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LA CONVERSION DE LA SMECTITE EN ILLITE DANS

LES SYSTÈMES HYDROTHERMIQUE: EXAMEN DES TRAVAUX PUBLIÉS

par

R.M. J o h n s t o n

RESUME

Dans les systèmes schisteux diagénétiques naturels, la smectite se

transforme en illlte et en illite-smectite à couche mixte en moins d'un mil-

lion d'années, en présence de températures se situant entre 75°C et 200°C.

De ce fait, certaines questions se posent quant à la stabilité des tampons

de bentonite à base de smectite par rapports aux conditions propres â une

enceinte d'évacuation nucléaire• Les données expérimentales et géologiques

obtenues indiquent que la réaction dépend de la disponibilité des K*" et que

le taux de réaction des systèmes pauvres en K* (tels que les enceintes d'é-

vacuation) peut être bien inférieur â ce que l'on observe dans le schiste.

La présence de Na+, de Ca 2 + et de Mg 2 + dans le système ralentie la réaction

et peut même l'arrêter complètement à des températures inférieures.

On a proposé deux mécanismes de réaction différents dont les élé-

ments positifs et les implications sont ici passés en revue.
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THE CONVERSION OF SMECTITE TO ILLITE IN

HYDROTHERMAL SYSTEMS: A LITERATURE REVIEW

by

R.M. Johnston

ABSTRACT

In natural diagenetic shale systems, smectite converts to illite

and mixed-layer illite-smectite in less than a million years at tempera-

tures between 75°C and 200°C. This has raised questions as to the stability

of smectite-based bentouite buffers under nuclear waste disposal vault con-

ditions. Experimental and geological evidence indicate that the reaction

is dependent on the availability of K , and that the rate of reaction in

K -poor systems (such as the disposal vault) may be much lower than that
+ 2+ 2+

observed in shale. The presence of Na , Ca and Mg in the system slows

the reaction and nay halt it altogether at lower temperatures.

Two different reaction mechanisms have been proposed; the

evidence for, and implications of, each are discussed.
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1. INTRODUCTION

The proposed use of bentonlte* as a buffer material In the dis-

posal of high-level nuclear wastes in the Canadian Nuclear Fuel Haste

Management Program [1,2] raises the question of the long-term stability of

bentonite under disposal vault conditions. The suitability of bentonite

(or a bentonite/filler mixture) in terms of both chemical and physical

properties has been documented in publications from the Swedish Haste

Management Program [3-9]. The advantages of bentonites over other clay

materials are their high cation exchange capacities and their swelling

properties. Evidence from sedimentary shale sequences, however, Indicates

that smectite (the major component of bentonite) may not be stable at

temperatures In excess of 75°C to 100°C and may react to form llltte [10].

Such a transformation would involve a decrease in the swelling and cation

exchange properties of the buffer, and would release interlayer water,

thereby enhancing mass transport. Thus, a thorough understanding of dla-

genetic clay reactions is necessary before any prediction can be made con-

cerning the ultimate performance of bentonite buffers under the thermal and

chemical conditions of a waste disposal vault.

1.1 DISPOSAL VAULT CONDITIONS

The current Canadian concept of nuclear fuel waste disposal

involves the emplacement of either Irradiated fuel or immobilized high-

level wastes in a mined vault 500 to 1000 m below the surface in granitic

or gabbroic plutons of the Canadian Shield [11]. Bentonite buffer will

surround the waste package in either borehole or in-room emplacement, the

remainder of the vault being back-filled with bentonite mixed with sand,

gravel or crushed host rock [1,12].

* Bentonite is a general term for highly plastic colloidal clay, composed
largely of smectite, frequently formed by the alteration of volcanic
ash.

+ Smectite refers to a specific group of clay minerals characterised by
high cation exchange capacity and swelling properties (described in
2.1).
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The geothermal gradient provides an ambient rock temperature of

25 °C at a depth of 1 km. Radioactive decay heat will increase this, but

temperatures can be controlled by areal heat loading of the vault, and a

reference maximum of 150°C at the surface of the waste package is pro-

jected. For immobilized wastes, high temperatures will be sustained for

less than 1000 years, while for irradiated fuel the duration of the thermal

transient will be tens of thousands of years.

Hydrostatic pressure in the vault is expected to be about

10 MPa (100 bars), assuming the vault floods. Provided the vault retains

its integrity, lithostatic pressure should have no effect - should the

overburden contribute, total pressure would not exceed 30 MPa. The buffer

will be chosen to keep the swelling pressure less than the hydrostatic

pressure. Pusch concluded that the swelling pressure is strongly dependent

on the bulk density of the bentonite [9]. For highly compacted bentonite
3

(bulk density greater than 2000 kg/m ) pressures up to 10 to 20 MPa could

develop, but for bulk densities less than 1800 kg/m , the swelling pressure

is less than 10 MPa.

Surface groundwaters in equilibrium with granitic and gabbroic

rocks have relatively low total dissolved solids [13], and are usually

Na -HCOg dominated (examples are given in Table (la)). These represent the

least aggressive groundwaters to which the buffer would be exposed. Recent

investigations [14-17] have shown that saline groundwaters are common at

depths greater than 500 m in the Canadian Shield. These brines are

calcium-sodium-chloride dominated, with low magnesium and potassium, and

total dissolved solids as high as 200 g/L. (Selected analyses are given in

Table l(b)).

In summary, the most severe conditions that the buffer is likely

to experience in the vault are

(1) Temperatures up to 150cC.

(2) Pressures in the range 10 to 30 MPa (100 to 300 bars).

(3) Calcium-sodium-chlorine brine groundwaters.
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2. STRUCTURE AND CHEMISTRY OF CLAY MINERALS*

The basic structural units of layer silicates, including clay

minerals, are tetrahedral (T) sheets (predominantly silicon-aluminium) and

octahedral (0) sheets (mainly aluminium-magnesium-iron) as shown in Figures

1 and 2, respectively. The octahedral sheets may be either trioctahedral

(X,{OH),., where X = Mg + or Fe + ] , or dioctahedral
3 + 3 +

, where D = vacancy, Y = Al or Fe ], corresponding to the

structures of brucite and gibbsite, respectively. In both the smectites

and illite, the octahedral sheet is sandwiched between two tetrahedral

sheets to form a T-O-T [18] layer, as shown in Figure 3. This layer is

also known as a 2:1 layer [19]. The ideal formulae for T-O-T layers are

for the dioctahedral case

(corresponding to pyrophyllite) and

for the trioctahedral case

(corresponding to talc)

Substitutions are possible in both the octahedral and tetrahedral
3+ 4+ 2+ 3+

positions (e.g. Al for Si in tetrahedral sites, and Mg for Al in

octahedral sites), resulting in a charge deficiency on the T-O-T layers.

This charge is usually negative and is satisfied by the presence of inter-

layer cations, which are held electrostatically between the T-O-T layers,

strengthening the weak Van der Waal's forces holding the layers together.

The nature and extent of substitution and the type of interlayer cation

determine the properties of the various clay mineral groups.

2.1 SMECTITES

Both di- and trioctahedral smectites occur, compositions being

restricted for the most part to site occupancies of 4.00 to 4.44 cations

per 0 1 Q in the trioctahedral smectites, and 5.76 to 6.00 cations per 0 1 Q

* Descriptions of clay mineral structures are taken from references 18
to 21.
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for the dioctahedral group. Layer charge is in the range -0.2 to -0.5 per

0 1 0, and may be developed primarily b;' substitution on the octahedral

sites, as in montmorillonlte, or on the tetrahedral sites, as in beidel-

lite.* A continuum exists between the two types. Ideal formulae for the

major smectites are given in Table 2. The most common Interlayer cations

are Na+ and Ca 2 +, but others such as K+, Mg 2 +, Fe 2 +, Rb+, Cs +, Ba 2 + and H +

may be fourd. Interlayer cations are exchangeable, which explains the high

cation exchange capacity of smectites (80 to 150 meq/100 g ) . They make up

the only clay mineral group that has a structural cation exchange site.

Interlayer cations may be hydrated, contributing varying amounts

of water, depending on the temperature, relative humidity, size and

hydration energy of the interlayer cation, buc there is invariably an

integral number of molecular water (H^O) layers between the T-O-T layers.

Calcium smectites commonly take two interlayer water layers (resulting In a
o o

**001 sP a c i nS of approximately 15 A ) , potassium smectites take one (12.5 A ) ,

while sodium smectites take up one, two or more water layers, resulting in

basal spacings from 12 A to complete separation of the T-O-T layers.

Various polar organic molecules may also be accepted into the Interlayer

space. The basal spacing of the clay mineral varies widely according to

the nature of the interlayer components.

Vermiculltes are essentially trioctahedral smectites, but are

distinguished on the basis of higher layer charge, generally greater than

-0.6 per 0,Q.

2.2 ILLITE

In the illites, a charge of approximately -0.7 per 0^Q Is

developed on the T-O-T layers, primarily by substitution of aluminium for

silicon in the tetrahedral positions. Octahedral substitutions are much

* Montmorillonite and beidellite are particular smectite minerals with
restricted compositional ranges (see Table 2 ) .

+ lX = 0.1 nm
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less common. The layer charge deficiency is satisfied by the presence of

an interlayer cation, usually potassium, although sodium illites, e.g.

brammallite, and calcium illites are found. This gives the following

formula for the potassium illite:

WSi4-xA1x>°10<0H>2

where x < 1; usually x = 0.5 to 0.75 (compare this to muscovite, where

x = 1). A higher layer charge than for smectites results in the interlayer

cations being more tightly bound, so that they are not exchangeable, and

the cation exchange capacity of 10 to 40 meq/100 g [21] is due mainly to

substitution on unsatisfied charges on crystal edges. The potassium atoms

fit closely into the hexagonal holes in the base of the tetrahedral sheet,

preventing the entry of water and organic molecules into the interlayer

spaces, so that illites are not expandable.

2.3 MIXED-LAYER CLAYS

Due to the similarity of the basic structural unit of illites and

smectites, the T-O-T layer, the two can form compounds in which illite and

smectite layers are interstratified - the I-S clays [22] (where I denotes

illite, and S, smectite). The alternation of layers may be random or

regular, but ordering develops only with higher proportions of illite.

Thus, the three most common I-S groups are random I-S for < 60% illite,

allevardite ordering (ISI) for 65 to 85% illite, and Kalkberg ordering

(ISII) for > 85% illite. The name "rectorite" is used for an ordered phase

with approximately equal proportions of illite and smectite. A great deal

of literature on distinguishing the proportion of expandable layers and the

type of ordering in mixed-layer clays is available [23,24]; however, it is

often contradictory and results are dependent on the methods employed.

Interstratification is also common among non-smectite clay

minerals, with the occurrence of mixed-layer chlorites (chlorite-smectite

produces the so-called "expanding chlorite"), micas and kaolinite.
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Multi-component interstratifications also occur, such as smectite-illite-

chlorite.

3. SMECTITE - ILLITE TRANSFORMATION

3.1 GEOLOGICAL EVIDENCE

The conversion of smectite to illite in the geologic column has

attracted considerable interest in the last fifteen years due to the impli-

cations of the reaction for the genesis and migration of petroleum [25,26].

Detailed studies of a number of sedimentary sequences have been published,

and although there is general agreement on the trends and reactions ob-

served, the discrepancies emphasize the complexity of the reaction and its

dependence on a variety of factors. Attempts have been made to use the I-S

conversion and other clay reactions as geothermometers [26], but the geolo-

gical examples demonstrate the wide range of temperatures over which the

reaction occurs, depending on the chemical characteristics of the clay-

groundwater system, the geothernal gradient, and the length of time of

diagenesis.

3.1.1 Shales

Consistent mineralogical and chemical trends in the conversion of

smectite to illite in shales are observed with increasing temperature of

reaction from diverse geological environments. These include diagenesis of

marine sediments of the Gulf Coast [27-29], both sedimentary [30] and

volcanic [31] sequences in active geothermal areas, a contact aureole about

an intrusion [32] and burial metamorphic sequences [32,33]. As the

temperature increases, the following changes occur:

(1) Smectite becomes unstable as a discrete phase at temperatures in

excess of 90°C, and in many cases disappears at considerably

lower temperatures.
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(2) Randomly interstratlfied I-S clay forms at the expense of

smectite at temperatures as low as 40"C to 50°C. The proportion

of illite increases with depth from an initial value of 0 to 20%.

(3) At approximately 50 to 65% illite, the mixed-layer clay converts

to the ordered allevardite form. This occurs at temperatures in

the range 90"C to 150°C. The proportion of illite in I-S

continues to increase with depth or temperature.

(4) At 75 to 80% illite the Kalkberg ordered phase becomes stable.

Temperatures for this transformation range from 100°C to 175°C.

Further dehydration of the smectite component does not occur

until considerably higher temperatures are reached (in excess of

200 °C) .

Table 3 demonstrates the variability in the temperature estimates

for the steps of the transformation.

Other inineralogical trends that are widely noted are the dis-

appearance of kaolinite, potassium-feldspar and calcite with increasing

depth [29,34,35].

Chemical variations that have been consistently observed are

(1) An increase in K~0 in the clay fraction (but often no increase

in bulk K20) [29,34].

(2) An increase in Al-O, in the clay fraction. Foscolos and Kodama

calculated structural formulae for the clays, which indicate

that the substitution is mainly on the tetrahedral sites [34].

Hoffman and Hower [33] and Heling [36] noted that the temper-

atures at which the various clay reactions occur are considerably higher

in younger sediments. They attributed this to a lack of equilibrium over

the shorter ti™.e span, and suggested that kinetic effects may be
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important even over tens of thousands of years. Thus, the duration of

diagenesis may play an important role in determining the final products.

Hower et al. [29] suggested that this may explain the fundamental

differences in chemistry and mineralogy between pre-Mesozoic and younger

shales, and recent sediments. They attributed the paucity of kaolinite

and expandable clays and the abundance of illite and chlorite in older

shales to the effects of burial diagenesis rather than a change in the

type of clays being supplied to sedimentary basins.

3.1.2 Bentonites

Schultz [37], and Nadeau and Reynolds [32], found that mixed-

layer clays in bentonites contained much lower proportions of illite than

those in corresponding shales. The proportion of illite layers in ben-

toaite remained consistently low until the appearance of an ordered, 50%

expandable phase, while in the shales the proportion of illite increased

gradually. Ordering of the mixed-layer clays occurred at higher tempera-

tures and illite proportions in shale than in bentonite. Random mixed-

layer clays seem to be rare in bentonites, although they do occur [38].

Schultz attributed the differences to primary variation and did not con-

sider that bentonites lag appreciably behind shales in diagenesis, citing

examples from Wolf Creek where bentonite and shale exhibit a similar de-

velopment of mixed-layer phases. Nadeau and Reynolds, however, con-

sidered the variations in illite proportions in mixed-layer clays of the

Manccs Shale to be a diagenetic effect, and suggested that the apparent

lag in diagenesis of the bentonites may be attributed to chemical effects

controlling the supply of aluminium and potassium, such as pH variations,

due to the presence or absence of carbonates, and interlayer cation

compositions.

3.1.3 Mechanisms

On the basis of the geological evidence, two reactions involv-

ing fundamentally different mechanisms have been suggested for the

smectite-illite transformation. Hower et al. [29] proposed a solid-state
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one-to-one transformation, where T-O-T layers are conserved, and the
4+ 3+

reaction proceeds with replacement of tettahedrai Si by Al until the

layer charge deficiency is sufficently developed to dehydrate the inter-

layer cations, and collapse occurs. The suggested reaction is

smectite + Al 3 + + K + -• illite -S- Si* + [Mechanism 1]

Al and K must be derived from some external source. Isotopic

evidence [29] suggests that K is derived from the breakdown of detrltal
3+

potassium-feldspar (this does not necessarily require that Al also be

derived from feldspar - the sources could conceivably differ). This is

consistent with the observed disappearance of potassium-feldspar with

depth and the observation that K20 increases in the clay fraction, but

not necessarily in the bulk rock.

Boles and Franks proposed a mechanism in which destruction of

the T-O-T layers provides the source of aluminium for the transformation,

which thus consumes more smectite than it produces illite [35]. The

Suggested reaction is

K + + smectite -» illite + Si 4 + [Mechanism 2]

where the ratio of smectite consumed to illite produced is approximately

1.6:1, and no external source of aluminium is required. Such a reaction

requires a dissolution-reprecipitation mechanism. It has important

consequences for sedimentary diagenesis since Mechanism 2 releases over
4+ 4+

six times as much Si (approximately 20 moles Si per mole of smectite,
4+

compared to 3 moles of Si per mole of smectite for Mechanism 1). Boles

and Franks suggested that such a mechanism could provide an important

source of silica for quartz cementation of sediments [35].

3.2 EXPERIMENTAL EVIDENCE

The complexity of geological systems is such that the effects

of the various factors can rarely be unraveled and starting compositions



- 10 -

and mineral assemblages cannot be accurately characterized, resulting in

large uncertainties. In addition, it is often difficult to distinguish

between true diagenetic effects and primary variability. Experimental

work has been carried out, particularly by Eberl and his co-workers, in

an effort to elucidate the mechanisms and rates of reactions by isolating

the effects of some of these variables [39]. As already noted, the

reaction may take tens of thousands of years at low temperatures, so most

experimental work is done at temperatures greater than 200°C (up to

400°C). It is obvious that care must be taken in extrapolating down to

disposal vault temperatures (100°C to 150°C), but there is no evidence

indicating that relative reactivities will change, or that the mechanisms

are fundamentally different at the higher temperatures.

3.2.1 Effects of Chemistry of T-O-T Layers

Schultz noted that beidellite, with the layer charge deficiency

developed on the tetrahedral sites, is more similar to illite than

montmorillonite, in which the layer charge deficiency is primarily in the

octahedral sites [37]. Beidellite, thus, requires less modification to

produce illite and so should transform more easily.

Eberl et al. [39] compared the stability of di- and triocta-

hedral smectites under identical conditions, and found that the triocta-

hedral smectites resisted alteration up to very high temperatures.

Koizumi and Roy [40] and Iiyama and Roy [41] reported that trioctahedral

smectite is stable to 850°C at 100 MPa. Eberl et al. [39] attributed

this stability primarily to the small amount of aluminium available in

the lattice of trioctahedral smectites - in dioctahedral smectites,

migration of Al from octahedral to tetrahedral positions can provide a

mechanism for building up the necessary layer charge deficiency.
3+

Trioctahedral smectites generally contain too little Al to allow such a

transfer to occur without an outside source of Al • Buildup of an

octahedral layer charge is not possible since the octahedral layer is
3+ 2+

already filled. However, the reduction of 7e to Fe could contribute

[38] if the iron content is high.
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3.2.2 Effect of Interlayer Cations

The interlayer cations have an important effect on the

stability of smectite. Since these cations are exchangeable, it follows

that the interlayer cation population may change considerably in the

presence of groundwater and cannot be assumed to retain its original

composition. A number of factors control the exchange equilibrium, the

dominant one being t'.ie relative activities of the cations in the exchange

medium. As predicted by the Gouy theory, multivalent ions have a higher

selectivity coefficient than monovalent ions (H is an exception). This

effect decreases with increasing ionic strength of the solution. Within

a valence group, the selectivity coefficient increases as the hydrated

radius decreases, so the normal affinity series (Hofmeister series) is

Cs + > Rb+ > K + > Na + > Li +

?+ 2+ 2+ 2+
Bal > Sr > Ca Z + > MgZ

Other variables such as pH, nature of the anion and overall population of

the exchange sites [42] may change selectivity coefficients, so there is

no universal series for the selectivity of smectites for cations [18,20].

The swelling properties of clay minerals are determined by the

interplay between attractive forces (electrostatic attraction between

negative T-O-T sheets and positive interlayer cations) and repulsive

forces (the tendency of interlayer cations to hydrate) [43,44]. Fixation

of the interlayer cations requires development of a layer charge

sufficiently large to dehydrate the cation. This relationship between

ease of fixation and hydration energy is well recognised [39,45-47].

In general, cations with low hydration energy (K , Rb , Cs )

will promote interlayer collapse most efficiently. In experimental runs

of 30 days, K -saturated smectites showed some conversion to illite at

temperatures as low as 150°C [47-49]. Rb - and Na -smectites require

higher temperatures and the reactions are slower, but appreciable
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reaction has been observed within 30 days below 300°C [50,51]. The low

hydration energy of Cs should lead to efficient fixation of Cs by smec-

tites, and the reaction may be important for immobilisation of Cs from

nuclear wastes. Lithium and the divalent ions inhibit the formation of

collapsed layers at low temperatures - reactions were observable within

30 days only at 350°C to 400°C. As expected, retardation of the reac-

tions occurred irrespective of whether the cations were present in the

clay interlayers or in solution. Blatter found that the conversion of
_l_ 2-i- -4- 2+ + +

smectite to Illite was greatly retarded if K /Mg , K /Ca or K /Na

ratios were low in the reacting solution [46]. Roberson and Lahann con-

firmed that ratios of the cations are important and calculated that the

inhibitory effect of Na+:Ca2+:Mg2+ increased in the ratio 1:10:30 [51].

3.2.3 Reaction Series

The relationship between hydration energy of the interlayer

cation and reactivity is not always simple. The type of interlayer

cation affects not only the reaction rate but also the nature of the

reaction products. Eberl found that for the alkali cations the rate of

formation of collapsed layers decreased with increasing hydration

energy [52], Smectites saturated with alkali cations followed the

reaction series:

smectite —»random I-S —»ordered I-S (rectorite) —> Illite (mica)

with increasing temperature and time - Eberl's "mica trend" [53].

(Compare this with the sequence in natural shale described in Section

3.1.3.) The exception was Li , which produced the chlorite trend,

smectite —» tosudite (Li-chlorite/smectite) —» Li-chlorite (cookeite)

at temperatures around 400°C. No reaction was observed below 300°C.

Alkaline earth cations retarded the formation of collapsed layers

up to 300°C. At higher temperatures, the opposite trend to that observed
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for alkali cations emerged, I.e. the rate of formation of collapsed layers

increased with increasing hydration energy. The reactions followed the

mica trend, but proceeded directly to a 50%-expandable rc:torite-like

phase. Eberl suggested that for divalent cations, polarisation effects in

the collapsed layers were sufficiently large to make adjacent expanded

layers effectively less negative and so more difficult to dehydrate,

resulting in the formation of ISIS ordered phases directly. Magnesium-

montmorillonite may follow the chlorite trend. Calcium-montmorillonite

proceeded directly to calcium-rectorite, except in the presence of excess

aluminium, when mixed-layer kaolinite-smectite (at 150°C) or pyrophyllite-

sniectite (at 320°C) was produced [53].

3.2.4 Activation Energies

Some experimental work directed toward defining the rate of the

smectite-illite transformation has been carried out. The reaction can be

described using a first-order kinetic equation. Eberl and Hower [48]

determined an activation energy of 82.1 +^ 15 kJ.mol for the conversion of

synthetic beidellite (KQ ^ Al 2 Si3 ,f A1 Q -, 0 ^ (0H)2) to mixed-layer

illite-smectite [48]. The runs were carried out in chloride solutions with

no pfl buffer so that the final pH was in the range 3 to 5. Kaolinite was a

common reaction product. The activation energy for acid dissolution of

clay jainerals is in the range 70 to 80 kJ.mol [54,56]. Eberl and Hower

concluded that the activation energy corresponded to breaking of the

chemical bonds in the tetrahedral sheet to allow substitution of Al for
4+

Si . Roberson and Lahann [49,51] pointed out that low pH facilitates the

dissolution of Al and that the activation energy is compatible with a

dissolution-reprecipitation mechanism, with Al supplied by the

destruction of smectite layers (compare Mechanism 2, Section 3.1.3). The

production of kaolinite, when it is destroyed in natural systems, poses a

problem. Eberl and Hower suggested that, in natural systems, excess Al

and K available from the decomposition of feldspar enhance illite

formation at the expense of kaolinite [48].

Roberson and Lahann, in a similar study of Chambers and Polkville

montmorlllonites, determined an activation energy for the transformation to



- 14 -

illite of about 125 kj.mol [51J. They proposed that the discrepancy was

due to different reaction mechanisms. Their experiments were carried out

with the pH buffered at 6 to 8. Electron microscopy revealed no change In

particle size or morphology, suggesting that dissolution was not important.

Silica was released to solution within the first 24 hours of reaction, but
4+

the concentration of Si in solution varied independently of the formation

of illite layers. The activation energy for silica dissolution is much

lower than the 125 kJ.mol observed - Lahann and Roberson quoted activa-

tion energies of about 40 kJ.mol [49]. They suggested that the higher pH

prevented acid dissolution of the clay. The Initial release of silica

produced a silica-depleted montmorillonite, which then underwent recon-

struction by aluminium migration to the tetrahedral sites in the solid

state. The activation energy of 125 kJ.mol may have resulted from this

process, which can he likened to the solid-state diffusion process

(Mechanism 1) described above (Section 3.1.3).

Thus, it is possible that illite may form by either solid-state

reorganisation or a dissolutlon-reprecipitation mechanism, with the chemis-

try of the solution - particularly the pH - the controlling factor. Each

mechanism would have a different rate and activation energy. Eberl calcu-

lated the rate of the transformation as a function of temperature and gives

estimates in the order of 10 000 years at 100°C and 1000 years at 150°C

(using the lower activation energy). It is vitally important to realise

that these rates were calculated for the conversion of pure potassium-

beidellite. All the experimental data available demonstrate the inhibiting
-l_ 2+ 2+

effect of other cations (Na , Ca , Mg ) on the reaction, and evidence

exists that K plays an essential role in promoting the reaction. These

calculations give a maximum estimate of the reaction rate, which will be

slowed considerably - or perhaps even halted at lower temperatures - by the

presence of cations other than K in the system.

3.3 DISCUSSION

It seems that K plays a crucial role in the conversion of

smectite to illite. In experimental runs, reactions are observed at much
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lower temperatures for systems dominated by K than by other cations. In

natural diagenetic systems, the major cation fixed in the smectite-lllite

transformation is K , even though the reacting pore solutions are rich In
+ 2+

Na and Ca . Eberl attributed this simply to the low hydration energy of

K , enhanced by the close fit of the ion Into hexagonal holes in the

tetrahedral sheet, so that K is the first cation to dehydrate as layer

charge builds up. Comparison of the calculated layer charge required for

dehydration and fixation of K+(-O.77/Olo) and Na
+(-0.86/01Q) illustrates

this. (These values correlate well with the layer charge on natural

illites and brammalites.)

Lahann and Roberson, however, suggested that K uptake precedes

and accelerates the formation of the layer charge [49]. They found that

silica dissolution from montmorillonite was enhanced by the presence of

interlayer K and retarded by cations of greater hydration energy, and

proposed that silica transport through the interlayer space is Inhibited by

strongly hydrated interlayer cations.

Layer charge Is developed in the presence of K , which is fixed

as soon as the critical value is reached. Manus and Wallace found two

distinct reservoirs of K in mixed-layer I-S clays with different bond

strengths, which may correspond to fixed and exchangeable cation sites,

suggesting K can be present during the buildup of layer charge [57].

Howard presented evidence that layer charge can develop in the

absence of K [59]. In a study of Gulf Coast sediments, he found that

mixed-layer I-S clays from sandstone laminae had lower illite contents than

those from adjacent shales. On saturation with K , these collapsed to

structures with very low expandabilities, indicating a high layer charge.

Howard argued that layer charge developed at the same rate in sandstone and

shale as a function of temperature, but the availability of K determined

whether or not in*:erlayer collapse occurred. In the shale, K was avail-

able from the dissolution of feldspar. On the basis of this evidence,

Howard proposed a two-step mechanism for the conversion of smectite to

illite, each step with its own rate-limiting process. The buildup of layer
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3+ 3+
charge is limited by the availability of Al , and by the mobility of Al

4+
and Si within the structure. As already discussed, it is possible that

this step could take place either by solid-state rearrangement, or by

dissolution-reprecipitation, depending on pH and the availability of Al

The second step, fixation of the interlayer cation, is limited by the

supply of K , or other cations of suitably low hydration energy.

4. CONCLUSIONS

Existing work on the smectite-illite conversion defines three

main uncertainties regarding smectite stability in a nuclear waste disposal

vault. The first is that of reaction mechanism. Two mechanisms have been

proposed on the basis of geologic and experimental evidence: (i)

dissolution and reprecipitation (with Al derived from destruction of

smectite layers), or (ii) solid-state transformation (with an external
3+

source of Al ) . The two involve significantly different volume changes,

amounts of silica released and reaction rates. It is possible that both

mechanisms may be valid, depending on vault conditions, particularly the pH
3+

and Al availability.

The second uncertainty relates to the cations that are being

fixed in the reaction. Both experimental and geological evidence stress

the importance of K in the conversion of smectite to illite. Regardless

of the details of the role of K , the reaction proceeds at lower tempera-

tures and faster rates in K -dominated systems. This suggests that the

analogy drawn between smectite in shales and smectite in a nuclear waste

disposal vault may not be valid. In shales, K is available from the

dissolution of detrital feldspars and from detrital illite and micas, as

well as from the groundwater. In the disposal vault, the smectite buffer
+ 2+

will be either Na - or Ca -saturated and the shield brines, which appear

to be the most likely groundwater, have very high (Ca + Na )/K ratios.

Some K may be available from the leaching of feldspars in the host rock,

but at 150°C and with the high salinity of shield brines, the effect is not
2+ + +

likely to influence (Ca + Na )/K ratios very strongly.
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Bentonite deposits, which are mainly smectite and have no source

of excess K t are more directly comparable to the disposal vault situation.

In natural systems that are K -poor, for example bentonites [32,37] and

sandstones [58], illite production lags behind that in adjacent shales,

though highly charged layers may develop. Randomly ordered IS phases are

not common in bentonites since the reaction proceeds directly from pure

smectite to a rectorite-like phase. The observation that divalent cations

(and perhaps Na ) promote the formation of ordered phases suggests that
+ + 2+

bentonites may be fixing cations other than K • Na and Ca inhibit the

reaction, and the high temperatures required for their fixation in ordered

phases may indicate a thermal barrier associated with ordering. Thus, it
Of I I

is possible that high (Ca + Na )/K ratios in the disposal vault could

not only slow the reaction of smectite to illite, but could halt it

altogether below a temperature threshold for ordering. (This is more

likely for calcium- than sodium-smectites since randomly interstratified

Na -IS phases can be produced experimentally.)

The third uncertainty is that of defining the rate at which

smectite converts to illite. This is strongly influenced by the chemical

factors discussed above (availability of K and Al , presence of Ca and

Na , pH) and by the reaction mechanism. Diagenesis of shales at low

temperatures proceeds over thousands (or even hundreds of thousands) of

years. Estimates from experimental systems of the time required for the

conversion of pure potassium-smectite to illite are in the range 1000 to

10 000 years for expected vault temperatures. Since the presence of Na
2+and Ca slows the reaction considerably, these are effectively minimum

estimates. The thermal period due to fission products in a fuel recycle

waste package will be cf short duration - 1000 years or less - and it is

unlikely that appreciable degradation of the smectite buffer will occur in

that time. In the case of irradiated fuel, however, the thermal period is

of the same order of magnitude as the estimates of reaction time for

potassium-rich systems, but chemical conditions in the vault are likely to

produce much slower reaction rates. A more thorough understanding of the

mechanisms of the transformation and more accurate estimateB of chemical

conditions in the vault are required before the rate of illite formation in

the vault can be predicted with high accuracy.
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TABLE l(a)

ANALYSES OF TYPICAL GRANITIC

AND GABBROIC GROUNDWATERS
(Concentrations in mg/L)

Rock type

Location

Date of
collection

SiO2

Al

Fe

Mn

Ca

Mg

Na

K

HCO~

SO4-

Cl~

F~

NO"

Total,
as reported

PH

Granite
Elliott ,

City, Md."

1954 Mar 21

39

0.9

1.6

0.0

27

6.2

9.5

1.4

93

33

5.2

0.0

7.5

223

6.6

Quartz
Monzonite,
West of #

Clayton, Md.

1954 Sept 8

27

0.1

0.05

0.00

34

7.3

8.5

3.3

136

20

1.2

0.2

0.2

238

7.5

Gabbro,
Laurel,
Md/

1952 May 23

21

0.3

1.2

0.16

16

10

15

1.5

20

59

25

0.1

2.2

172

5.6

Bushveld
ultramafics
Pretoria
District,
Union of
South Africa

1940 Dec 17

50

-

-

-

9.6

35

5.8

-

168

0.5

14

-

28

311

7.6

Dowling
Well,
Sudbury
Basin,

Ontario*

—

15.7

-

0.05

0.05

21

7.88

30

1.8

18.8

25.4

63

< 0.5

—

187

-

+ From White et al. [13]

* From Fritz and Frape [15]
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TABLE l(b)

ANALYSES OF SELECTED GROUNPWATER SAMPLES

FROM THE CANADIAN SHIELD [17]
(Concentrations In mg/L)

Locality

Depth (m)
PH

Temperature (°C'

Ca

Mg

Na

K

Sr

Fe

Mn

HC03
Cl

so4
Br

sio2

Ca+Mg+Na/K

fellowknife
Northwest
Territories

1 500
5.55
22.5

57 300

920

32 600

495

1 640

18.6

21.8

< 2.0

142 000

< 1.0

1 520

8.0

184

Thompson
Manitoba

1 300
5.00
18.0

28 600

2 490

10 100

59.9

457.0

1.22

3.77

19.0

74 600

6.0

896

6.9

687

Northwestern
Ontario

900
6.50
14.0

1 120

62.5

1 180

9.6

32.2

2.1

0.6

55.0

5 540

2.0

79.0

8.1

236

Sudbury
Ontario

> 1 200
6.80
21.5

65 000

12.0

16 880

122.0

1 390

5.0

1.3

30.6(?)

156 000

138. (?)

1 090

4.1

670
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TABLE 2

IDEAL FORMULAE FOR SMECTITE MINERALS

Mineral

Montmoril.Tonite

Beidellite

Nontronite

Saporite

Hectorite

M0

M0

Mo
Mc

M0

* (Al, ,
• J 1 • /

.3 "2

.3 Fe2

• j J

• 3 3

(si3

(si3

(si3

(Si3

Formula

)

.7

.7

.7

.7

3i4

A10.3>

A10.3>

A10.3>

A10.3>

01()(OH)2 . nH2O

0 1 0(OH) 2 . nF2O

0 1 0(0H) 2 . nH2O

0 1 0(0H) 2 . nH2O

0 1 Q(0H) 2 . nH20

* M = :ia, 1/2 Ca, (K, Mg)
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TABLE 3

COMPARISON OF THE TEMPERATURES AT WHICH THE

MAIN DIAGENETIC REACTIONS OCCUR IN DIFFERENT STUDIES

Temperature

Location

Gulf Coast
Hower et al. [29]

Mancos Shale
Nadeau + Reynolds [32]
Burial metamorphism
Contact metamorphism

B.C. Shales
Foscolos + Kodatna [34]

Disturbed belt, Montana
Hoffman + Hower [33]
Mesozoic - Tertiary shales
Pleistocene sediments

Gulf Coast
Perry + Hower [25]
Low geothermal gradient
High geothermal gradient

Wilcox sandstone (Texas)
Boles + Franks [35]

Rhinegraben
Heling [36]

Discrete
smectite

disappears

60°C
60°C

70°C

40°C-80°C

Allevardite
ordering
(50-65% I)

90°C
(3500 m)

< 100°C
< 150°C

100°C-120°C
140°C

150°C
94°C

100°C

Kalkberg
ordering
(> 75% I)

90-175°C
(3700 m)

140°C
(3100 m)

175°C

170°C
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• Si or Al
° 0

(Si,A()40l0

FIGURE 1: Structure of the Tetrahedral Sheet

•- Al or Mg or Fe
o 0 or OH AI2n{OH)6 DIOCTAHEDRAL

Mg3(0H)6 TRIOCTAHEDRAL

FIGURE 2: Structure of the Octahedral Sheet
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T - O - T

AI 2 Si 4 0 l 0 (0H) 2

Layer charge/OIO= 0

-I[AI2Si3AI 0IO(OH)2]

Layer charge/O|O= -I

FIGURE 3: Structure of T-O-T (or 2:1) Layer


