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RESUME

On étudie le milieu physique et chimique qu'on pense recontrer dans le dépôt
de déchets radioactifs des LNCR pour établir la vitesse de migration des
radionuclides. On évalue les conditions chimiques existant dans le dépôt
quant à leur effet sur le comportement du tampon et la dégradation de
l'ouvrage en béton. Les programmes expérimentaux couvrent: l'effet des
variations de la chimie de la solution sur la distribution des radionuclides
entre le tampon/remblai et la phase aqueuse; la stabilité chimique des
tampons; et l'évaluation du mécanisme déterminant de la migration des
radionuclides au cours de 1'infiltration.
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ABSTRACT

The expected physical and chemical environment within the low-level
radioactive waste repository to be sited at Chalk River is being studied to
establish the rate of radionuclide migration. Chemical conditions in the
repository are being assessed for their effect on buffer performance and the
degradation of the concrete structure. Experimental programs include the
effect of changes in solution chemistry on radionuclide distribution between
buffer/backfill materials and the aqueous phase; the chemical stability of the
buffer materials and the determination of the controlling mechanism for
radionuclide transport during infiltration.
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INTRODUCTION

AECL has an on-going comprehensive program in low level waste management. It
involves the characterization, processing and storage of low and intermediate
level waste streams generated on-site at the Chalk River Nuclear Laboratories
(CRNL) and shipped from waste generators including hospitals and universities
across Canada. A program for the transition from storage to disposal of low
level waste is well advanced (1). It involves site selection, facility
design, the assessment of safety and environmental protection, licensing and
quality control. The program outlined in this presentation is focused on the
chemical characterization of the repository and the transport of radionuclides
through the engineered barriers. It is part of the safety and environmental
assessment and also impacts on the design and optimization of the facility.
Our plans call for the construction of IRUS (Intrusion Resistant Underground
Structure), a concrete facility with an open bottom placed underground but
above the water table in a stable sand dune.

A persistent problem in repository characterization is the large degree of
uncertainty associated with the composition, physical and chemical properties
of the various waste forms. Waste that is amenable to volume reduction and/or
stabilization is treated in the Waste Treatment Centre at CRNL. A small
fraction of other waste (<10%) will be placed in the repository without
treatment. While the long-term performance of stabilized wastes, the ones
incorporated into bitumen, plastic or concrete, has been extensively explored,
the contents of miscellaneous and compacted waste are subject to large
variations. Yet, the latter group of wastes are more likely to undergo
significant chemical and physical changes soon after disposal and thus
influence repository performance.

While there will be a variety of engineered barriers put in place to restrict
water movement, to retard radionuclides and to reduce intrusion (2), the focus
of this paper will be on the performance of granular materials to be placed at
the bottom of the repository and around the various waste forms. The
engineered barriers in the repository are designed to minimize the transport
of critical radionuclides both in the expected normal and possible, but
unlikely failure modes. The critical radionuclides range from the relatively
short half-life radionuclide, tritium, whose transport is the same as the
transport of water; to Cs, Sr and Co radionuclides whose movement can
be effectively retarded by ion exchange media. The performance and stability
of ion exchange media, however, is dependent on both the concentration of
dissolved radionuclides and the water chemistry. Radionuciide migration
through the layers of granular material must be evaluated using a wide range
of potential water chemistries in the repository. Thus, the physical and
chemical environment expected in the low-level radioactive waste repository at
CRNL is being studied to establish the rate of radionuclide migration and to
predict the extent of their movement. The conditions in the repository should
remain quite dry and with little movement of the water. However, two
improbable extremes, flooding or infiltration, are also being evaluated to
compare radionuclide migration with that expected under normal operating
conditions.



PHYSICAL AND CHEMICAL ENVIRONMENT IN THE REPOSITORY

Normal and Failure Modes

The physical and chemical environment and radionuclide migration of the
facility after closure is being evaluated in both the normal mode, where the
facility meets its design criteria and in different failure modes. The two
most plausible failure modes which have been considered are: flooding due to
elevation of the water table; and, infiltration of rain water or melting snow
due to the cracking and/or collapse of the repository roof. Schematic
diagrams of the repository in these three conditions are illustrated in Figure
1. It is expected the repository as designed with its various protective
water-shedding layers will keep water out for a long period of time. The
determination of this time span is being addressed through concrete durability
studies.

Chemical Interactions in the Repository

A simplified illustration of the interaction of waste forms, the chemical and
physical processes taking place in the repository and their ultimate effect on
water chemistry and radionuclide transport is illustrated in Figure 2. Only
waste forms that have a significant effect on chemical conditions are
included. These include compacted and miscellaneous waste, metals and wastes
stabilized with bitumen, plastics or concrete. All of these events are not
likely to be encountered until there are sufficient quantities of water
entering the repository either by infiltration or by flooding.

The major chemical processes involve carbon dioxide generation by biological
activity, carbonic acid formation, when the carbon dioxide is dissolved in
water, and the reaction of carbonic acid with concrete waste forms, concrete
rubble and the concrete structure of the repository. The products of this
reaction are calcium and magnesium carbonates and bicarbonates. The
generation of the latter will increase the salt content of the aqueous phase.
Fatty acids and complexing agents are also products of the biological
degradation process. Biological degradation together with the corrosion of
metals such as carbon steel create a reducing environment in the repository.
Physical processes include the leaching of soluble chemicals from stabilized
and unstabilized waste and the leaching of calcium and magnesium hydroxide
from concrete. The water chemistry can also be altered by interaction with
the buffer and backfill materials and any high surface area waste in the
repository.

The physical and chemical processes the concrete is subjected to not only
affect the water chemistry in the repository, but what could be more
important, they can influence the durability of the concrete structure.

SELECTION OF BUFFER AND BACKFILL MATERIALS

Desirable Hydraulic Properties

Current plans for the low level radioactive waste repository at CRNL call for
the incorporation of two different types of engineered barriers, each designed



to maximize the retardation of specific radionuclides. These barriers
include: buffer material which will be put in place at the bottom of the
repository as the repository is constructed; and, backfill material to be
placed around the waste forms as the repository is filled.

Sand was chosen as the backfill material. In the dry normal repository
environment, it is an ideal barrier to moisture movement due to its large pore
structure and minimal capillary pore water content. Relative to finer
structured soils, sand has a high hydraulic conductivity at high water content
prevalent during infiltration, when short residence time for water is
desirable, and lov conductivity in the dry state, where minimal transport of
the radionuclides is desirable.

A buffer zone, approximately 0.5 to 1.0 m thick will be placed at the bottom
of the repository, immediately below the waste forms. Candidates for the
buffer are clinoptilolite and/or clay mixed with sand. Clinoptilolite, a
natural molecular sieve, was chosen as one of the materials because of its
high selectivity for the critical cationic radionuclides. The other major
candidate, a marine sediment clay (Dochart clay), is available locally and
consists of in decending quantity: rock flour, chlorite, smectite and illite
clay. Physical properties of clay/sand mixtures have been fully evaluated
(3).

Desirable Buffer Properties.

The chemical environment in the repository can have a profound effect on the
long term reliability of the buffer layer to retard the migration of
radionuclides. The chemical environment in the repository is difficult to
predict because of the broad range of wastes placed in the repository, and
their poorly defined composition. Chemicals leached from the waste can have a
dual effect on the buffer. They can influence the distribution of
radionuclides between the solid and aqueous phases; and/or the chemicals can
cause he gradual selective destruction of ion exchange sites of the buffer by
slowly dissolving or by altering the skeletal structure of the adsorbent. Two
approaches are taken to mimic the chemical environment in the repository. In
the first approach, extremes in pH values are used since the expected uneven
distribution of acid and base sources could result in localized high and low
pH values in the buffer layer. This chemistry change can have an important
effect on the adsorption properties and long term stability of the buffer.
The potential range of pH conditions are expected to be broad in the
repository due to acids and bases that form part of the low level waste load
in the repository, from short chain fatty acids generated by biological
degradation processes and from the leaching of sodium -, potassium -, and
calcium hydroxides from concrete. The other approach is to subject the buffer
and backfill materials to waste leachates. In the IRUS repository, compacted
wastes with low levels of radioactivity will be placed in packages of low
durability and thus will be the most susceptible to leaching.

EXPERIMENTAL PROGRAMS

The objectives of the experimental programs are to identify the controlling
mechanisms of radionuclide transport within the repository in normal and



failure repository conditions; and to quantify the rates of water and
radionuclide transport both in the laboratory and scaled-up field experiments.

Effect of Environment on Buffer Performance

The potential for pH value fluctuations in the repository is significantly
higher than in nature. Acids and bases in the waste will affect the pH of the
leachate. Other potentially more dominant processes for acid and base
generation are the anaerobic degradation of organic materials producing short
chain fatty acids, and hence creating an acidic environment in the pH range
4.3 to 5. Water in contact with concrete will generate a leachate having a
high pH, in the range of 11 to 12.

The candidate buffer materials, Dochart clay and clinoptilolite, were
subjected to leachants in the pH range 2 to 11 at room temperature and at
60°C. Temperature and pH conditions were more extreme than expected in the
repository (8°C) to accelerate the chemical reactions. The conditioning
solutions were acetic acid, the product of anaerobic degradation; potassium
and calcium hydroxide, the main constituents of short- and long-term concrete
leachate respectively. Several approaches were used to define the nature and
extent of clay degradation. The most quantitative approach was to analyze the
composition of the spent leaching solution for the chemical components of the
buffer materials. The initial leachant solution, containing mostly ion
exchanged cations, was discarded and only the subsequent leach solutions that
more closely reflect the dissolution of the mineral skeleton were analyzed.

Another approach was to compare the distribution coefficients of the key
radionuclides adsorbed on buffer materials that were leached at different pH
values. Major changes in distribution coefficients may be attributed to the
preferential dissolution of specific adsorption sites or the destruction of
the ion exchange structure. To determine the structural changes, X-ray
diffraction (XRD) was employed and Scanning Electron Microscopy (SEM) was used
to identify changes in morphology. The total moles of cations in the leachate
solution as a function of pH is presented in Figure 3 for both candidate
buffer solutions. As the pH is reduced, a significant increase in dissolved
cation concentration is apparent between pH 4 and pH 2 for both candidate
buffers, especially for Dochart clay.

The distribution coefficient of the three key radionuclides was determined for
all of the pH conditioned samples at the same pH as the conditioning
environment. The distribution coefficient values were plotted as a function
of conditioning pH and are presented in Figures 4 and 5 for clinoptilolite and
Dochart clay respectively. The relatively small fluctuations in distribution
coefficient values with changes in pH for clinoptilolite is remarkable
considering the large pH range covered. It indicates that major changes in
the adsorption sites did not take place even though some of the skeletal
structure was dissolved at pH 2 (See Figure 3). Much larger changes in
distribution coefficients with changes to pH values are apparent for Dochart
clay. An order of magnitude reduction of the cesium distribution coefficient
at pH 2 may be attributed to the removal of adsorption sites, the dissolution
of disordered clay particles and/or the dissolution of the iron coatings on
the mineral particles. Further work is required with Dochart clay between pH



2 and 4 to determine the long term stability of this candidate and the reason
for the drop in the cesium distribution coefficient at the low pH value of 2.
Work has commenced on generating dissolution rate data between pH 2 and 4 to
facilitate the estimation of maximum buffer degradation rates in the
repository.

Activity Transport Mechanisms in the Buffer Layer.

To simulate on a small scale the combined leaching of waste forms surrounded
by buffer and backfill materials and the subsequent transport of radionuclides
through the buffer layer, a series of small scale lysimeters was constructed.
Details of the equipment, procedure and most of the results were elaborated
before (4) and thus only a short description is presented here. Waste forms,
approximately 5 cm diameter, 5 cm high were either sodium phosphate
immobilized in bitumen or shredded, compacted paper and plastic trash. All
waste forms were tagged with 1J'Cs, JSr, and DUCo radioisotopes. The waste
forms were placed in the centre of a 30 cm diameter, 30 cm high container and
were surrounded by the candidate buffer materials: 95/5 weight ratio of sand
and clay or sand and clinoptilolite. Water was allowed to infiltrate through
the lysimeter. The radionuclide content of the effluent water, and at the end
of the experiment the soil below the waste form, were determined.

Calculations based on the results of earlier experiments indicated that the
retardation coefficients for Cs and Sr were significantly lower than
obtained in batch experiments (4). Particulate transport was suspected to be
responsible for some of the apparent discrepancy. The following experiments
confirmed that particle transport can be of major importance in activity
transport. In two experiments the waste form in the lysimeter was replaced by
a thin layer of neutron-activated sand/clay mix. Since neutron activation
resulted in the generation of radionuclides in the bulk material, any activity
release would be primarily due to particle transport. In Table 1 the fraction
of activity released into the effluent water over that leached from the waste
form (or introduced as activated clay) is compared. The average values for
JSr and '--''Cs in the waste form lysimeters are very similar to the average

values for four radionuclides in the activated clay lysimeters. Identical
values would not be expected since source geometry and the activity
distribution between various clay particles are governed by different
mechanisms in the two types of experiments. The much higher ratios for Co
in the waste form lysimeters indicate low distribution coefficients for this
isotope, hence predominantly solution, rather than particle, transport.

Two experiments performed, where the buffer material was 95% sand/5%
clinoptilolite, gave additional evidence of particle transport. The
clinoptilolite particle size was in the same range as the sand particles,
producing a buffer with hydraulic properties very similar to that of sand.
Water fed to one of Lhe lysimeters contained sodium hypo-chlorite to destroy
bacterial cultures that may contribute to the particle transport of the
activity. Clinoptilolite, a natural molecular sieve, contained some bentonite
clay. In a similar way to the sand/clay lysimeters, the radionuclide released
with the effluent water was much higher than expected from calculations based
on distribution coefficients. Activity release from the sodium hypo-chloride
containing lysimeter was actually higher than from the other control lysimeter



suggesting that transport by bacteria was not a dominant activity transport
mechanism.

The radionucllde concentration in horizontal slices of the buffer layer below
the waste form was obtained and normalized to the radionuclide inventory in
the waste form. In Figures 6 and 7 the results are plotted as a function of
the distance from the waste form. Note the very similar values obtained for

Sr and Cs. This could only be explained if we assume identical
distribution coefficients for these two radionuclides, a very unlikely
coincidence. Particulate transport by the clay component released by the
clinoptilolite is a more reasonable explanation. Because of the high surface
area of colloid particles dispersed in the soil pore water, they may
preferentially adsorb the radionuclides released from the waste form, and the
colloid particles are then transported by the infiltrating water. Work is
continuing on gathering further evidence on the contribution of colloid
particles to radioactivity transport.

SUMMARY AND CONCLUSIONS

The construction of a low level waste repository is planned at the Chalk River
Nuclear Laboratories. A buffer layer, approximately 0.5 m thick will be
placed at the bottom of the repository to retard the migration of cationic
radionuclides, such as ^ S r , •'••''Cs and °°Co. The chemical environment in the
repository is being assessed and is being simulated in the laboratory to
evaluate the long term performance of candidate buffer materials. Both
candidate materials, Dochart clay and clinoptilolite, are stable in the pH 4
to 11 region. The dissolution of the structural matrix accelerates when the
pH is lowered from 4 to 2. Experiments with laboratory scale lysimeters
suggest that the movement of particles control the transport of "^Sr and "'Os
in the candidate buffer materials when water is infiltrating at moisture
conditions very close to saturation.

REFERENCES

1. Dixon, D.F., ed. "A Program for Evolution from Storage to Disposal of
Radioactive Waste at CRNL", Atomic Energy of Canada Limited Report
AECL-7083, October 1985.

2. Buckley, L.P., "The Influence of Engineered Barriers on the Disposal of
Low-Level Radioactive Waste", Atomic Energy of Canada Limited Report
AECL-9611, September 1987.

3. Buckley, L.P., Arbique, G.M., Tosello, N.B., Woods, B.L., "Evaluation of
Backfill Materials for a Shallow-Depth Repository", Atomic Energy of
Canada Limited Report AECL-9337, November 1986.

4. Buckley, L.P., Tosello, N.B., Woods B.L., "Leaching Low Level Radioactive
Waste in Simulated Disposal Conditions", presented at the 4th
International Hazardous Waste Symposium, Atlanta, Georgia, May 2 - 6 , 1987.



TABLE I

COMPARISON OF RADIONUCLIDE TRANSPORT THROUGH
SAND / CLAY BUFFER.

Wasteform in Lysimeter
(bitumen encapsulated or compacted)

Activated Clay in Lysimeter

A£tiyi_ty_ in effluent water *
Activity leached from wasteform

85Sr

0.015

137

0. 016

60
Co

0. 19

Activity _i_n__ef_f_luent_ water_ **
Activity in neutron activated clay

0.027

Buffer: 95i> sand, 5% clay;
Thickness of buffer below the was beform (or activated clay): 5 cm.
Average water infiltration velocity: 0.34 cm/h

•{Average of 7 Lysimeters) ** (Average of 4 radionuclides in 2
lysi;net''. .:s )
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Figure 2
Aqueous Chemical Environment
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Cation Concentration in Leach Solutions
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