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RÉSUMÉ DU RAPPORT

Le Programme Canadien de Gestion des Déchets de Combustible
Nucléaire comporte la recherche sur le stockage et le transport du
combustible nucléaire irradié, l'immobilisation des déchets de combustible
et l'évacuation à grande profondeur en formation géologique des déchets
immobilisés. Il en est à sa quatrième année de phase de recherche et
développement génériques s'échelonnant sur dix ans. Le but de cette phase
est d'évaluer l'évacuation à grande profondeur dans la roche plutonique des
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ABSTRACT

The Canadian Nuclear Fuel Waste Management Program involves
research into the storage and transportation of used nuclear fuel,
immobilization of fuel waste, and deep geological disposal of the
immobilized waste. The program is now in the fifth year of a ten-year
generic research and development phase. The objective of this phase of the
program is to assess the safety and environmental aspects of the deep
underground disposal of immobilized fuel waste in plutonic rock. The
objectives of the research for each component of th program and the
progress made to the end of 1984 are described in this report.
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1. INTRODUCTION

In 1978 June, the governments of Canada and Ontario announced an
agreement to cooperate in the development of technologies for the safe
management and permanent disposal of Canada's nuclear fuel waste [1]>

The Canadian Nuclear Fuel Waste Management Program has four major
components:

- interim storage of used fuel,
- transportation of used fuel,
- immobilization of used fuel and fuel recycle waste, and
- permanent disposal of the immobilized waste.

Under the agreement, responsibility for the development of
technologies for interim storage and transportation of used fuel rests with
the provincially owned utility, Ontario Hydro, while overall coordination
and management of the research and development on the immobilization and
disposal of fuel waste are the responsibility of the federal Crown
Corporation, Atomic Energy of Canada Limited (AECL).

The objective of the Canadian Nuclear Fuel Waste Management Program
is to ensure that nuclear fuel waste will not have any significant adverse
effects on man or the environment at any time. This means managing the
radioactive waste so that the hazards are negligible, and minimizing or
eliminating the involvement of future generations. To achieve this
objective it has been proposed that the suitably immobilized fuel waste be
emplaced deep underground in stable plutonic rock. Here the term "fuel
waste" means both used fuel (also called irradiated or spent fuel)
discharged from Canadian CANDU reactors, and radioactive waste that would
result from recycling the used fuel, should this be implemented in the
future.

In 1981 April, the Canadian government approved a ten-year generic
research and development program on nuclear fuel waste management. During
this ten-year concept assessment phase, 1981 to 1990, the program Is
expected to provide the data required to assess the concept of deep
underground disposal. The concept will be evaluated through regulatory
review and a public hearing, as defined in the Canada-Ontario joint
statement, issued in 1981 August [2].

The program has become one of the largest interdisciplinary
scientific research programs ever undertaken in Canada. Several government
departments and agencies, private industries, consultants, and several
Canadian universities are contributing to the research and development.
Canada also has cooperative agreements with the United States of America,
the Commission of the European Communities, and Sweden.
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These agreements provide for the exchange of data and other information on
nuclear waste management and encourage cooperation in areas of mutual
interest.

An independent Technical Advisory Committee (TAC), drawn entirely
from candidates nominated by professional societies throughout Canada,
provides an ongoing scientific review of the program. To the end of 1984
the Technical Advisory Committee had issued five annual reports, which are
available to the public. The fifth report was issued in 1984 July [3].

The Canadian government has stated that site selection for a
disposal vault will not be undertaken until the concept has been evaluated
and accepted. Current used-fuel-storage methods are adequate for decades,
and additional interim storage can readily be provided at the reactor sites.
It is expected that a demonstration vault would operate for some years
before a full-scale vault for the disposal of nuclear fuel waste would be
constructed.

2. THE CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

Canada's radioactive waste management policy and its
implementation are now well established [4,5]. Radioactive waste management
activities include research programs on highly radioactive nuclear fuel
waste, low- and intermediate-level wastes, and uranium mine and mill
tailings. Only research and development pertaining to highly radioactive
nuclear fuel waste are described here. A more detailed description of the
research, with appropriate references, is given in the Annual Reports of the
Canadian Nuclear Fuel Waste Management Program [6,7] and in the proceedings
of Information Meetings [8]. Research on the other radioactive wastes is
performed outside the Canadian Nuclear Fuel Waste Management Program and is
not described here.

2.1 STORAGE OF USED FUEL

Used CANDU™ fuel continues to be stored safely and
economically in water-filled concrete storage bays at the nuclear generating
stations. Experience with the storage of used CANDU fuel over the past 20
years provides confidence that interim storage is practicable for at least
50 years [9].

After storage for a few years in water-filled bays, the
heat-producing radionuclides in the used fuel have decayed sufficiently to
permit dry storage with passive cooling. Studies are being conducted on the
feasibility and economics of several dry-storage systems, namely, dry
convection vaults, concrete canisters, and cast iron casks, and on
integrated concrete casks for storage, transportation and disposal [6-8].
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Generic studies on dry convection vaults and concrete canisters
have Indicated their suitability as alternatives to water bays for storage
of used fuel. The conceptual design of a dry-storage convection vault
involves an array of vertical, concrete, netal-lined tubes containing the
used-fuel bundles in an above-ground concrete structure. Cooling is
provided by natural air convection. A preliminary thermal analysis of
various configurations indicates that the maximum fuel-cladding temperature
would not exceed 165°C, which is well within the temperature limit of 200°C
considered safe for the long-term storage of fuel cladding in a dry
environment. Used power-reactor fuel has been stored in concrete canisters
for up to six years in dry or moist air. A preliminary examination of the
used fuel indicated that it had not deteriorated significantly under these
conditions and no radioactive material had been released [6-8].

2.2 TRANSPORTATION OF USED FUEL

Ontario Hydro is developing the technology for the large-scale
transportation of used fuel. It is expected that a full-size road cask to
transport used fuel will be designed, constructed, and licensed by 1988
[6-8].

The reference cask design has a two-module (192-bundle; payload,
rectangular geometry, and stainless steel wall construction. It would carry
10-year cooled fuel and be cooled internally by air or nitrogen.
Preliminary analyses suggest that the cask would meet all regulatory
requirements, and would be capable of transporting used CANDU fuel safely
and economically on a commercial scale. The conceptual used-fuel road cask
and transporter are shown diagrammatically in Figure 1.

2.3 FUEL WASTE IMMOBILIZATION

Immobilization research and development focuses on the man-made
components of the nuclear fuel waste disposal system. The research includes
the characterization of used fuel and immobilized fuel recycle waste,
development, assessment and modelling of durable containers for the waste
forms, and development of buffer, backfill and sealing materials for a
nuclear fuel waste disposal vault-

2.3.1 Fuel Immobilization

Fuel immobilization studies involve the development of durable
containment for the disposal of intact used-fuel bundles, and the
characterization of used fuel as a waste form. The used fuel itself is
resistant to dissolution under chemically reducing conditions and appears to
be a viable waste form for disposal. Containment studies are concentrating
on cylindrical containers with a high-integrity, corrosion-resistant,
metallic shell to isolate the fuel during its high-toxicity phase.
Materials such as titanium, nickel-based alloys and copper are being
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FIGURE 1: Road Cask and Transporter for Used CANDU Fuel
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considered for these containers.

Several container designs are being evaluated [10-12]. The
simplest, the "stressed-shell" design, has a shell thick enough to withstand
the hydrostatic pressure in a flooded disposal vault. Others, called
"supported-shell" designs, have an internal support that permits the use of
an outer shell with a thinner wall. The internal support is provided by a
cast metal matrix (e.g., lead), a packed particulate surrounding the fuel
bundles (e.g., glass beads), or a structural support (e.g., carbon steel
tubes).

A Hydrostatic Test Facility (HTF) is used to test containers at
the temperatures and pressures expected in a flooded disposal vault.
Prototype containers of stainless steel and ASTM grade-2 titanium have been
tested in the HTF. Preliminary results indicated that, in general, the
stresses generated in the containers would not impair their structural
performance [6-8]. However, a detailed stress analysis of the preliminary
stressed-shell container design using grade-2 titanium indicated that the
container would begin to buckle due to creep deformation after about five
years at 9.1 MPa and 100°C. The use of a stressed-shell container would
therefore require a greater wall thickness than that assumed in the
preliminary design. Full-scale particulate-packed and structurally
supported containers exhibited excellent resistance to extreme loading in
the HTF with only minor deformation. Although local deformation occurred
when deliberate packing defects were introduced, the shell was not
breached.

The long-term corrosion behaviour of candidate container materials
is being studied [6-8], since corrosion is the most likely mechanism by
which the container could fail. The first phase of the program to study
crevice corrosion in grade-2 and grade-12 titanium is now complete [13-15].
Results show that crevice corrosion can be initiated in grade-2 titanium
under conditions that could occur in a disposal vault. However, the
propagation of crevice corrosion is inhibited below a critical potential.
Further, the corrosion will be extremely dependent on oxygen concentration,
the use of redox buffer, the access of oxidants and the possible generation
of oxidising species by gamma-radiation. Grade-12 titanium and Hastelloy
C-276, a nickel-based alloy, appear to be more resistant to localized
corrosion than grade-2 titanium [7]. Studies of copper in high-salinity
solutions continue to support this material as an alternative to passive
metals for the container shell, though the presence of sulphide ion in
bentonite-saline groundwater slurries causes some pitting in copper [7].

Containment systems that could isolate the fuel waste for much
longer times are also being studied. Leaching tests on ceramic materials
have led to the selection of the oxides of aluminum, zirconium and titanium,
graphite, cermet (70% AI2O3 + 30% TiC), concrete, and porcelain (with
high AI2O3 content) for further study [16].



2.3.2 Used-Fuel Characterization

Studies are being carried out to identify and quantify those
characteristics of used fuel, particularly its leaching and dissolution
properties, that are relevant to its performance as a waste form [17].
Recent emphasis has been on estimating the relative amounts of cesium-135
and iodine-129 that are rapidly released from used fuel during the early
stages of dissolution. This "Instant release" fraction appears to be
composed of a fuel-sheath gap contribution and a contribution from some of
the inventory present at UO2 grain boundaries, and depends on fuel power
history. Based on the dissolution of used CANDU fuel, the instant release
fraction varies within the range 1.2 to 10% of the inventory in the used
fuel.

Experiments are underway to investigate the effects of alpha- and
gamma-radiation on the dissolution of UO2 in groundwater [18]. Based on
electrochemical experiments, high alpha-radiation doses (50 times that of
used fuel) appear to lead to oxidation of the fuel, but the effects at lower
doses are uncertain and require further study.

2.3.3 Waste Immobilization

The objective of the waste immobilization studies is to develop
(i) processes for immobilizing the waste that would arise if used fuel from
CANDU reactors were recycled [19], and (ii) immobilized waste forms. The
high-level waste product, the iodine-129 and carbon-14, and the Zircaloy
fuel cladding arising from fuel recycle operations, are candidates for deep
geological disposal.

Process and equipment development have focussed on evaporation,
calcination, vitrification, ion exchange and off-gas treatment [6,7].
Horizontal and vertical wiped-fllm evaporators, which provide good heat
transfer and high evaporation rates, have been used successfully to
concentrate liquid wastes. In-can melters and ceramic-lined electromelters
are being developed for the vitrification of glasses. A Waste
Immobilization Process Experiment [20], consisting of a rotospray calciner,
a ceramic electromelter and an off-gas system, has been constructed to
produce 10 kg/h of sodium borosilicate glass.

Methods of treating off-gases are being developed [6,7].
Corona-discharge and photochemical scrubbing techniques [21] can be used to
remove iodine from air. Some molecular sieve adsorbents (e.g., mordenite
and silicalite) selectively remove krypton from air [22]. Dry calcium
hydroxide has been used to remove carbon dioxide (containing carbon-14) from
gaseous streams, and some lead and bismuth compounds may also be suitable
for immobilizing carbon-14. The phase assemblage Bi2O3 + 1515071
ap•.. _-s to be a promising waste form for iodine [23].

Product development studies relate primarily to the fabrication
parameters of waste forms and their chemical durabilities under disposal
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vault conditions. Glasses, ceramics, and glass-ceramics are being evaluated
as possible waste forms for high-level wastes [6-8].

A survey of borosilicate glasses showed that the durability
increases with increasing SiO2, Fe2O3 or AI2O3 content [6], but
decreases with increasing Na20 or K2O content. Sodium aluminosilicate
glasses have a low, relatively constant, leach rate within a wide
composition range. Miscibility limits have been measured in a number of
multicomponent borosilicate glasses. The ease of fabrication of glasses
depends, in part, on viscosity-temperature-composition relationships.
Viscosity-temperature relationships have been determined for sodium
borosilicate glass melts between 900 and 1500°C [24] . Preliminary results
indicated that gamma irradiation (4 Gy/h) at 100°C does not significantly
increase leaching of borosilicate and aluminosilicate glasses or
titanosilicate glass-ceramic [7].

The ceramic waste forms being considered contain sphene (titanite,
CaTiSiO5). Calculations indicate that sphene should be stable in
groundwaters typical of the Canadian Shield in the range 25 to 150°C. Three
types of sphene-based matrices are being studied: natural minerals, ceramic
pellets formed by pressing and sintering, and glass-ceramics formed by
melting and controlled crystallization of the system
Na2O-Al2O3-CaO-Ti02-SiO2 [6]. Experimental studies of natural and
synthetic sphenes in groundwater showed insignificant selective leaching of
the matrix elements or simulated radionuclides, provided the sphene is
within its stability field. In deionized water, Ca 2 + and Si^+ are
selectively leached, leaving a thin surface layer of highly insoluble TiC<2
(anatase or brookite). For the glass-ceramic (sphene crystallites in an
aluminosilicate glass matrix), the release of radionuclides depends on the
relative dissolution rates of the glass and ceramic phases, and also on the
partitioning of each radionuclide between the two phases. In most cases,
the glass phase appears to leach preferentially.

Interactive tests involving waste forms, engineered barriers,
groundwater and rock are being carried out under simulated disposal vault
conditions. These tests will help define the transport of radionuclides
from a vault, for use in the post-closure assessment of the disposal
concept •

2.3.4 Disposal Vault Sealing

Disposal vault sealing studies involve the development of the
buffer material that will surround the waste container, and other barriers
that will close the man-made openings to the surface, i.e., the backfill,
and the plugs and grouts required for shaft and borehole seals [25]. An
engineering study has provided information on the schedules, procedures and
costs of disposal vault sealing [26-29]. Buffer and backfill materials
being evaluated include sodium bentonite, calcium bentonite, illite-bearing
shale,
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glacial-lake clay, commercial silica sand (crushed quartzite) and crushed
granite. Sodium bentonite, calcium bentonite, ground illitic shale and
kaolin are being investigated as potential grouting materials. All
materials under consideration are indigenous to Canada.

A study of the physical and chemical properties of buffer and
backfill clays has provided information on their basic mineralogical,
chemical and physical properties, and on their behaviour under wet-dry
cycling. A comprehensive review of phyllosilicate clays has indicated that
bentonites would be suitable buffers because of their high swelling
potentials, low hydraulic conductivities, low effective porosities, and high
sorption capacities for radionuclides [6].

Effective clay density is one factor that determines the effective
porosity, and hence the hydraulic conductivity and ionic diffusion
properties of the material [30,31]. Swelling pressure also appears to
depend on effective clay density [32]. Studies [30] showed that, after
compaction, the effective clay density in the clay-sand mixture remains
essentially constant for clay contents greater than 50 wt%. The hydraulic
conductivities of sodium bentonite clay-sand mixtures are lower than those
of similarly proportioned, compacted, illitic clay-sand mixtures.

Experiments have shown that shrinkage, long-term creep, drying and
rewetting, and transport of buffer material by groundwater will not
significantly reduce the effectiveness of the buffer [7]. A model,
developed to assess the factors that determine effective porosity, indicates
that water chemistry should not significantly affect porosity at the buffer
densities proposed for a disposal vault [7].

2.3.5 Vault Chemistry

Vault chemistry studies involve the near-field chemical processes
that could occur in a disposal vault. The Immobilized Fuel Test Facility
(IFTF) at the Whiteshell Nuclear Research Establishment [33,34] provides an
environment for a wide range of experiments designed to study the
interactions of radioactive waste forms with buffer materials, groundwater,
container materials, and host rock. (See Figure 2 ) .

Diffusion coefficients have been measured for strontium-85,
chlorine-36 and tritium in various bentonite/sand mixtures at different
densities [7]. The experimental diffusion coefficient for Sr^+ is in
reasonable agreement with the value determined using a simple sorption model
for low buffer densities.

Groundwaters approach pH values of 3 to 4 when in contact with
Pembina calcium bentonite, a candidate buffer clay [35]. Since such a low
pH could have deleterious effects on the container and waste form, this
could affect the suitability of Pembina calcium bentonite as a buffer
material.
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The ability of several compounds, including PbO, PbS, Cu£0 and
2 3 to remove iodide from solution has been measured [7,36]. In all

cases, their ability is greatly reduced in the presence of bentonite.

2.4 GEOSCIENCE RESEARCH

The main objective of the geoscience research program is to
evaluate the potential of plutonic rock as a host for immobilized nuclear
fuel waste [37]. Plutonic rock is igneous rock formed at depth by magmatlc
crystallization or chemical alteration, and is abundant in the Canadian
Shield. The aim of the research is to contribute to a generic assessment of
the concept of disposal deep in stable plutonic rock, and to develop the
geotechnical aspects of site screening and site evaluation methodologies.
The research involves quantifying the in-situ mechanical, physical and
chemical properties of plutonic rock, the physical and chemical
characteristics of groundwater, the nature of groundwater/rock/radionuclide
interactions, and the thermal and mechanical stresses that would be created
in the surrounding rock by the disposal vault.

2.4.1 Field Research

Geoscience field research is being carried out to test new and
existing exploration techniques for evaluating rock masses, and to provide
the data necessary to develop site selection criteria.

Deep exploratory drilling and detailed surface mapping are being
carried out at five designated field research areas in the Canadian Shield.
The research areas at Chalk River, Atikokan, and Whiteshell contain granitic
rock, whereas those at East Bull Lake and Overflow Bay contain gabbroic
rock. Whiteshell is located in Manitoba, while the other research areas are
in Ontario.

A hydrogeological and geological study, designed to develop a
generic understanding of large-scale groundwater flow in fractured plutonic
rock, has begun at the Atikokan research area [7]. The study area is about
20 km x 20 km, and includes the Eye-Dashwa Lakes granitic pluton.
Geological mapping of the pluton, the surrounding rock, and the surfical
deposits has been carried out. The exposed rock in the central portion of
the pluton has fewer fractures than the surrounding region. Fracture data
from a grid area on the Eye-Dashwa Lakes pluton has been analyzed, and
mapping of the grid area and a 1100-km2 area enclosing the study area is
in progress. Correlations were found between areas of low magnetic activity
and high fracture density at the grid area. Very low frequency
electromagnetic (VLF-EM) surveys showed that nearly all conductor areas are
bedrock depressions filled with overburden. Contour maps based on sonar
data were useful in identifying the continuity of lineaments. Data from
surface water and shallow groundwater sites have been collected and
analyzed. High levels of radon gas were found in some boreholes, although
uranium and radium concentrations were generally low throughout the area.
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The pluton at the East Bull Lake research area [6,7] is a layered
anorthositic gabbro, and a wide range of gabbroic lithologies has been
encountered in the surface outcrop and in core samples. Mafic dykes
comprise a significant volume ( 20%) of the pluton, and topographic
lineaments are common. The Folson Lake fault is a major structural feature
comprising several discrete faults- Geophysical surveys indicated that
airborne and ground geophysical methods could be useful in predicting
subsurface features. Hydrogeological data shoved that the permeability
decreases and the pH increases with depth. Several highly permeable
fracture zones have been identified. Monitoring of boreholes indicates
three hydrogeochemical regimes, with calcium bicarbonate near the surface,
sodium bicarbonate at a depth of 15 to 30 m, and sodium chloride below 400 m

[7]-

Field research at the Chalk River research area has focussed on
investigations of radionuclide migration and groundwater flow in fractured
plutonic rock. Recently, the apertures of single fractures have been
estimated from groundwater tracer experiments using nonreactive tracers [7].
However, the estimates are somewhat different from those from earlier
hydraulic injection and interference tests. Continuum and
discrete-stochastic fracture flow modelling is being applied to the
hydrogeological investigation of groundwater flow at the Chalk River study
site. Results show that large structural discontinuities require discrete
characterization in order to model groundwater flow in fractured rock.

2.4.2 Underground Research Laboratory

The Whiteshell research area is situated on the Lac du Bonnet
batholith, a large granitic body in southeastern Manitoba. The Underground
Research Laboratory (URL) (see Figure 3) is being constructed below the
water table in a previously undisturbed portion of this batholith in the
research area [6,7]. Field studies began in 1978 and, in 1980, surface and
mineral leases for 21 years were obtained on 3.9 km^ of Manitoba
Government crown land, 15 km northeast of the Whiteshell Nuclear Research
Establishment.

The URL provides an appropriate environment for experiments to
determine the thermal and mechanical response of the rock to excavation and
thermal loading, to test buffer and backfill materials, and shaft and drift
seals, and to observe the mechanical and hydrogeological responses to the
shaft and drift excavations. The URL is the first subsurface experimental
facility to be excavated below the water table in undisturbed plutonic rock.

After a site evaluation program, a site for the URL shaft was
selected in 1983, and the pre-construction hydrogeological conditions of the
lease area were characterized. A network of instrumented boreholes monitors
hydrogeological changes caused by the shaft excavation [38,39], and a
groundwater monitoring system measures fluctuations in groundwater levels
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FIGURE 3: URL Surface Facilities and Planned Subsurface Construction
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and changes in groundwater chemistry. Three low-dipping fracture zones
largely control the movement of groundwater over much of the URL site.

The surface facilities of the URL are now complete, and the shaft
has been excavated to a depth of 240 m, the depth at which the laboratory
will be located. An instrumentation ring at 62 m and a shaft station at
130-m have been installed. Shaft mapping, stereophotography, and
geophysical and geomechanical measurements were carried out as the shaft was
excavated.

A major subhorizontal fracture zone and several discrete
subvertical fractures intersect the shaft, allowing water seepage into it.
These inflows are being monitored and sampled. Groundwater levels have
declined around the shaft, the drawdown being confined largely to the major
subhorizontal fracture zone nearest the surface.

Several independent modelling groups have incorporated the
pre-construction data into models of the groundwater conditions of the URL
site. These models were used to predict the response of the groundwater
system to the excavation of the URL shaft [7]. Comparison with actual data
will determine the predictive capabilities of each model.

2.4.3 Engineering Studies

Several disposal concepts and waste emplacement geometries for a
disposal vault have been evaluated [6,7]. Single-level, multilevel and
long-hole emplacement concepts have been compared, a buffer/backfill study
has been completed, and cost estimates have been made of emplacement design
alternatives.

The advantages of a multilevel vault are a more effective use of
the vertical extent of a pluton and a reduced horizontal area. This is
important, since the usable horizontal extent of some plutonic rock masses
may be restricted by major faults or other geological features. Similarly,
plutons that would be too small for a single-level vault might be suitable
for a multilevel vault. The studies showed that the construction cost of a
multilevel vault for used fuel would be greater than that of a single-level
vault, with no reduction in area, since it would be necessary to reduce the
loading density to satisfy the thermal constraints. Therefore, a multilevel
vault is not recommended for used fuel. However, two- and three-level
vaults appear to be reasonable alternatives for immobilized fuel recycle
waste. For this waste form, the cost per container for a multilevel vault
would be about 11% greater than for a single-level vault. The long-hole
concept does not appear suitable because of higher costs, and possible
difficulties related to container stability, buffer emplacement quality
control, and short-term container retrieval.

2.4.4 Mathematical Modelling

A method has been developed to determine distributions of fracture
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parameters, based on surface fracture data from a large area and subsurface
fracture data from a small area within the large area [7]. This will be
tested using data from the Atikokan and Whiteshell research areas. The
finite element code ADINA has been developed to estimate the geomechanical
responses of the rock surrounding a disposal vault, and the computer code
HOTROK is used to estimate thermal transients from various underground
sources [7]. The code FLONET solves flow equations in a network of discrete
fractures in an impermeable rock matrix [7]. The application of discrete
fracture models to a disposal vault is limited to fracture sets containing
only a few fractures. Two- and three-dimensional continuum models of
fractured porous media are being evaluated, and a finite-element code,
MOTIF, has been developed to model flow, heat transport, solute transport
and one-species radionuclide transport equations in such media. The code
has been used to model flow covering the URL lease and surrounding area
[7]-

Canada participates in two international cooperative projects,
which were set up to study and compare computer codes- Comparisons of
radionuclide transport codes (the INTRACOIN project) and of hydrogeological
codes (the HYDROCOIN project) are in progress.

2.4.5 Geochemistry and Applied Chemistry

The objective of the geochemistry and applied chemistry research
is to identify and quantify the chemical and physical interactions that
occur between radionuclides and the geological materials lining
water-bearing fractures in plutonic rock. This information is essential for
assessing the geosphere as a barrier to radionuclide migration. The
interactions between dissolved radionuclides and geological materials are a
function of the groundwater composition, the nature of the radionuclide, and
the physical, chemical, and mineralogical properties of the geological
material. The presence of nuclear waste, buffer, and backfill material
could have a major impact on the groundwater composition and the
mineralogical composition and physical characteristics of the rock adjacent
to the vault.

The chemical equilibrium code PHREEQE has been modified into an
interactive code PHREEQI, which is used to calculate groundwater
compositions in equilibrium with geological materials [7]. An internally
consistent set of thermodynamic data for minerals in the system
Na2O-K2O-CaO-MgO-FeO-Fe2O3-SiO2-TiO2-H2O-CO2 is being
established for use with these equilibrium codes [7]. However, since
geochemical reactions proceed very slowly below 150°C, especially near
equilibrium, thermodynamic calculations may not accurately reflect the
actual situation near a vault. Additional information on the kinetics of
geochemical processes is therefore required. A literature study on the
kinetics of mineral dissolution has been completed, and a study of the
dissolution of kaolinite as a function of pH, ionic strength, and
temperature has commenced [7]. Preliminary results indicate that kaolinite
dissolution obeys a linear rate law and is strongly dependent on pH.
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Since rare earth phosphates are highly insoluble and act as
powerful scavengers for actinides, solubility and dissolution kinetic
studies on lanthanide phosphates are being carried out, and a
self-consistent thermodynamic data base is being developed [7].

Reactions between dissolved radionuclides and the rock mass
surrounding a disposal vault can retard their transport by flowing water to
the biosphere. In earlier radionuclide transport calculations, the sorption
coefficient (the ratio of the sorbed radionuclide concentration to that in
solution) was assumed to be constant [6]. More sophisticated transport
calculations, using sorption coefficients that are functions of various
independent parameters, are now being developed [7). Sorption of cobalt-60,
cesium-137 and strontium-90 has been studied as a function of radionuclide
concentration and the results fitted to standard isotherms.

The sorptive capacity of rock for cesium-137 is being measured in
the laboratory [7]. Selective chemical stripping techniques are being used
to determine the minerals responsible for sorption. Iron oxides and
oxyhydroxides appear to play a major role in the sorption of radionuclides
[40,41]. Technetium, long considered a nonsorbing radionuclide, has been
shown to sorb on iron and manganese oxides under anoxic conditions.

Since geochemical processes are often very slow, analysis of the
geological record in water-bearing fractures in crystalline rock formations
provides information that can be used in predicting radionuclide behaviour
in the rock surrounding a disposal vault. Uranium deposits in the Athabasca
sandstone in northern Saskatchewan are being studied as natural analogs to a
nuclear fuel waste disposal vault [7]. In two well-defined deposits, the
uranium was found to have migrated less than 5 m into the clay surrounding
the ore body over the last billion years [6J. Studies of naturally
occurring actinides and rare earth elements may offer some insight into the
potential migration of actinides in fuel waste. Uranium disequilibrium
techniques are being applied to the investigation of natural radionuclide
migration in plutonic rock in the Lac du Bonnet batholith, the Eye-Dashwa
Lakes pluton, and the East Bull Lake pluton [42,43].

Formation of uranium(IV) oxide colloids and sorption of
uranium(VI) ions on hematite and clay colloids are being studied to
determine the possible role of colloidal transport of actinides and fission
products from a nuclear waste vault [7J. The adsorption of uranium(VI) ions
on hematite colloids was studied as a function of pH and HCO3 and humic
acid concentrations [44-46]. Sorption is highest at about neutral pH and
decreases with increasing pH. Small amounts of humic acid enhance uranium
sorption, while large amounts impede it.

The redox chemistry of technetium as i function of pH and
HCO3/CO32- concentration shows that a Tc(IV) carbonate anion complex
would be the most important technetium species in groundwater [47]. However
these complexes react rapidly with Fe (III) oxyhydroxides [48], i.e., they



- 16 -

could be sorbed by iron compounds along water-bearing fractures.

A consistent database of thermodynaniic data for neptunium was
assembled [49], to complement those already assembled for uranium and
plutonium [50,51]- Heat capacity data for a number of fission product and
groundwater electrolytes have been tabulated as a function of temperature
[52]. These data will be used to derive the thermodynamic quantities
necessary to determine the dissolution of actinides and fission products in
groundwater. Using thermodynamic data, a mathematical formula has been
derived [53] to calculate UC>2 solubility as a function of temperature, pH,
oxidation potential and groundwater anion concentrations.

2.5 ENVIRONMENTAL RESEARCH

Environmental research is being carried out to develop an
understanding of processes in the biosphere, so that radionuclide migration
in the surface environment can be predicted. The significant pathways for
radionuclide migration through the biosphere are being studied and modelled
to estimate the potential radiation dose to man from a waste disposal vault.
The current biosphere model includes terrestrial and aquatic pathways.
Radionuclides are released from the geosphere to soil or surface waters, and
the resulting dose equivalent is calculated from estimates of ingestion of
well water, terrestrial plants and animals, surface water, and aquatic
plants and animals; from inhalation of air; and from external exposure from
soil, air and water.

The location of groundwater discharge may determine the critical
radionuclide pathway through the biosphere, and the rate of discharge and
extent of surface water will affect the radionuclide concentration.
Discharge zones are being examined using airborne thermal imagery, lakebed
sediment probes and borehole dilution techniques. Calculations of
radionuclide concentrations in surface waters also depend on the
contribution of groundwater to stream flow. Studies using deuterium have
shown that stream flow is predominantly composed of groundwater ( 70%) even
during snowmelt [54].

The degree of dispersion in groundwater may determine the extent
of the discharge zone and the dilution of the radionuclides. Experiments
with iodine-131 tracer showed that aquifier stratification is the dominant
factor for large-scale dispersion, and transverse dispersion within strata
is 5 to 10 times smaller than longitudinal dispersion [55,56]. Remote
sensing of the distribution of subsurface materials is therefore extremely
important, and ground probing radar was found to be capable of defining
stratigraphic features in high-permeability unconsolidated sediments [57].

Predictions of the concentration, or changes in concentration, of
radionuclides in surface waters must take into account sedimentation-
resuspension (remobilization) processes. A model incorporating these
processes has been developed [58], and tracer experiments have been carried
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out at the Chalk River research area to test the model. Complementary
studies are examining the sedimentation of radionuclides from atmospheric
fallout in a series of Shield lakes [7]. The fraction of a radionuclide
retained in the sediments correlates somewhat with the transport coefficient
of the radionuclide, but other factors may be important.

Both organic and mineral soils exist in the Canadian Shield.
Because of their occurrence in moist, low-lying areas, where groundwater
discharge is likely to occur, organic soils may be disproportionately
important. The migration of technetium, iodine, neptunium, uranium and
tritiated water (HTO) from cores of sphagnum and reed/sedge peat buried in
the bog and swamp from which they were taken, is being measured [7].
Leaching of a number of elements in a mineral soil, under natural rainfall
and soil temperature conditions, is also being investigated.

The ratio of the concentration of a radionuclide in a plant to
that in the surrounding soil (the concentration ratio) is an important model
parameter that has been measured experimentally for some plant-soil-element
systems. Concentration ratios and transport coefficients have been measured
for selenium, cesium, iodine, lead and uranium from an organic soil to
blueberry bushes. Initial results show that the concentration ratios for
selenium, cesium and iodine are approximately constant over a wide range of
soil concentrations [7]. A study of various species of native plants
growing in a soil naturally enriched in uranium showed concentration ratios
that varied over two orders of magnitude [59]. The data showed that a
lognormal distribution of concentration ratios is appropriate for most plant
species native to the Shield.

Since sorption and availability of elements in soils depend on the
aeration of the soil [60-62], the sorption of uranium, technetium, and
iodine on seven soils typical of the Shield has been measured in aerobic and
anaerobic conditions. Initial results indicate that sorption varies over
two orders of magnitude among the soils [7].

A model has been developed to predict the amount of material
transferred into the atmosphere from bare or lightly vegetated soil [63].
On the whole, atmospheric pathways appear to be relatively unimportant
compared with other terrestrial and aquatic pathways.

A computer code, LIMCAL, models the transfer of radionuclides to
man based on his caloric requirements and the caloric values of various
foods [64]. LIMCAL includes all the major ingestion pathways leading to
man, namely, root uptake and leaf deposition, freshwater and saltwater
foods, and drinking water, and calculates the 50-year effective dose
equivalent frequency distributions for specific radionuclides for each
migration pathway. An often-ignored pathway, inhalation by animals, may be
important for some radionuclides [7]. Similarly, soil ingestion could be
important, depending on the relative amount of soil ingested by animals
during feeding [65]. For cattle, soil ingestion is a more important pathway
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than root uptake by plants for many radionuclides, including iron,
zirconium, thorium, uranium, plutonium, americium and cesium.

2.6 ENVIRONMENTAL AND SAFETY ASSESSMENT

The objective of the environmental and safety assessment is to
assess the impact of nuclear fuel waste disposal on man and the environment.
The assessments are being published in a series of concept assessment
documents. The first interim concept assessment documents were produced in
1981 [66-68], part of the second interim concept assessment was published in
1984 [69], and the rest will be completed in 1985 [70]. A formal concept
assessment document, to be issued in 1988, will be the focus of the concept
evaluation through regulatory review and a public hearing.

The environmental and safety assessment has two major components:
pre-closure assessment and post-closure assessment. The pre-closure
assessment covers the period up to and including vault backfilling, sealing
and closure. The post-closure assessment covers the period after the vault
has been sealed, the surface facilities decommissioned, and the surface
environment restored.

2.6.1 Pre-closure Assessment

The pre-closure assessment deals with the potential health,
environmental and socioeconomic impacts of the construction of a disposal
facility, the transportation, immobilization and emplacement of the fuel
waste, the backfilling and sealing of the vault, and the decommissioning of
the surface facilities. Radiological pathways, impacts on the biophysical
environment, the use of natural resources, socioeconomic impacts,
occupational safety, public safety, security, and safeguards are analysed.

Estimates have been made of the potential annual radiation dose to
man from the normal operation of a disposal facility and the transportation
of used fuel. Individual doses to the public due to airborne emissions from
a disposal facility were estimated to be very small compared with natural
background radiation. Doses from waterborne emissions (via a lake or river)
were also small compared with natural background radiation. However, doses
could reach 75% of the natural background radiation dose if acquired via
dilution in small lakes. The estimated dose to an individual from
transportation of used fuel was less than 2% of the natural background
radiation dose. Analysis of extreme natural phenomena and "worst-case"
accident scenarios for used-fuel transportation and operation of a disposal
facility yielded individual doses to a member of the public that were well
below the dose limit recommended by the ICRP for accident scenarios.

In the occupational safety analysis, estimates were made of the
risks to workers in the disposal facility from radiation exposure and
conventional hazards [7]. The radiological risk to workers was estimated to
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be 4 fatalities per 100 million man-hours worked, which included used-fuel
transportation, and operation of the disposal facility. The estimated risk
to workers from conventional operational hazards was comparable to, or lower
than, those for industries having similar occupational and safety features.

2.6.2 Post-closure Assessment

The post-closure assessment considers the potential long-term
effects of a disposal vault and its contents on man and the environment
after the vault has been sealed and the surface environment restored.

A computer code SYVAC, for jJYstems Variability Analysis Code, is
used to perform the assessment [71-73]. SYVAC was developed to address
parameter variability and uncertainty for the long-term performance of a
disposal system. It contains a set of submodels representing the components
of the disposal system, i.e., the vault, the geosphere, and the biosphere.
The first version of the code, SYVAC1, has been applied to preliminary
assessments of used-fuel disposal in plutonic rock and to recycle waste
under the seabed. A second version, SYVAC2, which includes extensive
modifications to the types and details of the processes modelled, but no
changes in the basic concepts, contains about 540 sampled parameters and
deals with the potential consequences of more than 60 radionuclides and
chemically toxic elements. SYVAC2 has been applied to a detailed study of
the post-closure phase of the disposal concept for the second interim
concept assessment.

Analyses have been performed [70] for the disposal of nuclear fuel
waste in the form of (i) used-fuel bundles, and (ii) fuel recycle waste with
iodine-129 incorporated in bismuth oxyiodide or barium iodate, carbon-14 in
a barium carbonate waste form, other radionuclides in sodium calcium
aluminosilicate glass, and compacted Zircaloy fuel-bundle components.

The results of the analyses are given in terms of the consequence
to man (defined as the maximum annual effective dose equivalent to a member
of the reference group). "Zero" consequence is taken to be an annual dose
of less than 1Q~1" mSv, a level about ten orders of magnitude less than
the dose from natural background radiation. A member of the reference group
is assumed to live his entire life in the area where the radionuclides from
the vault would reach the surface. To illustrate the results, Figure 4
shows the output of SYVAC2 simulations for used fuel and fuel recycle waste,
plotted as downward cumulative distributions, for the period to 10 million
years after disposal.

For the disposal of used fuel, no consequence was predicted until
at least 24 000 years after disposal. Iodine-129 was by far the most
important contributor to the maximum dose, and the only radionuclide
producing doses greater than 10~3 m s v . Technetium-99 and a number of
other radionuclides made minor contributions in some simulations. Doses
received were almost entirely by ingestion, with the well-water pathway
producing the highest doses. The relatively high doses from iodine-129 and
the low doses from most other radionuclides can be attributed to the used
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fuel waste form, which limits the release of radionuclides from the vault,
and the geosphere, which delays the transport of radionuclides to the
surface environment.

For fuel recycle waste disposal, no consequence was predicted
until at least 13 000 years after disposal. With iodine-129 incorporated in
bismuth oxyiodide, technetium-99 was the most important contributor to the
maximum dose, and the only radionuclide producing doses greater than
10~3 mSv. Iodine-129 was the next most important radionuclide, while
plutonium-242 and a number of other radionuclides made small contributions
to the maximum doses. Most radionuclides were released much faster from
sod ill m calcium aluminosilicate glass than from used fuel, but iodine-129 was
released much more slowly from bismuth oxyiodide than from used fuel.
However, with iodine-129 incorporated in barium iodate, the release of
iodine was faster than for used fuel, and technetium-99 and iodine-129 were
both important contributors to the dose. For fuel recycle waste disposal,
ingestion was again the only significant pathway. However the well-water
pathway was not as important as for used-fuel disposal, since for
technetium-99, ingestion of water is less important than ingestion of
terrestrial plants.

Review and consolidation of the SYVAC submodels will be
complemented by sensitivity analysis studies and software quality assurance.
An advanced computer code SYVAC3 is now being developed for use In the final
concept assessment. This will be the focus of the formal concept evaluation
via regulatory review and a public hearing.

3. PUBLIC INTERACTION

It is recognized that the disposal of nuclear fuel waste will not
be implemented without public acceptance based on knowledge and
understanding. Therefore, AECL Is committed to full and open communication
with the public, elected officials, and the technical community on all
aspects of the research and development program. Public interaction
activities are concentrated mainly in Ontario and Manitoba, since these
provinces include those portions of the Canadian Shield where field studies
are taking place.

AECL continued to provide Information to the public on various
aspects of the waste management program through a variety of means,
including displays, information pamphlets and booklets, films, and public
speakers. In 1984, an estimated 823 000 television viewers and 34 100 live-
audience viewers saw the film, "Nuclear Fuel Waste Management: Planning for
Tomorrow," and 500 teachers' guides to the film were distributed. Several
new pieces of information material were produced during the year, including
information cards with simulated fuel pellets, a brochure describing the
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Immobilized Fuel Test Facility, and a 51-page booklet, "Nuclear Fuel Haste
Management: Protecting the Future." More than 30 000 copies of the latter
were distributed in 1984. The Nuclear Fuel Waste Management Program exhibit
was stationed at 28 locations in 1984, primarily at shopping malls,
universities and annual meetings of interested organizations. Research
scientists participated in information seminars at 37 locations during the
year.

Briefings for elected and appointed officials in regions near
field research areas continued throughout the year. Briefings for, and
liaison with, the media continued on an ongoing basis. Good media coverage
resulted from the official opening of the surface facilities of the
Underground Research Laboratory near Lac du Bonnet, Manitoba.

The community relations program provides an opportunity for
feedback from residents near field research areas. Some 800 local residents
and elected officials attended a brief ceremony and toured the surface
facilities at the Underground Research Laboratory in May. AECL continued to
receive support for its research work in Atikokan, and little public concern
was expressed about the work at the East Bull Lake research area in 1984.
No activity took place at the Overflow Bay/Denmark Lake research area.

As part of a continuing monitoring of public attitudes on the
Nuclear Fuel waste Management Program, AECL participated in a major Gallup
survey in Ontario [74]. Results of the survey show that the level of
knowledge of the Nuclear Fuel Waste Management Program has continued to
increase gradually. Forty-three percent of respondents (55% in northern
Ontario) correctly identified underground disposal in the Canadian Shield as
the proposed disposal method. Knowledge of where nuclear fuel wastes are
now stored was low; only 23% of Ontario residents correctly identified the
location.

Although support for a disposal facility near the respondent's
community was still low, the survey produced a more positive response than
in 1983. Fourteen percent of Ontario residents (22% in northern Ontario)
said they would be somewhat or strongly in favor of having a disposal
facility located near their community if the disposal method is found to be
safe, as opposed to 8% in 1983. Increased employment, government grants and
subsidies, full access to information, a compensation agreement, and
independent community monitoring of the disposal facility increased
acceptance of siting to 31% in the whole of Ontario and 32% in northern
Ontario. The most significant of these incentives was increased
employment.

During 1984, considerable effort was devoted to developing a
public consultation program, during which AECL will discuss social and other
issues relating to nuclear fuel wste management with public and special
interest groups. Invitations to participate in the program were issued to
52 interest groups identified by a consultant as being broadly representative
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of the Canadian public. Public attitudes surveys, focus groups and other
techniques will be used in addition to the public consultation program.

4. CONCLUSIONS

The Canadian Nuclear Fuel Waste Management Program is now firmly
established as one of the largest interdisciplinary scientific research
programs in Canada. The funding level of the program is consistent with its
technical requirements and a schedule that permits a careful and rigorous
development of the concept of disposal of immobilized fuel waste deep
underground in stable plutonic rock. Research on all major components of
the program has been underway for five years, and the program is proceeding
on schedule. The review and evaluation process will start in 1988, and it
is expected that sufficient data will be available for the governments of
Canada and Ontario to make a decision on the acceptability of the concept by
1991.
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