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Abstract

The effect of exchangeable cation — Na* and Ca?* — on the diffusive transport of 17, Sr2*
and *H (as HTO) in compacted bentonite was examined using a through-diffusion method. Total
intrinsic diffusion coefficients, D;, were determined from the steady-state flux of the diffusants
through the clays, and apparent diffusion coefficients, D,, were obtained from the time lag
technique. The clays were compacted to a dry bulk density of 1.3 Mg/m?, and Na-bentonite was
saturated with a solution of 100 mol NaCl/m?* and Ca-bentonite with one of 50 mol CaCl,/m?>.
The D, values for all diffusants are 2 to 6 times higher in the Ca- than Na-clay. We attribute this
to the larger quasicrystal, or particle, size of Ca- compared to Na-bentonite. Hence, Ca-bentonite
has a greater proportion of relatively large pores; this was confirmed by Hg intrusion porosimetry.
This means the diffusion pathways in Ca-bentonite are less tortuous than those in Na-bentonite.
Moreover, in some cases the effective porosity, or the porosity available for diffusive transport,
may be greater in Ca-bentonite. The D, values are inversely proportional to the distribution
coefficients of the diffusants with the clays.

1. Introduction

Bentonite-based materials are being evaluated in several countries as potential
barriers and seals in a disposal vault for nuclear fuel waste. In both Canada and Korea,
for example, compacted bentonite-based materials would be used in a vault to surround
containers holding nuclear fuel waste (Choi et al., 1991; Hancox and Nuttall, 1991).
Because of the low permeability of compacted bentonite, diffusion is the principal
mechanism of mass transport through these barriers.
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The nature of the cation on the exchange complex of bentonite (or, more properly,
montmorillonite, the principal component of bentonite) greatly affects many of its
properties, including its swelling potential, permeability and diffusivity (Dutt and Low,
1962; Mesri and Olson, 1971; Yong and Warkentin, 1975; Shainberg et al., 1988). Here
we examine the effect of the exchangeable cation — Na™ and Ca?* — on the diffusive
properties of compacted Avonlea bentonite. This clay is a component of the reference
buffer material in the disposal concept developed in Canada for nuclear fuel waste.

The cation exchange complex of untreated Avonlea bentonite contains ~ 60% Na*
and ~ 20% Ca’*, along with minor amounts of Mg?* and K*. However, as groundwa-
ter slowly moves through the bentonite in a disposal vault, Ca?* will gradually become
the main exchangeable cation. This is because its concentration is generally greater than
that of Na* in deep groundwaters of the Canadian Shield where a vault would be
located (Frape et al., 1984); and the selectivity coefficient is > 1 for Na* — Ca?*
exchange on bentonite (Benson, 1982). Besides Ca’* in groundwater, it may also be
released from cement grouts that could be used in a vault. Since, initially, Na* will be
the main exchangeable cation associated with bentonite in a vault, but will be progres-
sively replaced by Ca’*, it is important to evaluate the diffusive behaviour of both Na-
and Ca-bentonite.

An anion (I7), a cation (Sr?*) and a neutral species (*°H, as HTO) were used as
diffusants. Iodine-129 is an important radioisotope in nuclear fuel waste management
due to its long half-life (1.6 X 107 a) and because it does not strongly sorb on earthen
materials like clays and rocks. Although %Sr2* is not particularly important with
respect to long-term disposal of nuclear fuel waste because of its relatively short
half-life of 29 a, its chemistry is comparatively simple, and it can therefore serve as a
mode] for the behaviour of cations in compacted clay. And the migration behaviour of
HTO, a small, non-sorbing species, can provide important information on the pore
structure of compacted clay.

2. Experimental
2.1. Clay

The Avonlea bentonite is from the Bearpaw Formation of Late Cretaceous age in
southern Saskatchewan, Canada. The clay contains ~ 80 wt% smectite (montmoril-
lonite), ~ 10 wt% illite, ~ 5 wt% quartz, and minor amounts of gypsum, feldspar and
carbonate (Oscarson and Dixon, 1989). It has a cation-exchange capacity of ~ 60
cmol_/kg and a specific surface area of 480 X 10 m?/kg.

The reference buffer material in the Canadian disposal concept is a 1:1 mix by dry
mass of Avonlea bentonite and silica sand compacted to a dry bulk density of ~ 1.7
Mg/m®. With respect to diffusion and sorption processes, however, clay is the active
component of the buffer and sand is essentially inert filler provided the clay content of
the mix is greater than ~ 20 wt.% (Gillham et al., 1984; Sharma and Oscarson, 1991).
Hence, 100% clay was used in this study.
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To saturate the clay’s exchange complex with Na* or Ca’*, 100 g of bentonite were
washed several times with 500 cm® of a 1000 mol/m* solution of NaCl or CaCl,. The
Na- and Ca-clays were dialyzed against deionized water for several days to remove
excess salt, and then freeze-dried. The clays were compacted to a target dry bulk
density, p, of 1.3 Mg/m? in stainless-steel rings (4.1 cm in diameter and 0.7 cm long)
using a hydraulic press. The same rings and compacting procedure were used for both
the porosity measurements and the diffusion experiments described below. A density of
1.3 Mg/m? is close to the effective clay density of a 1:1 mix of clay and sand
compacted to 1.7 Mg/m?>. (Effective clay density is the ratio of the mass of dry clay to
the combined volume of clay and pores.)

2.2. Hg intrusion porosimetry

Pore parameters of compacted Na- and Ca-bentonite were obtained as follows. The
compacted clays in the steel rings were sandwiched between porous Ni discs and
constrained in specially-designed stainless-steel holders. The plugs were immersed in a
solution of either 100 mol NaCl/m* or 50 mol CaCl,/m* for ~ 4 weeks. From
previous experiments, this is enough time to saturate the compacted clays. The plugs
were then slowly dried — to minimize disruption of the pore structure — in chambers
having progressively drier atmospheres. The relative humidities (over H,SO, solutions)
in the chambers were 81%, 58% and 3.2%. The plugs were kept at a given humidity for
at least 2 weeks. The clays were then examined by Hg intrusion porosimetry to 414
MPa. At the maximum intrusion pressure of 414 MPa, Hg can theoretically enter pores
with a diameter as small as 3.6 nm. Before the measurement, the samples were
outgassed at 6.5 Pa at room temperature.

2.3. Diffusion experiments

A diagram of the diffusion cell is shown in Fig. 1, and it is described by Hume
(1993). The through-diffusion experiments, conducted in triplicate at 23 + 2°C, are
described in detail by Oscarson et al. (1992). Briefly, the experiment involves flowing a
solution containing a diffusant (**°I, %3Sr, or *H in this study; some properties of these
radioisotopes are given in Table 1) from a source reservoir over one end of a clay plug
and passing an unspiked solution from a collection reservoir over the other end. The
diffusant then moves through the plug under a concentration gradient. The background

Table 1

Selected properties of the radiosiotopes

Radioisotope Half-life Specific activity D,? ry®
(PBq/mol) (um?/s) (nm)

123y 60.2d 80.3 1940 0.33

8sr 64.8d 74.6 757 0.41

*H (HTO) 123 a 1.08 2450 0.14

* Diffusion coefficient in pure bulk water under stationary conditions; values for I and Sr from Li and Gregory
(1974) and HTO from McCall and Douglass (1965).
® Effective hydrated radius (Nightingale, 1959).
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solution in both the source and collection reservoirs was either 100 mol NaCl/m? or 50
mol CaCl,/m?; the clays were also saturated with these solutions before starting the
diffusion experiments. The concentration of HTO in the source reservoir was 15
pmol /m?; for I and Sr, stable isotope was added as a carrier and their total concentra-
tion in the source reservoir was ~ 1 mmol/m>. The activity in the source reservoir was
monitored by liquid scintillation counting. When it decreased to 90% of the starting
activity, diffusant was added to bring its concentration up to that of the original solution.
In this way, the diffusant concentration in the source reservoir was kept nearly constant
throughout a run. The flow rate of the solution over the outflow end of the clay plugs
was such that when a diffusant passed through the plug, it was quickly ‘‘swept away’’.
Hence, at the outflow end of the plug the diffusant concentration was always close to
Zero.

The flux of a diffusant through the clay plugs was measured with time and when
steady-state was established, total intrinsic diffusion coefficients, D, (also called effec-
tive diffusion coefficients by many investigators), were calculated from a form of Fick’s
first law:

- -n(%) o

o= oflE)-- 22

where J is the diffusant flux; Q the cumulative amount of diffusant passing through the
clay plug; AQ the amount passing through in an increment of time Af; A the
cross-sectional area; L the length of the plug; and Ac the difference in the diffusant
concentration between the ends of the plug. Since solutions were allowed to flow
through porous discs next to the plug (Fig. 1), the concentration of the diffusant was
assumed to be equal to the concentration in the source reservoir, c,, at one end of the
plug and zero at the other end. The use of difference operators in Eq. 2 implies a linear
diffusant concentration through the clay plugs; this is the case in these experiments as
shown elsewhere (Oscarson et al., 1992; Cho et al., 1993).

If aqueous phase diffusion is the only mechanism of diffusive transport, D, = D,,,
where D, is the intrinsic diffusion coefficient in pore water and is given as:

as

Diw=D0¢=DoTne (3)

where D, is the diffusion coefficient in pure bulk water under stationary conditions; ¥
the diffusibility of the porous medium; 7 the tortuosity factor; and n, the effective
porosity or the porosity available for diffusive transport.

The tortuosity factor is usually expressed as:

L 2
4

LC
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Fig. 1. Diagram of the diffusion cell.

where L is the straight-line macroscopic distance between two points defining the
transport path, and L, is the actual, microscopic or effective distance between the same
two points. Since L, > L for porous media, 7< 1. In reality, 7 may account for more
than just the pore geometry of the clay. Another factor that may be included in 7 is, for
instance, the variation in the viscosity of the solution within the pore space (Kemper et
al., 1964).

From these experiments, another diffusion coefficient, an apparent diffusion coeffi-
cient, D,, can be determined from the time lag, r,. The ¢, value is obtained by
extrapolating from the steady-state region of cumulative flux curves to the time axis. For
this experiment the solution to Fick’s second law, expressed by the following equation,

ac’ b a*d S
9 ax? )
is (Crank, 1975);
Q Dt 1 2m==(=1)" ~D,n’rt
s 7 CXP 2 (6)
ALc, L 6 @#°,°, n L
which, as ¢ — oo, approaches the line,
0 D/C, L
T2 t— —— (7)
A L 6D,
The intercept of the slope at the r-axis (@/A = 0) gives ¢, which is related to D, by:
LZ
D,= (8)

6t

e
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Eq. 6 is subject to the following initial and boundary conditions:
J(0<x<L0)=0

and
d(0y=c,. d(L,;t) =<

where ¢’ = ca; ¢, = c,a, which is the initial bulk concentration of the diffusant in the
clay immediately next to the source reservoir; and « is the capacity factor (the capacity
of the solution and solid per unit volume of the bulk porous medium to hold more of the
diffusant as its concentration in the solution phase increases by one unit).

The D, value is defined as:

D, D tn,

1

P T T oK) ®

where p is the dry bulk density; and K the solid/solution distribution coefficient; it is
given as,

K,=-— (10)

where ¢ is the amount of a diffusant associated with the clay, and c¢ its concentration in
the pore solution in local equilibrium with the clay. The use of K, implies a linear
sorption isotherm passing through the origin. This is a reasonable assumption for most
sorbates or diffusants when present in low concentrations (< 1 mmol/m? or so) which
is the case here.

2.4. Sorption experiments

The extent of sorption of I” and Sr?*, expressed as K, on Na- and Ca-bentonite
was determined by suspending 5 g of clay in 30 cm® of 100 mol NaCl/m? or 50 mol
CaCl,/m® solution spiked with '>’I or **Sr in 50-cm® polycarbonate centrifuge tubes.
Stable isotopes were added as carriers and the total concentration of I and Sr was ~ 1
mmol/m?>, the same as that in the source reservoir in the diffusion experiments. The
tubes were capped, sealed in polyethylene bags, and placed in a water bath at 23 + 0.1°C
for 30 days. The tubes were shaken periodically. After the reaction period, the tubes
were centrifuged at 5500g for 40 min. The activity of 251 or ¥Sr in the supernatant
solution was measured by liquid scintillation counting. Blank experiments, conducted
identically but without clay, showed that no detectable I~ or Sr?* sorbed on the
centrifuge tubes. Values of K, were calculated from:

= Ai
Kd_(—;‘—e_l)(s_sa)/pw (11)

where A; is the net activity of the solution initially added to the clay; A, the net activity
of the solution after the reaction period; S the solution/clay ratio (by mass); S, the



J.-W. Choi, D.W. Oscarson / Journal of Contaminant Hydrology 22 (1996) 189-202 195

Table 2

Pore parameters for compacted Na- and Ca-bentonite from Hg intrusion porosimetry
Na-bentonite Ca-bentonite

Total intrusion volume * (cm® /kg) 96.7 152

Median pore diameter ® (nm) 12.7 24.4

Average pore diameter ¢ (nm) 10.3 16.5

* Maximum volume of Hg intruded into the sample at the highest pressure attained during the test.
® 50% (percentile) values obtained from volume distribution curves.
¢ Pore volume divided by pore area (4V / A); assumes all pores are right cylinders.

solution /clay ratio, or gravimetric moisture content, of the air-dried clay; and p,, the
density of the NaCl or CaCl, solutions.

3. Results and discussion
3.1. Hg intrusion porosimetry

Even though the rotal porosity of the two clays is the same at a given density,
porosimetry measurements show that the pore-size distribution of the two clays is
markedly different. There are more large pores in compacted Ca- than Na-bentonite: the
total intrusion volume, and the median and average pore size are all greater for
Ca-bentonite (Table 2). There is also a bimodal distribution of pore sizes in the
Ca-bentonite (Figs. 2 and 3): one centred around a pore diameter of 0.01 um and the
other around 1 pum. The larger pores are not present in Na-bentonite. We attribute the
greater proportion of large pores in Ca-bentonite to the larger quasicrystal, or particle,
size of this clay compared to that of Na-bentonite.
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Fig. 2. Cumulative intruded pore volume vs. pore diameter of Na- and Ca-bentonite.
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Fig. 3. Incremental intruded pore volume vs. pore diameter of Na- and Ca-bentonite.

Quasicrystals are defined as several hydrated unit layers of montmorillonite (or other
smectite clays) stacked in roughly parallel alignment along the crystallographic c-axis
(Quirk and Aylmore, 1971). This particle structure is stabilized by attractive interactions
between the basal planes of unit layers mediated by adsorbed cations and water (Sposito,
1984). In dilute aqueous suspension, Ca-bentonite forms quasicrystals with 4 to 7 unit
layers, while those of Na-bentonite are thought to average ~ 1.3 unit layers (Sposito,
1984). The quasicrystals of montmorillonite when present as a gel or paste are likely
composed of a greater number of unit layers than those in dilute aqueous suspension, but
the number of layers per quasicrystal of Ca-montmorillonite is still much higher than
that of Na-montmorilionite. For example, Ben Rhaiem et al. (1987) reported that in a gel
the number of unit layers per quasicrystal of Ca-montmorillonite ranged from 50 to 400,
while that of Na-montmorillonite was < 10. Our porosimetry data suggest the relative
number of unit layers in a quasicrystal of Ca- and Na-bentonite is maintained when
clays are freeze-dried and subsequently compacted and saturated.

We attribute the larger pores in Ca-bentonite to interparticle pores — pores between
clay particles when they are packed together and that are intruded during the test, and
the smaller pores to intraparticle pores — pores lying within the exterior outlines of
individual clay particles. The less ordered structure of Na-bentonite allows the particies
to disperse relatively uniformly throughout the available space and thus the larger, 1-um
pores in Ca-bentonite are not present in Na-bentonite (Fig. 3).

3.2. Total intrinsic diffusion coefficients

Typical cumulative flux curves for HTO through Na- and Ca-bentonite are shown in
Fig. 4 and those for Sr?* in Fig. 5. The curves for I~ are similar to those for untreated
Avonlea bentonite given elsewhere (Oscarson et al., 1992). For all diffusants, the flux
through Ca-bentonite is greater than that through Na-bentonite. Since D, is a proportion-
ality constant relating the flux of a diffusant to its concentration gradient (Eq. 2), and the
concentration gradient for a given diffusant was the same for both clays, D, is also
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Fig. 4. Cumulative flux curves for HTO in Na- and Ca-bentonite.

greater in the Ca-bentonite. We attribute the higher D; values in Ca-bentonite to the
greater proportion of comparatively large pores in this clay and to their influence on V.

The D; values depend on D, and ¥ (Eq. 3). For a given diffusant, D, should be
similar in the NaCl and CaCl, solutions (McCall and Douglass, 1965). From the HTO
data, ¥ was estimated (Table 3) for the two clays from the ratio D,/D,. The higher ¥
in the Ca- than Na-bentonite suggests that 7 or n, (or both) is greater in the Ca-clay (Eq.
3). It is likely that HTO migrates through all, or nearly all, of the pore space of
compacted clays (Henrion et al., 1991; Kato et al.,, 1995). If so, n,=n, the total
porosity, and 7 can be estimated (Table 3) from the ratio ¥/n. (At p=1.3 Mg/m’,
n=0.52, assuming a particle density of 2.7 Mg/m? for both clays.) The higher 7 in
Ca-bentonite means the diffusion pathways in this clay are less tortuous (7 is greater,
Eq. 4) than those in Na-bentonite.

The mobility of the first molecular layer of water sorbed on Na-bentonite is ~ 30%
of the mobility of water molecules in bulk water, and that on Ca-bentonite, ~ 5%
(Kemper et al., 1964). Therefore, D; for HTO would be expected to be higher in

3
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Fig. 5. Cumulative flux curves for Sr’* in Na- and Ca-bentonite. The point where the dashed lines,
extrapolated from the steady-state region of the curves, intercept the time axis gives 7., the time lag.
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Table 3

Diffusion coefficients for HTO and diffusibility and tortuosity factors in the Na- and Ca-bentonite

Clay D, ' T D,
(pum®/s) (um? /s)

Na-bentonite 784+34°¢ 0.032 0.062 80+ 20

Ca-bentonite 150+ 15 0.061 0.117 110+ 16

? Diffusibility factor for the clays from Eq. 3 for HTO.

® Tortuosity factor for the clays calculated from the ratio ¥ / n,, where n, for HTO diffusion is assumed to
equal the total porosity of the clays.

¢ Arithmetic mean + one standard deviation of three replicates.

Na-bentonite, other factors being equal. Since the opposite is observed (Table 3), the
greater proportion of large pores in Ca-bentonite, and their influence on 7, outweighs the
comparatively low mobility of HTO next to particles of Ca-bentonite.

For 17, D; <D, for both clays (Table 4); this is likely due to anion exclusion.
Similar results for I~ in compacted clays have been reported by others (Berry and Bond,
1992; Oscarson, 1994). This suggests I~ migrates through less of the pore space (n, is
lower) than HTO. If so, ¥ obtained from HTO experiments is overestimated for I-. A
lower ¥ would give a proportionately lower D, (Eq. 3) for 17, and closer to the
measured D;.

The D, results for I™ also agree with electrical double-layer theory. The double layer
of Na-bentonite is more diffuse than that of Ca-bentonite (Yong and Warkentin, 1975);
thus, Na-bentonite has less pore space available for anion diffusion, i.e. a greater degree
of anion exclusion. For I” in Na-bentonite, D, is ~ 8 times less than D,,, but only 4
times less in Ca-bentonite (Table 4).

If we assume 7 is a property of a porous medium only and that it does not depend on
the diffusant, then an estimate of n, for I can be obtained from D,/D,7 (Eq. 3). In
Na-bentonite, n, = 0.06 and in Ca-bentonite, 0.13. Therefore, not only are the diffusion
pathways less tortuous in Ca-bentonite, but its effective porosity for I~ diffusion is
greater than that of Na-bentonite. Again, we ascribe this to the greater proportion of
large pores in Ca-bentonite. These n, values of bentonite for I” of ~ 0.1, or 20% of n
(0.52), at p= 1.3 Mg/m’ are similar to those reported by others (Oscarson et al., 1992;
Cho et al., 1993).

Table 4

Diffusion and distribution coefficients in the clays

Clay Diffusant D; D, D, calc. D, * Ky

(pum?/s) (um?/s) (pum? /) (pum? /5) (m?/Mg)

Na-bentonite I 754+0.71° 62 48+1.4 1.6 3.4+0.23
Sr 24+ 16 24 8.542.1 0.25 76+3.1

Ca-bentonite I 29+ 15 120 16+7.1 3.0 7.410.62
Sr 150+ 40 45 18+ 10 29 12400

* Calculated from Eq. 9.
® Arithmetic mean + one standard deviation of three replicates.
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For Sr?*, D,=D,, in Na-bentonite (Table 4), indicating that ¥, estimated from
HTO experiments, is appropriate for Sr>* in this clay. On the other hand, D, > D,, in
Ca-bentonite. Thus, Sr’* migrates through the Ca-bentonite at a rate greater than
predicted from aqueous phase diffusion alone (Eq. 3). Some investigators have invoked
surface diffusion, or migration within the electrical double layer next to clay surfaces, to
account for enhanced diffusion of cations like Sr’* in some clay—water systems
(Oscarson, 1994 and references therein). If there is surface diffusion, Eq. 3 is modified
to (Oscarson, 1994):

D,= D4+ D, pK, (12)

where D, is the surface diffusion coefficient. This equation predicts that D, increases
with increasing K. Clearly this is not the case for Sr’*: K, is lower and D, higher in
the Ca- than Na-bentonite (Table 4). Oscarson (1994) also reported enhanced diffusion
of Sr?* in the Avonlea bentonite at p = 1.25 Mg/m?, but not at p = 1.60 Mg/m?>. It is
not clear why there is apparently enhanced migration of Sr?* in some clay—water
systems, but not in others. This requires further study and perhaps more advanced
models of cation migration in compacted clays.

In Avonlea bentonite at p~ 1.3 Mg/m’ and saturated with a synthetic groundwater
solution, the mean D, values for the three diffusants are: 12 um?/s for 17, 79 um?/s
for Sr?* and 120 uwm? /s for HTO (Oscarson, 1994). All these values fall between those
obtained for Na- and Ca-bentonite (Tables 3 and 4). In Oscarson’s study, the synthetic
groundwater solution had the following major-ion concentrations in mol /m3: Na*, 83;
Ca’*, 53; CI™, 170; and SO}‘, 11. This result suggests untreated Avonlea bentonite
saturated with the synthetic groundwater solution (in this case the exchange complex of
the clay contains both Na* and Ca’* along with minor amounts of Mg?* and K*) has
a pore structure or fabric intermediate between those of pure Na- and Ca-bentonite. A
corollary is that the number of unit layers per quasicrystal of the untreated bentonite
saturated with the synthetic groundwater solution is greater than that for Na-bentonite,
but less than the number for Ca-bentonite. It is well known that the size of montmoril-
lonite particles change with various cation substitutions on the clay’s exchange complex
(Sposito, 1984).

As Ca®* gradually replaces Na* on the exchange complex of bentonite in a disposal
vault, D, for radioisotopes in a bentonite-based barrier would be expected to increase
accordingly. The increase, though, would only be about a factor of 5, at most. Based on
a sensitivity analysis of mass diffusion in clay-based barriers, this relatively small
increase is not significant in the nuclear waste disposal concept developed in Canada
(Johnson et al., 1994).

On the other hand, when compacted, clay layers have restricted mobility. Hence they
may be unable to assume other arrangements; for example, more unit layers per
quasicrystal as the proportion of Ca’* on the exchange complex increases. If so,
compacted clay would likely maintain the diffusivity of that initially emplaced in a
disposal vault regardless of how the exchangeable cation composition evolves. Confir-
mation of this requires further study, but the results of Whitworth and Fritz (1994) on
the permeability of compacted smectite membranes tend to support this argument.
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3.3. Apparent diffusion coefficients

The 7, values, from which D, values were determined (Eq. 8), are obtained by
extrapolating from the steady-state region of cumulative flux curves to the time axis; this
is shown, for example, as dashed lines in Fig. 5. From this figure, ¢, for Sr** is 13.5
days in Na-bentonite and 8.8 days in Ca-bentonite. For clarity, the extrapolation is not
shown for HTO in Fig. 4.

The lower D, values for I~ and Sr?* compared to HTO in both clays is largely
because they sorb on the clays and HTO does not. Moreover, consistent with Eq. 9, D,
for I and Sr?* is inversely proportional to K,. The D, values for I~ are lower in Ca-
than Na-bentonite even though Ca-bentonite has less tortuous diffusion pathways and a
greater n, as discussed above. This illustrates the strong dependence of D, on sorption
reactions. Less Sr2* is sorbed on Ca- than Na-bentonite because of greater competition
from divalent Ca’* than monovalent Na* for sorption sites on the clays (Benson, 1982).

Values of D, calculated from Eq. 9 are given in Table 4 for comparison with the
measured D, values. The K, values used in the calculation are also shown in Table 4.
The other parameters used in Eq. 9 for I are: D, = 1940 pum?/s; p=1.3 Mg/m>;
7=0.062 (Na-bentonite) and 0.117 (Ca-bentonite); and n, = 0.06 (Na-bentonite) and
0.13 (Ca-bentonite). The parameters for Sr?* are: D, = 757 um?/s; n, = 0.52 for both
clays; and p and 7 are the same as those for [™.

The calculated D, values are lower than the measured ones. We attribute this largely
to an overestimation of K, measured in batch tests on loose bentonite at a relatively
high solution /clay ratio. Lower K, values would give higher calculated D, values (Eq.
9), and perhaps closer to the measured values. The K, values in Table 4 likely
overestimate the actual extent of sorption of a diffusant on compacted clays for at least
two reasons. First, K, generally decreases with decreasing solution /clay ratio (Meier et
al., 1987; Robin et al., 1987; Oscarson et al., 1994). If K, values could have been
measured on the compacted clays where the solution/clay ratio was ~ 0.4 m’/Mg,
they would likely be lower than those determined on the loose clays in the batch tests at
a solution/clay ratio of 6 m*®/Mg. Secondly, at a given solution/clay ratio, K, for
sorbates on compacted bentonite are lower than those on loose bentonite (Oscarson et
al., 1994). This is because sorbates cannot access all sorption sites on compacted clays.

4. Summary

We examined the effect of the exchangeable cation — Na* and Ca’* — on the
diffusive behaviour of I-, Sr?* and HTO in compacted bentonite, Total intrinsic
diffusion coefficients for all diffusants are higher by a factor of 2 to 6 in Ca- than
Na-bentonite. This is due to the larger particle size of Ca-bentonite, which, in turn,
means there is a greater proportion of relatively large pores; this was confirmed by Hg
intrusion porosimetry. Hence, the diffusion pathways in Ca-bentonite are less tortuous,
and, in some cases, the effective porosity for diffusion is greater. The D, values for the
diffusants are inversely proportional to K.
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