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RESUME

Le centre des travaux de recherche en laboratoire sur l'évacuation
des déchets radioactifs de faible et moyenne intensité est la détermination
des conditions qui domineront et des barrières qui seront les plus efficaces
pour la rétention des radionuclides. Les études Initiales se sont
concentrées sur l'évaluation d'un dépôt inondé et l'analyse des matériaux de
remblayage convenant pour l'adsorption des matières radioactives mais assez
perméables pour permettre à l'excédent d'eau de traverser le dépôt et
pénétrer dans la nappe phréatique sous-jacente. On a effectué des études
physiques et d'adsorptlon. D'après ces essais préliminaires, on est d'avis
qu'un mélange d'argile à 10? en poids et de sable complémentaire satisferait
aux critères ci-dessus. On trouve ces deux matériaux dans la Vallée des
Outaouais et, en outre, ils présentent l'avantage de réduire davantage les
frais d'utilisation par rapport aux matériaux importés.
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ABSTRACT

The focus of laboratory research effort on the disposal of low- and
Intermediate-level radioactive waste is to determine what conditions will
dominate and which engineered barriers will be most effective for the
retention of radionuclides. Initial studies have concentrated on the
evaluation of a flooded repository and the assessment of backfill materials
suitable for the adsorption of radioactivity, yet permeable enough to allow
excess water to pass through the repository and into the underlying water
table. Both physical and adsorption studies have been performed. Based on
these preliminary experiments, it is felt that a mixture of 10 wt% clay and
the remainder sand would satisfy the above criteria. Since both are avail-
able within the Ottawa Valley, they also have the added advantage of being
mure cost effective to use than imported materials-
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INTRODUCTION

Disposal strategy (1,2,3) for low- and intermediate-level radioactive waste
generated and received at the Chalk River Nuclear Laboratories has the
intent to optimize the combination of safety and costs of disposal through
the use of intrusion-resistant shallow land burial. A facility to be
located in a stabilized sand dune above the water table (4) will contain
waste in a vault which has concrete walls and a cap to prevent water
infiltration and biological intrusion. The base of the vault will be a
permeable but adsorbing floor above the water table. It is expected that
all the waste put in the vault will be enclosed within an envelope of
backfill material to control the release of radionuclides and to stabilize
the repository. This paper outlines experimental studies conducted on
backfill materials and discusses what backfill could be chosen for the
expected wastes to be placed in the vault.

The quantity of backfill material required for safe containment depends in
part upon the physical properties, the adsorbent capacity and the disper-
sion rate of radionuclides through the material. The backfill materials
reviewed for their possible use included locally available sand, and this
sand mixed with different clays. The physical properties of interest
included the density, porosity and permeability characteristics of the
sand-clay mixtures.

MATERIAL SELECTION

The three major classes of clay, montmorillinites, illites, and kaolinites
were reviewed for their suitability as backfill material for the low-level
waste repository. The clays were screened both for their adsorption
capacities for radionuclides and for their physical properties under
alternating wetting and drying cycles. The adsorption of the various clays
for radionuclides is discussed in the next section. The kaolinites have
the lowest capacity for cations (3-15 meq/100 g) and are the coarsest
clays* There is no expansion of the kaolinite particles when immersed in
water. The illites have higher capacities to retain radionuclides
(15-40 meq/100 g) and experience little or no swelling when contacted with
water. The montmorillinites have the highest capacity for radionuclide
adsorption (80-100 meq/100 g), have the smallest particle size, but also
may swell by 20 to 40 vol%.

Swelling is an undesirable characteristic because the potential exists for
drying of the backfill in the repository. With the vault located above the
water table, shrinkage cracks could appear throughout the backfill and
allow channelling of water during a subsequent flooding period. This
property could impair the excellent adsorption characteristics because the
radionuclides would not contact the bulk of the material if the water in
which the radionuclides were dissolved were to pass through the cracks in
the backfill. Since transportation costs have been cited as a major
expense for backfill material (5), a review of the clay deposits close to
the repository site was chosen for further study. The clay is classified
as illite, a nonswelling sodium aluminum silicate. The deposit was created
by materials carried by glacier meltwaters. Because the deposit was formed
by mechanical weathering it contains only about 15% illite, the remainder a
mixture of ground quartz and feldspars (6).
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The dry densities of compacted clay can be quite low, about 1.3 to
1.4 Mg/m^, but mixing with sand can increase the dry density. Compaction
of the backfill to higher densities could improve the stability of the
vault and reduce the porosity to limit the available water in a saturated
repository. Local sand mixed with the clay would, by reducing the clay
content, reduce disposal costs. Sand deposits are large and numerous on
the Chalk River site and could be used. A drawback to mixing sand with
clay is the reduction in the adsorption capacity for radionuclides released
from the waste forms. Studies performed on mixtures of clay and sand were
done to show that a mixture could be suitable from both physical and a
chemical viewpoint.

Density and Porosity Determinations

There were several compositions of clay and sand studied. The sand has a
narrow size distribution (0.6-0.07 mm) as shown in Figure 1 because it was
deposited by wind. The clay is a mixture of sand (greater than 0.06 mm),
silt (0.06 mm-2 jjm) and clay (less than 2 ym)• The clay and rock flour
portion is roughly 40%, with silt accounting for 55% and sand the remainder.

The dry density-water content relationships for sand-clay mixtures were
determined in accordance with the Standard Procter test (7) in which the
sample is compacted by the repeated dropping of a 2.5 kg ram from a height
of 30 cm. The results are presented in Figure 2. As the clay content
increased, the maximum attainable dry density increased and the correspond-
ing optimum water content for compaction increased. Sand-clay mixtures
with a clay content of less than 5 wt% were not cohesive. For mixtures
above 5 wt% clay a distinct maximum dry density was obtained. Compaction
is aided by the addition of water, and the dry density of a specific
mixture of clay and sand will increase until the optimum water content is
reached (8). Beyond this water content, the dry density begins to decrease
because the excess water now interferes with the compaction of the
particles.

Permeability of Clay-Sand Mixtures

The rate of water movement through the vault would be affected by the
permeability of the backfill mixture, and hence by the clay content. For
low permeable soils the falling head permeability test is considered to be
the easiest to perform (9). The permeability decreases with increasing clay
content. Starting with a permeability of 6-0 x 10~5 for sand, there was a
rapid drop in the permeability to 1.3 x 10~6 m/s as the clay content was
increased to 10 wt%. Above 10 wt% clay content, the change in permeability
became more gradual (Figure 3). The permeabilities of granite-bentonite
mixtures which are being considered for high-level-waste repository back-
fill can range as low as 1.0 x 10~9 m/s, a difference of greater than two
orders of magnitude less than these clay-sand backfills. Since the illite
clay-sand mixture is quite permeable, it would allow any water that
inadvertently enters the vault to drain freely. The selection of a clay
content between 5 and 10 wt% for the shallow land vault would provide
stability, have a low porosity and be permeable enough to allow free
drainage of water.
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ADSORPTION AND DISPERSION MEASUREMENTS

The desirable clay content is also affected by the adsorption and
dispersion properties (10). Long-term studies (11) have shown that the
locally available sand has some capacity to retain migrating radionuclides.
Batch adsorption teats were performed with sand, and sand in combination
with several clays, including bentonite, kaolin and illite, to determine
the adsorption of various radionuclides from water by the solid phase.

The adsorption of radioactivity by the various clays was as expected. The
highest values were obtained with the montmorillinite clays. The distribu-
tion coefficients (kjs) decreased as the cation capacity of the clays
decreased (Table 2). The. distribution coefficients were based on the
measured radioactivity concentration in a volume, V, of a solution, both
initially (C o), and after contact (C) for 48 hours with a clay-sand mixture
of mass, M. The expression to calculate the distribution coefficient is:

kd = (Co/C - 1) x V/M

The distribution coefficients for the illite clay-sand mixtures generally
rose as the clay content was increased (Table 3) . For Cs-137, the increase
was about 450 times when the clay content was raised to 10 wt% from 0 wt%.
The corresponding increase for Sr-85 was only a factor of 10. The only
radionuc.Hde not showing any change in the distribution coefficient with
increasing clay content was Co-60. However, over the range of clay content
tested, the distribution coefficients were high and with its short half-
life, Co-60 does not present any concerns for backfill requirements.
Changes in water chemistry to reflect the presence of leached chemicals
from the waste and from the concrete affected the adsorption of various
radionuclides to the clay-sand mixtures. Distribution coefficients rose
when cement-equilibrated water was used instead of distilled water
(Table 4). An important finding from the study was the synergistic effect
ot leachate on the removal of Sr-85 from solution. The leachate contains
sodium phosphate, released from bituminized waste. The solubility of
strontium phosphate is low and in combination with the large surface area
of the clay particles, Sr-85 is believed to become precipitated and
trapped. The presence of Ca(OH)2 in the cement-equilibrated water does
not interfere with the process. The decrease in Co-60 adsorption of
cement-equilibrated solutions is due perhaps to the formation of hydroxides
which remain in the solution rather than being adsorbed on the backfill
particles. Since there is expected to be a large mass of concrete in the
repository, the addition of cations from this source does not appear to
have any negative effects on the removal of these radionuclidps from
solution.
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Diffusion Cell Experiments

Movement of radionuclides through the backfill once they have been released
from the waste is dependent not only on the adsorption characteristics, but
also on the rate at which the radionuclides are dispersed through the back-
fill. The migration rates of radionuclides are being measured by two
techniques: a static process using compacted clay-sand mixtures in diffu-
sion cells; and a dynamic process where water flows through a column of
compacted clay and sand. The diffusion cells permit examination of the
migration rate as a function of water chemistry, clay content and degree of
water saturation. The columns allow determination of the radionuclide
migration as a function of clay content and water chemistry under fully
saturated flowing conditions.

The diffusion cell experiments are representative of the expected status in
the repository, i.e., unsaturated, non-flowing conditions. The column
experiments are relevant to failure analysis of the repository, for
example, when water might pass through a breached cover on its way to the
water table, or when water might enter through the bottom permeabLe layer
from an exceptionally high water table.

The diffusion cells are made by compacting the clay-sand mixture in two
distinct fractions. In one half of the cell, the mixture is packed with
water, free of radioactivity. The other half of the cell is then packed
using water traced with Cs-137, Sr-85 and Co-60. The cell is then examined
nondestructively with a gamma-ray spectrometer, with readings taken every
1.5 mm along the length of the cell.

The movement of Sr-85 at different times is presented in Figure 4 for a
cell containing 5 wt% clay-sand mixture and which is 25% saturated. The
vater present in the cell is a percentage of the amount required to
completely soak the compacted sample. Between counting times, the cells
are kept horizontally in a humid atmosphere to prevent the mixture from
losing water. Any water adsorbed by the cell while remaining in humid
storage would provide more conservative results as dispersion values
increase with water content.

From the data, the dispersion coefficient, Da, can be determined at a
specific point in time, t, knowing the concentration in the traced portion
of the cell, Co, and the radionuciide concentration, C, at various
distances, x, within the originally untraced portion. Thus,

C/Co = 0.5 erfc (x/ /4Dst)

Dispersion values of less than 1.0 x 1CT1-1 m2/s have been obtained for
Sr-85. In contrast, the movement of Co-60 and Cs-137 after one year is
negligible in the diffusion cells. The dispersion values for these iso-
topes are less than 1.5 x 10~13 m2/s based on the counting statistics
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of the equipment. The data are presented in Table 5 for both saturated
and unsaturated mixtures of clay and sand. The dispersion values were
calculated from data taken 122 days after the cells were prepared. With
knowledge of the density and porosity of the material in the diffusion cell
and the tortuosity factor, T, determined by diffusion measurements with
tritiated water, the distribution coefficient can be determined by the
following relationship (where D o is the diffusion coefficient of free ion
in water):

D 8 - DOT/(1 + kdP/n)

The dispersion coefficient for tritiated water in the cell was
1.06 x 10"9 m2/8. The values of the distribution coefficients determined
from these cells were within the experimental values generated in the batch
equilibrium tests reported in Table 3 for Sr-85.

The dispersion coefficients were determined from these experiments to be
constant with time. There is, however, an effect of the degree of satura-
tion; the less water present, the lower the dispersion coefficient. This
effect can be seen most readily in Table 5 for the mobile Sr-85 radionu-
clide. Another effect observed with the adsorption experiments was the
interaction of phosphate with the radionuclides. This interaction has been
studied both by adding sodium phosphate to the water phase in the diffusion
cells, and by placing a thin layer at the interface between the active and
inactive sides of the cell. The results show that with sodium phosphate in
solution, the dispersion coefficient drops in value by more than a factor
of 25 and with a layer of phosphate the Sr-85 builds up at the interface
and does not diffuse into the half cell containing no initial tracer. The
cells are presently being used to study other possible vault environments,
including the effect of complexing agents and decomposition products of
cellulose wastes.

Column Experiments

Experiments have been conducted using columns of compacted clay and sand
mixtures to determine the dispersion and the distribution coefficients of
radionuclides under fully saturated and flowing conditions. The columns
were spiked with an injection of tracers and effluent samples were then
accumulated using a fraction collector. The release of radioactivity from
the column was plotted, and from the leading edge of the breakthrough
s>.:rvat the dispersion coefficient and distribution coefficient were
determined using both linear and multiple regression analysis (12). The
breakthrough of Sr-85, Co-60, and Cs-137 have not been observed with 10 cm
length columns containing either 5 or 10% clay. Measurements with hand
held geiger tubes indicates the activity remains at the top of the column
even after three months of continuous operation with a flow rate of
150 m/a. The high flow rate was chosen to examine the possible event of an
extreme rise in the water table. The flow rate is comparable with the
ground water flow rate in the water table at the location of the repository
site (4).
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Attempts were made to measure the movement of C-14 using the columns. With
a nonadsorbing tracer, such as tritium, the column can be tested to insure
it does not contain voids or is packed too tightly. With demineralized
water, the C-14 moves quickly through the column as shown in the break-
through curves given in Figure 5. The dispersion coefficient is
1,5 x 10~9 m^/s, and the distribution coefficient is much less than
one. Equilibrating the column with cement contacted water first, results
in no C-14 observed in the effluent. This would indicate there is probably
a chemical reaction taking place to tie up the C-14 and to prevent its
release from the column. When C-14 is added to a cement-equilibrated solu-
tion in contact with a small amount of backfill, the measured distribution
coefficients steadily increase with contact time. The added advantage of
the column experiments is the ability to test the mobility of other
B-emitting radionuclides, such as Ni-63, or toxic chemicals, such as
arsenic or lead.

CONCLUSIONS

The work presented in this paper is part of an overall program on defining
the engineered barriers for shallow land disposal of low- and intermediate-
level radioactive wastes. The experimental program has been undertaken to
determine the physical and chemical properties of clay-sand mixtures. The
information gained from the tests is being used to assist the long-term
prediction of radionuclide migration (13). Based on the work performed, a
mixture of up to 10 wt% illite clay in local site sand would provide
additional stability to the repository when used as backfill material-
This mixture would not only fill voids created by placing irregular shaped
waste packages in the vault, but it would also curtail radionuclide
transport from th'i repository. Movement of radicnuclides from the waste
through the vault backfill and into the water table would be limited to
diffusion-controlled mechanisms.
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Table 1 PHYSICAL PROPERTIES OF SAND-CLAY MIXTURES

Clay
Content
wt%

0
1
5
10
25
50

Maximum
Dry Density

Mg/m3

1.65
1.64
1.72
1.81
1.94
1.67

Minimum
Porosity

%

0.39
0.39
0.36
0.33
0.29
0.38

Optimum
Water Content

wt%

5.6
3.5
5.1
6.6
11.7
15.9

Table 2 DISTRIBUTION COEFFICIENTS FOR DIFFERENT CANDIDATE MATERIALS

Candidate Material

Bentonite Clay
Attapulgus Clay
Local Illite Clay
Kaoloin Clay
Local Sand

Distribution Coefficient, L/kg

Co-60

170
220
145
50
100

Cs-137

510
2200
1100
390
400

Bituminized Sodium Phosphate Leachate Solution : Solid Ratio is 15:1

Table 3 DISTRIBUTION COEFFICIENTS OF CLAY-SAND MIXTURES

Illite
Clay

0
2
4
6
8
10

Co-60

250 ±
350 +
460 +
460 +
380 ±
380 +

30
10
10
20
20
10

Distribution Coefficient

Cs-137

85 +
1300 ±
7000 ±
14000 ±
30000 ±
38000 ±

7
200
1000
2000
9000
10000

, L/kg

Sr-85

9.7 ±
15.3 ±
22 ±
35 ±
58 ±
82 ±

0.4
0.7
2
1
1
1

Demineralized Water : Solid Ratio is 15:1.
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Table 4 CHEMISTRY EFFECTS ON DISTRIBUTION COEFFICIENTS
FOR A 5 WT% 1LLITE CLAY-SAND MIXTURE

Solution

CRNL Groundwater

With Phosphate

Cement Equilibrated
CRNL Groundwater

With phosphate

Distribution Coefficient, L/kg

Co-60

900± 60

64+5

63 ± 2

.±0.5

Cs-137

7300 +- 200

520 ± 30

18000 i 1000

3500 ± 700

Sr-85

14+ 1

105

25+2

105

Solution : Solid Ratio is 15:1.

Table 5 DISPERSION COEFFICIENTS IN SAND-CLAY MIXTURES

Clay
Content
wt%

0
5
5
5
5

Water
Content

%Saturation

25
25
50
100
25*

Dispersion Coefficient

Co-60

0.02
0.02
0.06
0.08
0.003

m2/s x lO*1

Cs-137

0.02
0.003
0.003
0.04
0.003

Sr-85

0.5
0.98
3.56
5.0
0.026

*Sodium Phosphate added to water
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