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STABILITE HYDROTHERMIQUE DES MATERIAUX TAMPONS

À BASE DE BENTONITE

par

R.M. Johnston et H.G. Miller

RÉSUMÉ

Les réactions qu'on attend des matériaux tampons à base de bento-

nite dans les conditions typiques d'une enceinte d'évacuation de déchets de

combustible nucléaire comprennent les transformations minérales (par exem-

ple, smectite en illite; smectite en zéolite) et une série de réactions de

cémentation à basse température. Le rapport examine l'étendue et l'impor-

tance probables de ces réactions et aussi, brièvement, d'autres réactions de

sables de remblayage proposés. Les effets de transformations minérales sur

le comportement des matériaux tampons seront insignifiants si les tempéra-

tures de l'encei'ite d'évacuation ne dépassent pas 100-120°C et si le pH

reste entre 4 et 8. A un pH > 9, la zéolitisation et une dissolution de la

silice pourraient avoir lieu et la stabilité des matériaux tampons ne pour-

rait être assurée. Les effets des réactions de cémentation pourraient être

importants mais ils sont difficiles à prédire et exigent d'autres études.
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HYDROTHERMAL STABILITY OF BENTONITE-BASED BUFFER MATERIALS

by

R.M, Johnston and H.G. Miller

ABSTRACT

The reactions expected in bentonite-based buffer materials under

conditions typical of a nuclear fuel waste disposal vault include mineral

transformations (e.g. smectite to illite; smectite to zeolite) and a range

of low-temperature cementation reactions. The probable extent and signifi-

cance of these reactions are reviewed, and other reactions involving pro-

posed filler sands are also examined briefly. The effects of mineral trans-

formations on buffer performance will be insignificant if disposal vault

temperatures do not exceed 100-120°C and pH remains in the range 4 to 8. At

pH > 9, zeoiitization and silica dissolution may occur and buffer stability

cannot be assured. The effects of cementation reactions may be significant,

but are difficult to predict and require further investigation.
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1. INTRODUCTION

In the Canadian Nuclear Fuel Waste Management Program, a multi-

barrier approach to the disposal of nuclear fuel wastes is being assessed.

The present concept involves the encapsulation of either used fuel or

immobilized fuel-recycle wastes in corrosion-resistant containers and

disposal of these at a depth of 500 to 1000 m in a stable granitic or

gabbroic pluton in the Canadian Shield [1,2]. Both borehole and in-room

emplacement in the disposal vault are being evaluated. The waste

containers will be surrounded by a clay-based buffer, and the remainder of

the vault backfilled. The only plausible pathway for migration of radio-

nuclides to the biosphere is via groundwater, and the buffer provides a

primary barrier in retarding the movement of groundwater around the

containers. The possibility exists of modification of buffer materials by

hydrothermal alteration. Proposed buffer materials include bentonite clays

mixed with a sand filler. This report examines reactions involving

bentonite-based buffer materials under disposal vault conditions and

assesses their potential effects on buffer performance.

2. BUFFER COMPOSITION AND PROPERTIES

To assess the effects of hydrothermal reactions on buffer

performance, the properties of the undisturbed system must first be

defined. At this stage a specific buffer material has not been chosen;

hence, buffer composition and properties can be discussed only in general

terras.

The buffer is considered to be both a physical and a chemical

barrier to radionuclide migration. Characteristics required of buffer

materials include

(a) hydraulic conductivity low enough to impose diffusive control on

mass transport;
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(b) high sorptive capacity, to retard radionuclide migration;

(c) high thermal conductivity, to dissipate effectively the heat

generated by radioactive decay;

(d) sufficient strength to support the container;

(e) sufficient plasticity to deform around the container in the event

of movement of either the container or the surrounding rock mass;

(f) swelling properties, allowing expansion of the buffer to fill

cracks and fractures in the surrounding rock;

(g) provision of an environment that is chemically benign for the

waste form and the container.

All these properties must be retained for the useful lifetime of the

vault [2].

Bentonite, a highly colloidal plastic clay composed mainly of the

swelling clay minerals (smectites), has been proposed as a suitable buffer

material due to its high cation exchange and sorptive capacity, its

plasticity and ability to take up water and to expand [3]. Natural
+ 2+

bentonites usually have either Na or Ca as the dominant exchangeable

cation on the smectite. Na-bentonites have higher swelling capacities than

Ca-bentonites, but both are being considered as possible buffer materials.

Addition of up to 50% (by weight) of a sand-sized filler to

bentonite improves strength and thermal conductivity and decreases

shrinkage on drying, without significantly reducing swelling capacity or

increasing hydraulic conductivity at moderately compacted densities [4] .

The present concept involves emplacement of the buffer as a virtually

saturated sand/bentonite mixture, with 50% to 75% bentonite, compacted to a

dry density between 1.5 and 2.0 Mg/m , depending on clay content and

whether Na- or Ca-bentonite is used [4].
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The actual buffer materials used in a waste disposal vault will

be site-specific, chosen for both optimum chemical properties with respect

to the host rock, and economic viability. Three bentonites have been

selected as reference materials for study in the Canadian Nuclear Fuel

Waste Management Program: a Ca-bentonite (Filtaclay 75) and two Na-

bentonites (Avonseal and Avongel) [5]. The primary requirement for the

filler material is a suitable grain size distribution, and materials as

chemically diverse as silica sand and crushed and graded granitic or

gabbroic host rock are being considered. Reference filler materials are

Wedron graded white silica sand and crushed Lac du Bonnet granite from the

Cold Spring Quarry, Manitoba [6]. A fine to medium grain size is required

(0.04 to 2.0 mm diameter).

2.1 COMPOSITION

2.1.1 Bentonite

Bentonites consist mainly of smectite (90-98% by volume), usually
+ 2+ 3+

montmorillonite. The exchangeable cations may include K , Mg and Al ,
+ 2-f

but Na and Ca are the most common. The exchangeable cation population
2+

in a so-called "Na-bentonite" may consist of up to 30% Ca ; similarly, a

"Ca-bentonite" may consist of up to 30% Na . Exchangeable cation

compositions for the reference bentonites are given in Table 1.

A wide variety of impurities is invariably present in bentonite

(Tables 2 and 3). Many of these are not crystalline enough, or are present

in amounts too small, to be detected by X-ray diffraction. Their lack of

crystallinity renders them comparatively soluble and reactive, so that

their effect on the overall chemistry of the system can be much greater

than their abundance would indicate. For instance, the silica contents of

solutions contacted with Filtaclay 75 (Ca-bentonlte) approach levels

consistent with amorphous silica solubility, rather than montmorillonite
2+ 2-

solubility, and Ca and SO, levels are consistent with gypsum solubility.

The amounts of impurities present are usually low enough that, while they

have a large effect on the composition of dilute solutions, they do not

significantly affect the composition of saline brines [7].
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2.1.2 Filler Material

The sand-sized filler material is added to bentonite-based

buffers to improve physical properties so its chemical composition is

considered to be of secondary importance. Possible compositions vary

widely. Pure silica sand has been suggested, as it is relatively inert.

It is possible that additives to the buffer, included to satisfy a

particular chemical requirement, could be made in the form of sand-sized

filler. For instance, if it is considered necessary to maintain a reducing
2+environment in the disposal vault, Fe could be added to the buffer as

magnetite filler sand, to counteract the effects of radiolytic production

of H-0. (see Section 3.4). A third possibility is the use of crushed and

graded host rock as a filler material. The potential economic advantages

of such a choice are obvious. Furthermore, it provides a filler material

that is in equilibrium with the rock wall of the vault, thus minimizing

the likelihood of chemical interaction. Both granitic and gabbroic host

rocks are being evaluated as filler materials. Minerals present in each of

these are given in Tables 4 and 5. The variation in the mineral and

chemical compositions of granitic and gabbroic rocks is great and no

detailed evaluation of properties or long-term stability is possible until

a composition is specified.

2.2 PROPERTIES

2.2.1 Cation Exchange and Sorptive Capacity

Cation exchange capacities (CECs) of bentonite are In the range

0.6 to 1.5 mol(+)/kg. Cation selectivity is a complex function of pH,

temperature, and cation and anion populations, but in general the

selectivity coefficient for an ion Increases with valence and decreases

with hydrated radius. The CECs of bentonite/sand mixtures are proportional

to their bentonite contents (since the sand fillers have very low CECs),

and so will be in the range 0.3 to 0.8 mol(+)/kg for a 50% bentonite

mixture.
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In addition to interlayer cation exchange sites, clays display

considerable sorption on defect, edge and surface sites. Kaolinite and

illite, which have no structural exchange sites, have CEC values of 0.1 to

0.4 mol(+)/kg. By comparison, up to 20% of the CEC of smectites aiay be due

to these "non-structural" exchange sites. Such sites are less restrictive

in terms of size and charge of the ion, and thus may be more effective in

sorbing large, highly charged radionuclides.

Sorption by amorphous materials, such as Fe-oxyhydroxides and, if

crushed rock is used as a filler, Fe-bearing minerals, may also be

important, since these have a high affinity for rare-earth elements and

transuranics [8].

2.2.2 Hydraulic Conductivity

The hydraulic conductivity of bentonite/sand mixtures depends on

clay content, extent of compaction, and whether the mixture is dry or

saturated. When saturated, the hydraulic conductivity of 50:50
-12 -13

bentonite:sand mixtures may be as low as 10 to 10 m/s. This could
_o

increase to 10 m/s when the buffer is dry [9].

2.2.3 Swelling Capacity

The swelling properties of the buffer will depend on the amount

of clay present, the extent of compaction, and the interlayer cation

present in the smectite. At moderately compacted densities, Ca-smectites,

which will accept only two water layers in the interlayer space, generate

only about one-half the swelling pressure of Na-smectites [10], which

continue to swell as water content increases, forming a gel at high water

contents. Anticipated swelling pressures for bentonite/sand buffer

materials are in the range 0.5 to 2 MPa [11].
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2.2.A Thermal Conductivity

The thermal conductivity of saturated bentonite/sand mixtures

increases with sand content from about 0.8 W/(m*°C) for 100% bentonite to

1.6 W/(m*°C) for a 50% bentonite mixture [9].

2.2.5 Diffusion Coefficients

Rates of ionic diffusion in bentonite/sand mixtures are not well

defined. Measured effective mass diffusion coefficients (EMDC) for ions in
3

pure bentonite compacted to a dry density of 1.75 Mg/m are in the range
—11 —13 2

10 to 10 m /s [12]. Theoretical EMDC values do not take into account

retardation due to Sorption, and are often higher than observed values.

Cheung et al. [13] differentiated between diffusion in surface water (D - 4
— 12 2 —9 2

x 10 m /s) and in pore water (D - 4 x 10 m /s) and predicted a total
—10 2

EMDC of 3 x 10 m / s for bentonite compacted to a dry density of

1.75 Mg/m . The range of EMDC values used in the current SYVAC model used

to assess the Canadian nuclear fuel waste disposal concept is 0.001 to
? — 10 ft 9

0.1 m /a, i.e., 3 x 10 to 3 x 10 m / s [14].

3. DISPOSAL VAULT CONDITIONS

Conditions prevailing in the disposal vault will play a major

role in determining which reactions occur in the buffer. The most

important parameters are temperature and groundwater composition. The

effects of radiation fields must also be assessed. Conditions are expected

to vary with time. In the period prior to, and immediately following,

vault closure, transient conditions will exist in the near field due to the

competing influences of thermal drying adjacent to the containers, and

reflooding of the vault as the water table is re-established. These

transients are likely to be relatively short-lived and steady-state

conditions could be established within 100 years or less. Such relatively

short-lived transients will have little effect on the long-term

hydrothermal stability of the buffer.
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3.1 TEMPERATURE

The temperature will increase in the vault due to radioactive

decay; however, the temperature rise can be controlled quite precisely by

varying the container emplacement density and vault geometry, since

the radionuclide inventory, and hence heat output, is well known for each

waste type. The localized corrosion of Ti may limit the temperature at the

container surface to 100°C if ASTM Grade-2 Ti containers are used [15].

This corresponds to an average vault temperature of about 80 C. In the

Canadian program, the maximum temperature at the container surface is

assumed to be 150 C, with corresponding vault temperatures of 100 to 120 C

[2]. The ambient temperature at 1000 m depth in the Canadian Shield is

15°C.

For immobilized fuel-recycle waste, the temperature transient is

dominated by the decay of short-lived fission products and is relatively

short. The maximum temperature rise occurs within 100 years, and assuming

an average temperature increase of 100°C (giving a vault temperature of

115°C), the vault temperature will fall below 50°C in less than 1000 years

(see Figure 1) [1].

The temperature rise for immobilized used fuel depends on both

the short-lived fission products and the long-lived Am and Pu. The

temperature transient thus has two maxima, the first at 50 to 100 years,

the second at about 10 000 years. In this case the vault temperature will

decrease to 50°C in less than 100 000 years (Figure 1) [1].

The exact shapes of the temperature-time curves and the time of

occurrence of the maxima depend on vault loadings and geometries,

waste-form composition and container emplacement geometry.
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3.2 GROUNDWATER COMPOSITION AND pH

Although shallow groutidwaters in equilibrium with granitic and

gabbroic rocks are usually of the Na-HCO- type with low total dissolved

solids (30-100 tng/L), recent investigations have shown that groundwaters at

depths greater than 500 m in the Canadian Shield are frequently highly

saline. These brines are dominated by Ca-Na-Cl , with total dissolved

solids as high as 200 g/L. Selected analyses are given in Table 6 [16,17].

The pH of most natural groundwaters is near neutral. However,

interaction of groundwater with bentonite may modify the pH. Bentonites

are known to buffer pH in the mildly alkaline region, due to smectite

exchange reactions involving H , for example:

Na-smectite + H + + Na+ + H+-smectite.

+ + 2+
Here H replaces Na more readily than Ca (due to the higher charge of
2+

Ca ) resulting in a higher pH (̂  9.5) in the presence of Na-smectite than

for Ca-smectite (pH ^ 8.5). In the presence of saline brines, H exchange

is suppressed due to increased cation activity, and the pH increases only

slightly.

The reaction of Ca-smectite (Filtaclay 75) with distilled

deionized water or saline solutions at temperatures greater than 150°C

resulted in a rapid decrease in final solution pH (measured at 25 C) [18].

The extent of the pH decrease was dependent on temperature and on the

interlayer cation, but a pH as low as 3 was observed for Ca-smectite

slurries after heating to 275°C. Gerstl and Banin [19] observed a similar,

but much slower, pH decrease for a Ca-bentonite slurry at 30 C, having an

Initial pH of 8.5. A steady-state pH of 4 was established within 25 d.

It appears that the alkaline buffering capacity of smectites

cannot be assured for extended time periods, or at elevated temperature.

The reactions controlling pH are likely to be complex, and may depend to a

greater or lesser extent on reactive impurities in the bentonite. In this
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case, the final pH would be specific to each clay. It seems likely that

hydrolysis reactions could play an important role, particularly the release

of H during Al hydrolysis and the formation of Al-hydroxy interlayers in

smectite.

The pH of the system has important repercussions for the type and

extent of hydrothermal reactions expected in the buffer, and warrants

further study.

3.3 PRESSURE

Hydrostatic, rather than lithostatic loads, are expected to

control pressure in the vault. At 1000 m depth, the hydrostatic pressure is

about 10 MPa. In the event of an additional lithostatic load, the pressure

is not expected to exceed 30 MPa [1]. The time taken for the hydrostatic

pressure to re-equilibrate after excavation and backfilling of the vault is

not known. Low hydraulic conductivity of the buffer may retard pressure

transfer, allowing development of a pressure gradient through the buffer.

If a low-pressure zone exists around the container, and the temperature

rises above 100 C, there is a possibility of producing a steam envelope.

At 150 C, steam is produced only at pressures less than 0.5 MPa [20]. It is

unlikely that such conditions would persist for a significant length of

time.

3.4 RADIATION FIELDS

Radiation fields in the vault will be due solely to y-radiation

until container failure and waste-form dissolution occur, releasing a- and

6-emitters to groundwater. The y-ray dose rate in the buffer will depend

on container thickness. Christensen et al. [21] found that increasing a

copper container thickness from 1 cm to 20 cm reduced the dose rate by a

factor of about 10 . For thin-walled Ti containers, y-radiation fields at

the container surface are only slightly less than for unshielded fuel

bundles (in the range 10-40 Gy/h) [22]. The main contributor to the y-ray

dose rate is Cs-137 (t.,„ = 30.2 a), so that within 300 years the

y-radiation will have decayed to very low levels.
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Gamma radiation fields have no apparent effect ca clay
Q f\f\

structures. Krumhansl [23] exposed bentonite to 10 Gy of Co

Y-radiation, which is far higher than the integrated dose to the buffer in

a disposal vault, and observed no changes at all to the solid phases. A

far more important effect is that of Y-radiolysis of water present in the

buffer. Ganma radiolysis produces both oxidising and reducing species.

The main molecular reducing species produced, H-, is sufficiently inert at

temperatures below 150°C that it will diffuse away without causing

significant reduction. The oxidising species produced, such as OH* and

H~0„, are chemically active and will result in oxidation of available
2+

components, such as Fe . Garisto [24] calculated the H_0~ production for

0- and y-radiolysis of water in the presence of a used fuel container, and

found that a steady-state concentration of about 10 mol/L H„0„ would

be attained within a day, and that this level would decrease to about

10"L mol/L H2O2 by 10 years.

The H« production is of the same order of magnitude, but is
2 +

strongly dependent on the availability of OH* scavengers (e.g., Fe ).
2+

Increasing the Fe concentration by a factor of 10 increases H~ production

by a factor of 3 to 4 [21].

Like y-fields, ß-fields are produced mainly by short-lived

fission products, and will decrease to very low levels within 300 years.

Since g-radiation is completely shielded by the containers, radiolysis or

structural damage due to 8-radiation will be negligible.

?39
Alpha radiation arises mainly from the decay of ~ Pu

( t l / 2 = 2*4 X 1C)4 a)> 2 4 ° P u ( t l / 2 = 653? a) and 24lAm ( t l / 2 = 432 a)> so

that the removal of Pu via fuel reprocessing results in much lower

a-activity than for used fuel. Since the range of an a-particle in water

is only 20 to 30 um, the effects of a-activity are important only after

breaching of the waste container. Target container lifetime is about 500

years, but the average lifetime could be much longer than this in the

absence of localized corrosion [25].



- 11 -

Considerable damage to phyllosilicate structures can be caused by

a-particles, as seen in the formation of pleochroic haloes around zircons

in micas. Haire and Beall [26] exposed kaolinite, attapulgite and

raontmorillonite to intense a-fields (6 x 10 a/minVg; 6.6 MeV a).

Considerable damage to clay structures was observed using scanning electron

microscopy, but the sorptive capacity of the clays was not affected. Due

to the limited range of a-particles, buffer materials will be subjected to

a-particle damage only in the event of significant transport of Pu and Am

into the buffer, which is highly unlikely in view of their very low

solubilities.

The effects of a-radiolysis of water are somewhat different than

those of Y-radiolysis, due to the high linear energy transfer of

a-particles. High concentrations of radicals in the a-particle tracks

result in rapid recombination reactions, so that production of I^Oj and l^

far exceeds that of radicals. I^C^ production could be as high as 175

moles ï^C^ per used fuel container in 10 000 years [27] and will have a

very significant effect on redox conditions. The H„ is assumed to diffuse

away without significant reaction.

The solubility of HL at 25°C is approximately 0.75 x 10 mol/L.

If this solubility is exceeded, H„ may migrate away in the gas phase.

Pusch [28] has investigated gas conductivity in compacted bentonite and

found that it is the same order of magnitude as hydraulic conductivity and

the gas apparently flows without major displacement of H„0, through

"capillary" passages.

The major reactions controlling smectite stability are not

significantly affected by redox conditions. The most important effect of
2+

oxidizing conditions on the buffer is the oxidation of available Fe ,

which could enhance the formation of Fe-oxyhydroxide coatings and cements.

There are significant advantages, in terms of waste-form and container

durability and radionuclide migration, in retaining a reducing environment
2+

in the vault. It has been proposed that Fe , as magnetite or an

Fe-silicate, could be added to the buffer in amounts sufficient to balance
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the production of H?0~. Preliminary estimates indicate that up to 30% by

weight of magnetite could be required [27]. In this case, redox reactions
2+ 3+

would play a very important role In buffer reactions. The Fe /Fe

reaction? are discussed in Section 4.6.

3.5 WASTE EMPLACEMENT GEOMETRY

The concepts of in-room and borehole emplacement are illustrated

in Figure 2 [2]. Emplacement geometry will have little effect on

hydrothermal stability of the buffer. For borehole emplacement, the

proposed annular buffer thickness is 0.25 m. For in-room emplacement,

buffer thickness depends on container geometry, but could be considerably

greater. Any reactions that are controlled by the rate of ingress or

egress of groundwater constituents through the buffer may be retarded by

the increased thickness.

4. BUFFER REACTIONS

The presence of groundwater and elevated temperatures will

promote hydrothermal alteration of both bentonite and the sand filler

present in the buffer. A variety of reactions are possible, depending on

temperature and groundwater pH and composition. Evidence from both

geological examples and laboratory experiments has been used to predict the

type and extent of reactions expected.

4.1 CATION EXCHANGE

Cation exchange between bentonite and groundwater will modify the

exchangeable cation population of the bentonite. Exchange reactions are

favoured by concentrated solutions, such as saline brines. In Na-Cl
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solutions, the sodium absorption ratio (SAR) for smectites (i.e., fraction

of exchange sitetetes occupied by Na) can be approximated by

SAR

where x is the fractional concentration of the species in solution. For

Ca-rich brines, SAR will be low. For example, the Standard Canadian Shield

Saline Solution has a SAR of about 0.3. Assuming that the groundwater

represents an essentially infinite reservoir with respect to the buffer,

then both Na- and Ca-saturated bentonites in contact with such a

groundwater will move towards an equilibrium exchangeable cation population
+ 2+

with about 25% Na , 75% Ca . Exchange reactions are virtually

instantaneous, and are not strongly temperature dependent, so the rate of

equilibration is controlled by the rate of access of groundwater to the

buffer. If the buffer is emplaced dry, or dries during the pre-closure

period, rewetting will initially be controlled by the hydraulic conduct-
—8

ivity of the dry buffer (about 10 m/s) and will take place relatively

rapidly. However, the rate of movement of the wetting front will decrease

with time. If the buffer is saturated, the hydraulic conductivity is low
—12 -13

(10 - 10 m/s) and diffusion will control the access of cations to the

buffer. Assuming saturation with low-salinity water, a concentration

gradient will be established from low (approximately zero) concentrations

in the buffer adjacent to the container to high concentration in the brine

at the buffer/rock interface. For borehole emplacement of containers with

a buffer thickness of 0.25 m, the change in relative concentration with

time as diffusion proceeds can be calculated [29] from

C- =erfc
C„ I 2 Dt

where Cl/C
o
 = relative concentration at distance x

D = diffusion coefficient
t = time



- 14 ~

and erfc(ß) = 1 - erf(ß)

= 1 / e dt

Relative concentration versus time is plotted for a range of diffusion
—ft ?

coefficients in Figure 3. For D = 10 m/s and x = 0.25 m, the

concentration in the buffer adjacent to the container approaches that in

the brine within 50 years and exchange reactions can be expected. For
-12 2

D = 10 m /s, it takes 50 000 years for the concentration to reach the

same level.

Smectites that are nominally Ca-saturated always contain

appreciable amounts of Na and vice versa (Table 1). Saturation of
2+

Ca-smectite with Ca-Na brines in which Ca predominates will have very

little effect. Saturation of Na-smectite with similar brines may result in
2+

sufficient exchange, so that Ca becomes the dominant cation in

determining swelling behaviour. Reported swelling pressures for

Ca-smectites are only about one-half those for Na-smectites, at moderately

compacted densities [10].

The presence of Ca in the interlayer space has been observed to

retard the conversion of smectite to illite about 10 times more efficiently

than Na [30] (see Section 4.2), so increasing the Ca content is

advantageous in terms of smectite stability. Most other properties of

smectites are independent of the interlayer cation.

4.2 SMECTITE TO ILLITE CONVERSION

The most commonly observed reaction involving smectite, in both

geological and experimental systems at temperatures up to 300 C and

moderate pH, is the transformation to mixed layer illite-smectite, and

eventually, to illite. The evidence for the conversion is extensive, and

has been reviewed elsewhere [31,32]. The reaction sequence observed in the

diagenesis of shales, and low-temperature hydrothermal systems (v/ith
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approximate temperature ranges) is as follows:

Smectite

50-100°C

Randomly interlayered illite/smecuite (< 65% illite)

9O-15CTC

ISIS ordered illite/smectite (50-80% illite)

140-175 C

IIS ordered illite/smectite (75-85% illite)

200°C

Illite

The formation of illite from smectite requires two steps:

(i) Increase in the charge on the smectite layer from -0.3 to

-0.7 per structural unit unit (0lf)), usually by
3+ 4+

substitution of Al for SI

(ii) Dehydration and fixation of the interlayer cation, usually

3+
If Al is supplied from an external source (Al-oxyhydroxides,

dissolution of feldspar), the reaction can be described by

Na-smectite + K+ + Al 3 + - K-illite + Na+ + Si4+ + (Mechanism 1)

Alternatively, Al could be supplied by the destruction of the

clay layers themselves. In this case the reaction consumes more smectite

than it produces illite, and can be written [33]



smectite + K+ + lllite + Sl4+ (Mechanism 2)

where the ratio of smectite consumed to illite produced is about 1.6:1
4+

Mechanism 2 releases over four times as much Si as Mechanism 1. No

consensus has been reached on which mechanism is most likely for a £iven

set of conditions. Isotopic evidence [34] suggests that K in diagenetic

illite in shales is derived from the breakdown of detrital feldspar, but
3+

the Al source could vary.

Where K is abundant, the development of layer charge is the

rate-determining step, and it is strongly temperature dependent. Eberl and

Hower [35] conclude that the kinetics of the reaction are first-order, and

calculate an activation energy (EA) of 82 ± 15 kJ/raol for the conversion of

synthetic beidellite to mixed-layer illite/smectite in KC1 solutions with

final pH in the range 3 to 5. Roberson and Lahann [30] calculated a higher

activation energy of 125 kj/mol for similar systems in which the final pH

was buffered at 6 to 8. They suggest that a higher pH suppresses acid

dissolution of the clay, and imposes a slower, solid-state diffusion

mechanism- A temperature versus reaction-time curve for conversion of

beidellite to 80% illite mixed-layer clay is given in Figure 4 [35]. For

K -rich systems, the minimum estimate for conversion to 80% illite is

around 10 years at 100°C and about 500 years at 150 C (using E. =

82 kJ/mol).

These rates are much faster than those indicated by shale
+ + 2+ 2+

diagenesis. The presence of cations other than K (e.g. Na , Ca , Mg )
+ 2+retards the reaction significantly. The inhibitory strength of Na , Ca

2+
and Mg on the rate of conversion of smectite to illite was found to

increase in the ratio 1:10:30 [30]. The pre-exponential factor in the
-I-

Arrhenius equation is reduced from about 3000 for pure K solutions to

s 0.2 to 3.0 [36] for mixed cation systems, with a corresponding change in

rate constant of several orders of magnitude. Calculated conversion times

are increased to about 10' years at 100°C, and about 500 000 years at

150 C. These are more consistent with the rates observed in the geological
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column. Howard [36] calculated reaction rates using heat flow and

sedimentation rates of sequences in the Texas Gulf and estimated that 2 to

5 smectite layers per 100 react to form illite in 10 years, so that

complete conversion would require about 40 million years.

Dehydration and fixation of cations other than K can occur,

yielding Na- and Ca-illites, but these are rarely observed in nature. A

greater layer charge is required to overcome the higher hydration energies
+ 2+ +

of Na and Ca , so any available K will be fixed first. Na- and

Ca-illites have been produced in laboratory studies, but required

temperatures considerably above those for the formation of K-illite. In

K -poor systems, such as bentonites and sandstone, the supply of K becomes

the rate-controlling step. In this case a highly charged beidellitic

smectite forms, which will collapse in the presence of K . Aliraner [37]

calculated diffusion rates for K through bentonite of about 1 m in

10 years.

Trioctahedral smectites are less susceptible to alteration than

dioctahedral [38] and there may be an advantage to using saponite- or

hectorite-rich clays rather than montmorillonite.

In summary, although reaction rates for the amectite-illite

transformation are not well defined, the following general points can be

made :

(i) For pure K systems, with no competing cations,
4

appreciable reaction can be expected within 10 years at

100°C, or 500 years at 150°C.

(ii) If K is present, but competing with other cations such as
+ 2+

Na and Ca , reaction times are increased by several

orders of magnitude, and are estimated to be 10 to 10

years (at 100°C), and 104 to 106 years (at 150°C).
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(ili) In the absence of K , the reaction rate depends on the

diffusion rate in bentonite, estimates of which vary from
_o 9

1 m in less than 500 years (D = 10 m /s, Figure 3) to

1 m in a million years [37]. Here, the time taken for

diffusion must be added to reaction times, resulting in a

total time for the transformation of more than 10 years

at 100°C.

+ 2+
In a disposal vault, Na and/or Ca will always be present in

both the bentonite and the groundwater. Even if groundwaters are dilute
+ 2+ +

rather than saline, the abundances of Na and Ca relative to K are

sufficiei.c tc- ratard the reaction. For brinas expected in the Canadian

Shield, the inhibiting effect will be very large. The temperature

transient for disposal of fuel-recycle wastes is sufficiently short

(T decreases to < 50 C in less than 1000 years) that no appreciable

conversion is expected. For used fuel disposal, the time period of

elevated temperatures (J> 10 a) is of the same order of magnitude as the

estimated conversion times. If crushed granitic sand is used as a filler

material with the bentonite, dissolution of K-feldspar could provide

sufficient K to promote the reaction. Eberl [39] suggested that smectite

may enhance feldspar dissolution. Assuming K is available, but in

competition with Na and Ca in brines, at 100°C less than 10% of the

smectite is expected to convert to illite in 10 years. For vault

temperatures of 150 C, reaction rates may be sufficiently enhanced that

significant amounts of illite could form. Complete conversion of smectite

to illite is rarely observed at temperatures below 200 C, and the final

reaction product at 150 C will retain at least a 20% smectite component.

The effects on buffer performance of conversion to a mixed-layer

illite-smectite with 10% illite will be negligible, restricted to a 10%

reduction in CEC and swelling capacity. Conversion to an 80% illite raixed-

layer clay could have a more significant effect. However, some swelling

pressure will be retained and since illite has some CEC (0.1-0.4 mol(+)/kg),

the CEC of the mixed-layer clay will still be considerable. Sorptive

properties (as opposed to CEC) may change very little. Illite is being
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considered in its own right as a buffer clay [2,5], its only disadvantages

compared to smectite being lack of swelling properties and a lower CEC.

Thus, the presence of illite would not significantly compromise buffer

performance.

Volume changes may occur during the sraectite-illite conversion

due both to release of interlayer water and a change in density of the

solid products. Dehydration associated with the transformation is somewhat

analogous to drying at 105 C, but is irreversible. However, unlike drying,

the water released during transformation of smectite to illite is retained

in the clay pores. The volume change due to smectite dehydration during

drying is strongly dependent on water content, and for bentonite without

admixture, 15% shrinkage occurs (for 30% initial water content). With 50%

sand filler added, no apparent volume decrease was observed on drying [4].

For a ;.and-smectite mixture, water release during illitization may result

in an overall porosity increase, but should not cause shrinkage and

cracking since a swelling pressure is retailed.

Illitization also involves the release of silica. Depending on

the reaction mechanism, large amounts of free silica could be evolved and

either precipitated as a silica cement or be transported in solution,

resulting in a volume decrease. Reactions involving silica mobilisation

are di .cussed in Section 4.4.

4.3 SMECTITE TO ZEOLITE CONVERSION

Clay-zeolite assemblages are common in low-temperature hydro-

thermal and diagenetic sequences. Zeolites are stable only in alkaline
2+

systems, where Ca or alkali activity is high [18]. Although zeolites are

commonly observed to form glass precursors under mildly alkaline

conditions, formation of zeolites from clay mineral precursors can rarely

be demonstrated except where pH is sufficiently high to promote clay

dissol ition (pH > 9). Zen [40] suggests an evolutionary relationship

between zeolites and glass, and it is possible that the large structural

rearrangement required in producing zeolites from phyllosilicates is
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kinetically unfavourable. The transformation of buffer materials to

zeolites is likely only if groundwaters in the vault are quite strongly

alkaline. Present indications are that mildly acidic conditions will

prevail (Section 3.2). Extensive use of Ca-rich concrete as grouting,

seals or bulkheads could result in alkaline groundwaters in the vault due

to dissolution of CaO, increasing pH to 10-12. Under these conditions,
2+ +

high Ca and Na activity in shield groundwaters would favour zeolite

formation.

The kinetics of zeolite formation are strongly dependent on pH

and temperature. Activation energies for zeolite crystallisation, based on

linear growth rates at 50 to 100°C, are in the range 40 to 60 kj/mol [41],

suggesting an interface-controlled process. The nucleation rate was found
_ 2 — 1 75

to be proportional to [OH ] and growth rate to [OH ] * . The increase in

rate with alkalinity is attributed to the greater concentration of species

in solution.

The observed dependence of rate of zeolite formation on pH is

consistent with rates observed in nature. Conversion of volcanic tuffs to

zeolites in saline alkaline lakes with pH about 9.5 occurs in 10 to
4

10 years [42]. Estimates for the formation of zeolites in deep sea

sediments at temperatures of 10 to 30 C, and pH 8, vary from 10 to 10

years [43], although the increase in zeolite content of deep sea sediments

from Rec«nt to Miocene times suggests that equilibrium requires periods in

excess of 10 years. Pusch [44] examined the effect of interaction between

concrete and highly compacted bentonite at 10 to 20°C and concluded that a

maximum of I cm of clay buffer would undergo zeolitization in 500 to 1 000

years.

Increasing temperature increases the rate of zeolitization

considerably. From the Arrhenius equation, for an activation energy of

50 kJ/mol, increasing the temperature by 100 C increases the rate constant
3

(and deceases reaction time) by a factor of about 10 . Thus, at. either

elevated temperature or very high pH, zeolite formation is relatively rapid
3

a'id appreciable reaction could occur in as little as 10 years.
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The variety of possible zeolite structures and compositions is

extensive, and it is not possible to predict with certainty which zeolite

will form in a given system. Although certain cations favour specific

structural types, cation substitutions are extensive and Si/Al and 0/H„0

ratios are more important in determining zeolite parageneses. In general,

Si/Al ratios of zeolites reflect those of the parent material so that

low-silica types, such as analcime, phillipsite and natrolite are expected

to form from smectites that have Si/Al ratios in the range 1.5 (beidellite)

to 2.5 (monttnorillonite). Thus, zeolitization is not expected to release

large amounts of either silica or alumina.

Zeolites have 0/H„0 ratios between 2 and 6, and total water

contents of 10 to 20%, fairly similar to those of smectites. A 1.2-nm

smectite with one lnterlayer water sheet has about 4H_0 per structural unit

(0 , Q ) , giving O/H^O = 2.5, and bentonite water contents at atmospheric

conditions are in the range 10 to 30%. Like smectites, zeolites exhibit

reversible dehydration at low temperatures (< 300 C), and the two mineral

groups have similar capacities for water uptake, although zeolites exhibit

no swelling behaviour. At low temperatures (50-100 C), hydrous zeolites

such as erionite, mordenite, faujasite and chabazite are favoured.

Zeolites have higher alkali contents than smectites. The ratio

Z/T (where Z = Na+, K+, l/2Ca2+ etc., T - Al3+, Si4+) is about 0.05 for

smectites and in the range 0.5 to 0.1 for zeolites. Cation exchange

capacities of zeolites are very high, 2 to 6 raol (+)/kg (see Table 7) [45].

The cations are loosely bound in channels in the aluminosilicate framework.

The size of the channel varies with zeolite type (Table 7) and imposes size

restrictions on ions that can be accepted into the structure. This results

in ion sieving and very selective cation exchange for some zeolites. For

instance, analcime will exchange Na for Rb (ionic radius = 0.149 nm) but

not for Cs (ionic radius = 0.165 nm) [46]. While the presence of certain

zeolites could increase selectivity for some radionuclides, there is no way

of ensuring that the appropriate structure type will be produced. Zeolites

favour cations with low hydration energies, and their selectivity for

raultivalent ions is low.
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Zeolites are open framework structures with much lower specific

gravities (1.9 to 2.3, Table 7) than smectites. (The specific gravity of

montmorillonite is estimated to be about 2.8 [6]). The transformation of

smectite to zeolites could produce an overall volume increase. Void volume

comprises as much as 50% of the zeolite structure, so porosity is higher

than for smectite, and zeolite formation could result in a somewhat

increased permeability. Zeolites are rigid framework silicates, with no

swelling capacity. They are sometimes found as cements in sandstones [47],

and it is possible that they could reduce the plasticity of the buffer by

acting as a cement between the sand-sized filler material.

4.4 SILICA CEMENTATION

The buffer in a nuclear fuel waste disposal vault is likely to be

very silica-rich and silica mobility will play an important role in long-

term buffer performance. Silica can arise from the following sources:

(i) Quartz and amorphous silica impurities in the bentonite, which

may be as much as 10% by volume (i.e. 5% by volume in a 50:50

sand/bentonite mix).

(ii) Sand-sized filler in the buffer. This may be pure quartz sand,

or crushed granite (10-50% quartz by volume), or crushed gabbro

(< 10% quartz).

(iii) Wall rock.

(iv) Smectite/illite transformation (see Section 4.1). Mechanism 2

releases up to 2 moles SiO, per mole of smectite transformed,

corresponding to about 30% of the original volume (assuming a

molar volume of 140 cm for dehydrated smectite, equivalent to
3

that of muscovite, and 23 cm for a-quartz [48]). Boles and

Frank [33] have suggested that the sraectite/illite transformation

may be a major source of silica for sandstone cementation.
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The availability of silica from (iv) depends on the extent of

smectite alteration, which is largely a function of temperature. Silica

availability from (i), (ii) and (ill) depends on solubility, which

increases with temperature, as shown in Figure 5 [49]. Silica solubility

is independent of pH below pH 9, but increases rapidly with alkalinity due

to dissociation of H.SiO, (Figure 5). The pH at which solubility increases

is independent of temperature, up to 100°C [50]. Salinity has little

effect on silica solubility at temperatures below 300°C, even in brines

with up to 50 000 mg/L total dissolved solids [51].

Low hydraulic conductivity and diffusion rates may inhibit large-

scale movement of silica, in which case silica deposition will occur in

situ. Pusch [52] has shown that silica released by smectite alteration can

deposit as globular precipitates along the edges of clay platelets, which

then act as "spot welds" to hold the platelets together and reduce

swelling. While he reports only a small effect on dispersion and swelling

properties for the Kinnekulle bentonite, such a process could be enhanced

by dissolution and reprecipitation of silica present as impurities or

dissolution of the sand filler, due to temperature changes. A more

significant effect of in situ silica precipitation, in terms of swelling

properties and plasticity of the buffer, would be caused by cementation in

a manner exactly analogous to sandstone cementation and lithification.

Small amounts of cement (5-10%) can bind the sand-sized dispersion together

in a rigid framework. Cementation could reduce porosity, and hence

hydraulic conductivity, as well as reduce plasticity and possibly induce

brittle fracture.

The mobility of silica in low-temperature environments is

evidenced by the abundance of quartz as fracture fillings in igneous rocks,

and the common occurrence of silicification in sediments of all types.

Transport of silica through the buffer may occur by diffusion, driven by

temperature and/or concentration gradients, particularly during the longer

heated period for used fuel disposal.
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The possiblity exists of a significant volume decrease in the

buffer due to silica dissolution. Silica solubility increases by a factor

of 50 between pH 8 and 11.5 (at 25°C), and at high pH sufficient dissolu-

tion could occur to open up flow paths. If flow is established, silica

mobility, even under relatively low temperature conditions, may not be

trivial. In a study of the Dawn Lake uranium deposit, Cramer [53]

calculated that up to two-thirds of the quartz from some sandstones was

removed during mineralisation, leaving clay-rich aureoles with enrichment

factors of about 3 for most elements. Mineralisation involved Na-Ca-Cl

brines at about 160°C, and pH = 8 [54].

Silica removed in this way will be reprecipitated as the

temperature falls or pH decreases due to dilution, and saturation is

exceeded. This could occur either within the buffer, or In the host rock.

In either case, deposition of silica along fractures and grain boundaries

will decrease considerably porosity, and hence permeability. Moore et al.

[55] reported decreases in permeability of one to two orders of magnitude

in less than three weeks, for granite through which water was made to flow

under a temperature gradient from 80 to 250 or 300 C. They attributed

the permeability decrease mainly to silica dissolution and repreclpitatlon

reactions.

The permeability decrease resulting from quartz cementation

reactions will aid in retardation of radionuclide migration, but the

accompanying embrittlement of the buffer raises the possiblity of fracture

development and the opening of flow paths. Significant volume changes are

possible due to silica dissolution and transport at high pH or high

temperature. The behaviour of silica is crucial to an assessment of

buffer performance and warrants further study.

4.5 ALUMIMUM-HYDROXY INTERLAYERS

Under mildly acidic conditions, smectites can fix Al-hydroxy

complexes in the interlayer space, resulting in a nonexpandable Al-smectite

with d =1.4 nm. The geological and experimental evidence for
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Al-hydroxy interlayers in smectites has been reviewed elsewhere [18]. The

optimum conditions for the formation of Al-hydroxy interlayers are pH 4 to

6, and moderate aluminum availability.

The formation of Al-hydroxy interlayers is common in soil

profiles [56] and has also been observed in experimental systems at

temperatures up to 275 C, so will take place over a wide range of

temperatures. No information is available on the kinetics of the reaction,

but extensive Al-hydroxy interlayer formation was observed at 150 C within

30 days [18]. Solid:solution ratio, solution pH and aluminum availability

exercise a greater control on reaction rate than temperature.

The formation of Al-hydroxy interlayers requires only small

amounts of Al . The hydroxy complexes rarely fill the entire interlayer

space, and significant effects on smectite properties have been observed
3+

for less than 20% occupancy. Sufficient Al will be available in the

buffer to promote the formation of Al-hydroxy interlayers in smectites,

from dissolution of feldspar in a granitic sand filler, and hydrolysis of
3+edge Al in the smectite structure itself.

Since the reaction does not require elevated temperatures it can

proceed regardless of the temperature transient if pH conditions are

suitable. The possibility of mildly acid conditions in the vault has been

discussed in Section 3.2. Once the reaction is established, it will
3+ +

contribute to lowering of the pH, since hydrolysis of Al releases H to

solution. The high salinity of shield brines could retard the reaction

since smectite selectivity for Al is considerably reduced in the presence
2+ +

of abundant Ca or Na - Low water contents in the buffer could also
3+

retard reaction by reducing the extent of Al hydrolysis. However, the

widespread occurrence of Al-hydroxy interlayers in smectites in natural

soils suggests that the possiblity of such a reaction in the buffer cannot

be excluded.

Both swelling capacity and CEC of smectite are considerably

reduced by the formation of Al-hydroxy interlayers. Since the hydroxy
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polymers concentrate at the edges of particles, or are randomly dispersed

as islands through the interlayer space, a significant reduction in

swelling capacity can take place even when the hydroxy complex fills less

than 20% of the interlayer. Cation exchange capacity is decreased by

steric blocking of the exchange sites, as well as by irreversible Al

sorption, and ion selectivities may be affected. The reaction involves no

significant volume change, and since the reaction product is a smectite,

but with structure similar to a disordered Al-chlorite, hydraulic conduc-

tivity and diffusion coefficients of the buffer material will be affected

only to the extent that loss of swelling pressure dictates. Plasticity

will not change significantly.

4.6 IRON-OXYHYDROXIDE CEMENTS

Most bentonites contain Fe (2-10% total Fe as Fe,0,), as

structural octahedral cations, exchsngeable cations, and/or amorphous or

poorly crystallized Fe-oxide and oxyhydroxide impurities. In the reference

bentonites, both total Fe and Fe /Fe ratios are quite low (Table 8).

The role of iron in the buffer is strongly dependent on the redox

conditions prevailing in the vault. Under reducing conditions, Fe is

stable, both as a structural and exchange cation. However, the production

of H„07 by a-radiolysis will impose oxidising conditions quite quickly
2+ 3+

after container failure, and Fe will be oxidised to Fe . Gerstl and
2+ 3+

Banin [19] found that the activation energy for oxidation of Fe to Fe

on the clay's surface was 25 kJ/mol, considerably less than the 96 kJ/mol

reported for the same reaction in solution [57]. This indicates that the

clay crystal acts as an electron acceptor and catalyses the reaction. They

also found that the Fe produced was readily hydrolyzed and formed hydroxy

polymers, which precipitated as ferrihydrite. Precipitation of

Fe -hydroxy interlayers analogous to the Al-hydroxy interlayer discussed

in Section 4.5 could occur. Release of H by hydrolysis decreases pH,

exposing the clay crystal to acid attack, which releases Al and Mg to take

the place of Fe as an exchangeable ion.
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Pusch [52] has described an Fe-rich bentonite in which Fe-oxide

coating and cements caused a considerable decrease in plasticity and

swelling capacity. Total Fe contents were somewhat higher than in most

bentonites (̂  8.8 wt.% total Fe as Te^O-), and similar clays with lower

Fe contents (5.5%) from adjacent weathered horizons did not display the

same "inactive" behaviour.

The formation of significant quantities of Fe requires not only
2+

oxidizlng conditions, but also an abundance of available Fe . Structural
2+

Fe may not necessarily be readily available for oxidation. However,

studies by Russell et al. [58] and Stucki and Roth [59] indicate that

considerable amounts (up to 80%) of Fe in nontronite can be reduced by

treatment with strong reducing agents such as hydrazine and dithionite, and

the reduction is reversible to a large extent. Rozenson and Heller-Kallai

[60] suggest that reduction of structural Fe in montmorillonite can take

place by electron transfer into the crystal. Similar mechanisms could
2+

occur for oxidation. Oxidation of structural Fe decreases the net

negative charge on the layers, and so decreases CEC. However, Fe-oxide and

oxyhydroxide coatings could improve sorptive capacity [8].

2+
Fe is not available in sufficient quantities in most bentonites

for the formation of Fe-oxide cements to have an important effect on buffer
2+

properties. However, it has been suggested that Fe minerals be added to

the buffer to counteract the oxidising effects of radiolytic H.O produc-

tion. Current estimates of the extent of radiolysis indicate that very
2+

large amounts of Fe would be necessary - up to 30% magnetite by weight.

In this case, Fe-oxide cementation of the buffer could be appreciable. If
2+

crushed gabbro were used as a filler sand, Fe levels in the vault may be

sufficient to cause appreciable changes in buffer properties, since FeO

contents of 10 to 20% are common in gabbros.

4.7 REACTIONS INVOLVING FILLER MATERIAL

Sand filler may be added to the bentonite buffer to improve its

mechanical and physical properties. Changes in physical properties of the
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sand filler are more important In terms of buffer performance than are

chemical changes, unless these are deleterious to buffer, container or

waste-form stability. It Is most important that the filler material not

undergo a significant volume decrease due to hydrothermal alteration.

If a pure silica sand is used as a filler, the only likely

reaction due to hydrothermal activity is dissolution and reprecipitation.

Silica dissolution reactions are discussed in Section 4.4.

Crushed igneous host rock used as a filler will be subject to

more extensive alteration. Both granites and gabbros are crystallised at

high temperatures (600-800°C for granite; 800-1000°C for gabbro) and are

not equilibrium mineral assemblages at low temperatures. Reaction to

stable low-temperature assemblages can be observed in the weathering

profile, and in low-temperature hydrothermal systems. However, the

pristine nature of igneous rocks hundreds of millions of years old,

particularly granites, indicates that such reactions proceed very slowly.

This is due in part to restricted access of fluids that promote alteration

and in part to kinetic retardation of alteration reactions at low

temperature. It is frequently observed that alteration of igneous rocks is

concentrated along fracture zones, which act as channels for hydrothermal

fluids or groundwater, and may extend only a very short distance into the

bulk of the rock, depending on permeability. In crushing rock for use in

the buffer, access of fluid is greatly enhanced by increasing the surface

area. In a hypothetical rock body, fractured at 1-ra intervals, a cubic
2 3

metre of rock has a surface area of 6 m . This increases by a factor of 10

on crushing to sand-size (1 mm ) grains. Since rate is directly

proportional to surface area, crushed rock will react at a rate 10 times

faster than intact rock.

The effect of temperature on reaction rate depends on the

activation energy of the reaction. Typical activation energies for

silicate reactions are in the range 30 to 80 kJ/mol. (A review of measured

activation energies [61] indicates that quartz dissolution in water has E.

= 60-70 kJ/mol; feldspar dissolution has E A = 35-50 kJ/mol.) At 35 kJ/mol,
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the reaction rate increases by a factor of 3Û for a 100 C increase in

temperature, while at 70 kJ/mol, the increase is 1000-fold. Combining the

effects of increased surface area and temperature, the rate of alteration

reactions in crushed igneous rock could be increased by up to six orders of

magnitude relative to undisturbed rock.

Eberl [39] has demonstrated that the presence of smectites (or

any other ion-exchange material) can enhance the solubility of a variety of

minerals, including feldspars, by acting as a sink for dissolved ions.

This effect could increase the rate of alteration of crushed rock mixed

with bentonite. However, the effect decreases for strong brines and when

divalent ions are present on the ion-exchange material, and may therefore

be small for Ca-smectite in the presence of saline groundwaters.

Although the general trends in low-temperature alteration of

igneous rocks are well documented, the precise assemblage formed is a

sensitive function of composition of both rock and groundwater, as well as

temperature. Equilibrium is rarely attained, except very locally, and

complex reaction rims are common. Most reactions involve hydration.

Alteration products are dependent on cation activity. In open systems

where cations are flushed out in solution, evolution towards

Si0_-Al„0,-Fe„0_ residues occurs [62], and alkali-poor phases such as

kaolinite, quartz, gibbsite and Fe-oxides are formed- In closed systems,

or where cation activity is high, phases such as smectites, zeolites and

feldspars are more common. Acid to neutral conditions favour the formation

of clay minerals, while mildly alkaline conditions favour feldspar and

zeolites. In the vault, cation activities will be high, and pH probably

neutral to mildly acid (see Section 3.2).

4.7.1 Crushed Granite

Assemblages observed as a result of low-temperature alteration of

the major minerals in granites are shown in Table 9 [63].
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None of these reactions will jeopardise the chemical properties

of the buffer. In fact, clay minerals and zeolites have higher cation-

exchange and sorption capacities than feldspars, and altered granite

retards radionuclide migration more effectively than fresh surfaces.

Release of silica and Fe may contribute to cementation reactions. The

most important effect on buffer performance will be due to volume changes,

with a volume decrease leading to increased porosity. Aluminum is commonly

assumed to be immobile during weathering [64]. If Al is conserved,
+ + 2+

excess silica is precipitated as quartz, and Na , K and Ca are released

to solution, volume changes for alteration reactions can be calculated (see

Appendix A). Apart from those producing montmorillonite, most of the reac-

tions for granitic minerals result in volume decreases of 5 to 15%. Total

volume change calculated for a "typical" granite reacting completely to

quartz, clay minerals and epidote is about -6%, i.e., a volume decrease

(Appendix A). Gardiner [65], on the basis of similar calculations and

observations of granite weathering profiles, also concluded that

significant amounts of void space may be produced. However, the assumption
3+ 3+

of constant Al may not be valid since Al is known to be relatively

mobile under some conditions (e.g., bauxite formation). Cramer and Nesbitt

[66] prefer the use of Ti as an immobile reference element. They observed

a decrease in Ti content in weathering profiles for granite, indicating a

volume increase of up to 15%.

It seems that granite alteration could result in either an

increase or a decrease in volume, depending on the reactions taking place,

but neither will be significant unless the alteration is very extensive.

Complete reaction is extremely unlikely. A rise in temperature has

counteractive effects on granite alteration: at 100°C to 150°C, reaction

rates are accelerated, but saline groundwaters are in equilibrium with

albite, and close to the stability field of K-feldspar [18,67], so the two

major component minerals are more stable. We conclude that alteration of

granitic sand filler will not significantly affect buffer performance.
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4.7.2 Crushed Gabbro

Common low-temperature alteration products of minerals in gabbro

are given in Table 10 [63]. Many of the alteration reactions involve the

transformation of dense starting materials (such as olivine and pyroxene)

to highly hydrated phyllosilicates. For example, smectites and zeolites

are very common in gabbroic alteration assemblages. Calculations analogous

to those made for granite alteration indicate that for many minerals,

alteration involves a volume increase. In the case of olivine, this may be

up to 50% (Appendix A).

Whereas granites are composed largely of relatively unreactive

components such as quartz and alkali-feldspars, the major minerals in

gabbro (calcic plagloclase, pyroxenes) are very unstable at low tempera-

tures and extensive reaction can be expected during the lifetime of the

vault. The volume change for complete alteration of a "typical" gabbro,

reacting to form smectites, serpentine, chlorite and epidote was calculated

to be an overall increase of about 30% (see Appendix A).

Alteration of a gabbroic filler sand in the buffer could prove

beneficial to buffer performance. Reaction products such as

phyllosilicates and Fe-oxides have high sorptive capacities, and it is

possible that alteration could produce an overall volume increase, reducing

hydraulic conductivity. Some decrease in mechanical strength and thermal

conductivity may occur for very extensive alteration. Wood [68] found that

the formation of illite from smectite was suppressed in contact with

basalt, even at 300 C, and it is likely that smectites are stabilized by
2+ 2+

the low silica activity, and high Ca and Mg activity in gabbroic

systems.
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5. SUMMARY AND CONCLUSIONS

For the range of conditions likely to exist in a nuclear fuel

waste disposal vault, bentonite-based buffers may undergo alteration due to

a variety of reactions. The type and extent of reaction is strongly

dependent on the pH of the system. The alteration reactions expected in

the bentonite under mildly acid to neutral conditions, and their probable

consequences, are as follows:

(1) Cation exchange will occur between groundwater and smectites, and

the replacement of

swelling pressure.

+ 2+
the replacement of Na by Ca may cause some reduction in

(2) Smectite will transform to illite, but the extent will be limited

unless temperatures exceed 100°C for more than 10 years and K

is abundant. Conversion will not proceed beyond an 80% illite

mixed-layer clay, even at 150 C. The presence of illite will

reduce swelling pressure and CEC, but will not seriously

compromise buffer performance. Volume decreases associated with

dehydration due to illitization will increase permeability, but

may not cause shrinkage and cracking if 50% sand filler is used.

Release of silica during illite formation may cause cementation

(if precipitated in situ) or a volume change (if transported

through the buffer).

(3) Al-hydroxy inter layers may form in the smectite, even at low

temperatures. The reaction rate is unknown, but is likely to be

relatively rapid at pH 4 to 6. Cation exchange and swelling

capacity of the buffer will be reduced, but other properties will

not be affected significantly.

(4) Silica will be released by smectite alteration, and temperature-

induced dissolution of silica in bentonite, and quartz in the

filler sand and host rock. If mobility is inhibited,
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reprecipitation in situ will cement the buffer, reducing swelling

capacity and plasticity. An accompanying decrease in porosity

and permeability could be advantageous, but embrittlement raises

the possibility of stress-induced fractures, which could serve as

flow paths.

(5) Cementation by Fe oxyhydroxides and formation of Fe-hydroxy

interlayers in smectites will occur under oxidising conditions.
2+

Unless gabbroic sand or some other source of Fe is added to the
2+

buffer, the effect will be insignificant, since Fe contents of

bentonltes are usually low.

Alkaline conditions are expected in the vault only if concrete is

used extensively in grouts and seals. Under alkaline conditions (pH > 9)

buffer stability cannot be assured for extended periods. The following

reactions are expected:

(i) Zeolites may form, particularly in the presence of saline brines.

At temperatures greater than 100 C, extensive zeolitization could
3 4

occur within 10 to 10 years. The formation of zeolites is

unlikely to cause a volume decrease, thereby increasing

permeability. While CEC could increase, changes in cation

selectivity could be detrimental in terms of overall sorptive

capacity for radionuclides. Swelling capacity would be lost, and

zeolites acting as a cement could reduce buffer plasticity and

self-healing properties.

(ii) Enhanced silica solubility at high pH may lead to extensive

dissolution and the opening of flow paths. Transport of

significant amounts of silica may occur if groundwater flow is

established. Precipitation of silica in regions of lower

temperature and pH will seal fractures and decrease permeability.

It seems that the effects of mineral transformation reactions in

the bentonite will be insignificant at moderate to mildly acidic pH and
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temperatures below 100 to 120°C. The smectite to illite transformation in

particular can be further retarded by using Ca-saturated smectite, or a

trioctahedral smectite, such as saponite. Under expected vault conditions,

the effects of mineral transformations may be overridden by those of

cementation reactions involving silica and Al- and Fe-oxides and oxy-

hydroxides, which occur even at ambient temperatures. Such processes are

ubiquitous in diagenetic systems analogous to the disposal vault and it is

unlikely that they could be eliminated in a buffer composed of geological

materials. An assessment of the extent and significance of such reactions

requires a detailed investigation of diagenetic cementation.

Silica sand, crushed granite and crushed gabbro are all suitable

for use as filler sands in bentonite buffers. Silica sand may undergo some

dissolution. Reactions involving crushed granite are slow at ambient

temperatures, and impeded at higher temperatures by increasing stabiliza-

tion of alkali feldspars, the dominant mineral component. Alteration of

crushed gabbro will be considerable under vault conditions, but will result

in phyllosilicates with good sorptive properties and, in some cases, high

swelling capacity. An overall increase in volume due to alteration is

possible, so that gabbro alteration may significantly enhance buffer

performance.
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EXCHANGEABLE

Bentonite
Tradename

Filtaclay

Avonseal

Avongel

CATION

75

TABLE 1

COMPOSITIONS

Ca2+

460

330

740

Na+

80

410

410

FOR REFERENCE

K+

(mmol/kg)

10

20

20

160

80

80

BENTONITES

*
Total

710

840

1250

[5,6]

**
Total

1050

960

1240

Determined by exchange with NH.OAC (adjusted to pH 7), and

analysis by atomic absorption.

** Determined by exchanging NH using 1 mol/L NaCl, and analysing

for NH, using atomic absorption. The large discrepancy between

the two totals for Filtaclay 75 is due to acid activation of

the clay. Desorbed H was not measured.

TABLE 2

MINERAL CONSTITUENTS IN REFERENCE BENTONITES

Determined by X-ray diffraction; detection limit J" 5%

Filtaclay 75
Montmorillonite

Quartz

Gypsum

Feldspar

Avonseal
Montmorillonite

Illite

Quartz

Gypsum

Feldspar

Clinoptilolite(?)

Avongel
Montmorillonite

Illite

Quartz

Gypsum

Feldspar

Calcite

Clinoptilolite(?)
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TABLE 3

COMMON IMPURITIES IN BENTONITES

Crystalline

Quartz
Feldspar
Illite
Kaolinite
Chlorite
Gypsum
Calcite
Gibbsite
Haematite
Goethite
Zeolites

Amorphous

Organic material
Al-oxyhydrides
Fe-oxyhydroxides
Silica

TABLE 4

COMMON MINERALS IN GRANITIC ROCKS

Major
(5-90%)

Quartz
K-feldspar
(orthoclase, microcline)

Albite
Plagioclase
(An- , .., usually
andesine/oligoclase)

Minor
(0-20%)

Biotite
Muscovite
Hornblende
Cordierite
Chlorite

Accessory
(0-5%)

Apatite
Sphene
Zircon
Tourmaline
Magnetite
Ilmenite
Rutile
Pyrite
Pyrrhotite
Arsenopyrite
Monazite
Allanite
Fluorite
Garnet
Calcite
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TABLE 5

COMMON MINERALS IN GABBROIC ROCKS

Major
(5-90%)

Plagioclase

Orthopyroxene

Clinopyroxene

Olivine

Hornblende

Minor
(0-20%)

Feldspathoids
(nepheline, analcite)

Biotite/phlogopite

Fe-Ti oxides
- magnetite
- ilmenite
- ulvospinel

Sulphides

Accessory
(0-5%)

Sphene
Zircon
Monazite
Apatite
Calcite
Siderite

Sulphides
- pyrite
- pyrhhotite
- chalcopyrite
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TABLE 6

ANALYSES OF SELECTED GROUNDWATER SAMPLES

FROM THE CANADIAN SHIELD [17]

Locality

Depth (m)
pH

Temperature (°C)

Ca

Mg

Na

K

Sr

Fe

Mn

HCO3

Cl

so4
Br

SiO2

Ca+Mg+Na/K

Yellowknife,
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, Northwestern
Manitoba Ontario

1 300
5.00

18.0

(Concentrations

28 600

2 490

10 100

59.9

457.0

1.22

3.77

19.0

74 600

6.0

896

6.9

687

900
6.50
14.0

in rag/L)

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



TABLE 7

FORMULAE AND PHYSICAL PROPERTIES OF SELECTED ZEOLITES

Zeolite

Ana lehne

Chabazite

Clinoptilolite

Erionite

'• Ferrierice

i Heulandite

j

i
i

Laumontite

Mordenite

Natrolite

Phillipsite

Wairakite

Typical Unit-Cell Formula

Na16(A116Si32°96)-16fI2°

(Na2>Ca)6(All2Si24072).40H2O

(Na4K4)(AlsSi40096).24H20

(Na,Ca0>5,K)9(Al9Si27O72).27H2O

(Na2Mg2)(Al63i3OO72).18.1,0

Ca4(Al8Si28O72).24H2O

Ca4(Al8Si16O48).16H2O

Na8(A18Si40°96)-24H2°

Na16(A116Si24°80)-16V

(Na,K)10(All0Si22O62).20H2O

CV116S132°96-16H2°

Void
Volume

<*)

18

47

39?

35

-

39

34

28

23

31

20?

Specific
Gravity

2.24-2.29

2.05-2.10

2.16

2.02-2.08

2.14-2.21

2.10-2.20

2.20-2.30

2.12-2.15

2.20-2.26

2.15-2.20

2.26

Channel
Dimensions

(ran)

0.26

0.37 x 0.42

0.39 x 0.54

0.36 x 0.52

0.43 x 0.55
0.34 x 0.48

0.40 x 0.55
0.44 x 0.72
0.41 x 0.47

0.46 x 0.63

0.29 x 0.57

0.67 x 0.70
0.26 x 0.39

0.42 x 0.44
0.28 x 0.48
0.33

-

Ion-Exchange
Capacity
(mol(+)/kg)

4.54

3.81

2.54

3.12

2.33

2.91

4.25

2.29

5.26

3.87

4.61

I
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TABLE 8

IRON CONTENTS OF REFERENCE BENTONITES

Bentonite
Tradename

Filtaclay 75

Avonseal

Total Fe
(wt.%)

2.10

3.27

Fe2+

(wt.%)

0.84

0.26

-

Fe2+/Fe3+

(analysed)

0.04

0.09

Fe2+/Fe3+

(Mossbauer)

0.15

Total Fe as Ye^O-, determined using SnCl, titration.

2+
Fe determined colourimetrically using TPTZ (2,4,6-Tripyridyl-l,3,5-triazine)

Fe calculated by difference.

2+ 3+
Fe /Fe determined by Mossbauer spectroscopy carried out by Dr. M. Bancroft,

University of Western Ontario.
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TABLE 9

PRODUCTS OF LOW-TEMPERATURE ALTERATION

OF MAJOR MINERALS IN GRANITOIDS [63]

Quartz Partial Dissolution

K-feldspar illite - kaolinite/halloysi te - gibbsite

Albite illite/montraorillonite - kaolinite/halloysite - gibbsite

Plagioclase illite/montmorillonite - kaolinite/halloysite - gibbsite

Biotite chlorite/veraiculite - chlorite/illite - kaolinite/gibbsite
smectite

Muscovite Al-vermiculite/sraectite/illite - illite - kaolinite/
gibbsite

Hornblende chlorite-sphene-hematite-epidote - vermiculite/smectite/
chlorite

Magnetite hematite

Ilmenite hematite -*• rutile

Increasing intensity of cation leaching



TABLE 10

PRODUCTS OF LOW-TEMPERATURE ALTERATION

OF MAJOR MINERALS IN GABBROIDS [63]

Major
Minerals

Alteration Assemblages

Plagioclase

Olivine

Pyroxenes

Amphiboles

Fe-Ti oxides
(magnetite,
ilmenite)

smectite/illite - illite/kaolinite/halloysite - gibbsite

serpentine - saponite/nontronite/chlorite - heraatite/maghemite
(smectites) gibbsite/goethite

chlorite/smectites - chlorite/kaolinite - heraatite/gibbsite
calcite/epidote/serpentine goethite/maghemite

chlorite/smectite/ - vermiculite/smectite/ - hematite/gibbsite
epidote chlorite

hematite/goethite/maghemite/rutile (leucoxene)

Increasing intensity of cation leaching
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FIGURE 1: Average Disposal Vault Temperature as a Function of Time after
Emplacement of Fuel Waste [2]
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FIGURE 2: Schematic Illustration of Geometries for In-Room and Borehole
Waste Emplacement Options
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Diffusion Distance = 0.25 m
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FIGURE 4 : Time Required for the Conversion of Na-Beidellite to an 80%
Illite Mixed-layer Illite/Smectite, in the Presence of K [35]
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APPENDIX A

CALCULATION OF VOLUME CHANGE DUE TO ALTERATION OF GRANITE AND GABBRO

Simplified equations can be written describing the observed

alteration reactions of major minerals in granites and gabbro. From the

volumes of reactants and products, an overall volume change for the

reaction can be calculated. The validity of such calculations depends on

how accurately the reactions can be written. Many minerals display complex

solid solutions and each component may react differently. For instance, in

an olivine, the forsterite component forms serpentine and brucite, while

the fayalite component may produce Fe-oxides or chlorite. The volume

calculations have been made only for end members of solid solutions, and

only for a few of the multitude of possible reactions. In addition, they

are based on ideal molar volumes for single crystals. Alteration

assemblages are usually fine-grained aggregates in which effective volume

depends strongly on geometry and orientation. The results can be taken

only as a broad indication of volume change during alteration.

made :

In writing tht equations, the following assumptions have been

(i) Al is conserved.

+ + 2+
(ii) Excess Na , K and Ca are released to solution (and are not

included in the volume calculations).

(iii) Excess Mg" is released to solution for granite alteration, but

precipitated as brucite in gabbro.

(iv) Excess Fe precipitates as Fe^O.,.

4+
(v) Excess Si is precipitated as quartz.

(vi) Sericite (illite/muscovite) is approximated by muscovite.
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(vil) The molar volume of the smectites was calculated assuming a

muscovite structure with 1.2 nm basal spacing (i.e.

1.2 x V ) for smectite, and 1.5 nm for Ca-smectite (1.5 x V ),

2- -
(viii) 0 , OH and H„0 are assumed to be present in excess.

Mineral formulae, abbreviations and molar volumes are given in

Table A-l.

K-feldspar

Ksp + mu + qz

3KAlSi3O3 - KAl3Si3010(0H)2 + 6Si02 + 2K+ (1)

AV = -15%

Ksp + kao + qz

AV = -12%

Ksp + gb + qz

4K+ (2)

+ A1(OH)3 + 3SiO2 + 2K+ (3)

AV = -7%

Albite

ab + kao + qz

ÄV = -7%

4Na+ (4)
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ab + K mu + qz

3NaAlSi,0Q + K
+ - KAl.Si,O, 6Si0o + 3Na

+ (5)

AV = -7%

ab + Na-stn + qz

2.3NaAlSi3Og NaQ 3A1 2 3Si3 3.2SiO2 + 2Na+ (6)

AV = 5%

ab am + qz

(7)

Biotite

AV = 20%

bi

2YMg3

chl + qz

Mg2 + (8)

AV = -8%

bi + mu + haem + qz

3KFe3AlSi301Q(0H)2 2K+ (9)

AV = -10%
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Muscovite

kaol

2 * 3Al4Si4010(OH)4 + 4K
+ (10)

AV = 7%

mu •*• Na-sm + qz

1.3KAl3Si301Q(0H)2+0.3 Na
+ •* NaQ 3 Al2 3Si 3 y010(OH)2.4H20+0.2Si02+l.3K

(11)

AV = 6%

Ilmenite

il + rutile + haem

2FeTiO3 + 2TiO2 + Fe2O3 (12)

AV = 67.

Anorthite

an + kaol

2CaAl2Si20g + Al4Si^O10(OH)8 + 2Ca2+ (13)

AV = 0

an + qz + Ca-sm

l-15CaAl„Si~0„ + 1.4Si0„ + Can 1.Al, -Si, 70.n(0H),.8Ho0 + Ca
2 + (14)

AV = 30%
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an

l 2 S i 2 0 „ + Ca

AV =

-*• zo

* 2Ca2 /

-10%

(epidote)

H3Si3012(0H)

an + niu

Olivine

(15)

2K+ - 2KAl3Si301()(0H)2 + 3Ca
2+ (16)

AV = -7%

an + qz + wair

2Si20g + 2SiO2 •• CaAl2Si4012.2H20 (17)

AV = 30%

Mg-ol -*• br + serp

2Mg2Si04 + Mg(0H)2 + Mg3Si205(0H)4 (18)

AV = 50%

Mg-ol + ta + br

4Mg2S104 Mg3Si4(OH)2 + 5Mg(OH)2 (19)

AV == 48%

Enstatite

en + serp + qz

3Mg3iO3 Mg3Si205(0H)5 + SiO2 (20)

AV=35%
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en + an > chl

5MgSiO3 + CaAl2Si20g - Mg5Al2Si3O1()(OH)8 + 3SiO2 (21)

AV = 6%

Diopslde

di + an -» zo + chl + qz

5CaMgSi2O6+4CaAl2Si2O8 * 2Ca2Al3Si3O12+Mg5Al2Si3O10(OH)g+9SiO2+5Ca
2+ (22)

AV = 0

Hornblende

hbl * chl + qz

Ca2(Mg,Fe)4Al2Si2O22(OH)2+Mg2+ * (Mg,Fe)5Al2Si3O lo(OH)8+2Ca2+ + 4SiO2 (23)

AV = 13%

Fe-hbl + Ca-sm + haem + qz

2e 4Al 2Si 2O 2 2(OH) 2 - CaQ 1 5A1 2 3Si3 7O1Q(OH)2.8H2O+2.3Fe2O3+4.4Si02 (24)

AV = 24%

Magnetite

mt -• haem

2Fe3O4 * 3Fe2O3 (25)

AV = 0

Using the above reactions, the overall volume change for complete
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reaction of a granite or gabbro to its alteration assemblage can be

approximated.

An average chemical composition for the Lac du Bonnet granite

(Table A-2) was used in an example for granite alteration (see Table A-3).

Normative mineralogy for the granite was calculated, using a similar method

to the CIPW norm [A.2], but assigning Mg and Fe to biotite (compositions

given in Table A-l).

The assumed alteration involved sericitization of K-feldspar

(reaction (1)), breakdown of plagioclase to sericite and kaolinite

(reactions (5) and (13)), and of biotite to chlorite, illite and Fe-oxides

(reactions (8) and (9))- Such an assemblage is commonly observed in the

low-temperature alteration of granite. Assuming complete reaction, with

release of some Na , K , Ca and Mg to solution, the volume of the

alteration products is about 6% lower than that of the starting material

(Table A-2).

The same type of calculation was done using the composition of a

gabbro from the Skaergaard complex [A.3], for which CIPW normative

mineralogy was available. It was assumed that olivine and enstauite

altered to serpentine (reactions (18) and (20)), diopside combined with

some anorthite to form epidote and chlorite (reaction (22)), magnetite

oxidised to haematite (reaction (25)), ilmenite to rutile (reaction (12)),

and K-feldspar to sericite (reaction (1)). Remaining plagioclase was

assumed to alter completely to smectite (reactions (6) and (14)). The

calculated volume for the reaction products was 30% greater than for the

original normative phases (Table A-4).
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TABLE A-l

MINERAL FORMULAE AND MOLAR VOLUMES

Mineral Name

Quartz

Orthoclase

Albite

Anorthite

Muscovite

Kaolinite

Mg-chlorite

Fe-chlorite

Na-beidellite

Ca-beidellite

Zoisite (epidote)

Talc

Brucite

Gibbstte

Haematite

Rutile

Analeime

Wairakite

Mg-biotite

Fe-biotite

Mg-hornblende

Fe-hornblende

Forsterite

Fayalite

Enstatite

Diopside

Hedenbergite

Abbrev-
iation

qz

ksp

ab

an

mu

kao

Mg-chl

Fe-chl

Na-sm

Ca-sm

zo

ta

br

gb

hm

ru

am

wa

Mg-bi

Fe-bi

Mg-hbl

Fe-hbl

Mg-ol

Fe-ol

en

dio

Fe-di

Mineral Formula

SiO2

KAlSi.OQ

NaAlSi,OQ

CaAloSi«0oZ Z o

3 3 10 '2
A 14 S i4°10 ( O H )3
Mg5Al2Si3010(0H)8

Fe5Al2Si3010(OH)8

NaO.3A12.3Si3.7°10(OHV4H2°
Ca0.15A12.3S13.7°10(ÛHY8H2°
Ca~AloSi.,0. y (OH)

Mg3Si401Q(0H)2

Mg(OH)2

A1(OH)3

Fe2°3
TiO2

Na2Al2Si4012-2H20

CaAl2Si4012'2H20

KMg3AlSi3010(0H)2

ICFeoAlSi^O. „(OH)

Ca^Mg,Al~SiyOn~(0H)„

Ca2Fe4Al2Si7O22(OH)2

Mg2SiO4

Fe23i04

MgSiO3

CaMg3i2O6

CaFeSi2O,

Molar Volume
(cm )

23

109

100

101

140

200

207

213

168 (1.2 nm)

210 (1.5 nm)

136

136

25

32

30

19

195 (SG = 2.26)**

192 (SG = 2.26)

150

154

266 (SG = 3.05)

268 (SG = 3.50)

44

46

31

66

66

continued...
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TABLE A-l (concluded)

Mineral Name

Ilmenite

Chrysotile

Magnetite

Abbrev-
iation

il

serp

mt

Mineral Formula

FeTiO3

Mg3Si205(0H)4

Fe3°4

Molar^Volume
(cm )

32

107

45 (SG = 5-2)

Molar volumes taken from Naumov et al. [A.4] and Powell [A.5], where
available.

For smectites, molar volumes were calculated as V x —i— for 1.2 nm
mu 1

Na-smectite, V x —i— for 1.5 nm Ca-smectite.
' mu 1

Where no molar volume data were available, they were calculated from formula
weight and specific gravity.

** SG = specific gravity.
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TABLE A-2

COMPOSITION OF LAC DU BONNET GRANITE

(average of 29 analyses [A.l])

Minerai

SiO2

T i 02
A12O3

Fe2°3
FeO

MnO

MgO

CaO

Na2O

K9O

Total

Weight %

72.83

0.02

14.53

0.92

0.66

0.03

0.42

1.17

3.59

4.83

99.0
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Mineral

qz

k s p

a b

an

Mg-bi

Fe-bi

Mus c

haera

i l

Mineral

qz

rau

k a o

c h l

ha em

ru

TABLE A-3

VOLUME CHANGE IN GRANITE

Modified
CrPW Norm

3 1 .

2 3 .

3 0 .

5.

1 .

1 .

4 .

0 .

0 .

9 9 .

0

9

3

8

4

1

2

9

4

0

Molar Propor t ion (MP)

(104%/Formula Weight)

5 167

859

1 156

209

34

22

106

56

20

V
Reai; tant s

Modified CIPW Norm

5167 +

1/3(859

1/2(209

1 /2 (39 )

2 ( 8 5 9 ) +

) + 1/3(1

)

56 + 3 / 2 ( 2 2 ) + 1

20

ALTERATION

118

93

115

21

5

3

14

1

375

2(1156) + 3 / 2 ( 3 4 ) + 2 ( 2 2 )

156) + 1 /3 (22) + 106

/2(2O)

Molar
(MP x

841 -

631 *

600 +K

109 +

100 *

388 -

840 +

680 *

860 *

149

MP

9 292

785

105

17

99

20

Volume (MV)
Volume (V))

qz

l/3mu+2qz+K+

+ + 1/3 mu+2qz+Na+

l/2kaol+Ca +

+ 2 +1/2ch+3/2qz+K +1/2Mg

1/3mu+2qz+3/2haera

mu

haera

ru+1/2haem

MV

214 706

109 900

21 000

3 519

2 970

380

V , = 352 475products

Volums change, ^V = 100 (V - V_)/V„,

where Vo is Che volume of reactants and VD, the volume of products.

AV = 6%
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TABLE A-4

VOLUME CHANGE IN GABBRO ALTERATION

Composition of Skaergaard gabbro [A-3]

Mineral

SiO2

T i 02
A12O3

FeO

MnO

MgO

CaO

Na2O

K2°

Total

Weight %

48.15

2.64

18.02

2.52

9.50

0.12

5.25

10.17

3.46

0.14

Minerai Modified
CIPW Norm

MP MV

ksp

ab

an

di

en

ol

Bit

il

0.8

29.3

33.3

13.9

4.7

9.2

3.7

5.0

30

1 117

1 196

645

469

649

157

251

3 270 + 1/3 mu + 2 qz + K+

111 700 + 1/2.3 Na-sm + 3.2/2.3 qz

120 796 +1.4/1.15 qz • Ca-sm

(after reaction with di)

42 570 +4/5 an - 2/5 zo + 1/5

chl + 9/5 qz

14 539 - 1/3 serp + 1/3 qz

28 556 - 1/2 serp + 1/2 br

7 065 • 3/2 haem

8 016 • ru + 1/2 haem

Reactants
336 512

continued.
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TABLE A-4 (concluded)

Mineral

mu

Na-sm

Ca-sm

zo

chl

serp

br

haem

ru

qz

Modified CIPW Norm

1/3(30)

1/2.3(1117)

1/1.15(1196 - 645)

2/5(645)

1/5(645)

1/3(469) + 1/2(649)

1/2(649)

3/2(157) + 1/2(251)

251

2(30)+3.2/2.3(1117)-1.4/1.15(680)+9/5(645)
+1/3(469)

MP

10

486

591

258

129

481

325

282

251

2 104

Products

1

81

124

35

26

51

8

8

4

48

= 438

MV

400

648

110

088

703

467

125

960

769

392

554

Volume change , iV = 100 (VR - Vp)/V [ t

30%



- 67 -

REFERENCES

A.l. H.Y. Tammemagi, P.S. Kerford, J.C. Requeima and C.A. Temple, "A
Geological Reconnaissance Study of the Lac du Bonnet Batholith,"
Atomic Energy of Canada Limited Report, AECL-6439 (1980).

A.2. T.F.W. Barth, Theoretical Petrology, 2nd ed., J. Wiley, New
York, 1962.

A.3. K.E. Cannichael, F.J. Turner and J. Verhoogen, Igneous
Petrology, McGraw-Hill, New York, 1974, p. 739.

A.4. G.B. Nauraov, B.N. Ryzhenko and I.L. Khodakovsky, Handbook of
Thermodynamic Data, USGS Publication (1971).

A.5. R. Powell, Equilibrium Thermodynamics in Petrology, Harper and
Row, London, 1978, p.284.



ISSN 0067-0367 ISSN 0067-0367

To identify individual documents in the scries

no have assigned an AECL- number to each.

Please refer to the AFCL- number when

requesting additional copies of this document

from

Scientific Document Distribution Office

Atomic Energy of Canada Limited

Chalk River. Ontario, Canada

KO.) 1JO

Pour identifier les rappons individuels faisant panic de cette

série nous avons assigne un numéro AECL- a chacun.

Veuille? faire mention du numéro AECL -si vous

demande/ d'autres exemplaires de ce rapport

Service de Distribution des Documents Officiels

L'Energie Atomique du Canada Limitée

Chalk River, Ontario. Canada

KOJ 1.IO

Criée: S?.00 per copy prix: S5.00 par exemplaire


