 

43 

14568 



I I 

Bentonite as a Backfill Material in a High-Level Waste Repository 

--- AJ3+ 

Figure 2. The structure of pyrophyllite with silicon in tetrahedral, and aluminum In 
octahedral coordination. Open circles, oxygen; shaded circles, OH-groups. 

In water-free clay, the interlayer cations 
are coordinated by the Si-0 surface. With 
water ingress, the Si-0 surface, especially 
the interlayer cations, are hydrated. The 
larger the hydration energy of the inter
layer cations, which increases at constant 
ionic charge with decreasing ionic radius, 
the greater the degree of hydration. The 
relative influence of these two coordination 
states determines the water absorption 
capacity of the clay. Qualitatively, it is un
derstandable that a sodium-montmoril
lonite (small charge density, large charge 
separation, and large heat of hydration: 
-406 kJ mol-1

) swells on water absorp
tion, whereas potassium-illite (high charge 
density, smaller charge separation, and 
small heat of hydration: -320 kJ mol-1

) 

does not. These relationships in the 
numerous days with different interlayer 
cations have been thoroughly investigated 
(e.g., see References 2, 6, and 7). 

The swelling of montmorillonite takes 
place stepwise: absorption of the first wa
ter layer, up to a water content of 10%, 
causes a 0.25 nm increase in the layer 
spacing. The interlayer cations are partly 
coordinated by the water, partly by the 
Si-0 surface.8 With uptake of a second 
water layer, the spacing increases 0.5 run 
and the interlayer cations are now fully 
octahedrally coordinated by water. The 
second layer is complete with a water 
content of around 20%.9 Further water 
absorption causes a maximum increase 
in the layer spacing of 1 run in calcium
montmorillonite, whereas sodium-mont
morillonite can completely disperse as 
elementary layers. 
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H monbnorillonite swelling occurs in a 
restricted volume, water uptake generates 
a swelling pressure which, depending on 
the density of the material used, can reach 
several hundred bars and, thus, the range 
of lithostatic pressure in the repository. 
Experimental determination of the swelling 
pressure of Wyoming bentonite MX-80, 
for water contents in the range 10-30%, 
gives the empirical relationship, 

log p (bar) = 3.61 - 0.077 74 (4) 

where w is the percentage water content.10 

Thermodynamic considerations show that 
the swelling pressure can, in principle, also 
be derived from the water vapor adsorp
tion isotherm of the clay;u agreement with 
the experimental values is satisfactory. 

Cation Adsorption on Bentonite 
An important property of bentonite for 

repository safety is its capacity to adsorb 
cations. This happens by two different 
mechanisms: ion exchange, and the bind
ing of cations on the edge OH-groups. A 
distinction between the adsorption mech
anisms is essential for predicting nuclide 
behavior since cation binding on the OH
groups is little influenced by water salinity, 
while adsorption by ion exchange de
creases with increasing water salinity. 

Cation Exchange 
The hydrated interlayer cations in 

montmorillonite are exchangeable with 
other cations (mainly alkali- or alkaline
earth cations): 

z NaX + M'• -MX, + zNa•, (5) 

where X- represents a fixed charge on the 
montmorillonite framework. Basically 
such equilibria can be treated quantita
tively with mass action laws,z although 
that is outside the scope of this article. 
The expression shows qualitatively that 
the adsorption of M•+ from solution de
pends on the sodium concentration and 
hence on the water salinity. So, the parti
tion coefficient of strontium in sodium
montmorillonite, for example, decreases 
from 0.9 to 2 x 10-3 m3/kg if the sodium 
concentration is increased from 0.03 to 
1 moVI.u The partition coefficient is given 
by 

_ Sru in solid. mol/kg (
6
) 

Kd - Sr2• in the solution,. mol/m3 

Although cation exchange plays only a sec
ondary role in the retardation of radio
nuclides in the backfill, exchange of the 
interlayer cations fur potassium is impor
tant for the long-term stability of montmo
rillonite, as shown in the next section.3 

The Adsorption on Structural 
OH-Groups 

The dependence of cation adsorption on 
solution salinity but not on solution pH is 
a consequenre of the ion exchange model. 
However, investigations of heavy metal 
adsorption on three-layer silicates have 
shown a marked pH dependence but only 
a secondary influence from salinity. This 
behavior can be explained by reaction of 
the cation with the structural OH~groups 
(>SOH, where > represents the montmo
rillonite network and S is the surface) and 
the "broken bonds" on the crystal edges 
(Figure 2): 

>SOH+ M2+ ++ >SOM• + H•. (7) 

This reaction type has been thoroughly 
investigated on fine-grained oxides and 
hydroxides. It was found that the equi
librium constant for adsorption is corre
lated with the hydrolysis constant of the 
homogeneous reaction 

As hydrolysis constants are cataloged, pre· 
dictions about the adsorption behavior of 
different cations are possible. 

The surface complexation models subse
quently developed for these materials 
have been well confirmed 13,

14 and can be 
applied to real systems.15 In comparison, 
the formation of surface complexes on the 
edges of sheet silicates has until now been 
investigated only patchily}6 leaving a cru
cial gap. 

At the Paul Scherrer Institute, progress 
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is being made on surface complexation. As 
an example, Figure 3 shows the pH de
pendence of nickel adsorption on sodium
montmorillonite.17 At pH 5, the adsorption 
occurs by ion exchange while, at higher 
pH values, adsorption by surface com
plexation increasingly dominates. This 
drastically increases the partition coeffi
cient in the pH range of natural waters 
and shows that, for the adsorption of 
hE'avy metals, ion exchange is of only sec
ondary importance. Based on existing 
concepts, a model for heavy metal adsorp
tion of montmorillonite has been devel
oped and is currently being tested with 
other cations. 

Bentonite as a Transport Barrier 
The compacted and swollen bentonite 

has an extraordinarily low hydraulic con
ductivity, of the order of 10-!3 tO 10-14 m/s.18 

This means that the backfill is practically 
impermeable to water flow and that nu
clide transport occurs only by diffusion. 
The diffusion coefficients (Dp) of non
sorbing nuclides in the porewater of com
pacted bentonite are around 2 x 10-lll m%. 
Because of adsorption on the bentonite, 
the rate of diffusion of most nuclides is 
further reduced and their effective diffu
sion coefficient is D. = Dp/R, where R is 
the retardation factor. Then, 

(9) 

where Pb is the bulk density of the ben
tonite and E is the porosity. The agree
ment between calculated and directly 
determined apparent diffusion coefficients 
is satisfactory for most cations; however, 
some differences were observed, most im
portantly for cesium and strontium. 

Experimental values for the apparent 
diffusion coefficients for a number of 
weakly sorbing nuclides were measured 
in the range m-u to w-u m%. For tech
netium(IV), americium, and the tetrava
lent actinides, D. ::s 10-14 m2/s.1!1lll Using 
:he approximation tb = 0.1 X x 2/D. and a 
:tiffusion distance x of 1 m, the break
:hrough time is estimated to be more than 
HJO,OOO years. This means that the nu
:IideswAm (t112 = 7,370 years), :140Pu (1 112 = 
>,550 years), and ~ (t112 = 24,110 years) 
iecay within the backfill in an undis
urbed repository (after 10 half-lives the 
adioactivity has fallen to 0.1% of the ini· 
ial level). 

For the retardation of technetium, nep
unium, and plutonium, it is important 
hat these elements remain in the tetra-
· alent state. The reducing conditions 
·ssential to ensure this are provided by 
he corrosion products of the steel canis-
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ters. Earlier suggestions to include iron(ll) 
minerals in the backfill 21 are consequently 
obsolete. 

Anions are not adsorbed on montmoril
lonite, so it has been suggested that char
coal or heavy metal sulftdes21

.ll be added 
to the bentonite to retard especially iodide. 
Because 1291 has a half-life of 1.6 X 107 years, 
however, only with an unrealistically 
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Figure 3. The sorption of nickel on 
montmorillonite as a function of pH 
({NiJ"" = 2 x 1o-• M, 1.5 g clay per 
liter). At pH below 5, sorption is 
controlled by ion exchange. The 
sorption on structural OH-groups and 
on "broken bonds" dominates at 
higher pH values. 71 
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Figure 4. The proportion of illite in 
illite/smectite (1/S) interstratifications 
in bore cores from argillaceous 
sediments of different geologic age, 
Gulf of Mexico. Simplified from 
Reference 31. 
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high Kd could it decay within the backfill. 
Custom-made additions for the retarda
tion of a particular radionuclide are today 
rarely considered. 

The Stability of Bentonite 
Because the barrier effect of the reposi

tory backfill is required to last for a long 
period, the diagenetic changes to mont
morillonite during this time must be con
sidered. Of the various possible reactions,23 

the most prominent is the transformation 
to illite. Such a reaction would impair the 
swelling capacity (and thus the hydraulic 
conductivity) and the ion exchange capac
ity of the backfill. For the formation of 
illite from montmorillonite, two require
ments must be fulfilled simultaneously: 
the tetrahedral layer charge must increase 
to values greater than 0.6 per Ow(OH)z
unit, and the interlayer cations must be 
replaced by potassium. In nature, the 
transformation of montmorillonite to illite 
proceeds through intermediate stages of 
mixed illite and montmorillonite layers. 
Increase in the layer charge alone does not 
reduce the swelling capacity, which is lost 
only if the interlayer cations are replaced 
by potassium. 

For the hypothetical case where ingress 
of potassium into the repository controls 
illite formation, the transformation rate 
can be estimated: the cation exchange ca
pacity of the bentonite is 0.76 moVkg, so 
for an assumed water exchange rate of 1 I 
per canister per year and a potassium con
centration in solution of 1 mmoVl, the full 
alteration of the montmorillonite in the re
pository layout shown in Figure 1 would 
require about 7 X 107 years. 

If, on the other hand, it is assumed that 
the increase in the layer charge is the con
trolling factor, then kinetic data for the 
transformation of montmorillonite to illite 
are required. This reaction, occurring at a 
low water supply, forms approximately 
two illite layers and some silidc acid from 
three montmorillonite layers. The process 
takes place extremely slowly, so its kinet
ics can be investigated only in the labora
tory under hydrothermal conditions (T 2: 
250°C). Eberl and Hower:w have deter
mined the activation energy for the con
version of a potassium-saturated clay to 
illite (82 :!:: 14.5 kJ/mol). Extrapolated to 
the repository temperature, this value 
leads to a life expectaru:y for the montmo
rillonite of about 106 years. Such extrapo
lations are problematic not only because of 
the uncertainty in the activation energy 
but also because the mechanism of the 
transformation is complex z.us and de
pends on numerous factors, particularly 
the day-to-water ratio and the interlayer 
cation,26 So, the results of the hydruther-
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mal experiments should not be applied 
blindly to the situation in a repository. 

Essential supporting evidence for the 
prediction of long-term stability comes 
from investigations of natural analogs 
which, in the form of clay sediments, are 
widely available.27

·2'l For example, the clays 
of the Gulf of Mexico have been studied 
extensively because of their association 
with petroleum occurrences in the area. 
These sediments were deposited continu
ously over the course of 108 years. In a 
number of papers, the proportion of swell
ing clays in drill cores has been investi
gated (e.g., see References 30 and 31). Even 
in old sediments, significant illitization 
only appears at temperatures above soac 
(Figure 4) and, independent of the geo
logical age, the maximum proportion of 
illite occurring is 80%. According to other 
authors}2 illitization begins at a tem
perature in the range 60 to 90°C, while 
transformation to 70-80% illite occurs at 
temperatures of 90 to 140"C. 

The interpretation of the numerous in
vestigations of natural analogs leads to 
the conclusion that, for a repository tem
perature of 60"C, no drastic changes to the 
swelling, hydraulic conductivity, or cation 
exchange capacity are expected over more 
than 106 years. The formation of illite/ 
montmorillonite interstratifications over 
the course of time is, of course, not 
discounted, only full-scale illitization. 
Calcium-montmorillonite behaves more 
favorably than the sodium form because it 
is less easily transfonned to illite. This is 
demonstrated by hydrothermal exper
iments as well as by natural sediments.= 

For assessing the long-term stability of 
the backfill, possible reactions between 
montmorillonite and the corrosion prod
ucts from the steel overpacks (2 m 3 mag
netite) must also be taken into account. 
For a basic assessment, however, thermo
dynamic data and suitable natural analogs 
are not available. So, possible reactions 
can only be assessed on chemical and 
crystal-chemical grounds.3 Most probable 
is the formation of the iron-bearing day 
minerals such as chamosite, greenalite, 
and nontronite. With the given amounts 
of steel and montmorillonite in the reposi
tory, complete reaction of the magnetite 
could convert 5-20% of the montmoril
lonite. The possible reaction products are 
only partly swelling, but the newly formed 
clay minerals would be microcrystalline; 
consequently, the sorption capacity of the 
backfill would not be greatly diminished. 
Besides, as with illitization, a very slow 
reaction can be expected. 
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Concluding Remarks 
Natural bentonite offers a nearly ideal 

backfill material for a high-level radioac
tive waste (HLW) repository in deep-lying 
rocks. Through its swelling capacity, 
it prevents convective water movement 
through repository tunnels; due to good 
sorption characteristics, the diffusive 
transport of most radionuclides would be 
effectively retarded. 

The occurrence of old bentonites in na
ture is an indication of their long-term sta
bility. Numerous investigations in natural 
clays as well as laboratory findings can 
therefore be used to support the assess
ment of their stability. Though the exten
sive clay mineral literature is not always 
consistent, support from natural analogs is 
an important factor. 

For safety considerations, illitization of 
montmorillonite is frequently identified as 
a worst-case scenario. But this concern 
overlooks the fact that illites also have 
favorable properties and were proposed 
in place of montmorillonite as reposi
tory backfill material,22 particularly since 
they swell to a certain extent.10 After the 
transformation of montmorillonite to illite, 
the hydraulic conductivity of the back
fill would increase to a value of perhaps 
m-n m/s 18 and the cation exchange capac
ity would fall to 10-20% of the original 
value. For the adsorption of heavy metals, 
however, the important concentration of 
edge OH-groups is maintained. So it ap
pears that, although the (improbable) 
complete illitization of montmorillonite 
would degrade the properties of the re
pository backfill, an acceptable barrier ef
fect would still be ensured. 
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