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DE LA RÉACTION DE LA SMECTITE À L'ILLITE

par

D.V. Oscarson et H.B. Hume

RÉSUMÉ

L'élément smectite du matériau tampon dans une enceinte de stockage de
déchets de combustible nucléaire pourrait se transformer lentement, au
cours d'une longue période, en matériau illite-smectite interstratifié.
Ceci a une incidence importante sur l'efficacité à long terme du matériau
tampon. On a étudié la réaction de la smectite à l'illite en traitant de
la bentonite du Wyoming à des températures de 150, 200 et 250°C pendant des
périodes s'étendant de 90 à 194 jours dans cinq solutions synthétiques dont
les compositions variaient considérablement. Le rapport solution/argile
était de 25 L/kg. On a déterminé minéralogiquement l'évolution de la réac-
tion d'altération de la smectite en mesurant l'extensibilité des produits
de réaction par diffractométrie à rayons-X, après que le complexe d'échange
de l'argile eut été saturé de K et solvaté avec de l'éthylène glycol. Dans
tous les systèmes, l'extensibilité des produits de réaction illite-smectite
décroissait habituellement (augmentation de la quantité dfillite-smectite
formée) à mesure de l'accroissement de la température et du temps. Le
pouvoir d'échange cationique de l'argile n'était cependant pas sensiblement
affecté par les traitements hydrothermiques. Les résultats démontrent que
la présence de K dans la solution n'est pas nécessaire pour le développe-
ment de charge de couche dans les smectites (une augmentation des charges
de couche est la première étape de la formation d'illite à partir de smec-
tite). L'extensibilité de l'illite-smectite était plus grande dans les
solutions qui comportaient des concentrations relativement élevées de cal-
cium. Cela vient étayer l'observation faite selon laquelle la présence de
calcium, plutôt que de sodium, sur le complexe d'échange de smectite
empêche la formation de couches à charges élevées. Les données ne nous
permettent pas de prédire à quelle rapidité la smectite se transformera en
illite-smectite dans une enceinte de stockage. K ",s la réaction sera sans
aucun doute très lente, étant donné que la température dans une enceinte de
stockage sera inférieure à 100°C et que la concentration de K dans les eaux
souterraines profondes dans les roches granitiques est très basse par rap-
port à celle du calcium et du sodium.
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ON THE SMECTITE-TO-ILLITE REACTION

by

D.W. Oscarson and H.B. Hume

ABSTRACT

The smectite component of the buffer material in a nuclear fuel vaste dis-
posal vault could slowly transform over long periods of time to an inter-
stratified illite/smectite (I/S) material. This has important implications
for the long-term effectiveness of the buffer material. The smectite-to-
illite reaction was examined by treating Wyoming bentonite at 150, 200 and
250"C for periods ranging from 90 to 194 d in five synthetic solutions
having widely varying compositions. The solution-to-clay ratio was
0.025 mVkg. Progress of the smectite alteration reaction was determined
by measuring the expandability of the reaction products by X-ray diffrac-
tometry after the exchange complex of the clay was saturated with K and
solvated with ethylene glycoi. In all systems, the expandability of the
I/S run products generally decreased (increase in the amount of I/S formed)
with increasing temperature and time. The cation-exchange capacity of the
clay was not, however, markedly affected by the hydrothermal treatments.
The results indicate the presence of K in solution is not necessary for the
development of high-charge layers in smectite (an increase in layer charge
is the first step in the formation of illite from smectite). The expand-
ability of the I/S was greater in the solutions with comparatively high
concentrations of Ca. This supports the observation that the presence of
Ca, rather than Na, on the exchange complex of smectite, inhibits the for-
mation of high-charge layers. The data do not allow us to predict the rate
at which smectite will transform to I/S in a disposal vault environment.
But the reaction will undoubtedly be very slow given that the temperature
in a disposal vault will be <100°C and the concentration of K in ground-
waters deep in granitic rock is very low compared with that of Ca and Na.
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1. INTRODUCTION

Smectite clays are important components of barrier and sealing materials in
the Canadian concept for the disposal of high-level nuclear fuel vaste.
The current concept involves the emplacement of a 1:1 mixture (by dry mass)
of Avonlea bentonite and silica sand—the buffer material—around the vaste
containers in a disposal vault excavated deep in plutonic rock of the
Canadian Shield (Hancox and Nuttall 1991). The Avonlea bentonite contains
about 80 vt.% smectite, along vith minor amounts of illite, quartz, feld-
spar, carbonate, and organic matter (Oscarson and Dixon 1989).

Heat vill be generated in a disposal vault from the decay of radionuclides.
The temperature vill likely approach a maximum of 100°C at the buffer/
container interface (Mathers 1985). At this temperature, the stability of
smectite is of concern. It is possible that smectite could be partially
transformed to a lesser svelling illite/smectite (I/S) material. Illite/
smectite is a common mixed-layer or interstratified clay mineral composed
of layers of illite and smectite arranged in stacking sequences along the
crystallographic c axis.

Given the availability of Al and K in pore solutions (provided by the dis-
solution of coexisting phases and/or present in the solution floving
through the clay formation), smectite undergoes a continuous series of
transitions through I/S to illite, and illite subsequently transforms to
muscovite (Reynolds 1980).

Smectite layers differ principally from illite layers by a smaller negative
charge on the silicate sheets, the presence of vater and exchangeable
cations in interlayer positions, and their expandability in vater and some
organic solvents. The presence of a significant number of illitic layers
interstratified in the smectite in the buffer material could cause a
decrease in the svelling capacity of the buffer, and also alter its texture
and pore-size distribution. These changes could adversely affect its mass
transport properties.

When deposited in sediments and progressively buried to greater depths by
overlying sediments, smectite is subjected to increasing temperature and to
the effects of pore solutions in a manner analogous to conditions in a
disposal vault. The progressive increase in illitic layers in I/S clays
vith increased burial depth and temperature has been observed in sedimen-
tary basins of all ages throughout the vorld (Perry and Hover 1970, Yeh and
Savin 1973). Temperature ranges of the smectite-illite transition have
been inferred from numerous field studies (Steiner 1968; Burst 1969;
Muffler and White 1969; Dunoyer de Segonzac 1970; Perry and Hover 1970,
1972; Eslinger and Savin 1973; Foscolos and Kodama 1974; Hover et al. 1976;
Boles and Franks 1979). Most of these studies suggest a temperature of
about 100°C for the onset of I/S formation (Perry and Hover 1970, Foscolos
and Kodama 1974); hovever, temperatures as lov as 60°C have been reported
(Hover et al. 1976, Boles and Franks 1979). Complete conversion of
smectite to illite is estimated to occur at temperatures as lov as 200°C
(Khitarov and Pugin 1966, Hiltabrand et al. 1973).



- 2 -

In addition to temperature, a critical factor in the smectite to I/S reac-
tion is the composition of the pore solution of the clay (Blatter 1974,
Lahann and Roberson 1980, Roberson and Lahann 1981, Inoue 1983, Pusch and
Karnland 1990, Pusch et al. 1991). The openness, or pore size distribu-
tion, of the clay matrix is also important since it controls the flow rate
of solution through the clay (Peacor et al. 1986, Pusch and Karnland 1990).

Potassium is readily dehydrated in the interlayer region of 2:1 layered
clays because of its relatively low hydration energy. It therefore pro-
motes the collapse of the layers of high-charge clays such as illite and
vermiculite. Cations such as Na, Ca, and Mg compete with K for exchange
sites on the clay and, consequently, the collapse of these high-charge
clays is inhibited in solutions having low K/(Na + Ca + Mg) ratios.
Roberson and Lahann (1981) estimated that the inhibitory strength of Na, Ca
and Mg, on an equivalent basis, is about 1:10:30. Eberl (1978) showed that
the inhibitory strength of the monovalent ions for the smectite-I/S reac-
tion follows the order K, Cs, Na, Li and of the divalent ions, Ba, Sr, Ca,
Mg, which is positively correlated to the magnitude of the hydration energy
of these ions. The higher the hydration energy of a cation, the greater
must be the negative charge on the clay before the cation is incorporated
into an interlayer site and the clay layers collapse.

The transformation of smectite to I/S involves an increase in both tetra-
hedral Al (which means a greater layer charge because tetravalent Si is
replaced by trivalent Al) and interlayer K. Thus, the reaction involves
more than just the substitution of K for other exchangeable cations. The
Al/Si ratio of the clay is altered and chemical bonds must be broken with
at least small units of structure undergoing local dissolution/recrystalli-
zation. Such processes are inherently sluggish. This explains why unsta-
ble clays such as I/S may be retained at elevated temperatures even over
geological time periods.

An important question in the transformation of smectite to I/S is whether K
is required in the interlayer region for the creation of high-charge
layers. Or can high-charge layers be produced in the absence of solution K
and collapse occur only when K is supplied to the high-charged interlayer
site? The data of Howard and Roy (1985) suggest that high-charge layers can
be created in the absence of K, and that these layers collapse when K is
later introduced to the interlayers. Howard and Roy (1985) also reported a
relatively low activation energy of approximately 12 kJ/mol for the smec-
tite to I/S reaction; this value is about an order of magnitude lower than
that reported by others (Eberl and Hower 1976, Roberson and Lahann 1981,
Kamei et al. 1990, Inoue et al. 1992). If correct, the low activation
energy reported by Howard and Roy (1985) means that the rate of the smec-
tite to I/S reaction could be very rapid at the temperatures expected in a
disposal vault. This has important implications for the use of smectite as
a barrier material in hydrothermal environments such as that in a disposal
vault.

This study had two objectives: first, to verify the results of Howard and
Roy (1985), and to extend their study to other solutions, including Ca- and
Na-dominated solutions. The Ca and Na solutions were used to examine the
effect of these cations on the formation of high-charge layers in smectite
(a necessary first step in the formation of I/S). Some data suggest that
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Ca, as opposed to Na, on the exchange sites of smectite inhibits the crea-
tion of high-charge layers (Roberson and Lahann 1981, Eberl and Hover
1976). The second objective is to evaluate the significance of the smec-
tite to I/S reaction in the context of high-level nuclear fuel waste
management.

2. MATERIALS AND METHODS

2.1 CLAY

The clay was a montmorillonite (SWy-1, Wyoming Na-bentonite) obtained from
the Clay Minerals Society Source Clay Repository, Columbia, Missouri. The
nature of the clay deposit and selected properties of the clay are given by
van Olphen and Fripiat (1979).

The Avonlea bentonite—a component of the reference buffer material—
contains about 5 to 10 wt.% illitic material (Oscarson and Dixon 1989).
This would confound the X-ray diffraction (XRD) analysis of the I/S formed
in the experiments (Srodon 1980). Consequently, the Avonlea bentonite was
not used.

The <2-/xm particle size fraction of the Wyoming clay was separated by cen-
trifugation (Jackson 1975). This removed much of the coarser, nonsmectite
material. The only impurity in the <2-jtm fraction, as indicated by XRD,
was a trace of quartz. This fraction has a thickness of 17.2 Â when sol-
vated with ethylene glycol.

The exchangeable cation competition of the <2-jzm fraction, determined by
the ammonium acetate method (Thomas 1982), is (in cmolc/kg): Ca, 24.1; Mg,
18.2; Na, 61.0; K, 1.6. The sum of the exchangeable cations exceeds the
measured cation exchange capacity (CEC) of 86 cmole/kg; this suggests that
some soluble salts dissolved during the measurement.

The elemental composition of <2-/im fraction was determined by standard
techniques (Lim and Jackson 1982). From these data, the structural formula
was calculated to be

2.2 SOLUTIONS

Three synthetic groundwater solutions—designated E19, E20, and WN1—were
used, and their compositions are given in Table 1. The E19 and E20 solu-
tions are the same as those used by Howard and Roy (1985), and the WN1
represents groundwaters found at depths of a few hundred metres in granitic
rock in the Canadian Shield (Frape et al. 1984). In addition to the syn-
thetic groundwaters, two solutions of 50 mol CaCl2/m

3 plus 1 mol KHC03/m
3,

and 100 mol NaÇl/m3 plus 1 mol KHC03/m
3 were used. Hereafter, these solu-

tions are referred to simply as Ca and Na. For the volume of solution and
mass of clay used in the experiment, the levels of Ca and Na in these solu-
tions exceed the CEC of the clay. Hence, during the experiment, the clay
would be nearly saturated with these ions.
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TABLE 1

COMPOSITION OP THE SYNTHETIC GROUNDWATER SOLUTIONS

Species E19 E2O WN1
- g/m*-

Ca
Mg
Na
K
Si
Sr
Fe

K/(Ca +
(equiv.

Ca/Na
(equiv.

Mg + Na)
ratio)

ratio)

0.66
<0.005
170
0.27
47
—
0.017

0.000

0.004

31 2100
0.034 62
85 1900
0.40 17
51

25
<0.01 0.26

0.0019 0.0022

0.42 1.3

2.3. HYDROTHERMAL EXPERIMENTS

One-tenth gram of powdered clay was placed in gold capsules with 2.5 cm3 of
solution. The capsules were cold-seal crimped, placed in a special holder
to keep them upright, and immersed in water in stainless-steel autoclaves.
The temperature of the vessels was regulated with Shimaden Thermo Electric
100 temperature controllers (SR-4000 series) to within ±2°C of the target
temperature. Experiments were conducted in duplicate at 150, 200 and 250°C
for 90, 120 and 194 d. The pressure inside the capsules was the vapor
pressure of water at temperature. The capsules were weighed before and
after the runs to ensure they had remained sealed during the experiments.

2.4 SOLUTION AND CLAY ANALYSES

After the experiments, 1 to 2 cm3 of the supernatant solution was withdrawn
from the capsules with a micropipette and then centrifuged. The pH of this
solution was measured with a glass microelectrode.

The clays were recovered from the capsules and the duplicate samples were
combined to increase the mass of clay for analysis. The clays were freeze-
dried. Each of the combined samples was split into three subsamples. The
CEC of the clay was determined on one subsample. The clay was washed three
times with 1000 mol BaCl2/m

3 to saturate the exchange complex with Ba, and
then washed with an 80/20 (vol£) solution of acetone and water until free
of Cl" as determined by the AgN03 test. The clay was dried and its Ba
content was measured by X-ray fluorescence spectrometry. A second sub-
sample of the clay was washed three times with 1000 mol KCl/m3 to saturate
the exchange complex with K. The third subsample was examined without
further treatment.
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In preparation for XRD analysis, the clay suspensions were placed on glass
slides and partially dried at room temperature. While still moist, the
oriented aggregates of clay—both with and without K saturation—were sol-
vated by placing one or two drops of ethylene glycol directly on the sample
(Jackson 1975). The samples were stored in a desiccator over ethylene
glycol until analyzed by XRD.

The samples were examined by XRD from 2 to 50°20 at a scanning speed of
l°20/min with a Rigaku D/max-B diffractometer using Ni-filtered CuK,̂  radia-
tion generated at 50 kV and 150 mA. The expandability* of the clay was
estimated by comparing the experimentally determined XRD patterns with
calculated ones produced with the NEWM0D0 computer program developed by
Reynolds (1985) and using the techniques described by Srodon (1980). The
relevant parameters of the X-ray diffractometer and the clay samples that
were used in the computer program are given in Table 2. The difference in
the two XRD reflections in the region of 42 to 48°20, Ad, was used for the
estimation. According to Srodon (1980), this is the most accurate method
for obtaining I/S ratios in interstratified material as the difference is
largely independent of domain size and only slightly affected by the thick-
ness of the ethylene glycol layer. These factors, along with the I/S ratio
and the perfection of any ordered interlayering, affect the positions of
XRD reflections. The accuracy of the expandabilities reported is ±5%.

3. RESULTS

3.1 FORMATION OF I/S

The expandability of the untreated SWy-1 smectite was about 90%. This is
shown by the slight decrease in the Ad value (relative to the clay that was
not saturated with K) when the clay was saturated with K and solvated with
ethylene glycol (Figure 1). Therefore, even the untreated clay has some
layers with a charge sufficient to collapse the layers when they are satu-
rated with K.

When the clay was not saturated with K, the Ad values for the clays from
all treatments after being solvated with ethylene glycol were essentially
the same as that of the untreated clay. Hence, even when high-charge
layers were formed in the hydrothermal experiments (discussed below), the
presence of cations other than K on the exchange complex—largely Ca and
Na—do not cause layer collapse. This agrees with results obtained by
others. Peacor et al. (1986) and Yau et al. (1987) reported no marked
mineralogical changes as determined by XRD for bentonite treated hydro-
thermally to temperatures of 350°C for periods up to 1.5 a. Komarneni and
Roy (1981) also did not detect mineralogical changes in montmorillonite
treated at 300°C for 28 d. In all of these studies the clays were not
saturated with K before XRD analysis.

Expandability refers to the ability of layers of the clay to expand when
solvated with ethylene glycol. As illitic layers do not expand, the
expandability is a measure of the smectite content of I/S.
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TABLE 2

RELEVANT PARAMETERS OF THE X-RAY DIFPRACTOHETER AND THE CLAY SAMPLES

Wavelength of incident radiation (CuK.) 1.5405 A

Divergence slit 1°

Soller slit 1 1°

Soller slit 2 0.3°

Goniometer radius 18.5 cm

Sample length 2 cm

Quartz reference intensity at d = 3.34 A 90 000 cps

Exchange capacity per 010(0H)2 0.40

Exchange cation K

d(001) (ethylene glycol) 17.2 A

The expandability of the run products that were K-saturated tends to
decrease (increase in the amount of I/S formed) with increasing reaction
temperature and time (Table 3). For example, Figure 2 shows the expand-
ability of I/S from the Ca and Na solutions as a function of time at the
three temperatures. The expandability of the I/S decreased at first and
then asymptotically approached a constant value at the longer run times.
Figure 2 also shows that at a given temperature the expandability is
greater in the Ca than the Na solution. This demonstrates that Ca on the
exchange complex of the clay, as opposed to Na, slows or inhibits the
formation of I/S.

There was no reflection on any of the XRD patterns between 5.3 and 8.7°20
(Figure 1); this indicates that all I/S run products are randomly inter-
stratified (Srodon 1980). This agrees with the results reported by others
(Whitney and Northrop 1988, Howard and Roy 1985, Reynolds and Howe.-? 1970).

The only phases detected in the run products by XRD were smectite, I/S and
quartz.

The expandabilities of the I/S measured here for a given temperature, time
and groundwater composition are similar to those reported by Howard and Roy
(1985) (Table 3).
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10

c

10 20 30

°20 (CuKa)

40 50

FIGURE 1: X-ray Diffractogram of (A) Starting Clay Solvated with Ethylene
Glycol (EG) and K-Saturated Prior to Solvating (K-EG), and
(B) Clay after Treating at 250°C for 120 d in E19 Solution.
Numbers are d-spacings in Â.
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FIGURE 2: Expandability of I/S as a Function of Time at Three Temperatures
for the Na and Ca Solutions

3.2 CATION-EXCHANGE CAPACITY

The untreated SWy-1 smectite has a CEC of 86 cmolc/kg. There was consider-
able variability in the CEC values of the run products (Table 3)—likely
because of the small sample size (about 60 mg)—and there is no apparent
trend with reaction temperature and time. The CEC values vary from about
70 to 110 cmolc/kg, although most of the values fall between 75 and
95 cmolc/kg—close to that of the untreated clay.

3.3 SOLUTION pH

The pH of the final solutions from all systems ranged from 6 to 9. Howard
and Roy (1985) did not report pH values. As with the CEC values, there was
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no evident trend in pH with reaction temperature and time. The pH values
around neutral are in contrast to those reported by Johnston and Miller
(1984). They found the pH of suspensions of Pembina bentonite dropped to
<4 in hydrothermal experiments conducted at 275CC for 30 d. It is proba-
ble, hovever, that the Pembina bentonite vas acid treated by the supplier
(Quigley 1984).

4. DISCUSSION

The results show that the formation of high-charge layers occurs even when
there is very little K in the system. The E19 and E20 solutions, for
instance, have very low K concentrations (Table 1), yet generally more
high-charge layers formed in these solutions than in the WN1 solution that
had a higher K concentration (Table 3). We conclude, therefore, that solu-
tion K, and hence K on the exchange complex of the clay, is not required
for the creation of high-charge layers in smectite in hydrothermal systems.

Moreover, the results show that an increase in layer charge does not lead
to layer collapse in the absence of K. Hence, both an increase in layer
charge and a sufficient supply of K must occur before smectite is converted
to I/S. If only the layer charge is increased, smectite will, by and
large, maintain its desirable swelling and hydraulic properties (Anderson
1983, 1984). Because the concentration of K in groundwaters of the
Canadian Shield is very low compared with that of other cations (Frape et
al. 1984) (which means there will be a proportionately small amount of K on
the exchange complex of the clay), the long-term effectiveness of smectitic
clay as a barrier component in a disposal vault should not be compromised
with regard to I/S formation.

4.1 INHIBITING EFFECT OF CA

Of greater importance than the absolute amount of K in the system is the
relative concentration of exchangeable cations—principally Ca, Mg, Na and
K—present in the pore solution of the clay.

This study has confirmed that Ca on the exchange complex of smectite
inhibits the formation of high-charge layers. This phenomenon may be due,
at least in part, to the fact that less Si is dissolved from smectite when
the clay is saturated with Ca or Mg rather than with Na (Lahann and
Roberson 1980). As noted, the replacement of tetrahedral Si by Al is
necessary for the formation of I/S from smectite. Lahann and Roberson
(1980) suggest that because the hydration energies are greater for Mg and
Ca than for Na, the migration of Si out of the interlayer space of a Ca- or
Mg-saturated smectite is relatively slow. This would reduce the rate by
which Si is replaced by Al in the clay layers.

These findings suggest that with respect to the long-term stability of
smectite in an environment such as a nuclear fuel waste disposal vault, a
Ca-smectite is preferred over a Na-smectite barrier material. Even though
Ca-smectite has a lower swelling capacity and somewhat higher permeability
than Na-smectite, the properties of Ca-smectite are adequate to meet the
requirements of a compacted barrier material in a disposal vault (Bôrgesson
and Pusch 1987, Shainberg et al. 1988).
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The cation-exchange complex of the Avonlea bentonite as delivered from the
supplier contains about 60% Na and 20% Ca, along with minor amounts of Mg
and K. However, as groundvater slowly moves through the buffer material in
a disposal vault, Ca will gradually become the predominant cation on the
exchange complex of the clay. This is because the concentrations of Ca are
generally greater than those of Na in deep groundwaters of the Canadian
Shield (Prape et al. 1984), and clays, such as smectite, have a greater
selectivity coefficient for Ca than Na (Benson 1982). This process will
enhance the stability of smectite in a disposal vault.

Cation-exchange reactions are virtually instantaneous (Malcolm and Kennedy
1969), so the rate of Ca-Na exchange on the clay will be controlled by the
flow rate of groundwater through the buffer. To hasten the reaction, the
buffer material could be mixed with a groundwater with a relatively high
Ca/Na ratio prior to its emplacement in a vault.

The WN1 solution has a greater Ca/Na ratio than in either the E19 or E20
solutions (Table 1). Consequently, at the end of the reaction periods,
there was a greater proportion of Ca on the exchange complex of the clays
in contact with the WN1 solution. This may be a reason for the greater
expandability (fewer high-charge layers) of the clay in contact with the
WN1 solution at a given temperature and time (Table 3).

4.2 CATION-EXCHANGE CAPACITY

The CEC of the run products in this study did not decrease markedly as
reported by Howard and Roy (1985). They found, for example, that the CEC
decreased by about 50% when the clay was treated hydrothermally at 25O°C
for >180 d. They suggested that some cation exchange sites were blocked by
materials—perhaps Al or Mg hydroxides—that did not otherwise affect the
expandability of the clay as measured by XRD.

In fact, an increase in the CEC with an increase in reaction temperature
and time is expected given the greater layer charge of the treated clay
compared with the untreated clay. The CEC measurements were made on
samples that were not K-saturated, so the high-charge layers should not
have collapsed. Therefore, all layers should have been accessible to
Ba—the index cation in the CEC measurements. Any actual change in the CEC
is, however, probably not discernible in our experiments given the apparent
large experimental error associated with the CEC measurements. In any
event, the results show that the hydrothermal treatments did not cause a
large reduction in the CEC.

Komarneni and Roy (1981) reported that the sorption capacity of a Wyoming
and a Texas montmorillonite for both Cs+ and Sr2+ was not affected by
hydrothermal treatments to temperatures up to 300°C for 28 d. This
suggests that the CEC of these clays was also not markedly altered by
hydrothermal treatment.

4.3 KINETICS AND ACTIVATION ENERGIES

As noted, the expandabilities of the I/S measured here for a given tempera-
ture and time are, in fact, similar to those reported by Howard and Roy
(1985) (Table 3). Contrary to their results, however, our data do not
conform to the first-order rate law (Figure 3). The reaction was also not
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FIGURE 3: First-Order Kinetic Plots for the Clay Reaction Products at
Three Temperatures in the Na Solution.' If the reaction were
first-order with respect to expandability, the lines would be
straight.

second-order with respect to smectite layers (data not shown). Higher
order reaction kinetics become very difficult to interpret from these
limited experiments. Hence, rate constants, k, and activation energies,
E a, were not obtained from this study. Similarly, Whitney and Northrop
(1988) reported their data on the smectite to I/S reaction did not follow
either first- or second-order kinetics.

The data of Eberl and Hower (1976) were described by first-order kinetics
with respect to smectite layers. Experiments by Roberson and Lahann (1981)
and Howard and Roy (1985) showed that the cation composition of the
solution plays an important role in the formation of high-charge layers,
but they also viewed the reaction as first order. On the other hand,
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Pytte (1982) concluded that the reaction he observed in a natural contact
metamorphic environment was third-, fourth- or fifth-order with respect to
smectite layers in I/S.

Some published Ea values for the smectite to I/S reaction are given in
Table 4. The values reported by Inoue et al. (1992), Kamei et al. (1990)
and Pytte (1982) were estimated from field data, and the others were
obtained from J'jboratory experiments. A form of the Clausius-Clapeyron
equation was used to calculate the rate constant at 100°C, k(100°C), if the
k and Ea values were obtained at higher temperatures. The times required
for 50% of the smectite to be converted to ill!te (an I/S with 50Z expand-
ability) at 100°C, t1/2, were calculated from the k(100°C) values; these
times are also given in Table 4.

TABLE 4

ACTIVATION ENERGIES. Effi. FOR THE SMECTITE TO ILLITE REACTION

E, k(100°C)1 t 1 / 2
2 Reference

(kJ/mol) (a"1) (a)

12

82

126

122

125

113

.6

.1

to 138

0.

1.

2.

25

6 x 10"4

5 x 10-6

2.8

4300

270 000

Howard and Roy (1985)

Eberl and Hower (1976)

Roberson and Lahann (1981)

Kamei et al. (1990)

Inoue et al. (1992)

Pytte (1982)

1 Rate constant at 100°C. Calculated from l n ^ / ^ ) = (EIII/R)[(12-TL1)/T2'I1 ],
where R is the gas law constant and kx and k2 are rate constants at abso-
lute temperatures, Tx and T2.

2 Time required for 50X of the smectite to be converted to illite at 100°C.
Calculated from t1/2 = 0.693/k.

The Ea values obtained by Howard and Roy (1985) are markedly lower than the
other values. As noted by Howard and Roy, possible reasons for this dif-
ference include

(1) A different reaction mechanism exists between the high- and low-
temperature experiments. The experiments of Howard and Roy
(1985) were conducted at lower temperatures than those used by
other investigators.
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(2) Catalytic activity on the smectite surfaces due to the sorption
of ions or surface defects. The higher E, values reported by
Eberl and Hover (1976) were obtained in distilled water, thereby
minimizing catalytic activity.

(3) The different experiments reflect two different processes and
reaction products. In the experiments of Hovard and Roy (1985),
illitic layers were not created; rather sufficient layer charge
was produced so when saturated with K, some layers collapsed to a
spacing of 10 À. Eberl and Hover (1976) assumed sufficient K vas
available for complete illitization (no expandability), the sub-
sequent addition of K may have collapsed more layers. Greater
collapse would result in faster reaction rates and lower Ea
values.

(4) Different solution/clay ratios can greatly affect reaction rates.

The maximum rate of transformation of smectite to I/S is probably defined
by the experiments of Eberl and Hower (1976), since K was the only cation
present on the exchange complex of the clay. The influence of competing
cations is reflected in the greater E, and slower rates obtained in the
other studies given in Table 4. If an Ea value of 125 kJ/mol is assumed
for the reaction (this is a representative value from field studies
(Table 4)), hundreds of thousands of years at 100°C are required to form an
I/S with 50% illitic layers (Table 4).

Numerous other field studies also imply that the smectite to I/S reaction
is very slow (for example, Pusch et al. 1987, Brusewitz 1986, Altaner
et al. 1984). The deposits examined in these studies are millions of years
old and have experienced elevated temperatures for various periods of time,
still they contain a significant smectite component.

4.4 IMPLICATIONS FOR NUCLEAR FUEL WASTE DISPOSAL

It is important to'note in this study and in Howard and Roy's (1985) that
I/S was not formed in the hydrothermal systems; I/S was produced only after
the exchange complex of the run products were saturated with K. Rather, a
clay with a higher charge than the starting smectite was produced in the
experiments. In the absence of K, the high-charge clay behaves like the
untreated, low-charge clay with respect to its swelling properties
(Anderson 1983, 1984; Peacor et al. 1986; Yau et al. 1987); hence,
presumably the high- and low-charge clays have similar mass transport
properties.

The K/(Ca + Mg + Na) ratio is extremely low in groundwaters deep on the
Canadian Shield where a nuclear fuel waste disposal vault would be located
(Frape et al. 1984). This, coupled with the fact that the temperature at
the container/buffer interface—the warmest region of the buffer—will
always be <100°C, and will only be >80°C for <100 a (Mathers 1985), means
very little I/S will be formed from the smectite component of the buffer
material. Moreover, as discussed, the fact that Ca will be the predominant
exchangeable cation on the clay will further inhibit the formation of I/S.
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Even if significant amounts of I/S were produced in a vault, it would still
have many of the desirable properties of the original smectite. Illite/
smectite has some ability to swell (Anderson 1984). Moreover, the diffu-
sivity of an I/S material faroa the Mancos Shale, U.S.A. (a clay with a
random interstratification of about 60Z illite and 40% smectite layers),
for example, is comparable with that of the Avonlea bentonite with respect
to I* (Oscarson and Hume 1992) and other diffusants (unpublished data).
Also the sorption capacity of illitic clays is greater than that of smec-
titic clays for some species, such as Cs+ (Oscarson et al. 1987); hence,
the diffusivity of I/S clay for Cs+ is comparatively low.

We conclude from the results obtained in the Canadian Nuclear Fuel Vaste
Management Program and the data available in the literature that the smec-
tite to I/S reaction in the buffer material in a disposal vault on the
Canadian Shield will not be a significant problem with respect to the long-
term performance of the buffer material.
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