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EVALUATION DES PHYLLOSILICATHS EN TANT QU'ELEMENT TAMPON

DANS LE CADRF DE L'ÉVACUATION DES DECHETS DE COMBUSTIBLE NUCLÉAIRE

par

D.W. Oscarson et S.C.H. Cheung

RESUME

Le concept d'évacuation actuellement à l'étude dans le cadre du
programme canadien de gestion des déchets de combustible nucléaire nécessite
l'emplacement, peut-être au bouclier canadien, des conteneurs remplis du
combustible irradié ou des déchets de recyclage du combustible enfouis pro-
fondément dans une formation plutonJque stable. L'une des barrières artifi-
cielles contre le mouvement vers la biosphère des radionuclides en prove-
nance des conteneurs de déchets consiste en un matériau tampon que l'on
place entre les conteneurs de déchets et la masse rocheuse avoisinante.
Pour être efficace, le matériau tampon doit réunir les propriétés suivantes:
faible conductivité hydraulique et faible capacité de diffusion de l'eau et
des espèces chimiques dissoutes, grande capacité d'adsorption de radionu-
clides, haute conductivité thermique, résistance physique suffisante pour
maintenir les conteneurs de déchets en place et stabilité à long terme dans
les conditions régnant dans l'enceinte d'évacuation. Ce présent rapport
évalue les phyllosilicates en fonction de leur efficacité comme des éléments
pouvant servir de tampons. Il tire comme conclusion que la bentonite con-
stituerait le phyllosilicate le mieux apte à servir d'élément tampon â rai-
son de sa grande capacité de gonflement, sa faible conductivitë hydraulique,
sa faible porosité effective et sa grande capacité d'adsorption de nombreux
radionuclides.
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EVALUATION OF PHYLLOSILICATES AS A BUFFER COMPONENT

IN THE DISPOSAL OF NUCLEAR FUEL WASTE

by

D.W. Oscarson and S.C.H. Cheung

ABSTRACT

The disposal concept now being assessed in the Canadian Nuclear
Fuel Waste Management program entails the emplacement of containers with
used fuel or fuel recycle waste deep in a stable plutonic formation, pos-
sibly in the Canadian Shield. One of the engineered barriers to radionu-
clide movement from the waste containers to the biosphere is a buffer mate-
rial placed between the containers and the surrounding rock mass. An effec-
tive buffer material should have a combination of the following properties:
low hydraulic conductivity and diffuslvity for water and dissolved chemical
species, a high sorption capacity for radionuclides, high thermal conductiv-
ity, sufficient physical strength to support the waste containers, and long-
term stability under the conditions existing in a disposal vault. This
report evaluates phyllosilicates for their effectiveness as potential buffer
components. It concludes that bentonite, because of its high swelling po-
tential, low hydraulic conductivity, low effective porosity, and high sorp-
tion capacity for many radionuclides, would be the most effective phyllosi-
licate for use as a buffer component.
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1. INTRODUCTION

The Canadian concept for nuclear fuel waste management involves

immobilization of eiti 2r used fuel or fuel recycle waste, followed by dis-

posal at a depth of 500 to 1000 m in plutonic rock, possibly in the

Canadian Shield. Two concepts have been proposed for the emplacement of

the waste containers in the disposal vault, in-room and borehole emplace-

ment [1]; these are illustrated in Figure 1. In both emplacement concepts,

the term "buffer" is used for the material placed between the waste con-

tainers and the host rock, and the term "backfill" is used to describe

packing material not in direct contact with the waste containers.

An effective buffer material should have a combination of the

following properties:

(1) A low hydraulic conductivity and low diffusivity for water and

dissolved chemical species*

(2) A high sorption capacity for many radior.uclides in order to

retard their migration to the surrounding rock mass after the

containers are breached.

(3) A thermal conductivity that is adequate to dissipate the heat

generated by decay of the radionuclides.

(4) A bearing capacity sufficient to support the waste containers.

(5) Long-term stability under the conditions existing in a disposal

vault, i.e., a high radiation field and hydrothermal conditions.

A number of possible buffer materials have been suggested [2],

but the choice of a particular buffer material will depend on Che nature of

the host geological formation. For the disposal of nuclear waste in
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*
plutonic rock formations, the use of phyllosilicates as a component of the

**
buffer material is being investigated in many countries [3]. Bentonite ,

kaolinite and illite are the clay minerals that appear to occur in suffi-

cient quantity to be readily available for use as a buffer material in a

nuclear fuel waste disposal vault.

This report evaluates the effectiveness of phyllosilicates as a

buffer component. For the most part, the evaluation is made by comparing

bentonite and kaolinite, the two end members of the behaviour spectrum of

phyllosilicates. Bentonite is a 2:1 layer silicate with a relatively high

swelling potential, high specific surface area and high cation-exchange

capacity (CEC), whereas kaolinite is a 1:1 layer silicate with a low swel-

ling potential, low specific surface area and low CEC. Clay minerals such

as illite, with chemical and physical properties between those of bentonite

and kaolinite, fall within the bentonite/kaolinite behaviour spectrum

[4-6]. A discussion of the crystal structure and the chemical and physical

properties of phyllosilicates is given by Grim [4].

2. MASS TRANSPORT PROPERTIES

Mass transport in the buffer depends on the hydraulic conductiv-

ity and the effective mass diffusion coefficient. These properties are

discussed below.

Phyllosilicates are composed of well-defined silicate layers and are
often referred to as clay minerals. Here the terms phyllosilicate and
clay mineral are used interchangeably.

**
Bentonite is the name of natural smectite-rich clays formed by the
transformation of volcanic ash in the sea, or in estuaries or lakes.
Smectite refers to expanding 2:1 layer silicates. Montmorillonite is
the most common smectite mineral and it is the predomininent component
of bentonite. The terms bentonite, smectite and montmorillonite are
used interchangeably in this report. Many properties of bentonite,
such as its swelling potential, depend on the nature of the
exchangeable cations. The properties of bentonite discussed here
refer mostly to a bentonite saturated with sodium.
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2.1 HYDRAULIC CONDUCTIVITY

The hydraulic conductivity of the buffer depends on the buffer

type, water content, pore-water chemistry, density, temperature and hy-

draulic gradient [5,6]. The hydraulic conductivity of bentonite decreases

with increasing density, as shown in Figure 2. Moreover, the hydraulic

conductivity decreases with increasing bentonite content in mixtures of

bentonite and sand as shown in Figure 3 (the density is constant at

2.1 Mg/m 3).

Figure 4 compares the hydraulic conductivity of a mixture of ben-

tonite and sand, and a mixture of kaolinite and sand, under the same hy-

draulic gradient; the mixtures were compacted to their maximum dry densi-

ties* (see Figure 5). Note that the maximum dry density decreases with in-

creasing clay content and that the maximum dry density of the kaolinite and

sand is greater than that of the bentonite and sand. As can be seen in

Figure 4, the hydraulic conductivity of the mixture of kaolinite and sand

decreases with increasing clay content up to 50%, and then increases some-

what with higher clay content. For the mixture of bentonite and sand, the

hydraulic conductivity decreases slightly with Increasing clay content up

to about 50%, and then remains essentially constant. There are two

opposing effects that can alter the hydraulic conductivity of a mixture of

clay and sand when the clay content changes: (1) an increase in the clay

content at a given density will decrease the hydraulic conductivity (see

Figure 3) and (2) an increase in the clay content will decrease the maximum

dry density for a given compaction energy (see Figure 5), resulting In an

increase in the hydraulic conductivity. In the case of kaolinite anc' sand,

the first effect dominates below a clay content of 50%, whereas the second

effect dominates for a clay content above 50%. For bentonite and sand, the

two effects tend to cancel each other.

Although the maximum dry densities of the mixtures of kaolinite

and sand are greater than those of the mixtures of bentonite and sand, the

* Dry density refers to the density of the solid components.
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hydraulic conductivities of the bentonite and sand are much lower than

those of the kaolinite/sand mixtures (Figure 4). Therefore, bentonite is

more effective than kaolinite in reducing the hydraulic conductivity of a

buffer composed of clay and sand.

The preceding discussion refers to the hydraulic conductivity of

an intact buffer mass. However, it is possible that cracks could develop

in the buffer mass, due to drying, before the disposal vault is flooded.

In this case, a swelling material is desirable as a component of the buffer

to seal the cracks and re-establish an intact buffer mass. The swelling

potential of a buffer is a function of the buffer composition and its dry

density [7J. Kaolinite has little or no swelling potential. Therefore, a

swelling material such as bentonite should be a component of the buffer.

2.2 EFFECTIVE MASS DIFFUSION COEFFICIENT

Mass transport in the buffer can occur by convection and/or

diffusion. If the hydraulic conductivity of the buffer is low, diffusion

will be the predominant mechanism of mass transport. The diffusive mass

flux decreases as the effective mass diffusion coefficient in the buffer

decreases.

The effective mass diffusion coefficient, D , in the buffer is

given by:

(1)

where D = mass diffusion coefficient in watero

T = tortuosity of the buffer

and R = 1 + — K,n d (2)
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3
where p , = dry density of the buffer (kg/m )

a

n = porosity of the buffer

K. = equilibrium distribution coefficient, defined as the

ratio of the amount of a chemical species sorbed on the

buffer material (mol/kg) to the concentration of the chemi-

cal species in the groundwater solution in contact with the

buffer (mol/m ) .

The effective porosity, tortuosity and sorption properties (Kj)

of phyllosilicates will be discussed below.

2.2.1 Effective Porosity

Mass diffusion in the buffer depends on the porosity of the

buffer material; a decrease in the porosity will decrease the diffusive

mass flux in the buffer (Equations 1 and 2). Porosity is defined as the

ratio of the volume of voids to the total volume of the buffer. For a

buffer that is saturated with water, the porosity, n, per unit volume of

the buffer is [5]:

(3)

where p = dry density of the buffer

P = density of water

G = specific gravity of the solid particles,
s

Mass diffusion in the buffer can occur in surface water and/or

interstitial water (free water). However, it has been shown that mass
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diffusion in surface water - a water layer approximately 0.25 nm thick

around a solid particle - is about thrse orders of magnitude lower than in

free water [8].

Based on a parallel arrangement of clay particles, and assuming a

urface water 0.25 nm thick, the surface water, \

of the dry weight of the buffer can be calculated by [5):

layer of surface water 0.25 nm thick, the surface water, w , as a fraction

wg = 0.0025'S (4)

2
where S = specific surface area of the buffer (hm /kg).

The fractional volume of surface water, n , per unit volume of the buffer

is [5]:

ns = JjjJj. • (5)
w

Since the rate of mass diffusion in the surface water is low

relative to that in the interstitial water, n is neglected when consider-
s

ing the porosity available for mass diffusion. This porosity is defined as

the effective porosity and is equal to n - n (if n = n , the only path

available for mass diffusion is through the surface water).

The effective porosity for mass diffusion can be estimated from

Equations (3), (4) and (5) if the specific gravity, dry density and specif-

ic surface area of the buffer are known. Figure 6 shows a theoretical re-

lationship between the effective porosity and the dry density for buffer

materials with various specific surface areas, assuming the specific gravi-

ty of the buffer material is 2.65. The range of specific surface areas
2

used is 2 to 80 hm /kg to simulate kaolinite, illite, bentonite and

bentonite/sand mixtures. The specific surface areas of kaolinite, illite
2

and bentonite are approximately 2, 8 and 80 hm /kg, respectively [5]. For

a mixture of bentonite and sand, the specific surface area is approximately

linearly proportional to the bentonite content. For example, the specific
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surface areas of mixtures of bentonlte and sand containing 75, 50 and 25%
2

bentonite are 60, 40 and 20 hm /kg, respectively.

The dashed lines in Figure 6 indicate regions where the effective

porosity is very small - mass diffusion in the surface water will pre-

dominate in these regions*

The effective porosity decreases with increasing dry density for

a given buffer material (Figure 6). Furthermore, at a given dry density,

the effective porosity decreases with increasing specific surface area of

the buffer because the amount of surface water increases relative to the

pore water (see Equation 4 ) . Consequently, because of its larger specific

surface area, bentonite is expected to be far more effective than illite

and kaolinite at a given density in reducing the effective porosity of the

buffer.

2.2.2 Tortuosity

Tortuosity arises from the presence of solid particles. An ion

is not free to diffuse in any direction, as it is in an aqueous solution,

but instead it is hindered by collisions with solid particles as it follows

the tortuous path of the water between and around them.

Tortuosity, x, is defined as:

dl
(6)

where dl = the actual path length traversed in going a distance dx in

the x direction.

It is difficult to calculate the tortuosity for a buffer mass on

an a priori, geometrical basis. Instead, tortuosity is normally determined

indirectly. It has beet, shown for a variety of sediments that the tortu-

osity is inversely proportional to the square root of the porosity [9].

Since the effective porosity of bentonite at a given density is lower than
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that of kaolinite, the tortuosity of a bentonite-based buffer may be much

greater. According to Equation (1), an increase in the tortuosity will de-

crease the effective mass diffusion coefficient. Hence, the diffusive mass

flux through a bentonite-based buffer is expected to be much lower than

that in a buffer composed of other phyllosilicates.

2.2.3 Sorption Properties

The equilibrium distribution coefficient (Kd) is highly dependent

on experimental conditions (pH, Eh, ionic strength, solid/solution ratio,

concentration of radionuclide, e t c ) . Nevertheless, it does provide a

relatively simple way of measuring and comparing the affinity of radionu-

clides for various buffer materials.

The K, values for selected radionuclides in contact with mont-
d

morillonite, illite and kaolinite are given in Table 1. Generally, mont-

morillonite has a greater affinity than other phyllosilicates for radionu-

cj.ides that exist as cations. A notable exception is the relatively high

sorption capacity of illite for cesium; illite is known to have a high

affinity for cesium as a result of interlayer fixation [10]. The high

sorption capacity of montmorillonite for many radionuclides is attributed

to its high CEC (̂  1 mol(+)/kg) and large surface area relative to other

clay minerals.

Phyllosilicates generally have a net negative charge above a pH

of 3 to 5 [11]. Therefore, they are not particularly good absorbents for
99 129 — - -

radionuclides such as Tc and I, which exist as TcO,, and I or 10.,

respectively, under oxidizing conditions. The possibility of adding

"getters" to the buffer to selectively sorb radionuclides that are not

strongly sorbed by phyllosilicates has been suggested [12,13].

It follows from Equations (1) and (2) that the higher the K

value, the slower will be the movement of radionuclides through the buffer,

other factors being unchanged. Therefore, with respect to sorption of most

radionuclides, bentonite is the most effective clay mineral for use as a

buffer component.



3. MECHANICAL PROPERTIES

In order to support the waste container awi to maintain its

structural integrity, the buffer mass must have a sufficient compressive

strength, a low deformability and a low swelling pressure.

The strength and deformability of a buffer material depend on the

buffer type, its water content and dry density [14]. It has been shown

that the strength and deformation properties of a buffer material consist-

ing of an equal amount of clay and sand at a given dry density are better

for a bentonlte/sand mixture than for a kaolinite/sand mixture [14]. The

strength of mixtures of bentonite and sand is much greater than the normal

stresses imposed by leaded fuel waste containers (approximately 100 to

250 kPa).

Little research has been done on the long-term creep deformation

of buffer materials to assess the extent to which sinking of the container

into the buffer mass may occur.

To prevent rupture of the waste container and a decrease in the

buffer density due to expansion of the buffer into the backfill, it is

necessary to limit the swelling pressure of the buffer material. The

swelling pressure should be less than 10 MPa, which is a design criterion

for some container concepts [15]. Also, to prevent excessive intrusion of

the buffer into the backfill, the backfill must be rigid enough to with-

stand the swelling pressure of the buffer. Consequently, the allowable

swelling pressure of the buffer will depend on the rigidity of the

engineered backfill as well as the strength of the waste container.

The swelling pressures of mixtures of bentonite and sand depend

mainly on the dry density and the bentonite-to-sand ratio [5,7]. The

swelling pressure of bentonite increases with increasing density as shown

in Figure 7. At a given density, the swelling pressure of bentonite/sand

mixtures at a given density also increases with increasing bentonite
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content as shown in Figure 8. Therefore, the desired swelling pressure of

a buffer composed of bentonite and sand can be obtained by adjusting the

dry density and the bentonite-to-sand ratio.

4. THERMAL CONDUCTIVITY

To conduct the heat from the waste container effectively, the

thermal conductivity of the buffer should be close to that of the sur-

rounding rock mass. The thermal conductivity of a buffer will depend

mainly on the water content, clay-to-sand ratio and dry density [16]. The

thermal conductivities of mixtures of clay and sand increase with in-

creasing moisture concent, dry density 2nd sand content [17J.

Published data indicate that the thermal conductivity of dry

kaolinite and an illite-rich material (Sealbond) may be slightly higher

than that of bentonite [17]. However, the thermal conductivity is highly

dependent on the moisture content. Therefore, when the buffer is fully

saturated with water, at a given dry density and clay-to-sand ratio, it is

expected that the thermal conductivity of the three clays - bentonite,

kaolinite and tne illite-rich material - would not be significantly differ-

ent since the water content is approximately the same. Consequently, once

a vault is flooded, the thermal conductivity will be largely independent of

the type of clay mineral used in the buffer. However, before a vault is

saturated with water, the thermal conductivity of a buffer composed of

kaolinite or illite may be slightly superior to that of a bentonite-based

buffer.

5. COMPACTABILITY

Th° physical, mechanical, and thermal properties discusred above

depend on the density and the clay-to-sand ratio of the buffer.
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The density of the buffar depends jaainly on the buffer type,

water contents and method of compaction. Figure 9 shows that a given

buffer material has a certain moisture content, known as the optimum

moisture content, at which a buffer can be compacted to its maximum dry

density, figure 5 shows the relationship between the maximum dry density

and the optimum moisture content for various mixtures of clay and sand,

obtained using the ASTM compaction procedure (often referred to as the

Modified Proctor Test)*. As can be seen in Figure 5, the maximum dry

density decreases and the optimum water content increases with increasing

clay content. In addition, for a given compaction energy, the maximum dry

density of a mixture of kaollnite and sand is greater than that of a

mixture of bentonite and sand.

For a given material, the maximum dry density generally increases

with increasing compaction energy [18]. It has been shown chat the maximum

dry density obtained using dynamic compaction is approached by the Modified

Proctor Test [18] for mixtures of kaolinite and sand, and bentonite and

sand.

Static compaction may be used to achieve higher densities. To

obtain the minimum effective porosity of a mixture of bentonite and sand,

indicated by the dashed portion of the curves in Figure 6, the buffer

should be compacted statically to a dry density greater than 1.8 Mg/m .

Based on these studies, kaolinite can be compacted to a greater

density using dynamic compaction than bentonite. However, the hydraulic

conductivity and the effective porosity of a mixture of kaolinite and sand

were shown previously to be higher than those of a mixture of bentonite and

sand. Therefore, bentonite is more effective than kaolinite as a buffer

component•

The ASTM method (D1557-78) of performing the Modified Proctor Test
i 944

p
10 mconsists of compacting a 944 x 10 m mold with soil in five layers,

using a 4.53-kg hammer falling 0.457 m.
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6. CHEMICAL STABILITY

The properties of the buffer discussed above are of little Impor-

tance if the buffer material does not remain stable under the conditions

existing in the disposal vault.

The temperature in th'i vault will rise after emplacement of the

fuel-waste package due to the heat produced by radioactive decay. The rate

of increase in temperature and the maximum temperature reached will depend

on the amount of radioactivity in the containers, the spacing of the con-

tainers, and the thermal conductivity of the buffer and backfill materials

and the surrounding rock mass.

The criterion used to date in design studies of vaults in pluton-

ic rock was to limit the surface temperature of the waste container to

150 C and the average maximum temperature of the buffer and backfill to

100°C [19,20]. Probable temperature profiles are shown in Figure 10 for

disposal vaults containing used fuel or fuel recycle waste.

The buffer will also be exposed to potentially high radiation

fields. The radiation could affect the stability of the buffer material

directly by damaging the crystal structure and/or indirectly by altering

the pH and Eh of the pore water in the buffer mass through the radiolysis

of water.

The chemical stability of clay minerals will be considered in two

parts: the possible hydrothermal alteration of phyllosllicates and the

effect of radiation on the stability of clay minerals.

6.1 HYDROTHERMAL STABILITY

A number of reviews have been published recently [21-24] on the

hydrothermal stability of clays and the transformation of smectite to

smectite-illite mixed-layer clays.
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Kaolinite appears to be the least stable of the major clay

mineral groupo [21]. Based on the experimental data on the hydrothermal

alteration of kaolinite and data on its geological occurrence, Bird [22]

concluded that it is unlikely that kaolinite would be stable under the

conditions expected in a disposal vault. Therefore, the hydrothermal

stability of kaolinite will not be considered further.

Both the geological evidence and the laboratory studies suggest

that it requires from a few thousand to several hundred thousand years to

convert 100% str.ectite to a 20% smectite/80% illite mixed-layer clay. The

reaction rate depends mainly on the temperature and the

K+/(Na+ + Ca + 2 + Mg + 2) ratio in the pore solution - the lower the
+ -I- +2 +2
K /(Na + Ca + Mg ) ratio, the slower the reaction rate at a given

temperature.

Kinetic studies of the conversion of smectite to illite have been

carried out by Eberl and Hower [25]. They calculated an activation energy

of 82 kJ/tnol for the transformation of a K-saturated smectite to 20%

smectite/80% illite. Given an activation energy of 82 kJ/mol, the reaction
4 5 o

could take 10 to 10 years at 100 C (Figure 11). It must be stressed that

the activation energy calculated by Eberl and Hower was for a K-saturated

smectite and so the reaction times shown in Figure 11 are very conserva-
+ + +2 +2

tive. If the K /(Na + Ca + Mg ) ratio of the reacting solution is very

low (available data indicate that this is the likely situation for the

groundwater that will be encountered in a disposal vault in plutonic rock

[26,27]), the reaction will be slowed considerably and perhaps halted [24].

It can be concluded from the available data that smectite will be

stable in a disposal vault for very long periods of time. This is particu-

larly true if fuel recycle waste is emplaced in a disposal vault because

the temperature will fall relatively soon after emplacement of the waste

(Figure 10).

However, if a transformation of the smectite to smectite/illite

mixed-layer clays does occur without a significant loss of mass, the mass
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transport properties (hydraulic conductivity, effective mass diffusion co-

efficient, etc.) of the resulting product should still be superior to those

of a pure lllite-based buffer because some smectite would still be present.

6.2 RADIATION EFFECTS

The radiation field experienced by the buffer will be a function

of time and distance from the waste form, and will depend on the effective-

ness of the waste container. As long as the container is intact, the radi-

ation field will consist primarily of gamma radiation. Alpha particles and

most, if not all, beta particles will be stopped by the waste container,

and the neutron flux will be relatively small. After a very long time the

containers may be breached and the waste material would be exposed to the

leaching action of groundwater; then the radiation field experienced by the

buffer will also consist of alpha and beta radiation from radionuclides in

the pore solution or sorbed on the buffer.

The radiation field as&ociated with high-level waste may affect

the buffer in two distinct ways: the radiation may directly damage the

crystal structure of the buffer material, or the radiation may, through the

radiolysis of the water, significantly change the pH and Eh within the

buffer mass.

It is possible that crystal damage could increase the reactivity

of the buffer material and speed the breakdown of its structure. This

could affect a number of buffer properties, including hydraulic conductiv-

ity, thermal conductivity and sorption capacity.

The research reported indicates that phyllosilicates are only

affected slightly by radiation. Krumhansl [28] reported that exposure of

"Brock" bentonite to 10 Gy of gamma radiation ( Co) produced no structur-

al changes that could be detected by X-ray diffraction or differential

thermal analysis conducted to 350 C. The atmosphere over the clay,

however, was depleted in oxygen and contained 10% hydrogen in several

cases. Radiolysis effects on the sorbed water of the bentonite were,
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therefore, more important than structural damage to the silicate lattice.

Spitsyn et al. [29] found a slight increase in the number of large

aggregates when kaolinite was irradiated with 6.2 x 10 Gy of gamma radia-

tion ( Co); no other post-irradiation analyses were reported. Minor

changes in the degree of crystallinity, specific surface area, particle

size, and ion-exchange capacity of kaolinite as a result of gamma doses up
3 137

to 1.6 x 10 Gy ( Cs) were reported by Corbett et al. [30]. Jacobsson

and Pusch [31] searched the literature from 1960 to 1976 for the effects of

radiation on montmorillonite and found no relevant information. However,

the research reported on the effects of radiation on kaolinite allowed them

to conclude that all phyllosilicates are likely to behave similarly in the

presence of high radiation fields, i.e., the stability of the clay parti-

cles will be reduced slightly and the subsequent mechanical breakdown will

increase the CEC and cause a decrease in the hydraulic conductivity. Both

these effects are desirable when considering the long-term function of the

buffer.

Recently, Bradley et al. [32] studied the effects of radiation on

the hydraulic conductivity and swelling potential of bentonite by irradi-

ating a sample with doses up to 9.5 x 10 Gy ( Co). They reported no sig-

nificant change in the hydraulic conductivity of compacted (2.2 Mg/m )

bentonite. However, a small but definite decrease in the ability of the

bentonite to swell was attributed to the irradiation.

The effects of radiolysis on the buffer will depend on factors

such as the Intensity of the radiation field, temperature, water chemistry,

and mobility of radiolysis products. The magnitude of these effects is

unknown; however, if thay are large, the stability and performance of the

buffer could be affected.

Large pH changes can affect the stability of the clay minerals.

For example, low pH favors the formation of kaolinite at the expense of

montmorillonite or other clay minerals [21,33]. Geological data on the

conversion of smectite to zeolite indicate that, in some cases, the reac-

tion can occur if the pH exceeds 9 and saline water is present [34]. In
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nature, kaollnlte may be destroyed or modified at temperatures as low as

70 C, or may persist to 375 C; the temperature at which changes occur

appears to decrease as the pH and/or porosity increases [21]. Very little

data are available on the kinetics of transformation of clays as a function

of pH and Eh, and more research is obviously needed in this area.

A portion of the CEC of phyllosilicates is pH-dependent; the

higher the pH, the greater the negative surface charge density [35].

Therefore, a change in pH, through the radiolysis of water, will ai -r the

CEC of the buffer material and consequently affect the mobility of the rad-

ionuclides in the buffer.

There are very few experimental data on the effects of irradia-

tion on the sorption properties of clay minerals. Bonne and Heremans [36]

exposed samples of Boom clay (a clay composed predominantly of illite,

smectite and vermiculite) to doses of gamma radiation of 3 x 10 to
Q

3 x 10 Gy prior to sorption experiments. They reported a slight decrease

in the ability of the clay to sorb cesium, strontium, and europium; they

attributed the decrease to the destruction of organic material in the clay

by the radiation.

The available data indicate that phyllosilicates are not likely

to be affected significantly by direct exposure to large radiation fields.

On the other hand, the stability of clay minerals in saline environments

with a very high or low pH is uncertain. Therefore, it is not possible to

evaluate the phyllosillcates with respect to their stability if the chemi-

stry of the groundwater is greatly altered due to radiolysis. If it is

found through further research that large changes in pH and Eh are likely

to occur in a disposal vault as a result of radiolysis, and that these

changes will affect the stability of the buffer material, it may be neces-

sary to consider waste container designs that would reduce or eliminate

radiolysis effects in the buffer.
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7. PARTICLE DISPERSION

The possible dispersion of particles from the buffer mass and

their subsequent transport in the groundwater has important implications

with respect to the long-term physical stability of the buffer. The

removal of significant amounts of fine particles in the flowing groundwater

would eventually result in a decrease In the density and an increase in the

hydraulic conductivity of the buffer mass. In addition, radionuclides

could be carried on the collodial particles removed by the groundwater.

Bentonite has the greatest potential for dispersion in ground-

water because of Its high swelling potential and fine particle size

relative to other phyllosllicatee. Ths remainder of this section will

therefore focus on the bentonite system.

The dispersion of particles is governed by the colloid chemical

properties of bentonite [35]. These properties depend to a large extent on

the composition of the groundwater (particularly the type and concentration

of cations) in contact with the bentonite.

Le Bell [37] prepared a gel of 15 wt.% bentonite in distilled

water and contacted the gel with water of various compositions. He found

that when the bentonite gel was immersed in distilled water, there was a

continuous release of particles, and the concentration at a distance 5 mm

from the surface was J1 1 mg/L after two weeks. However, when the experi-

ment was repeated using a synthetic groundwater containing 1.0, 0.3, 4.3

and 0.2 mmol/L of calcium, magnesium, sodium and potassium, respectively,

as the major cations, no particles could be detected at a distance >1 mm

from the surface of the bentonite gel. The concentration of particles at a

distance of 1 mm after two weeks was 10 to 100 pg/L. Le Bell's results

Indicate that the bentonite particles were effectively flocculated in the

synthetic groundwater system.

Available data on the composition of groundwater in the Canadian

Shield [26,27] indicate that the buffer would be in contact with a ground-
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water having a high cation concentration. Therefore, the bentonite parti-

cles would be effectively coagulated and the dispersion of particles should

not be significant.

8. ORGANIC CONTENT

All clay deposits contain organic material. The organic carbon

content of some candidate buffer and backfill materials for the Canadian

Nuclear Fuel Waste Management Program is given in Table 2. Generally, the

organic carbon content of the candidate buffer materials is <0.5%; the Lake

Agassiz clay, a possible backfill material, has a slightly higher organic

carbon content.

The primary concern with organic matter in buffer and backfill

materials is that it is a potential source of nutrients for microorganisms.

Other nutrients necessary for microbial growth (nitrogen, phosphorous and

sulphur) are also present in clay deposits [38].

Microbial activity will not affect the waste containers directly

for the first few hundred years after emplacement, because of the high rad-

iation field and relatively high temperatures near the containers. How-

ever, microorganisms can have an indirect influence by affecting the

groundwater in the disposal vault. Possible changes include the generation

of organic complexing agents, which can form soluble complexes with a

number of radionuclides [39,40], and the production of low pH by sulfur-

and iron-oxidizing bacteria. These changes could enhance radionuclide mo-

bility and adversely affect the stability of the waste. On the other hand,

a beneficial effect could be the establishrent of anaerobic conditions in

the disposal vault by microbial activity, thereby enhancing waste stability

and decreasing radionuclide mobility. At present it is not possible to

predict the influence of microbial activity on the chemical environment in

the disposal vault.
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It is unlikely that an organic carbon content of <0.5% will have

any significant effect on the physical and mechanical properties of the

clay minerals [6]. If it can be shown that microorganisms will not ad-

versely alter the chemistry in the disposal vault, it should not be neces-

sary to treat the clay to reduce the organic carbon content prior to its

emplacement in the disposal vault.

9. CONCLUSION

"he r.ain function of the buffer in a radioactive waste disposal

vault is to retard the movement of radionuclides from the waste containers

to the backfill and the surrounding rock mass. This requires that the

buffer have a low hydraulic conductivity and low effective mass diffusion

coefficient. The results show that bentonite, because of its high swelling

potential, low hydraulic conductivity, low effective porosity and high

sorption capacity for many radionuclides, would be the most effective clay

mineral for use as a buffer component. For a bentonite-based buffer, the

necessary physical, mechanical and thermal properties can be engineered.

An experimental program is under way to determine the optimum density and

bentonite-to-sand ratio of the potential buffer for adequate mechanical and

thermal properties, while at the same time maintaining the hydraulic con-

ductivity and effective mass diffusion coefficient as low as possible.

The available data indicate that bentonite will remain physically

and chemically stable under the conditions expected in a waste disposal

vault. Studies are under way to establish the effects of radiolysis and

microbial activity on the bentonite buffer.
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TABLE 1

K, VALUES FOR REPRESENTATIVE RADIONUCLIDES
n • . • i —

WITH SELECTED CLAY MINERALS

Radionuclide

Sorbed

Sr

Sr

Sr

Cs

Cs

Eu

Am

Cm

Sm

U

Co

Kd <n

Montmorillonlt

0.030

0.075

0.6

0.7

0.06

0.5

0.034

0.037

0.049

0.65

0.4

3/kg)

Kaollnite

0.004

0.003

0.006

0.02

0.004

0.003

0.004

0.04

0.002

Illit

0.005

0.02

0.02

0.9

0.045

0.090

Experimental

Conditions

0.2 mol/L NaCl

0.1 icol/L NaCl
0.1 mol/L NaOAc
pH 5

0.04 mol/L NaCl
pH 5

0.2 mol/L NaCl

0.5 mol/L NaCl
0.01 mol/L NaOAc
pH 5

0.1 mol/L NaCl
0.01 mol/L NaOAc
pH 5

0.25 mol/L NaCl
pH 5

0.25 mol/L NaCl
pH 5

0.25 mol/L NaCl
pH 5

0.04 mol/L NaCl
pH 5

0.04 tttol/L NaCl
pH 5

Reference

41

42

43

44

45

45

46

46

46

43

43
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TABLE 2

ORGANIC CARBON CONTENT OF CANDIDATE BUFFER AND BACKFILL MATERIAL

Material

Filtaclay 75 (Ca-bentonite)
Mined by Pembina Mountain Clays, Inc.
Winnipeg, Manitoba

Avonseal (Na-bentonite)
Mined by Avonlea Mineral Industries, Ltd.
Regina, Saskatchewan

Towerbond (Na-bentonite)
Mined by Kaycee Bentonite Co.
Mills, Wyoming, U.S.A.

Volclay (Na-bentonite)
Mined by American Colloid Co.
Skokie, Illinois, U.S.A.

Sealbond (illite-rich shale)
Mined by Domtar Inc.
Mississauga, Ontario

Lake Agassiz Clay (a clay material
composed predominantly of smectite,
illite, and kaolinite)
Mined by Kildonan Concrete Products Ltd.
Winnipeg, Manitoba

Organic Carbon*
(%)

0.32 + 0.01+

0.12 + 0.01

0.07 + 0.01

0.26 + 0.01

0.33 + 0.02

0.57 + 0.01

* Determined by dichromate oxidation method [47],

t Mean + 2 S.D., number of samples « 3.
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FIGURE 1: Schematic Illustration of Two Possible Nuclear Fuel Waste
Disposal Concepts (not to scale)
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FIGURE 2: Water-Saturated Density (p) vs. Hydraulic Conductivity (K) for
Bentonite. A band is shown to allow for variation resulting from
changes in water chemistry and experimental error f481 •
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FIGURE 3: Hydraulic Conductivity (K) vs. Bentonite Content of Mixtures of
Bentonite and Sand with an Initial Dry Density of 2.1 Mg/m [49]
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FIGURE 4: Hydraulic Conductivity (K) vs. Clay Content for Mixtures of Clay
and Sand f50]. The density of the mixture varies from
approximately 1.8 and 2.1 Mg/m with 25% bentonite and kaolinite,
respectively, to approximately 1.4 and 1.5 Mg/ra with 100X
bentonite and kaolinite, respectively.
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FIGURE 5: Maximum Dry Density and Optimum Moisture Content vs. Clay Content
for Mixtures of Clay and Sand from the Modified Proctor Test [50]
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FIGURE 6: Effective Porosity vs. Dry Density for Various Clays and Mixtures
of Bentonite and Sand (Numbers in the figure are the specific
surface areas of the various materials in hm /kg: 2 = kaolinite,
8 = illite, 20 = 25% bentonite/75% sand, 40 = 50% bentonite/
50% sand, 60 = 75% bentonite/25% sand, 80 = 100% bentonite.)
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FIGURE 7: Swelling Pressure vs. Dry Density for Bentonite at 20°C Using
Distilled Water [51]
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FIGURE 9: Dry Density vs. Moisture Content for Kaollnlte [53]
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FIGURE 10: Average Long-Terra Temperature in the Disposal Vault Containing
Used Fuel and Fuel Recycle Waste f541 (An ambient rock
temperature of 15 C is assumed.)
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FIGURE 11: Time Required to Convert Smectite to Illite vs. Temperature,
Assuming an Activation Energy for the Reaction of 82 kJ/mol [25]
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