AECL FEACL

AECL Research EACL Recherche

AECL-10714, COG-93-4

The Disposal of Canada’s Nuclear Fuel Waste:
The Vault Model for Postclosure Assessment

Le stockage permanent des déchets de combustible nucléaire
du Canada : Le modéle d'installation souterraine pour
I'évaluation de post-fermeture

L.H. Johnson, D.M. LeNeveu, D.W. Shoesmith D.W. Oscarson, M.N. Gray,
R.J. Lemire, N.C. Garisto

February 1994 février



AECL RESEARCH

THE DISPOSAL OF CANADA'S NUCLEAR FUEL WASTE:
THE VAULT MODEL FOR POSTCLOSURE ASSESSMENT

by

L.H. Johnson, D.M. LeNeveu, D.W. Shoesmith,
D.W. Oscarson, M.N. Gray, R.J. Lemire,* N.C. Garisto**

* AECL Research
Chalk River Laboratories
Chalk River, ON KOJ 1JO

** Beak Consultants Limited
14 Abacus Road
Brampton, ON L6T 5B7

The Canadian Nuclear Fuel Waste Management Program is funded jointly by
AECL and Ontario Hydro under the auspices of the CANDU Owners Group.

Whiteshell Laboratories
Pinawa, Manitoba ROE 1LO
1994

@ AECL-10714
| C0G-93-4



LE STOCKAGE PERMANENT DES DECHETS DE COMBUSTIBLE NUCLEAIRE DU CANADA :
LE MODELE D’INSTALLATION SOUTERRAINE POUR L'EVALUATION DE POST-FERMETURE

par

L.H. Johnson, D.M. LeNeveu, D.W. Shoesmith
D.W. Oscarson, M.N. Gray, R.J. Lemire et N.C. Garisto

RESUME

Le concept de stockage permanent des déchets de combustible nucléaire du Canada comporte la mise en place des
déchets dans une installation creusée a une profondeur de 500 3 1 000 m dans la roche plutonique du Bouclier
canadien. On isolerait les déchets solides de la biosphere par un systeme de barrieres multiples composé de barrieres
ouvragées (artificielles), dont des conteneurs résistants a la corrosion et des matériaux de scellement d’étanchéité a
base d’argile et de ciment, et de la barriere naturelle assurée par la formation géologique massive. On documente la
possibilité de réalisation technique de ce concept et son impact sur I’environnement et 1a santé de 1’étre humain dans
une Etude d’impact sur I’environnement (EIE) qu’on soumettra a des fins d’examen dans le cadre du Processus fédé-
ral d’évaluation et d’examen en matiére d’environnement. Le présent rapport est I’un d’une série de neuf documents
de référence principaux d’EIE. On y décrit le modele d’installation qui sert  calculer la libération, dépendante du
temps, des contaminants radioactifs et non radioactifs du systéme de barrieres ouvragées (installation) 2 la roche
environnante (géosphére). Les calculs par modele qui sont présentés concernent une installation de référence parti-
culiere qui renferme des grappes de combustible usé de réacteurs CANDU (CANada Deutérium Uranium) confinées
dans des conteneurs de titane de nuance 2, lesquels seraient mis en place dans des trous forés du sol d’une excavation
minée située A une profondeur de 500 m dans la roche plutonique. Les conteneurs seraient entourés d’un retardateur
tassé composé d’un mélange de 50 % en poids de sable et 50 % en poids de bentonite. Les chambres de stockage
permanent et les galeries seraient scellées de fagon étanche au moyen d’une couche de mélange de remblai composé
de 25 % d’argile de lac glaciaire et de 75 % de granit concassé et d’une couche sus-jacente de retardateur.

Le modele d’installation est un programme de calcul des temps de rupture des conteneurs de titane, de la vitesse de
libération des radionucléides des grappes de combustible usé aux eaux souterraines qui pénétreraient dans les con-
teneurs rendus défectueux et de la vitesse de migration des radionucléides du combustible & la roche environnante par
le retardateur et le remblai saturés d’eaux souterraines. Ce modele se sert des valeurs de parametres distribuées ou
probabilistes pour tenir compte de ’incertitude et de la variabilité. En décrivant le modele, on met I’accent en par-
ticulier sur la compréhension mécaniste des processus conduisant 2 la libération et sur I’explication de la base de
sélection des valeurs de parametres dont se sert le modele.

On examine la fiabilité du modele d’installation quant 2 la vérification par des calculs indépendants, I'évaluation des
résultats de recherche et des modeles fondamentaux, 1’emploi d’hypoth&ses prudentes, les intercomparaisons de
programmes de calcul et I’assurance de la qualité et I’échelle de temps proposée de 10 000 ans pour I’évaluation
quantitative du risque.

Dans les cas oi1 on a considéré qu’il ne convient pas d’inclure en particulier certains processus au modele d’instal-
lation (par ex. la criticité nucléaire ou la production de gaz), on donne la justification de I’exclusion des processus
ainsi que les résultats des analyses complémentaires.

Les renseignements concernant le modtle d’installation indiquent qu’il est prudent et qu'il convient 2 la description
du comportement i long terme des barrieres ouvragées d’une installation de stockage permanent des déchets de com-
bustible nucléaire.

Le Programme canadien de gestion des déchets de combustible nucléaire est financé en commun par EACL et
Ontario Hydro sous les auspices du Groupe des propriétaires de réacteurs CANDU.
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by

L.H. Johnson, D.M. LeNeveu, D.V. Shoesmith,
D.W. Oscarson, M.N. Gray, R.J. Lemire, N.C. Garisto

ABSTRACT

The concept for disposal of Canada’s nuclear fuel waste involves emplacing the waste in a vault excavated at a
depth of 500 to 1000 m in plutonic rock of thc Canadian Shield. The solid waste would be isolated from the
biosphere by a multibarrier system consisting of engineered barriers, including corrosion-resistant containers
and clay- and cement-based sealing materials, and the natural barrier provided by the massive geological
formation. The technical feasibility of this concept, and its impact on the environment and human health, is
being documented in an Environmental Impact Statement (EIS) that will be submitted for review under the
federal Environmental Assessment and Review Process. The present report is one of nine EIS primary
references. The report describes the vault model, which is used to calculate the time-dependent release of
radioactive and non-radioactive contaminants from the engineered barrier system (vault) into the surrounding
rock (geosphere). The model calculations presented are for a specific reference vault design that comprises
used CANDU (CANada Deuterium Uranium) fuel bundles in Grade-2 titanium containers, which would be
emplaced in boreholes in the floor of a mined excavation located at a depth of 500 m in plutonic rock. The
containers would be surrounded by a compacted buffer material that is a mixture of 50 wt. % sand and

50 wt. % bentonite. Disposal rooms and tunnels would be sealed with a layer of backfill mixture composed of
25% glacial lake clay and 75% crushed granite and an overlying layer of buffer material.

The vault model is a computer code that calculates the failure times of titanium containers, the rate of release
of radionuclides from used-fuel bundles into the groundwater that would flow into the failed containers, and
the rate of transport of radionuclides from the fuel through the groundwater-saturated buffer and backfill
materials and into the surrounding rock. The vault model uses distributed or probabilistic parameter values to
account for both uncertainty and variability. In describing the model, particular emphasis is placed on the
mechanistic understanding of the processes leading to radionuclide release and on explaining the basis for
selection of the parameter values used in the model.

The reliability of the vault model is discussed in terms of verification through independent calculations; the
evaluation of research data and underlying models; the use of conservative assumptions, code intercomparisons
and quality assurance; and the proposed 10 000-a time scale for quantitative risk assessment.

For those situations where it was considered inappropriate to specifically include certain processes in the vault
model (e.g., nuclear criticality, or gas generation), the justification for excluding the process and the results of
supplementary analyses are provided.

The information presented on the vault model indicates that it is a conservative model that is appropriate for
describing the long-term performance of engineered barriers in a nuclear fuel waste disposal vault.

The Canadian Nuclear Fuel Waste Management Program is funded jointly by AECL and Ontario Hydro under
the auspices of the CANDU Owners Group.
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PREFACE

In 1992, 15% of the electricity generated in Canada was produced using
CANDU nuclear reactors. A by-product of the nuclear power is used CANDU
fuel, which consists of ceramic uranium dioxide pellets and metal struc-
tural components. Used fuel is highly radioactive. The used fuel from
Canada's power reactors is currently stored in water-filled pools or dry
storage concrete containers. Humans and other living organisms are pro-
tected by isolating the used fuel from the natural environment and by sur-
rounding it with shielding material. Current storage practices have an
excellent safety record.

At present, used CANDU fuel is not reprocessed. It could, however, be
reprocessed to extract useful material for recycling, and the highly radio-
active material that remained could be incorporated into a solid. The term
"nuclear fuel waste," as used by AECL, refers to either

- the used fuel, if it is not reprocessed, or
- a solid incorporating the highly radioactive waste from reprocessing.

Current storage practices, while safe, require continuing institutional
controls such as security measures, monitoring, and maintenance. Thus
storage is an effective interim measure for protection of human health and
the natural environment but not a permanent solution. A permanent solution
is disposal, a method "in which there is no intention of retrieval and
which, ideally, uses techniques and designs that do not rely for their
success on long-term institutional control beyond a reasonable period of
time" (AECB 1987).

In 1978, the governments of Canada and Ontario established the Nuclear Fuel

Vaste Management Program "... to assure the safe and permanent disposal" of
nuclear fuel waste. AECL was made responsible for research and development
on "... disposal in a deep underground repository in intrusive igneous

rock" (Joint Statement 1978). Ontaric Hydro was made responsible for
studies on interim storage and transportation of used fuel and has contri-
buted to the research and development on disposal. . Over the years a number
of other organizations have also contributed to the Program, including
Energy, Mines and Resources Canada; Environment Canada; universities; and
companies in the private sector.

The disposal concept is to place the waste in long-lived containers; emplace
the containers, enveloped by sealing materials, in a disposal vault exca-
vated at a nominal depth of 500 to 1000 m in intrusive igneous (plutonic)
rock of the Canadian Shield; and (eventually) seal all excavated openings
and exploration boreholes to form a passively safe system. Thus there
would be multiple barriers to protect humans and the natural environment
from contaminants in the waste: the container, the very low-solubility
vaste form, the vault seals, and the geosphere. The disposal technology
includes options for the design of the engineered components, including the
disposal container, disposal vault, and vault seals, so that it is adapt-
able to a wide range of regulatory standards, physical conditions, and



social requirements. Potentially suitable bodies of plutonic rock occur in
a large number of locations across the Canadian Shield.

In developing and assessing this disposal concept, AECL has consulted
broadly with members of Canadian society to help ensure that the concept
and the way in which it would be implemented are technically sound and
represent a generally acceptable disposal strategy. Many groups in Canada
have had opportunities to comment on the disposal concept and on the waste
management program. These include government departments and agencies,
scientists, engineers, sociologists, ethicists, and other members of the
public. The Technical Advisory Committee to AECL on the Nuclear Fuel Vaste
Management Program, whose members are nominated by Canadian scientific and
engineering societies, has been a major source of technical advice.

In 1981, the governments of Canada and Ontario announced that "... no dis-
posal site selection will be undertaken until after the concept has been
accepted. This decision also means that the responsibility for disposal
site selection and subsequent operation need not be allocated until after
concept acceptance” (Joint Statement 1981).

The acceptability of the disposal concept is now being reviewed by a fed-
eral Environmental Assessment Panel, which is also responsible for examin-
ing a broad range of issues related to nuclear fuel waste management
(Minister of the Environment, Canada 1989). After consulting the public,
the Panel issued guidelines to identify the information that should be
provided by AECL, the proponent of the disposal concept (Federal Environ-
mental Assessment Review Panel 1992).

AECL is preparing an Environmental Impact Statement to provide information
requested by the Panel and to present AECL's case for the acceptability of
the disposal concept. A Summary will be issued separately. This report is
one of nine primary references that summarize major aspects of the disposal
concept and supplement the information in the Environmental Impact State-
ment. A guide to the contents of the Environmental Impact Statement, the
Summary, and the primary references follows this Preface.

In accordance with the 1981 Joint Statement of the governments of Canada
and Ontario, no site for disposal of nuclear fuel waste is proposed at this
time. Thus in developing and assessing the disposal concept, AECL could
not design a facility for a proposed site and assess the environmental
effects to determine the suitability of the design and the site, as would
normally be done for an Environmental Impact Statement. Instead, AECL and
Ontario Hydro have specified illustrative "reference" disposal systems and
assessed those.

A "reference" disposal system illustrates what a disposal system, including
the geosphere and biosphere, might be like. Although it is hypothetical,
it is based on information derived from extensive laboratory and field
research. Many of the assumptions made are conservative, that is, they
would tend to overestimate adverse effects. The technology specified is
either available or judged to be readily achievable. A reference disposal
system includes one possible choice among the options for such things as
the vaste form, the disposal container, the vault layout, the vault seals,
and the system for transporting nuclear fuel waste to a disposal facility.



The components and designs chosen are not presented as ones that are being
recommended but rather as ones that illustrate a technically feasible way
of implementing the disposal concept.

After the Panel has received the requested information, it will hold public
hearings. It will also consider the findings of the Scientific Review
Group, which it established to provide a scientific evaluation of the dis-
posal concept. According to the Panel'’s terms of reference "As a result of
this review the Panel will make recommendations to assist the governments
of Canada and Ontario in reaching decisions on the acceptability of the
disposal concept and on the steps that must be taken to ensure the safe
long-term management of nuclear fuel wastes in Canada" (Minister of the
Environment, Canada 1989).

Acceptance of the disposal concept at this time would not imply approval of
any particular site or facility. If the disposal concept is accepted and
implemented, a disposal site would be sought, a disposal facility would be
designed specifically for the site that was proposed, and the potential
environmental effects of the facility at the proposed site would be
assessed. Approvals would be sought in incremental stages, so concept
implementation would entail a series of decisions to proceed. Decision-
making would be shared by a variety of participants, including the public.
In all such decisions, however, safety would be the paramount consideration.



The EIS, Summary, and Primary References

Environmental Impact Statement on the Concept for Disposal of

Canada’s Nuclear Fuel Waste ( AECL 1994a)

Summary of the Environmental Impact Statement on the Concept
for Disposal of Canada’s Nuclear Fuel Waste  ( AECL 1994b )

The Disposal of Canada’s Nuclear Fuel Waste: Public Involvement and Social
Aspects  ( Greber et al. 1994)

The Disposal of Canada’s Nuclear Fuel Waste: Site Screening and Site
Evaluation Technology ( Davison et al. 1994a)

The Disposal of Canada’s Nuclear Fuel Waste: Engineered Barriers
Alternatives  ( Johnson et al. 1994 )

The Disposal of Canada’s Nuclear Fuel Waste: Engineering for a Disposal

Facility  ( Simmons and Baumgartner 1994 )

The Disposal of Canada’s Nuclear Fuel Waste: Preclosure Assessment of a
Conceptual System ( Grondin et al. 1994)

The Disposal of Canada’s Nuclear Fuel Waste: Postclosure Assessment of a

Reference System ( Goodwin et al. 1994 )

The Disposal of Canada’s Nuclear Fuel Waste: The Geosphere Model for

Postclosure Assessment  ( Davison et al. 1994b)

The Disposal of Canada’s Nuclear Fuel Waste: The Biosphere Model, BIOTRAC,
for Postclosure Assessment  ( Davis et al. 1993)




GUIDE TO THE CONTENTS OF THE ENVIRONMENTAL IMPACT STATEMENT,
THE SUMMARY, AND THE PRIMARY REFERENCES

ENVIRONMENTAL IMPACT STATEMENT AND SUMMARY

Environmental Impact Statement on the Concept for Disposal of Canada's
Nuclear Fuel Waste (AECL 1994a)

provides an overview of AECL's case for the acceptability of the
disposal concept

provides information about the following topics:

- the characteristics of nuclear fuel waste

- storage and the rationale for disposal

- major issues in nuclear fuel waste management

- the disposal concept and implementation activities

- alternatives to the disposal concept

- methods and results of the environmental assessments

- principles and potential measures for managing environmental
effects

- AECL's overall evaluation of the disposal concept

Summary of the Environmental Impact Statement on the Concept for
Disposal of Canada's Nuclear Fuel Waste (AECL 1994b)

summarizes the contents of the Environmental Impact Statement

PRIMARY REFERENCES

The Disposal of Canada's Nuclear Fuel Waste: Public Involvement and

Social Aspects (Greber et al. 1994)

describes the activities undertaken to provide information to the
public about the Nuclear Fuel Waste Management Program and to obtain
public input into the development of the disposal concept

presents the issues raised by the public and how the issues have been
addressed during the development of the disposal concept or how they
could be addressed during the implementation of the disposal concept

discusses social aspects of public perspectives on risk, ethical
issves associated with nuclear fuel waste management, and principles
for the development of a publicly acceptable site selection process

The Disposal of Canada’'s Nuclear Fuel Waste: Site Screening and Site
Evaluation Technology (Davison et al. 1994a)

discusses geoscience, environmental, and engineering factors that
would need to be considered during siting



describes the methodology for characterization, that is, for obtain-
ing the data about regions, areas, and sites that would be needed for
facility design, monitoring, and environmental assessment

The Digposal of Canada'’s Nuclear Fuel Waste: Engineered Barriers
Alternatives (Johnson et al. 1994)

describes the characteristics of nuclear fuel waste

describes the materials that were evaluated for use in engineered
barriers, such as containers and vault seals

describes potential designs for containers and vault seals

describes procedures and processes that could be used in the produc-
tion of containers and the emplacement of vault-sealing materials

The Disposal of Canada's Nuclear Fuel Waste: Engineering for a Disposal

Facility (Simmons and Baumgartner 1994)

discusses alternative vault designs and general considerations for
engineering a nuclear fuel waste disposal facility

describes a disposal facility design that was used to assess the
technical feasibility, costs, and potential effects of disposal
(Different disposal facility designs are possible and might be
favoured during concept implementation.)

presents cost and labour estimates for implementing the design

The Disposal of Canada’s Nuclear Fuel Waste: Preclosure Assessment of a
Conceptual System (Grondin et al. 1994)

describes a methodology for estimating effects on human health, the
natural environment, and the socio-economic environment that could be
associated with siting, constructing, operating (includes transport-
ing used fuel), decommissioning, and closing a disposal facility

describes an application of this assessment methodology to a refer-
ence disposal system (Ve use the term "reference" to designate the
disposal systems, including the facility designs, specified for the
assessment studies. Different disposal facility designs are possible
and might be favoured during concept implementation.)

discusses technical and social factors that would need to be consid-
ered during siting

discusses possible measures and approaches for managing environmental
effects



The Disposal of Canada’s Nuclear Puel Waste: Postclosure Assessment of a
Reference System (Goodwin et al. 1994)

- describes a methodology for
- estimating the long-term effects of a disposal facility on human
health and the natural environment,
- determining how sensitive the estimated effects are to variations
in site characteristics, design parameters, and other factors, and
- evaluating design constraints

- describes an application of this assessment methodology to a refer-
ence disposal system (We use the term "reference" to designate the
disposal systems, including the facility designs, specified for the
assessment studies. Different disposal facility designs are possible
and might be favoured during concept implementation.)

The Disposal of Canada’s Nuclear Fuel Waste: The Vault Model for
Postclosure Assessment (this volume)

- describes the assumptions, data, and model used in the postclosure
assessment to analyze processes within and near the buried containers
of waste

- discusses the reliability of the data and model

The Disposal of Canada's Nuclear Fuel Waste: The Geosphere Model for
Postclosure Assessment (Davison et al. 1994b)

- describes the assumptions, data, and models used in the postclosure
assessment to analyze processes within the rock in which a disposal
vault is excavated

- discusses the reliability of the data and model

The Disposal of Canada'’'s Nuclear Fuel Waste: The Biosphere Model,
BIOTRAC, for Postclosure Assessment (Davis et al. 1993)

- describes the assumptions, data, and model used in the postclosure
assessment to analyze processes in the near-surface and surface
environment

- discusses the reliability of the data and model
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EXECUTIVE SUMMARY

ES.1 INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program (CNFWMP) was established
jointly by the governments of Canada and Ontario in 1978 to develop a
method to ensure the safe disposal of fuel waste from Canada'’s nuclear
reactors (Joint Statement 1978). In the disposal concept under considera-
tion, the waste would be immobilized in containers designed to have a
minimum lifetime of 500 a; the containers, surrounded by clay-based buffer
material, would be placed in a vault excavated at a nominal depth of 500 to
1000 m in plutonic rock of the Canadian Shield. The engineered and natural
barriers of this disposal system would isolate the waste from the
biosphere, with its humans and other biota, for many years. The long-term
performance of such a system must be evaluated to ensure that the
objectives of protection of human health and the environment are met.

In this document, we describe the vault model used to simulate the behav-
iour of the engineered barriers in the conceptual disposal vault in the
postclosure phase, when the vault is full and has been decommissioned and
sealed. The important processes included in the vault model were identi-
fied through a scenario analysis procedure, which involved identifying all
possible factors and processes that might affect the isolation of the
wvaste. The analysis procedure indicated that slow degradation of the
containers and waste in groundwater, followed by diffusional transport of
radionuclides through sealing materials into the surrounding rock, is by
far the most probable scenario by which radionuclides might be released
from the vault.

Mathematical models have been developed that describe these important
processes. They are linked together to form the vault model, which is
coupled to the geosphere and biosphere models through an executive code
SYVAC (Systems Variability Analysis Code - Generation 3). The data for the
models are probabilistic; i.e., for each parameter in the models, a range
of values is defined rather than a single value. This allows uncertainty
and variability to be taken into account. The output of the SYVAC calcula-
tions is a distribution of estimated dose rates to the most exposed group
of individuals for various times in the future, which can be compared with
quantitative risk criteria established by the Atomic Energy Control Board
(AECB 1987). Because insufficient information is available to accurately
model some of the significant processes, and because impacts must be
assessed far into the future, the models incorporate conservatisms (i.e.,
they tend to overpredict consequences) and their output should not be
considered accurate predictions. Assessment models were developed to
describe performance for a period of 10% a, although the results are extra-
polated to 10° a to illustrate trends. Beyond 10¢4 a, reasoned arguments
are presented outlining the expected performance of the engineered
barriers.



- 11 -

ES.2 DESCRIPTION OF THE VAULT SYSTEM

A basic used-fuel disposal centre conceptual design, including both surface
and underground facilities, has been described by Simmons and Baumgartner
(1994). This design, referred to as the reference design, has been
adopted, with some modifications, as the basis for the assessment case
‘study. The case study has been carried out to illustrate the methodology
used to assess the long-term performance of a nuclear fuel waste disposal
system.

The reference disposal vault design, as modified for the case study, has an
overall area of 3.16 km? and is assumed to be located at a depth of 500 m.
In the design, emplacement rooms have boreholes drilled in the floor to
accept titanium containers, each holding 72 used CANDU! fuel bundles. The
containers are surrounded by a clay-sand mixture (the buffer), and all
excavated areas are backfilled with low-permeability clay/crushed granite
and clay/sand mixtures. Containers are spaced such that the decay heat
leads to a maximum container skin temperature of 94°C. The total mass of
fuel for disposal is assumed to be 161 730 Mg U in 118 680 containers, with
an average fuel burnup of 685 GJ.kg-! U.

ES.3 EVOLUTION OF NEAR-FIELD CONDITIONS AND MASS TRANSPORT THROUGH CLAY
BARRIER MATERIALS

One of the most important functions of the clay-based buffer and backfill
materials in the reference disposal system is to slow the rate of ground-
vater movement and, ultimately, the rate of radionuclide transport when the
containers eventually fail. The reference buffer material, which surrounds
the containers in the boreholes, is a 1:1 mixture of bentonite and silica
sand compacted to a clay dry density of 1.22 Mg.m-3. The reference back-
fill consists of 257 glacial lake clay and 757 crushed granite aggregate.
The reference buffer and backfill materials have hydraulic conductivities
of <10-11 and <10-1° m.s-! respectively; thus, diffusion would be the
dominant contaminant transport process in the vault. To function as
hydraulic barriers, the hydraulic properties of these materials would have
to remain unaffected by transient effects caused by heat from the waste
containers and eventual resaturation of the disposal vault environment with
groundwater.

During the period immediately after container, buffer and backfill emplace-
ment, the heat generated by the waste would cause moisture to move awvay
from the containers; hence, some drying of the buffer would occur. During
the same period, the water pressure at the buffer/rock and backfill/rock
interfaces would increase, and saturation of the sealing materials would
gradually occur. The time for resaturation might vary from several years

1 CANada Deuterium Uranium, registered trademark of AECL.
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to more than 1000 a, depending on the hydraulic conductivity of the
surrounding rock. A final buffer swelling pressure of 1 to 2 MPa is
expected once saturation is complete.

The temperature at the container/buffer interface is expected to reach a
maximum of 94°C under saturated conditions. If resaturation was slow, the
migration of moisture away from the container could result in a temperature
maximum of ~105°C. Any cracking of the buffer as a result of shrinkage due
to drying is expected to reseal as the buffer swells during resaturation.
The backfill materials, which would ultimately reach a somewhat lower maxi-
mum temperature than the buffer, would also generate a swelling pressure
(approximately 40 kPa) upon resaturation. This should eliminate the
existence of voids and ensure that tight contact is maintained at the
backfill/rock interface. The swelling and self-sealing properties of the
buffer and backfill would ensure that, by the time containers failed,
diffusion, rather than convection, would be the only significant mode of
transport of radionuclides.

The potential effects of a number of processes on the long-term performance
of the buffer and backfill materials as transport barriers have been
studied. The gradual conversion of bentonite to illite, a non-swelling
clay, has been the focus of laboratory and natural analogue studies. The
results indicate that conversion would not occur to any appreciable extent
at the relatively low temperatures expected in the disposal vault. As a
result, the buffer material would retain its swelling properties.

The possibility of gas production in the vault, in particular H, and CH,,
has been examined. The rates of H, production from container corrosion and
radiolysis are low enough, and the solubility of H, in groundwater is
sufficiently high, that a gas phase is not expected to form in the vault
for ~20 000 a. The rate of production of CH, by microbial degradation of
inorganic matter in the clay is under study. The rate is expected to be
inconsequential, because of the low organic carbon content of the buffer
and backfill materials and the limited supply of nutrients for microbial
growth.

The reference groundwater assumed for the case study, WR-500, has a compo-
sition based on the groundwater found in the Whiteshell Research Area (WRA)
at a depth of 500 m. The composition of the groundwater, which has a total
dissolved solids content of 11 250 mg.L-!, would be modified somewhat by
contact with the buffer and backfill materials. The groundwater that ulti-
mately contacted the container and used-fuel bundles would have a pH of ~8.
The 0, initially present in the vault would be consumed over a period of
<300 a as a result of reaction with Fe?* released from biotite, which is an
important constituent of the crushed granite used in the reference backfill.

The low hydraulic conductivity of the buffer ensures that radionuclides
would be transported predominantly by diffusion. The small pore size in the
buffer would prevent movement of microbes or radionuclides present in
colloidal form.
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The diffusional transport of radionuclides in buffer and backfill materials
in the vault model is determined largely by the apparent diffusion coeffi-
cient, which can be expressed as

vhere D is the total intrinsic diffusion coefficient, D, is the apparent
diffusion coefficient, and r is the capacity factor, representing storage
(porosity) and sorption effects. Diffusion coefficients for the various
radionuclides have been determined from the scientific literature and our
own experimental studies, in conjunction with expert judgement. They vary
over several orders of magnitude, depending on the chemical properties of
the radionuclide.

ES.4 LIFETIME MODEL FOR GRADE-2 TITANIUM CONTAINERS

The reference container is a thin-shell (6.35 mm) packed-particulate design
constructed from Grade-2 titanium. The container incorporates a basket
that holds 72 fuel bundles with glass beads filling void spaces within the
container. Analysis has shown that a minimum container wall thickness of

2 mm is required to prevent failure by buckling under an isotropic external
loading of 10 MPa. The total load experienced by the container as a result
of hydrostatic and buffer swelling pressures is expected to be <7 MPa. A
wall thickness of 4.2 mm is therefore assumed to be available as a corro-
sion allowance, i.e., the wall thickness that can experience localized
corrosion before the container is assumed to fail.

The containers would initially be exposed to oxidizing conditions, which
might last up to 300 a, as a result of the 0, entrapped in the pores of
buffer and backfill materials and exposure to groundwater that was experi-
encing radiolytic decomposition from the y-radiation emitted by the fuel.

Grade-2 titanium was selected because of its corrosion resistance and its
simple a-phase structure, which is unlikely to experience destructive phase
transformation either in the disposal vault or as a result of welding.
Titanium metal is protected from corrosion by a passive TiO, film. The
uniform corrosion rate of Grade-2 titanium is negligible, and it is con-
sidered to be immune to pitting, microbially induced corrosion and stress
corrosion cracking under the conditions expected in a disposal vault.
However, crevice corrosion has been observed on Grade-2 titanium under hot,
saline oxidizing conditions. This process can be initiated when the 0, is
depleted in a creviced area (e.g., under a deposit on the metal or in a
void region in a weld, should such a defect not be detected using non-
destructive testing). The anodic dissolution of metal in the creviced area
could then couple to the cathodic reduction of 0, on the surrounding
container surface. Although such a process is unlikely to occur, it is
difficult to demonstrate that it would not. In the model used to predict
container lifetimes in the case study, we have therefore conservatively
assumed that crevice corrosion initiates on all containers. In laboratory
experiments, artificially creviced samples were forced to crevice-corrode



over the temperature range of interest, and the measured corrosion rates,
along with the temperature-time history of the vault, were used to predict
the depth of penetration within the crevice as a function of time.
Although the gradual consumption of 0, in the vault is likely to lead to
repassivation (i.e., cessation of crevice corrosion), the corrosion rates
vere assumed to be sustained until penetration of the container wall
occurred. This represents a second important conservative assumption in
the container lifetime model that tends to underpredict lifetimes.

The possibility that hydrogen-induced cracking (HIC) of titanium might
occur cannot be ruled out absolutely. Two forms of HIC appear possible:
general embrittlement, in the case of extensive hydride formation; or
sustained load cracking, in the case of hydride formation at an advancing
crack tip. In both cases, the larger the hydrogen content, the lower the
stress required for cracking to be possible. Studies using the slow
strain-rate technique on precracked compact tension specimens have shown
that Grade-2 titanium is not susceptible to sustained load cracking and
that hydrogen contents 2500 ug.g-! are required for fast brittle failure to
be a concern. Thus, the critical factor determining when the material
becomes susceptible to HIC by fast brittle fracture is the rate of hydrogen
pickup. The most likely mode of hydrogen pickup is as a result of proton
reduction in an actively corroding crevice. In the model, we assume that
this leads to sufficient hydrogen pickup to enable HIC, in conjunction with
sustained tensile stresses, to eventually cause container failure. By
analogy with the alloy Ti-6A1-4V, which is more susceptible to HIC than
Grade-2 titanium and in which slow crack propagation has been observed at
temperatures <20°C for hydrogen contents up to 255 ug.g-1, we expect HIC to
be more likely at low temperatures, when the solubility of hydrides and the
ability of the material to relieve stress by plastic deformation is lower.
Consequently, in our model we assume that HIC occurs only when temperatures
fall below 30°C.

The corrosion of welds in Grade-2 titanium has been studied in our labora-
tories. Welded or heat-treated specimens show no increase in the rate of
crevice corrosion, nor is there any evidence to suggest that welded mater-
ial is more susceptible to H, absorption or HIC.

Radiation can affect metals either by embrittlement resulting from neutron
absorption, or by corrosion caused by the presence of water radiolysis
products. Neutron emissions from used fuel are many orders of magnitude
lover than levels that can induce embrittlement. At the expected initial
v-radiation dose rate at the container surface (~50 Gy-.-h-1), the crevice
corrosion rate of titanium is comparable to or slightly less than the
measured rate for unirradiated conditions.

The model for container lifetimes includes three potential failure modes:
failures caused by undetected initial defects, failures caused by crevice
corrosion, and failures caused by HIC.

For initial defects, we have assumed that between 1 in 103 and 1 in 104
containers might have defects that escape detection during inspection
operations. Failure rates as a result of crevice corrosion have been
described by coupling measured temperature-dependent crevice corrosion
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rates with the temperature-time profiles calculated for various regions of
the vault. Containers can be grouped into three categories ("hot", "cool"
and "cold"), on the basis of this thermal analysis. The temperature-time
profiles for each group are approximated by simple step functions and the
crevice corrosion rates are applied to each to calculate failure times.
Vhen temperatures fall below 30°C, containers are assumed to fail rapidly
by HIC.

The calculations with this model show that 0.23% of containers would fail
by 1000 a, largely as a result of HIC and initial defects. The majority of
containers (>97%) would fail by crevice corrosion between 1200 and 7000 a.

It is worth noting that if crevice corrosion did not initiate, or if repas-
sivation occurred rapidly as a result of the consumption of 0, by Fe?* in
the backfill, then lifetimes in excess of 10* a would be conservatively
predicted (Johnson et al. 1994).

ES.5 THE MODEL FOR RADIONUCLIDE RELEASE FROM USED FUEL

CANDU fuel bundles consist of stacks of U0, pellets (a polycrystalline
ceramic) contained in sealed zirconium alloy (Zircaloy) tubes held together
by end plates. After being discharged from the reactor, the U0, pellets
are ~98.87 U0O,, with the balance being fission products (0.82) and activa-
tion products (0.4%Z). The Zircaloy sheath material contains small amounts
of radionuclides as a result of neutron activation of stable zirconium and
impurity elements. The quantities of radionuclides in used fuel have been
calculated using reactor physics codes. The calculated inventories have
been compared with measured values and good agreement has been observed for
the important radionuclides. Many of the radionuclides in the fuel are
soluble in U0, (i.e., the atoms occupy positions in the crystal lattice
normally occupied by uranium atoms). Those that are not soluble may be
present as interstitials or microscopic inclusions within the U0, grains,
or may be released from the grains in small quantities. A fraction of the
inventory of some fission products, such as 135Cs, 1291, 99Tc and the noble
gases, may accumulate at grain boundaries in the fuel or may be released to
the fuel-sheath gap. Studies of the dissolution of used fuel in ground-
wvater show that such fission products initially dissolve at a faster rate
than the U0, grains dissolve. Eventually, as the inventory of segregated
fission products is depleted by leaching, the dominant mode of release
becomes dissolution of U0, grains, often referred to as matrix dissolution.

The rate of dissolution of the U0, matrix of used fuel is strongly depen-
dent on the redox conditions, with the rate being highest under oxidizing
(aerated) conditions. This observation is consistent with laboratory
studies of the dissolution of pure U0, and with geochemical observations
from uraninite ore bodies. These studies illustrate that, if surface
oxidation is limited to the U0,-U,0, region (i.e., a low U(VI)/U(IV)
ratio), the crystal structure remains intact and uranium solubility and
dissolution rates are low. When the surface composition approaches U,0,,
dissolution rates increase and dissolution becomes oxidative in nature.



- vii -

The conditions in the disposal vault at the time of container failure are
expected to be reducing, as a result of dissolution of minerals containing
ferrous iron. These minerals are expected to establish a redox potential
vithin the stability field of UO,. At this stage, the only source of
oxidant within the vault would be the radiolysis of water to produce mole-
cular and radical species capable of oxidizing UO,. Beyond the lifetime of
the containers only a-radiolysis is likely to be significant. Experimental
results on the effects of a-radiolysis suggest that the surface composition
of the used fuel would not oxidize beyond U,0,/U,0,, where oxidative disso-
lution becomes significant. As a result, the dissolution of the matrix can
be modelled using a solubility-limited model in which the uranium concen-
tration gradient drives the dissolution process.

The model for radionuclide release from used fuel therefore consists of two
separate components: an instant-release model, in which an instant-release

fraction (IRF) combines gap and grain-boundary releases into a single term;
and a matrix dissolution or congruent-release model, in which the remaining
radionuclides are released at the same fractional rate as that in which the
matrix dissolves.

The quantities of Cs, I and Xe present in the fuel-sheath gap have been
measured for many fuel bundles, each with its own unique in-reactor power
history. The results compare favourably with predicted releases of Xe
based on the ELESIM fuel-performance code. This code and data on fuel-
bundle power histories have been used to predict average gap releases of
important fission products and the quantities of fission products accumu-
lated at grain boundaries. Because information on release rates of radio-
nuclides from grain boundaries is scarce, their release has been conserva-
tively assumed to occur immediately upon exposure of the fuel to ground-
vater. Thus, gap and grain-boundary inventories are combined to form the
IRF, which averages 8.1% for 135Cs and 1291, 6% for %9Tc and 12% for 14C.

The dissolution of the used-fuel matrix and the release of actinides and
the remaining fission products are limited by the solubility of U0, (or
U,0,) and the diffusional transport of uranium awvay from the fuel. The
solubility of uranium is calculated using a thermodynamic model by sampling
from a range of concentrations of groundwater species and E, (oxidation
potential) and pH values, with both temperature variability and uncertainty
taken into account. Over 97Z of the predicted solubility values are lower
than 10-6 mol.L-1.

The vault model allows for the possibility of precipitation of radio-
nuclides and their subsequent redissolution as they move through the
buffer. Some radionuclides that dissolve inside the container could preci-
pitate as they migrate into a buffer region with a different chemical
environment. One possible change in the chemical environment could result
from radiolysis, which is assumed to produce conditions that are more
oxidizing at the fuel surface (i.e., an E, up to the U,0,/U;0, boundary)
than in the surrounding buffer and backfill, where the redox chemistry is
dominated by Fe(II)/Fe(III) equilibria.

The model computes solubility limits for five elements: Pu, Tc, Th, Np and
U. The remaining elements are conservatively assigned solubilities high
enough to preclude precipitation.
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To model precipitation and redissolution, the following sequence of steps
is used for all elements except uranium:

- Solubility limits are first determined. For the five elements
noted above, solubility limits must be computed at two electro-
chemical potentials, associated with the fuel surface and the
buffer/backfill. The lower of the two computed limits is used
because precipitation should occur at the region of lowest
solubility.

- The rate of release of each radionuclide is calculated on the
assumption that it is dissolving at its solubility limit. If
this release rate is smaller than the release rate from the
buffer calculated without imposing the nuclide-specific solubil-
ity limit, then precipitation of the contaminant within the
buffer is indicated.

- If precipitation of a contaminant is indicated, its rate of
release from the buffer would be reduced. .The accumulation of
the contaminant in the buffer is described using an ordinary
differential equation that keeps track of the mass precipitated
and the mass lost by subsequent redissolution, taking into
account the effects of radioactive decay. Redissolution of the
precipitates is described in a manner similar to that discussed
above for congruent release from the used fuel, except that it
uses the solubility limit of the contaminant within the buffer.

A special condition applies for uranium. It is assumed that uranium
dissolves at its calculated solubility limit, using the electrochemical
potential at the surface of the fuel. If precipitation in the buffer is
indicated, then its accumulation and redissolution is simulated as in the
preceding paragraph, with the added assumption that the solubility-
controlled release rate of each uranium isotope is proportional to its
fractional inventory.

The precipitation of uranium, however, would also enhance the dissolution
rate of the used fuel, reducing the concentration of uranium in the water
in the buffer. Consequently, the congruent release of all contaminants in
the fuel matrix would be enhanced. This effect is simulated by assuming a
zero-concentration boundary condition at the precipitate by using a buffer
thickness equal to the distance from the container to the point at which
precipitation in the buffer occurs, and by using the uranium concentration
difference between the used-fuel surface and the precipitate for the source
boundary condition. These modifications increase the rate of dissolution
of the used-fuel matrix and subsequent release of all contaminants.

The chemical and structural similarities between used fuel and natural
uraninite ores have prompted the study of uraninite ore deposits that can
serve as analogues to the long-term performance of used fuel in a disposal
vault. Of particular interest are the high-grade uranium ore deposit at
Cigar Lake in northern Saskatchewan (age ~1.3 x 10° a) and the Oklo natural
fission reactors in Gabon (age ~2 x 10° a). Studies of the Cigar Lake
deposit indicate that uranium concentrations in groundwater within the ore



- ix -

zone are <10-6 mol.L-!, consistent with uranium concentrations calculated
for the vault model. Even in the case of the Oklo reactor, where tempera-
tures of 400 to 600°C were reached during criticality, the bulk of the
uraninite survived both the criticality and the subsequent period of
exposure to groundvater without significant dissolution. These observa-
tions provide support to the argument that used fuel disposed of in a
reducing environment would exhibit extremely limited dissolution.

ES.6 THE CONTAMINANT MASS TRANSPORT MODEL

The mass transport model for the vault calculates, for saturated condi-
tions, the release of contaminants from the failed containers and their
transport through the buffer and backfill materials and into the surround-
ing rock. The model incorporates diffusion, convection, retardation
effects and radioactive decay and buildup.

The vault is divided into sectors, each of which is considered to have
relatively uniform hydrogeological characteristics. Mathematical analysis,
including three-dimensional finite-element calculations based on the actual
borehole emplacement geometry, shows that the buffer and backfill can be
represented as layers that cover the entire area of the vault, across which
contaminant mass transport would occur. In the mass transport model, the
buffer thickness is 25 cm, as specified in the reference disposal vault
conceptual design. The backfill thickness (1.4 m) is such that it would
have the same volume as the total volume of backfill in the vault. Calcu-
lations with a one-dimensional diffusion equation for such a layered system
show that the breakthrough time for '?3I (a non-sorbing nuclide) into the
geosphere is the same as for the three-dimensional transport model,
confirming the validity of the layered representation of the vault.

Sensitivity analysis with the finite-element groundwater transport model
MOTIF shows that contaminant transport up sealed service and waste shafts
would be negligible; thus, they are not included in the geosphere network
connected to the vault sectors. Similarly, other calculations with this
model show that an excavation-damaged zone with a permeability one hundred
times that of the surrounding rock has no deleterious effect on contaminant
transport; thus, an excavation-damage zone is also not included.

The rate of release of contaminants from the vault to the geosphere is
determined by the solution of one-dimensional convection-diffusion
equations for radionuclides in a decay chain. The convection-diffusion
equations are solved using a response-function approach. These represent
solutions to the mass transport equations for finite layers (e.g., buffer
and backfill) for a unit-impulse input, and are calculated using Laplace
transform techniques. The source release rate of a radionuclide into a
layer is convoluted with the response function to obtain the release rate
from that layer. The source release rate is obtained by solving the
convection-diffusion equations for appropriate source boundary conditions.



The source boundary conditions are determined by the model for the release
of radionuclides from used fuel, and the exit boundary conditions assume
that the release of radionuclides into the geosphere is proportional to
their concentration at the backfill/rock interface. The proportionality
factor is referred to as the mass transfer coefficient and represents
resistance to contaminant transport across this interface and in the
subsequent pathway through the rock. A large value of the mass transfer
coefficient approaches a zero-concentration boundary condition at the
vault-rock interface, whereas a small value corresponds to a semi-permeable
condition. The interface resistance is conservatively assumed to be small,
and the mass transport properties of the host rock are used to determine
the value of the mass transfer coefficient.

Two mass transfer coefficients, one convective and the other diffusive, are
calculated for both buffer and backfill mass transport. For the convective
case, it is assumed that radionuclides diffusing from the buffer or back-
£ill into the rock are carried away by water moving in the rock along the
outer surface of the buffer or backfill. The convective mass transfer
coefficient is determined from the steady-state concentration gradients
that would eventually be established for this situation. The diffusive
mass transfer coefficient is determined initially by the steady-state
gradients that would occur in a three-layer (buffer, backfill and rock)
system with no water movement. The larger of the diffusive and convective
mass transfer coefficients is used to obtain the final value of the buffer
and backfill mass transfer coefficients.

Two source boundary conditions are used: one representing instant release
of radionuclides upon container failure, and the other representing
solubility-controlled congruent release. For the latter, the convection-
diffusion equation is solved for a constant-concentration source boundary
condition and an exit boundary condition determined by a steady-state mass
transfer coefficient.

The total source release is then convoluted with the container failure
response function to account for the fact that containers fail at different
times. The precipitation of radionuclides that may have exceeded their
solubility (e.g., Pu, Th, Np and Tc) is then simulated. The rate of disso-
lution of the precipitate is calculated in the same manner as the matrix
dissolution rate, except the solubility of the precipitate is used rather
than the solubility of the matrix. The net release rate after precipita-
tion is then convoluted with the buffer response function to give the
release rate into the backfill. Finally, this rate is convoluted with the
backfill response function to obtain the release from the backfill into the
surrounding rock.

ES.7 THE MEDIAN-VALUE SIMULATION, VERIFICATION USING SIMPLE MODELS AND
SENSITIVITY ANALYSIS

The results obtained with the vault model are illustrated through the
presentation of results for a single simulation, where all parameters are
given their median values. (A complete listing of all parameters in the
vault model is presented in Appendix E.)
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For the median-value simulation, in the period between 10 and 10° a after
vault closure, the only radionuclide giving a dose rate above 10-19 Sv.a-!
is 29I, The calculated peak dose rate of 4.3 x 10-7 Sv.a-!, which occurs
at 105 a, is one hundred times lower than the regulatory criterion of

S x 10-5 Sv.a-! established by the Atomic Energy Control Board (AECB) for
periods up to 104 a. The sum of the dose rates for all radionuclides is
also ~4.3 x 10-7 Sv.a-! at 10° a. Other radionuclides of importance are
99T¢ and 14C, although at several orders of magnitude lower dose rates than
for 1291, Some other radionuclides, such as 79Se and 135Cs, have higher
release rates from the vault but their transport is greatly attenuated in
the geosphere; thus, they do not contribute to dose in the total system
simulation.

A number of comparisons have been made between the results from the median-
value simulation and those obtained using simple mathematical expressions,
to provide verification of the vault model. For example, the peak failure
time for "hot" containers is estimated to be 1945 a using an approximate
mathematical solution, whereas the median-value simulation gives a value of
1860 a. Good agreement was also obtained for all other cases where
comparisons were made.

The results of the median-value simulation clearly illustrate the impor-
tance of the various barriers in attenuating dose. At 10° a, approximately
1Z of the 1291 that was in the used-fuel bundles has been released from the
vault; ~5% is in the backfill, and ~94% is still within the failed contain-
ers. The behaviour of 14C is similar to that of 12%I, except that radio-
active decay greatly decreases both the release from the vault and the
dose. For ?3Tc, precipitation in the buffer as a result of reducing condi-
tions virtually eliminates release from the vault. The very lov solubility
of uranium prevents any significant release from the vault and also ensures
extremely small releases of any radionuclides contained in the used-fuel
matrix.

Sensitivity analysis has been performed to identify the most important
parameters in the vault model by varying the values of parameters within
the full ranges of their probability distributions. Variation in the
following parameters causes the largest change in releases from the vault
to the geosphere up to 105 a:

- the initial inventories of 14C and 1291 per kilogram of uranium,

- the anion correlation parameter (this correlates the diffusion
coefficients and capacity factors of anions in the buffer),

- the instant-release fractions of 14C and 1297,

- the groundwater velocity scaling factor, and

- the tortuosity of the rock zone in which the vault is situated.

The ratio of the largest to the smallest releases of 1291 and 14C to the
geosphere when each of these parameters is varied separately throughout its
entire range varies from 3 to 100.

Another approach to analyzing the relative importance of various aspects of
the vault model is to examine how various assumptions made during the
course of model development affect the calculated results.
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Performance assessment models are typically developed from more complex
models through simplifying assumptions. Expert scientific judgement plays
an important role, and there must be a recognition that where simplifica-
tions are to be made, an appropriate degree of conservatism should be
retained in the model. This may be accomplished through conservatism in
the simplifying assumptions or in the values and value distributions
specified for important parameters in the model.

Releases of 3291, 14C and 99Tc from the engineered barriers lead to the
highest predicted dose rates. This is a consequence of the assumed instant
release of gap and grain-boundary material and the relatively high mobility
of these radionuclides in the geosphere. Although the modelled gap release
of 1297 and 137Cs has been shown to be accurate, gap release of 14C was
poorly understood at the time the model was defined. Subsequent measure-
ments have illustrated that the instant release of 14C has likely been
overestimated by a factor of approximately 100.

The used-fuel matrix dissolves extremely slowly in our model because we
assume that the fuel surface, exposed to vater experiencing a-radiolysis,
does not oxidize beyond U,0,, and thus a solubility model can be used.
This important assumption is the focus of research to develop an oxidative
dissolution rate model that can be extrapolated to the range of redox
conditions expected at the fuel surface. Our results tend to confirm that
oxidation would indeed be limited to the range indicated. The fuel disso-
lution rate calculated using the rate derived for the corrosion potential
at the U,0,/U;0, boundary suggests that 1 to 2% of the fuel matrix could
dissolve in 105 a. This is several orders of magnitude greater than the
extent of dissolution calculated with the solubility model. Nonetheless,
the impact on calculated radionuclide releases from the vault using the
oxidative model would be very small, because instant releases of radio-
nuclides such as 129, 135Cs, 14C and 29Tc are already assumed to be 5 to
10%.

For titanium containers, the critical assumptions affecting lifetime are
that crevice corrosion would initiate on all containers immediately upon
emplacement and that it would propagate indefinitely. The more probable
outcome - that repassivation would occur as residual oxygen in the disposal
vault vas consumed and the temperature decreased - is the focus of ongoing
studies. These studies suggest that crevice corrosion would not be
sustained long enough to lead to failure. If failure did not occur by
crevice corrosion, hydrogen-induced cracking would likely be the eventual
failure mode, since general corrosion of titanium is extremely slow. For
this reason, hydrogen uptake rates in titanium are being measured to deter-
mine the time to reach a critical hydrogen concentration where failure
might occur. It is likely that model predictions of container lifetimes
would exceed 104 a, were it not for the highly conservative assumptions in
the model. This would have a great impact on releases from the vault.

If a model can be shown to adequately represent the system it describes, it
is said to have been validated. For the vault model, which performs simu-
lations for periods up to 10 a, validation is clearly not possible. It
is, nonetheless, possible to demonstrate that some components of the system
performance are appropriately represented in the vault model. For example,
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it has been shown that diffusion models of the type that are used for
radionuclide transport in buffer and backfill can be used to predict
transport in clays. It has also been confirmed that the in-reactor power
history of a CANDU fuel bundle can be used to predict the gap release of
certain fission products, demonstrating that the most important component
of the source term in the vault model is accurately represented. Another
type of validation that is possible involves cemparison with relevant
natural analogues. Comparisons of the behaviour of uraninite ore at Cigar
Lake with the used-fuel dissolution model, and of ancient bentonites with
buffer material, with respect to self-sealing capability, confirm that the
models are appropriate representations of these aspects of long-term system
performance.

A vide range of quality assurance measures has been taken to ensure that
the vault model produces scientifically defensible and conservative
results. These range from peer review of publications and the CNFWMP as a
whole to an array of specific code-testing procedures. The testing proce-
dures have repeatedly confirmed the accuracy of the vault model code.

The vault model has been examined to determine the time frame over which
the results of simulations should be considered valid. In some respects,
the model will tend to overpredict releases at long periods of time

(>10° a) because of conservative assumptions in the model. For example, a
redox gradient that enhances the dissolution rate of the used-fuel matrix
is assumed to exist between the surface of the fuel and the surrounding
buffer material as a result of a-radiolysis of water. At periods beyond
~105 a, the a-activity of used fuel would have declined to a level compar-
able to that of a rich uranium ore, such as that at Cigar Lake, and the
redox gradient would no longer occur. As a result, the dissolution of used
fuel beyond this time is likely to be estimated more accurately from
natural analogue studies of such systems. Other processes, such as the
potential generation of gases in the vault as a result of metal corrosion
and changes in the groundwater flow field as a result of glaciation, may
also add increasing uncertainty to the model calculations for such time
frames.

ES.8 SUPPLEMENTARY ANALYSES

Several supplementary analyses have been performed to illustrate the safety
of the disposal concept. Some of these have used the vault model to obtain
the required results, whereas others have involved the development and
application of other models.

The question of the applicability of vault model results to the siting of a
disposal vault in other locations in the Canadian Shield has been examined.
This was done by considering how a wider variation in groundwater chemistry
(in particular, more saline groundwaters) might affect container lifetimes
and used-fuel dissolution rates. Results suggest that Grade-2 titanium

vould not be recommended for highly saline groundwaters (>15 000 mg.L-1 Ca2+),
and that Grade-12 titanium would be a better choice. For ionic strengths
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up to 3.4 mol.L-!, the solubility of uranium (and thus the dissolution rate
of the used fuel) is not significantly different from that in WRA
groundwater.

Three different mass transport models for calculating releases of 29I from
the vault to the geosphere have been compared. These are the mass transfer
coefficient (MTC) model used in the vault model, a highly conservative
zero-concentration boundary-condition model and a coupled solution model.
The latter is based on continuity of flux and concentration conditions at
the buffer/backfill and backfill/rock interfaces, and is likely to give the
most realistic results over a broad range of mass transfer conditions. The
coupled solution model has not been used in the vault model because of the
large computer resources required and because a narrower spectrum of
quality assurance tests have so far been applied to it. Comparison of
results of the coupled solution model and the MTC model shows that, for the
median-value simulation, the average dose from 129 obtained with the MTC
model may be underestimated by a factor of two at 105 a. The zero-
concentration boundary-condition model greatly overestimates releases from
the vault and is not recommended for this application.

A separate analysis has been performed to determine the releases from the
approximately 1 in 5000 containers emplaced in the vault that might have a
premature defect. This early release process is included in the vault
model simulations, but the conditions within the failed container are
assumed to be reducing. Although such an assumption is appropriate for
failures occurring after 500 a, prior to this time the high y-radiation
field would likely cause oxidative dissolution and, therefore, more rapid
release of radionuclides contained within the used-fuel matrix. Release
and transport of seven radionuclides were simulated. The contribution from
an increased rate of matrix dissolution was negligible. Under less
reducing conditions the sorption of redox-sensitive species, such as 9%Tc,
could decrease. This effect was also investigated for the release of %%Tc
from prematurely defected containers. The contribution to dose for this
scenario was also negligible.

The potential for a sustained nuclear chain reaction (i.e., criticality) to
occur in the reference disposal vault has been examined. Criticality
cannot occur for intact CANDU used-fuel bundles for any configuration with
light water as a moderator. The possibility that segregation and subse-
quent accumulation of plutonium could occur as a result 6f extensive disso-
lution of the fuel has also been examined. The analysis shows that the
quantities of 23%Pu that could be released would be far less than the
amount required to achieve criticality.

The database on the diffusion of radionuclides in buffer and backfill
materials is now substantially larger than it was at the time the vault
model data were originally defined. The effect of the new data on calcu-
lated doses has been determined with the vault model and the results
indicate only small differences in estimated doses.
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ES.9 SUMMARY AND CONCLUSIONS

Conceptual and mathematical models have been developed for evaluating the
performance of engineered barriers in a reference disposal vault located in
rock of the Canadian Shield. The models have been used to calculate
releases from the vault for periods up to 105 a. When incorporated into
the system model SYVAC, which also includes geosphere and biosphere models,
calculations of radiation doses to the most exposed individual can be made.
These calculations show that average doses are orders of magnitude below
the regulatory limit established by the AECB for periods up to 104 a.

A methodology for performance assessment of engineered barriers has been
developed, and the vault model and the results obtained with it give
confidence that used fuel can be disposed of safely in a suitably designed
and located vault in the Canadian Shield.



1. INTRODUCTION

1.1 THE DISPOSAL CONCEPT AND PERFORMANCE ASSESSMENT METHODOLOGY

The Canadian nuclear fuel waste disposal concept involves permanent burial
at depths of 500 to 1000 m in plutonic rock of the Canadian Shield. The
disposal system combines natural and engineered barriers to ensure long-
term safety of humans and the environment. Figure 1-1 illustrates the main
features of the concept. The nuclear fuel waste would be placed in
corrosion-resistant containers, and a clay-based buffer material would be
placed between the containers and the surrounding rock. Either the
borehole emplacement configuration shown in Figure 1-1 or the in-room
emplacement method (Johnson et al. 1994, Section 4.2) could be used. The
remaining excavations would be backfilled and the shafts sealed. No
further maintenance would be required.

Construction, operation and closure of such a facility is referred to as
the preclosure phase, whereas the postclosure phase is concerned with the
behaviour and performance of the facility after closure. Methodologies to
assess the safety of the pre- and postclosure phases have been developed.
For the postclosure safety assessment, the important processes and radio-
nuclide transport pathways included in our assessment models were identi-
fied and selected through an extensive scenario analysis. By the term
scenario, we mean a combination of factors (features, events and processes)
that could affect the isolation of the waste in its disposal facility
(Cranwell et al. 1987). Scenarios were constructed using a systematic
procedure that involved searching for all possible factors; screening and
eliminating factors on the basis of probability of occurrence, physical
reasonableness, regulatory criteria, etc.; and combining the remaining
factors into scenarios in all possible ways (Goodwin et al., in prepara-
tion). The focus in scenario analysis has been on radiation protection of
humans.

The analysis identified one sequence of events as being, by far, the most
likely to occur—slow degradation and failure of the waste containers
followed by release of nuclides from the waste into the groundwater,
diffusion through saturated buffer and backfill materials, convection and
diffusion through faults and interconnected pores in the geosphere to
surface water and soil, and, finally, environmental and human exposure
through a multitude of pathways in the biosphere (Figure 1-2). This
sequence of events has been analyzed using the probabilistiec analysis code,
SYVAC3, as part of the postclosure assessment. The scenario analysis
approach and a complete list of the factors considered is given by Goodwin
et al. (in preparation).

Because of the very long time frame of postclosure safety assessment, it is
necessary to construct mathematical models that represent the key processes
and assumptions used in determining the performance of the system. Sepa-
rate mathematical models have been developed to simulate radionuclide
movement through the vault, geosphere (Davison et al. 1994b) and biosphere
(Davis et al. 1993). The various detailed models are probabilistiec, i.e.,
for each parameter incorporated into the mathematical models, a range of
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PIGURE 1-2: Schematic Representation of Groundwater Transport of Nuclides
from the Vault to the Biosphere

values, rather than a single value, is defined through field and laboratory
studies and expert judgement. These ranges permit uncertainty and vari-
ability in the various processes and parameters to be taken into account.

The models are integrated under the control of an executive code SYVAC3
(Systems Variability Analysis Code - Generation 3; Goodwin et al. (1994)),
which repeatedly simulates the behaviour of the system as a whole by
randomly sampling from each parameter distribution. The output is a
distribution of nuclide concentrations in the environment, and of the
radiological consequences to humans and other biota. These calculations,
presented by Goodwin et al. (1994), provide a quantitative assessment of
the performance of the system for comparison with criteria set by the
regulatory agency (AECB 1987).

It is emphasized that the models used in the postclosure assessment case

study have been developed to demonstrate that a methodology exists to carry
out a performance assessment of a disposal system incorporating engineered
and natural barriers. Although the models represent appropriate approxima-
tions of the behaviour of the various components of the system studied, the



assessment results depend on the specific characteristics assumed for the
engineered and natural components of the system being modelled. The
assumed system design and characteristics and the models representing them
are referred to here as the postclosure assessment case study. Different
results would be obtained for other cases, depending on the assumptions
made regarding site characteristics (e.g., depth of the vault), vault
design (e.g., maximum rock temperature, thickness of buffer material) and
container and waste-form type (e.g., titanium or copper, used fuel or
vitrified reprocessing wastes). These other options and their implications
for system performance are discussed in detail by Johnson et al. (1994).

The models are, of necessity, simplified representations of the behaviour
of the system components. In developing the models, care has been taken to
ensure that where understanding is insufficient to accurately describe a
process, the mathematical models (and their associated parameter values)
tend to overestimate the consequences (i.e., the models incorporate conser-
vatism). The reader is therefore cautioned against viewing the models and
the long-term impacts calculated with SYVAC as actual predictions of what
would occur. The distinction between conservative models and more realis-
tiec performance predictions is discussed in detail in the descriptions of
the various models and is summarized in Section 7.3.2.

It is also emphasized that there are limitations in the application of
these models over very long periods of time. The models were developed to
describe vault performance for a period of 104 a. Used with caution, and
combined with reasoned arguments regarding the long-term performance of the
engineered barriers, the vault model can also be used to indicate trends
for periods up to 105 a. The reasons for the limitations of the model are
discussed in Section 7.5.

1.2 SCOPE AND OBJECTIVES OF THE VAULT MODEL_ REPORT

The vault model, based on a set of mathematical submodels, one for each of
the engineered barriers, calculates a time-dependent flux of radionuclides
into the geosphere. To develop these models it was necessary to make
assumptions regarding a specific engineering design of the vault. The
hypothetical vault is assumed to be located in the Whiteshell Research Area
(WRA) (Pigure 1-3) at a depth of 500 m. This location was assumed because
detailed information was available on the properties of the rock as a
result of the extensive characterization performed as part of the Under-
ground Research Laboratory (URL) Program. The vault design is based
largely on the Used-Fuel Disposal Centre conceptual design described in
detail by Simmons and Baumgartner (1994). Some specific differences (e.g.,
the 1000-m depth for the latter study as opposed to the 3500-m depth for the
case study) are outlined in Chapter 2, which presents the details of the
vault design assumed in the postclosure assessment case study.

Pollowing the description of the vault system in Chapter 2, the performance
of the clay-based buffer and backfill materials are described in Chapter 3.
The behaviour of the buffer material before and after container failure is
discussed, and a conceptual and mathematical model for diffusion of radio-
nuclides through these materials is presented. The ranges of values of
diffusion coefficients of radionuclides in the buffer and backfill mate-
rials are given, and the derivations of the model and data are discussed.
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In Chapter 4, the conceptual and mathematical models used in the assessment
of the lifetimes of titanium containers are presented. The corrosion
properties of the material are discussed and the assumptions and data for
the model are presented and justified. Finally, the calculated container
lifetimes are presented.



Chapter 5 presents the model for the release of radionuclides from used
fuel. The radionuclide release characteristics are described and the
mathematical model and associated data are derived and presented.

The overall mathematical mass transport model for the vault is outlined in
Chapter 6. The integration of the various engineered barrier models and
the coupling of the vault model to the geosphere model are described in
detail. Here we describe the justification for modelling radionuclide
transport in the vault using a one-dimensional convection-diffusion equa-
tion to describe transport across a series of layers representing the
buffer, backfill and rock (Figure 1-4).

Chapter 7 presents an example calculation with the vault model, using
median values for all parameters in the various submodels. The simulation
permits the reader to track the progression of radionuclides through the
various barriers into the geosphere. The results of the calculations using
median values for all parameters are compared with those calculated from
simple mathematical expressions to provide verification of the vault model.
The results of sensitivity analysls calculations, which illustrate the most
important parameters in the models, are then presented. The sensitivity of
the vault model results to key assumptions made in the development of the
various submodels is discussed, as is the time frame of validity of the
vault model.

Host Rock

Backdill

Buffer

Container

EIS7-1.4

FIGURE 1-4: The Borchole Emplacement Method and the Layered Representation
Used in the Vault Model Postclosure Assessment Case Study to
Permit the Use of a One-Dimensional Convection-Diffusion
Equation to Describe Radionuclide Transport. The model is
described in detail in Chapter 6.



Chapter 8 presents supplementary analyses that are not explicitly incorpo-
rated into the vault model but are nonetheless required for a thorough
evaluation of the performance of engineered barriers. This includes a
detailed analysis of radionuclide release from prematurely defected con-
tainers, a criticality analysis, the use of alternative mass transport
boundary conditions with the geosphere, and a discussion of the general
applicability of the vault model results to the siting of a disposal vault
at other locations and depths in the Canadian Shield.

2. DESCRIPTION OF THE VAULT SYSTEM

2.1 THE REFERENCE USED-FUEL DISPOSAL CENTRE CONCEPTUAL DESIGN

2.1.1 Introduction

The design of the vault system used in the postclosure assessment case
study is based largely on the Used-Fuel Disposal Centre design presented by
Simmons and Baumgartner (1994). The differences between the two designs
and the reasons for them are outlined in Section 2.2. To explain these
differences, it is necessary first to review some of the key design fea-
tures of the Used-Fuel Disposal Centre reference vault.

2.1.2 The Vault Layout

The Used-Fuel Disposal Centre reference design assumes a disposal vault
excavated at a depth of 1000 m in plutonic rock in the Canadian Shield.
The overall plan dimensions of the reference vault are approximately

2 km x 2 km. The vault has a single-level room and pillar configuration
with five vertical shafts for services and ventilation (Figure 2-1). The
layout and dimensions are idealized, because fracture zones might be
encountered during site characterization. The vault layout may be more
complex to avoid these features. Boreholes are drilled into the floor of
the disposal rooms to accept the waste containers (Figure 2-2). The vault
layout and the spacing of the containers in the vault were determined from
thermomechanical studies that were, in turn, based on the specification
that the container skin and buffer temperature should not exceed 100°C.
The vault is designed to accommodate 140 256 containers with a total of
approximately 10.1 million bundles of used fuel.

The Container

The reference container is designed to hold 72 bundles of used CANDU! fuel
and is constructed from American Society for Testing and Materials (ASTM)
Grade-2 titanium (Figure 2-3). 1In 1984-85, when the reference Used-Fuel
Disposal Centre specifications were developed, this represented the most
appropriate material choice in light of our understanding of the corrosion
performance, fabrication, structural properties and cost of a number of
potential container materials. Alternative material choices are discussed
in Chapter 3 of Johnson et al. (1994). A full-size prototype of the '

1  CANada Deuterium Uranium, registered trademark of AECL.
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FIGURE 2-1: General Plan Layout of the Disposal Vault (Simmons and
Baumgartner 1994)

reference container has been successfully tested to an external hydrostatic
pressure of 10 MPa at temperatures up to 150°C. The container incorporates
a carbon steel basket holding the 72 bundles in four arrays of 18 bundles.
A particulate material (1-mm glass beads) compacted by vibration is used to
fill the void spaces. The container top end-plate is pressed into place
and diffusion-bonded to the container shell. Two inspections are performed
after this operation: ultrasonic inspection of the final closure bond, and
a helium leak test of the entire container (Johnson et al. 1994,

Chapter 3).

2.1.3 Emplacement of Container and Sealing Materials

In the Used-Fuel Disposal Centre reference design, containers holding the
used fuel are transported underground in shielded casks to the emplacement
boreholes. Before the container {s emplaced, buffer material is poured and
compacted in the boreholes and a central hole is augered into the buffer to
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FIGURE 2-2: Cross Section of a Disposal Room

accept the container. The buffer material is a 1:1 mixture (by dry mass)
of sodium bentonite and silica sand. This material was chosen because,
vhen present in a compacted state, it has a high swelling capacity, low
permeability to groundvater, and a high sorption capacity for many
radionuclides.

After the container is lowered into the borehole, silica sand is used to
fill the small annular gap between the container and buffer, and more
buffer material is compacted into place above the container. The lower
parts of the rooms and the access tunnels are filled with a mixture of 25%
clay and 75Z crushed granite. This material was selected on the basis of
its availability and low permeability.
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FIGURE 2-3: The Packed-Particulate, Supported-Shell Container for Used
CANDU Fuel (Johnson et al. 1994). For the vault model
analysis, the basket is assumed to be ceramic or a metal that
produces little H, upon corrosion. The particulate material
is assumed to contain a small percentage of magnetite to
scavenge residual oxygen inside the container.
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The upper parts of the disposal rooms and tunnels are filled with a 1:1
mixture of sand and bentonite. Backfill material is used to fill shafts,
and composite shaft seals, comprising layers of highly compacted bentonite
blocks adjacent to a high-performance concrete bulkhead, are placed at
various locations in the shafts. Similar bulkheads are installed at the
entrances to the disposal rooms as well as at strategic locations in the
vault tunnels.

2.1.4 Used Fuel: The Source and Volume

The reference used fuel is assumed to be that from the Bruce Nuclear
Generating Station, with an average burnup of 685 GJ-kg-! U. The fuel is
also assumed to have been stored at the reactor sites for ten years before
emplacement in the vault.

The total mass of used-fuel bundles for disposal is approximately

240 000 Mg, equivalent to 191 133 Mg of elemental U initially present in
the fuel. The latter units are more commonly used because radionuclide
inventories in used fuel are calculated in units of moles per kilogram of
uranium initially present in the fuel (see Appendix A). Projections for
used-fuel arisings are discussed in the Environmental Impact Statement
(AECL 1994a).

2.2 MODIFICATIONS TO THE USED-FUEL DISPOSAL VAULT DESIGN USED IN THE
VAULT MODEL

A number of design changes were made to the used-fuel disposal vault for
the postclosure assessment case study. Table 2-1 shows the values of
important vault design parameters used in the case study, in comparison
with the original values assumed in the Used-Fuel Disposal Centre design.

The depth of the vault is assumed to be 500 m in the case study, as opposed
to 1000 m in the facility described by Simmons and Baumgartner (1994).

This decision was taken because the quality and detail of hydrogeological
data for the WRA at this depth were better than for 1000 m; thus, the
uncertainties in the geosphere model predictions would be minimized. More-
over, we felt that the case study used to illustrate the methodology for
assessing the safety of the concept should be based on the minimum burial
depth proposed for the disposal concept, i.e., 500 m. The slightly lower
ambient rock temperature at 500 m, compared with 1000 m, as a result of the
geothermal gradient, means that the container skin temperatures are lower
for the same container spacing.

The total area of the vault, and thus the total number of containers and
mass of fuel for disposal, were reduced in the case study to the values
given in Table 2-1. This was done to ensure that the vault could fit into
the rock body without intruding into an assumed adjacent fracture zone.
The revised vault layout is shown in Figure 2-4 and is discussed in detail
in Chapter 6.

In addition to these changes in design parameters, some other design modi-
fications have been assumed in order to ensure the validity of the models
used to describe the performance of the engineered barrier system. As
discussed in Chapter 3, if gas generation in a disposal vault results in
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TABLE 2-1

DIFFERENCES BETWEEN THE USED-FUEL DISPOSAL CENTRE
DESIGN AND THE DESIGN IN THE POSTCLOSURE ASSESSMENT CASE STUDY

Value
Parameter Units

Used-Fuel Postclosure
Disposal Vault Assessment
(Simmons and Case Study
Baumgartner 1994)

Depth of vault 1 000 500 m

Total plan area of vault 4 3.16 km?

Total mass of U in the vault 191 133 161 730 Mg

Number of containers in the vault 140 256 118 680

Maximum container skin temperature 100 94 °C
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FIGURE 2-4: Layout of the Conceptual Disposal Vault Used in the
Postclosure Assessment Case Study
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the formation of a separate gas phase, the transport of radionuclides might
not be accurately described by the aqueous diffusion and convection pro-
cesses used in the geosphere and vault models. The use of materials that
do not generate significant H, upon corrosion is therefore considered
desirable. Corrosion of the carbon steel basket within the reference
container was identified as a potential major source of H,. For the vault
model, therefore, it has been assumed that the basket is constructed from a
ceramic or other material that does not produce significant quantities of
gas upon contact with groundwater. In addition, to ensure that the effect
of residual 0, in the container on used-fuel corrosion after container
failure need not be considered, a small quantity of particulate magnetite
(an oxygen scavenger (Mattsson 1978)) is assumed to be added with the glass
beads when the void space in the container is filled. Neither of these
design modifications represents a significant technical or engineering
impediment to the safe implementation of the disposal concept.

The groundwater composition in plutonic rock varies with depth and location
in the Canadian Shield. The assumed composition of the groundwater at

500 m is that described by Gascoyne (1988) for a depth of 500 m in the WRA,
vhere the hypothetical vault is located. The groundwater composition is
discussed in detail in Chapters 3 and 5.

3. EVOLUTION OF NEAR-FIELD CONDITIONS AND MASS TRANSPORT THROUGH CLAY
BARRIER MATERIALS

3.1 INTRODUCTION

In this chapter radionuclide diffusion through the porous clay media that
would surround the waste containers and be used to backfill the excavations
is discussed. The rationale for the selection of the numerical values for
the diffusion properties of the buffer and backfill that are used for the
analyses of the performance of the vault system is presented. Moreover, a
discussion of (i) the processes occurring in the buffer and backfill mater-
ials during the period between emplacement of the waste containers and the
attainment of water saturation of the clay-based seals, and (ii) various
factors or processes that could potentially alter the mass transport
properties of the buffer and backfill materials is given.

For radionuclides to be released from the vault, water must reach the waste
and the waste must begin to dissolve. For this to occur, the buffer mate-
rial must allow water through and, as a result of the corrosion processes
described in Chapter 4, the container shell must be breached. Subsequent-
ly, the voids in the packed particulate inside the container must fill with
water before radionuclides are released. Hence, to calculate the rates of
migration of radionuclides through the vault, it is assumed for the vault
model that the pores in the buffer and backfill materials are fully water-
saturated.

Contaminants, such as dissolved radionuclides, can move through water-
saturated, porous clay-barrier (buffer and backfill) materials under
gradients in hydraulic potential, chemical concentration, temperature and
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electrical potential (Mitchell 1976). For the purposes of the vault model it
is assumed that the chemical concentration gradient is the only significant
driving force in the buffer and backfill materials (i.e., Fickian diffusion
is the only significant process by which radionuclides may be released from
the vault). This assumption is based on the following knowledge.

The hydraulic conductivities of the water-saturated buffer and backfill are
less than 10-19 m.s-1, Mitchell (1991) notes that advective contaminant
flux (i.e., flow under a hydraulic gradient) can be ignored if hydraulic
conductivities are less than 10-9 m.s-1, Moreover, there would be no
significant electrical potential gradients acting across the clay barriers
in the vault, and temperature gradients would be small and would tend to
decrease with time. Values of temperature gradients have been calculated
to be less than 2°C.m-! 1000 a after waste emplacement (Baumgartner et al.,
in preparation). Thus, to predict radionuclide migration in the buffer and
backfill materials, values for Fickian diffusion coefficients in the clay-
barrier materials for radionuclides released from the waste are required.
These values, which depend on factors such as pore solution composition,
temperature and the type and density of the clay, have been obtained either
by direct measurement in laboratory experiments or from the scientific and
engineering literature.

The reference buffer material is a 1:1 mixture (by dry mass) of Avonseal
bentonite? and silica sand compacted to not less than 95Z maximum modified
Proctor dry density, with an effective clay dry density® (y.) of about

1.22 Mg.m"3 at a moisture content of 17 to 192 by dry mass (Gray and Cheung
1986). The reference backfill material consists of 25% Lake Agassizé clay
and 75% crushed and graded granite aggregate (mixed by dry mass) compacted
to not less than 95% maximum modified Proctor dry density at a moisture
content of 6 to 8% by dry mass (Yong et al. 1986). Compositions and
selected properties of the reference buffer and backfill materials are
presented in Table 4-~4 of Johnson et al. (1994).

At the time of emplacement, the initial water contents used for moulding
the buffer and backfill materials would be insufficient to saturate the
voids in the materials. In the buffer, the degree of saturation® (§) would
be between 75 and 85Z; S in the backfill would range from 60 to 80%. The

? Bentonite is the name of natural smectite-rich clays; montmorillonite is
the most common smectite mineral and it is the predominant component of
bentonite. Bentonite generally contains other minor phases such as
quartz, feldspar and carbonate.

3 4. is the ratio of the dry mass of clay to the combined volume of clay
and voids.

4 Lake Agassiz clay is a glacial lake clay having properties that are
typical of materials found in many similar deposits throughout the
Canadian Shield.

5 § iz the volume of water/volume of voids per unit volume of material
expressed as a percentage.
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variations of S reflect the possible ranges in the initial water contents
of the materials. Temperatures in the vault and hydraulic boundary condi-
tions acting on the buffer and backfill would vary spatially and temporal-
ly. A number of different phenomena that could affect buffer and backfill
performance are likely to result from these changes. Principally, moisture
migration in the clay barrier materials would occur; this would cause
volume changes in these materials. For example, the buffer and backfill
materials would shrink as water was depleted and swell as wvater was added.
The probable nature of these and other changes and their possible effects
on the performance of the buffer and backfill are discussed in Sections 3.2,
3.3. and 3.4.

3.2 THE PRESATURATION PERIOD

Immediately after a waste container was placed in a buffer-lined borehole a
number of coupled processes would begin that would lead ultimately to
saturation of the buffer with water. The heat generated by the waste would
begin to flow through the buffer and backfill, causing temperatures to
rise; vater would tend to diffuse down the temperature gradient and away
from the container. Conversely, the potential of the water in the unsatur-
ated buffer and backfill materials would be less than that of the water in
the rock. Thus, the unsaturated clay barriers would tend to draw water
from the rock. Around any one container, the opposing forces of the tem-
perature and hydraulic gradients would cause the initial water content in
the buffer to be redistributed; the total water content should tend to
increase with time. The rate at which the latter occurred would depend on,
amongst other factors, the hydraulic properties of the rock immediately
adjacent to the clay barrier materials. Because of the natural spatial
variations in the properties of the host rock, and the allowable variations
in the specifications for the water content of the buffer and backfill
materials, the moisture distributions in the buffer around containers, at
any time prior to saturation, would likely vary across the vault.

The physical properties of clays vary with S. For example, decreasing §
(drying) would cause the buffer and backfill to shrink and, likely, crack.
In the case of the buffer, because of its high smectite content, increasing
S would cause it to swell against the restraint of the adjoining materials
(the rock, the container, drier buffer and backfill). Thus, the stresses
in the buffer and backfill would vary with the spatial and temporal changes
in boundary conditions and moisture content. The materials would deform as
the stresses changed. Possible effects of these deformations on the
performance of the saturated clay barriers are examined in the remainder of
this chapter.

3.2.1 Boundary Conditions

Hydraulic conditions

The hydraulic conditions at the buffer/rock and backfill/rock boundaries
are likely to strongly influence the duration of the presaturation period.
Many factors could vary in space and time to influence these conditions.
From observations made at AECL’s URL and at the OECD/NEA (Organization for
Economic Cooperation and Development/Nuclear Energy Agency) Stripa Mine in



- 16 -

Sweden (Gray 1993), it is possible to develop an understanding of and a
scenario for the probable hydrogeological conditions with which the buffer
and backfill would interact.

The natural stress field in the rock would be disturbed by excavation of
the vault. These disturbances would be most extreme immediately adjacent
to the excavation. Depending on a number of factors, such as rock type and
strength, stress magnitude and direction, and excavation geometry and
excavation technique, the excavation disturbance of the rock could range
from complete crushing to virtually insignificant microcracking (Martin
1989). The excavation disturbance could create hydraulically active flow
paths around the major tunnel and room excavations. This would become more
probable if, as assumed by Simmons and Baumgartner (1994), drill and blast
techniques were used to excavate the vault. In this circumstance, tests at
the Stripa Mine (Pusch and Gray 1989) and at the URL have shown that
excavation-disturbed zones (EDZ) with higher hydraulic conductivity than
the undisturbed rock could be between 0.2 and 1 m thick. Assuming that
wvater flows in the fractured rocks at Stripa could be described by the
application of Darcy's law, researchers calculated the hydraulic conducti-
vity of the undisturbed rock to be lower than 10-1!! m.s-1, compared with
values up to 10-7 m.s-1 for the disturbed zone. Tests carried out in the
floor of a room excavated using drill and blast methods at the 240 Level of
the URL showed that the damaged zone was about 0.3 m thick. Using this
thickness, and assuming that Darcy'’s law applies, we estimated the equiva-
lent hydraulic conductivity of the blast-damaged zone to be between

4 x 10-6 and 2 x 10-7 m-s-! (Martin et al. 1992). The test conditions
affected the measured hydraulic conductivity values. Doubling the length
of the path for water flow through the blast-damaged zone caused the ten-
fold decrease shown in the measured values. At both the URL and Stripa,
outside the blast-damaged zone, a stress-disturbed zone with hydraulic
conductivities similar to those of the undisturbed host rock exists. There
is evidence from the Stripa program that the hydraulic conductivity of this
disturbed zone may be anisotropic. Hydraulic conductivity parallel with
the axis of the excavations can be higher than that at right angles to the
axis. Because the stress state in the rock would be site-specific, and the
choice of excavation technique might also influence the degree of excava-
tion damage, actual values of hydraulic conductivity for the EDZ in the
reference disposal vault are unknown, but are expected to fall between
10-11 and 10-7 m.s-1.

In the reference vault, the boreholes in which the buffer and containers
are placed are drilled in the floors of the rooms. They pass through the
EDZ created by room excavation and, in turn, create their own pattern of
disturbance in the stress field. In the reference vault configuration,
emplacement boreholes 1.24 m in diameter are drilled in rows three abreast
at 2.1-m centres across the width of an emplacement room. Thus, the mini-
mum thickness of the rock web between the boreholes is 0.86.m. With this
geometry and under the average natural stress conditions in the granitic
rocks of the Canadian Shield, it has been shown (Tsai 1993) that, at
greater than a 1-m depth into the deposition boreholes, the rock walls
would be stable during excavation, buffer compaction and waste deposition.
There might be some instability in the rock walls in the uppermost metre of
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the boreholes. In relation to the long-term stability of the rock web in a
vault, the effects of heating the rock, and the support provided to the
rock by the clay sealing materials, remain uncertain; it is possible that
fracturing greater than that caused by borehole excavation might occur. It
is likely that such fracturing would increase the hydraulically active
porosity of the rock adjacent to the buffer. Some possible effects of
these increases in porosity on water flow in the rock web have been exam-
ined by Chan and Stanchell (1990). Assuming that the more highly conduc-
tive disturbed zone is not connected to other hydraulically active features
in the host rock, calculations show that water particle velocities could be
decreased by increased fracturing in the rock web. Conversely, if connec-
tions wvere made to water-bearing features in the rock, then flow velocities
in the rock could also increase.

Relationships between the EDZ and radionuclide transfer from a disposal
vault to the geosphere are examined by Davison et al. (1994b) and in
Section 6.2.3 of this report. Here, for the purposes of discussing the
period during which the buffer and backfill would not be water-saturated,
it is observed that in a vault it would be possible for water to gain
access to the buffer within two extreme bounding conditions. Where rock
stresses were high, the rock web fractured and the porosity connected to
ample water supplies in the geosphere, water could be supplied in suffi-
cient quantity to meet the suction demand of the buffer. This upper bound
condition is to be contrasted with the lower bound, for which the borehole
wvall would remain intact and water flow into the buffer would be controlled
by the low hydraulic conductivity of the rock. Both bounding conditions
were studied during the Buffer Mass Test of the OECD/NEA Stripa Project
(Gray 1993). The lower bound case is being examined by AECL in the URL
Buffer/Container Experiment now in progress. Pertinent results from this
in situ work are given in Section 3.2.2 of this document.

The EDZ should not influence the final hydraulic pressure (which varies
principally with the height of the water table) of the groundwater in
contact with the buffer. After the vault was closed and sealed, the
hydraulic pressure at the buffer/rock interface in the room at a depth of
500 m would rise with the restoring groundwater table and eventually reach
a pressure of 5 MPa. At this pressure the boiling point of water is
approximately 260°C.

Before vault closure, hydraulic pressures at the buffer/rock and buffer/
backfill interfaces would be strongly influenced by the EDZ. The hydraulic
pressure at the surface of open excavations is the same as that of the
atmosphere in the excavation. Data from the URL (Kozak and Davison 1992)
and Stripa (Pusch et al. 1985a) show that with increasing radial distance
avay from the excavation, hydraulic pressures in granitic rock can increase
to values corresponding to those expected from knowledge of the regional
groundvater pressures within about one opening diameter. WVater pressure at
the surface of the excavation would begin to rise as rooms and tunnels vere
backfilled. The magnitude of the rise would depend on the degree of
connectivity of the EDZ with open excavations and the fracture character-
istics of the rock. Results from the Stripa Buffer Mass Test show that,
despite groundwvater pressures of up to 1.5 MPa only 10 m away from the face
of the excavation, the hydraulic pressure at the excavation face had risen
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to only 45 kPa two and a half years after complete backfilling. Ground-
vater drained through the EDZ to the nearest open excavation. In this
context, it is noted that excavating a vault and completely filling it with
waste would take approximately 60 a. While the deposition rooms would be
backfilled soon after the waste was deposited, the access ways would remain
open for a longer period of time for a variety of purposes, including
monitoring the vault. From the Stripa test results it may be inferred that
the hydraulic pressures in the groundwater in the EDZ, which would inter-
connect with the open excavations during this period, would remain low. In
regions of the vault where the EDZ was not naturally connected to open
excavations, or where grouting had been used to minimize flow, water pres-
sures could rise to reflect the values in the intact rock even before the
vault was closed and sealed.

Temperature

The temperature in a vault would depend on the rate of heat output from the
vaste, the geometric arrangement of the containers, the initial temperature
of the rock, the heat-transfer properties of the buffer and backfill mater-
ials and the host rock, the location of sealing material in the vault, and
time. For the reference vault configuration, thermal calculations, based
on a simple heat conduction model, indicate that temperatures in a vault at
a depth of 1000 m would be less than 100°C and that the maximum temperature
would be reached approximately 30 a after vault closure (the corresponding
maximum temperature at 500 m would be 94°C (Table 2-1)) (Mathers 1985).
This analysis uses a rock thermal conductivity of 3.0 W.m-1.°C-! and a
thermal conductivity of 1.5 W.m-1.°C-1 for both the buffer and backfill.
The approximate temperature profile across a half-section of an emplacement
room and its variation with time are shown in Figure 3-1.

The analyses indicate that the temperature of the surface of the containers
located centrally in the room would rise to approximately 100°C. The data
also show that temperature gradients across the buffer material would
decrease with time and be higher before the container surface temperature
reached maximum. Specifically, the calculated maximum temperature gradient
decreases from approximately 30°C.m-! 1 a after waste deposition to about
7°C.m-! 100 a after vault closure. The gradient drops to less than 2°C.m-1
after 1000 a. If the buffer undergoes significant drying, with a decrease
in thermal conductivity to 0.7 W.m-1.°C-1, analyses (Baumgartner et al., in
preparation) show that the temperature at the container surface could
increase by as much as 5°C because of the increased thermal resistance of
the clay.

The maximum surface temperature of the containers and the induced tempera-
ture gradients in the buffer and backfill would vary with time and location
in the vault. Variations would arise from local differences in the heat-
transfer properties of the rock, variations in the heat output of the
containers, and the moisture content distribution in the buffer and back-
£fi11l. For the latter case, Radhakrishna (1982) has shown that the thermal
conductivity of unsaturated buffer and backfill materials increases with
increasing moisture content. Because of uncertainties in the system it is
not possible to deterministically predict precise variations in temperature.
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FIGURE 3-1: Temperature Profiles Along the Line b-b’ in the Borehole
Vertical Plane at Selected Times after Waste Emplacement
(after Mathers 1985). Ambient temperature at 500 m is about
11°C and at 1000 m 17°C.

Hovever, calculations have been completed that allow for a judgement to be
made of the possible magnitude of the range in maximum container surface
temperature. A more realistic model for heat transfer in the buffer mater-
ial has been developed (Radhakrishna et al. 1989). Based on the Philip and
DeVries (1957) formulation for coupled movement of heat and moisture in
porous media, the model has been coded for computer-based numerical appli-
cations. The code is termed TRUCHAM. Advancing from the simple thermal
conductivity model, TRUCHAM accommodates with some success the spatial and
temporal changes that occur in the thermal conductivity of the buffer aris-
ing from predictions of moisture migration.
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The model has been applied to the URL Buffer/Container Experiment, which is
a physical, full-size model of a unit cell of the vault comprising a single
emplacement borehole containing the reference buffer and a simulated heat-
emitting waste container. Lower bound water-supply conditions prevail at
the buffer/rock boundary. For this configuration, calculations show that a
pover output of between 1000 and 1300 VW is required to elevate the maximum
surface temperature of the container to 100°C. This is equivalent to a
temperature rise of 83°C at the container surface. The range in power
output is related to the increasing thermal conductivity of the clay with
increasing water content. In the URL experiment a power output of 1200 W
increased the temperature of the container surface by 76°C. An analysis of
the data indicates that temperature changes at the container surface can be
predicted with an accuracy of, at worst, +10%. This is consistent with the
findings of the International Stripa Project (Gray 1993). The average
powver output of a container holding 72 bundles of 10-a-o0ld used fuel is
approximately 300 W, which, for a single isolated emplacement borehole such
as that in the URL experiment, would raise the container surface tempera-
ture by a maximum of only 30°C. In a vault, the temperatures and tempera-
ture gradients would be controlled largely by the interaction between the
heat flow fields from different containers. This would tend to decrease
local temperature variations of the containers arising from variations in
fuel burnup. Although fuel bundle burnup (and associated decay heat)
varies considerably, ranging from -~360 to ~1100 GJ.kg-1 U (Wasywich 1993),
it is unlikely that the average heat output from a container would vary
significantly from the value calculated for 72 fuel bundles with an average
burnup of 685 GJ-kg-! U. The standard deviation of fuel bundle burnup is
approximately 90 GJ.kg-! U (see Wasywich 1993, Figure 20). If one assumes
a linear relationship between heat generation rate and burnup, this
corresponds to a standard deviation in heat output of 13%Z. However, for a
container with 72 fuel bundles with randomly selected burnups, according

to the central limit theorem, the standard deviation is only 13/]72 = 1.5%.
Such a small variability would result in maximum container temperatures in
the vault varying by less than t5°C.

Pore-water chemistry

Fresh potable water would be used to mix the buffer and backfill materials.
Thus, the average pore-solution composition in the buffer and backfill
would be determined by the residual salts present in these materials and
their solubility in the mixing water. During the presaturation period, the
concentration of the dissolved solutes in the buffer pore water could be
altered by the movement of water. Water movement would involve both the
redistribution of the mixing water and the ingress of the groundwater from
the rock to the clay. Thus, the concentration of solutes in the pore water
would be determined by the initial solute concentrations in the mixing
water, the dissolved solutes in the granite groundwater and the interac-
tions between the solutes and the clay (see also Section 3.4.1). Precise
predictions of the variations of solute concentrations in the pore wvater in
unsaturated clay barrier materials with time cannot be made. However,
after the buffer and backfill materials became saturated, the pore-solution
composition would gradually approach equilibration with, but never equal,
that of the groundwater (Lemire and Garisto 1989, Vanner 1987, Oscarson and
Dixon 1989a).
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During presaturation, the spatial variations in solute concentrations in
the pore water in the buffer and backfill would generate osmotic potential
gradients that could cause water movement in these materials. Experiments
have shown that moisture-transfer processes in unsaturated clays are
largely controlled by the temperature and hydraulic gradients (Yong et al.
1990). The osmotic potential effects in unsaturated clay-barrier materials
are included in the hydraulic potentials (suctions) in the clay pore water
that control the hydraulic gradients.

3.2.2 Moisture-Content Transient

Using the appropriate hydraulic boundary conditions at the buffer/rock and
backfill/rock interface, the container heat output established in

Section 3.2.1 and the appropriate material parameters, it should be
possible to describe the moisture-content transients that would occur in
the buffer and backfill from the unsaturated flow equations in porous media
(Yong and Varkentin 1975). Knowledge of the thermohydraulic diffusivities
of unsaturated buffer and backfill materials is required. These values are
not vell defined and this partly accounts for the imprecision of the
TRUCHAM model predictions for temperature change described in the preceding
section.

Research to define the thermohydraulic diffusivities for buffer material
under appropriate thermal and hydraulic boundary conditions is in progress
(Yong et al. 1992). To bound the problem and to evaluate the important
parameters, a series of laboratory-scale model tests has been conducted
(Selvadurai 1990; Radhakrishna et al. 1990; Yong et al. 1990, 1992). The
results of these experiments confirm that moisture would be redistributed
in the buffer. Some understanding of possible processes occurring in a
vault can be obtained from the results of the Buffer Mass Test (BMT) at the
Stripa facility (Pusch et al. 1985a).

The BMT was specifically designed to determine the moisture transients and
their effects on the mechanical and thermal performance of highly compacted
bentonite (HCB). The HCB was a Na-bentonite compacted to a dry density in
excess of 1.70 Mg.m-3 with an initial S of approximately 50Z. Like the
Canadian reference buffer material (RBM), the HCB has a hydraulic conducti-
vity of <10-1! m.s-1, but has a greater swelling potential than the RBM
because of its higher density. Cylindrical assemblies consisting of a
heater, simulating a disposal container, surrounded by blocks of HCB were
placed in six, 760-mm-diameter, 3-m-deep holes drilled in the floor of a
room in the Stripa mine. The tops of the assemblies were confined either
by a sand-bentonite backfill (heater holes 1 and 2) or by large steel and
concrete caps (holes 3 to 6). WVater was allowed ingress to the buffer
under the natural hydraulic conditions at the borehole wall and under
temperature gradients generated with constant heater power output. For the
main test all the heaters were powered at 600 W. Special tests were later
carried out in individual holes with the power set at 1200 or 1800 W.

The hydraulic boundary conditions reflected the natural variability of the
rock mass: each of the heater holes had different water inflow character-
istics. Some of the holes intersected discrete water-bearing fractures.
The hydraulic boundary conditions along the walls of the backfilled
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sections of the room also varied locally. In terms of the hydraulic
boundary conditions described in Section 3.2.1, holes 3, 4 and 6 could be
considered to represent the lower bound (dry) boundary conditions.

Holes 1, 2 and 5 could be considered to represent the upper bound (wet)
condition, although most of the inflow to the holes was through discrete
fractures that the boreholes intersected. Tests were run for periods
ranging from 0.9 to 3.3 a.

For the HCB, under both wet and dry boundary conditions at the buffer/rock
interface, pore water in the HCB was initially driven away from the heater
(under the influence of the temperature gradient) and collected at cooler
locations in the buffer. Thus, in both dry and wet conditions, an envelope
of saturated or nearly saturated buffer surrounded a drier inner core of
buffer. The drier material shrunk and cracked, and the wetter outer enve-
lope swelled and sealed against the rock. In the dry holes, this situation
persisted throughout the test periods. For the wet holes, water was subse-
quently drawn into the buffer, at a rate determined by the suction proper-
ties of the buffer, until saturation was reached, in periods of about 1 a
after the buffer/heater systems had been installed and the heaters turned
on. Before the buffer/heater systems were installed, it was noted that
groundwater flow into the boreholes was not evenly distributed along the
borehole walls; it occurred primarily through fractures in the rock that
the borehole intersected. In spite of this, measurements of temperature
and total swelling pressures exerted by the HCB on the borehole walls
during the progress of the tests and post-test moisture sampling, and
measurements of buffer moisture in dry holes 3, 4 and 6, showed that the
saturated outer envelopes in the HCB were evenly spaced in the annuli of
buffer between the heater and the rock. The water distribution patterns
did not reflect the fracture features in the borehole walls. It was
observed that during the progress of the tests, under the swelling
pressures generated by the HCB, the bentonite had extruded to limited and
predictable distances into the open fissures in the rock. Evidently, this
buffer/rock interaction had led to alteration of the hydraulic boundary
conditions acting at the buffer/rock interface.

Yong et al. (1992) have shown that, in unsaturated RBM under opposing heat
and hydraulic gradients, temperatures rise to accommodate the heat trans-
fer. Changes in water content occur more slowly than the temperature
changes. This behaviour was observed in the HCB in the Buffer Mass Test,
in which temperature distributions around the heaters became stable within
weeks of power being supplied to the heaters, whereas moisture contents in
the dry holes were changing several years after the heaters were powered.
Similar phenomena are being observed in the URL Buffer/Container Experiment
(Kjartanson et al. 1991). Although definitive statements on the results of
this experiment cannot be made until the test is completed, two observa-
tions are noteworthy. First, with a heater power output of 1200 W, temper-
ature distributions in the RBM around the heater became stable within weeks
of powering the heater. Second, almost two years after the heater was
turned on, moisture continues to be redistributed in the RBM around the
heater. The RBM in the URL Buffer/Container Experiment appears to be
responding similarly to the HCB in the dry holes in the Stripa BMT (Gray et
al. 1993). However, there appear to be some dissimilarities in behaviour
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resulting from the presence of a sand layer between the heater and the RBM
and, possibly, the presence of high water-vapour pressures in this sand.

At Stripa, the backfills used to fill the rooms above BMT heater holes 1
and 2 were sand-bentonite mixtures with clay contents between 10 and 20Z by
dry mass. The moisture content measurements made in the backfills confirm
that, while a non-uniform inflow distribution was visible along the floor,
walls and back of the test room, wetting of the backfill was, spatially, a
relatively uniform process, controlled more by the water uptake properties
of the backfill than the non-uniformity of the flow conditions at the
boundaries. As observed for the HCB material, envelopes of saturated back-
fill material near the rock/backfill boundary surrounded central unsatura-
ted zones. Temperatures and temperature gradients in the backfill were
much lower than those in the buffer and, thus, did not significantly
influence moisture redistribution and inflow (Pusch et al. 1985a).

The moisture and heat transfer properties of the RBM, the HCB and the sand-
bentonite backfill materials tested at Stripa are similar. The physical,
mechanical and hydraulic properties of the RBM lie between those of the HCB
and the backfill used in the Stripa experiments. The moisture transients
observed in the BMT are expected to occur in the RBM and the backfill
materials proposed in the Canadian reference vault design. This expecta-
tion is further supported by the results of laboratory-scale model tests
(Selvadurai 1990, Radhakrishna et al. 1990).

Available information, both in terms of site-specific boundary conditions
and material properties, does not allow for the precise prediction of the
time needed to saturate either the buffer or the backfill with water.
However, it is clear that the time would vary with the hydraulic conditions
at the borehole wall, which are likely to differ significantly between
boreholes, both locally and within sectors of the vault. The buffer in dry
boreholes may take hundreds or, possibly, thousands of years to saturate.
Andrews et al. (1986) carried out sensitivity analysis of the resaturation
of backfilled tunnels in granite. The results showed that the resaturation
time can range from greater than 1000 a to less than 100 a when the hydrau-
lic conductivity of the granite is changed from 10-12 to 10-? m.s"!. This
study, however, did not consider the role of gas generation/entrapment and
thermal effects, which could increase the time. In wet boreholes, as shown
by the BMT, saturation could occur in 2 or 3 a.

Further complexities arise when the sand layer between the RBM and the
container is considered. Immediately after emplacement, the voids in this
layer would be dry and filled with air, which, like the air in the backfill
in the BMT, could pressurize and resist water inflow. The potential bene-
fit of a water-saturated buffer separated from the container by a dry sand
layer can be envisaged as there would be, in effect, no diffusive pathway.
More data and theoretical knowledge are needed to confirm this possibility.
Thus, the likely effects of delaying container corrosion processes are not
considered in the vault model. In the vault, radionuclide release would
occur only after the buffer was saturated. Because of uncertainties in the
borehole rock wall conditions, the presaturation period could range from
two to thousands of years. Hence, this presaturation period has not been
considered in the vault model.
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3.2.3 Summary

Before a vault is closed and sealed, the EDZ would strongly influence the
hydraulic pressure at the buffer/rock and backfill/rock interfaces.
Conditions would vary spatially in the vault, although, after waste was
emplaced, there would be a tendency for the hydraulic pressure at any one
location to increase with time. The rock, with a hydraulic conductivity
ranging from 10-12 to 10-7 m.s-!, would likely be saturated with water.

The condition for a specific waste-emplacement borehole or emplacement room
cannot be predicted with precision. During the buffer and backfill presat-
uration period, the rock may or may not allow sufficient free flow in the
groundwater to saturate the buffer or backfill by suction. After a vault
vas closed and sealed, hydraulic pressures would rise with the restoring
groundwater conditions. At a depth of 500 m, the ultimate hydraulic
pressure would be approximately 5 MPa.

The maximum container-surface temperature is expected to be <100°C.
Initially, temperature gradients across the buffer material would be high
(30°C.m-! after one year, for example), but they would decrease as tempera-
tures in the vault rose. When the maximum container-surface temperature is
reached, approximately 30 a after vault closure, temperature gradients are
expected to be in the range from 4 to 8°C.m-!. Subsequently, as the vault
temperatures decreased, temperature gradients across the buffer would
decrease to values of less than 2°C.m-! 1000 a after vault closure.

The solute concentrations in the pore vater in the buffer and backfill
would vary with time and location in the vault. Osmotic potential differ-
ences generated in the materials would not significantly influence moisture
migration during the presaturation period.

In general, the buffer would first dry next to the container and become wet
towvards the periphery of the borehole. WVater would then diffuse into the
buffer under the total water-potential gradients existing between the water
in the rock (higher potential) and the buffer (lower potential). This
process would eventually lead to saturation of the buffer with water. The
saturation process could take from a few years to millennia to complete.
Because of the uncertainty in the duration of the presaturation period,
this time is not taken into account in the vault model. The consequences
of the air pocket entrained in the sand layer next to the container are not
predictable for the presaturation period, and the probable delaying effects
on container failure and dissolution of the radionuclides are, duly, not
taken into account in the vault model. Work on modelling the hydraulic
interaction between the buffer, sand, rock and backfill is in progress, as
are studies to address the issue of gas transfer through buffer material.

3.3 FACTORS_AFFECTING BUFFER AND BACKFILL PERFORMANCE

The mass transport processes (i.e., transport arising from hydraulic
conductivity and diffusion) in the saturated buffer and backfill materials
are of critical importance. They depend on the connected porosity of the
material, which is related to clay density. Hydraulic conductivity
decreases with an increase in the clay density (see Johnson et al. 1994,
Figure 4-4). Other factors, such as pore-water salinity and temperature,
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also affect the hydraulic conductivity (Yong and Warkentin 1975). The
mechanisms through which these and other factors also influence the chemi-
cal diffusion coefficient for radionuclides, and the extent to which the
effects are accounted for in the vault model, are discussed in Section 3.5.
In the following section, we examine several processes or factors that
could potentially alter the mass transport properties of the buffer and
backfill materials.

3.3.1 The Smectite-Illite Transformation

The elemental and mineralogical compositions of the Avonseal bentonite are
given by Oscarson and Dixon (1989a) and Quigley (1984). The swelling
properties of the RBM are derived from the smectite present in the bento-
nite. The question of whether or not transformation of smectite into clays
with a lower swelling capability could influence the self-sealing proper-
ties of the RBM and its mass transport properties therefore needs to be
addressed. The most frequently observed metasomatic alteration of smectite
clays is the incorporation of illite layers as the smectite is progres-
sively transformed to illite through a series of intermediate steps repre-
sented by mixed-layer illite/smectite clay. The progressive increase of
non-expanding illite layers in consolidated illite/smectite clays with
increasing burial depth and temperature is observed in sedimentary basins
of all ages throughout the world (see, for example, Veaver 1979).

The smectite-to-illite conversion involves three fundamental steps:

(1) the creation of a high layer charge by the replacement of Si¢* with a
cation of lower valence, such as Al3* or Mg2+; (2) the influx of K* to
saturate the cation-exchange sites of the now highly charged smectite
intermediate (K* is important in this reaction because of its size and
relatively low hydration energy); and (3) irreversible collapse of the
high-charge smectite to the non-expanding illite.

The reaction is a function of several variables, including temperature,
time, pore-solution composition, and composition of smectite. The elevated
temperatures in a disposal vault and the time scales over which the buffer
must function necessitate consideration of this reaction.

The first step depends strongly on the temperature. At temperatures less
than 100°C, the rate at which the high-charge smectite is formed is so slow
that the rate of conversion is thought to be negligible (Anderson 1983).

The availability of K* and the concentrations of other cations in the
reacting solution are also critical factors in the conversion reaction
(Roberson and Lahann 1981). Cations such as Ca?t+, Mg2+ and Na* compete
with K* for positions on the exchange sites of the clay and consequently
slow the reaction rate of smectite to illite. Given the relatively low
K*/(Ca?* + Mg?* + Na*) ratio in deep groundwaters in the Canadian Shield
(Gascoyne 1988), the conversion reaction will be extremely slow even at
relatively high temperatures. This is confirmed by field evidence.
Altaner et al. (1984) studied a bentonite bed from the Marias River Forma-
tion in the Montana disturbed belt that lies between rock strata containing
K-bearing minerals. The deposit is 50 to 76 Ma old, and has experienced
temperatures of 100 to 200°C for sustained periods of time. They reported
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an increase of K* and of the proportion of illite layers in the illite/
smectite interlayer material from the centre of the bed towards both edges,
from about 50Z to 70Z. The illite/smectite material at the edges of the
bed were found to be 3 to 4 Ma older than the illite/smectite in the
centre. Potassium for the illite formation was considered to have been
derived from a breakdown of K-bearing minerals in the surrounding shale and
the subsequent diffusion into the bentonite. The younger age of the mater-
ial in the centre of the bed was attributed to the very slow diffusion of
K+ through the bentonite. A similar phenomenon has been reported by
Brusewitz (1986) for a bentonite of Ordovician age in the Kinnekulle region
of Sweden.

Thus, the smectite-to-illite conversion, even when the temperature rises to
levels sufficient to create the high-layer-charge smectite, and K* is
readily available, is very slow.

The consensus 1s that the smectite-to-illite conversion at temperatures
<100°C and with a relatively low K* concentration in the pore solution is
an extremely slow process (Anderson 1983, 1984; Peacor et al. 1986;
Johnston and Miller 1985; Coons 1987; Pusch and Karnland 1990). Illitiza-
tion rates for highly compacted bentonite in a disposal vault have been
estimated by Pusch (1992). For bentonite layer thicknesses of 250 mm or
more, his model predicts the conversion time to be tens of thousands to
millions of years at temperatures below 100°C (Gray 1993).

In the unlikely event that conversion of smectite to an illite/smectite
mixed-layer clay occurred, the converted material should still function
effectively as a buffer material. Mixed-layer clays have some capacity to
swell, have an acceptably low hydraulic conductivity and high sorption
capacities, and a total porosity about the same as that of the unaltered
clay. Moreover, the diffusivity of compacted illite/smectite mixed-layer
clay is about the same as that of bentonite at a comparable density
(Oscarson, in press).

The available evidence indicates that Ca2*-saturated smectites are inher-
ently more stable, vis-a-vis illitization, than are Na*-saturated smectites
(Roberson and Lahann 1981). Even though Avonlea bentonite is predominantly
saturated with Na* initially (Quigley 1984), the clay would gradually
become saturated with Ca2?* as groundwater with a relatively high level of
Ca?+, such as that present in the Canadian Shield (Gascoyne 1988), came
into contact with the barrier materials (Oscarson and Dixon 1989a; Oscarson
and Heimann 1988). This process would further limit the transformation
rate in a disposal vault.

3.3.2 Swelling and Seclf-Scaling Properties and the Effects of Steam

In the reference design, the buffer is confined by the rock and the back-
£111. 1In addition to swelling to fill any cracks (the swelling process is
described by Johnson et al. (1994) Section 4.6.1), the saturated material
would also exert pressures (P,) on confining media. The magnitude of these
pressures would depend principally on clay density, vy_., temperature,
moisture content and the ionic concentration in the groundwater (Dixon et
al. 1985, Yong and Varkentin 1975). The saturated buffer at a density of
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~1.2 Mg-m-3 could exert a pressure of between 1 and 2 MPa on the rock,
container and backfill. This pressure is additive to the hydraulic
pressure (Dixon et al. 1986). At v, > 1.7 Mg.m-3, maximum pressures of
approximately 10 MPa were measured in the HCB tested in the wet boreholes
of the BMT at Stripa (Pusch 1978, 1988). These pressures were measured in
the later stages of the tests as the material approached saturation at
elevated temperatures.

Dixon et al. (1985) have shown that oven-drying of the RBM causes gross
volumetric shrinkage of between 2 and 4%. This is accompanied by cracking.
Given access to vater, the oven-dried clay swelled, and hydraulic conducti-
vities of <10-11 m.s5-! were measured in the resaturated RBM. In other
studies, samples of dry compacted buffer were intentionally cut with a band
sav, resulting in a slot 2 to 3 mm thick across the entire sample. Upon
access to free water, the slotted buffer quickly swelled to close the slot,
and within a few days the hydraulic conductivity of the slotted samples was
the same as that of an unslotted buffer at the same density. This is
supported by the work of Oscarson et al. (1990) on unprocessed bentonite
(bentonite that had not been crushed, ground and dried by the suppliers).
Initially the clay as collected from the field was highly fractured;
however, as in the case with fractured or slotted processed buffer, upon
access to water, the unprocessed clay svelled and exhibited a very low
permeability (see also Section 3.3.6).

At temperatures above 100°C, steam might be generated in the buffer mater-
ial during the presaturation period, depending on a number of factors, such
as the pressure acting on the system. Couture (1985) reported that in as
little as a fev days the presence of steam causes an irreversible reduction
in the specific sediment volume of bentonite.® Oscarson and Dixon (1989b)
confirmed Couture'’'s results, and showed that in an uncompacted state, even
at temperatures as low as 110°C for a few weeks, in a closed system such as
that contained within the saturated buffer envelope during the presatura-
tion perlod, there is a significant reduction in the specific sediment
volume of the clay. The mechanisms through which steam decreases the
svelling capacity of loose clay remain obscure, but it may involve the
precipitation of Si and/or Al oxides on the edges of the clay particles,
thereby altering the edge charge, which, in turn, affects the aggregation
of the clay particles.

Experiments on the effects of steam on dense bentonite clays

(7. > 1.2 Mg-m~3) indicate that wvhen the clay is heated to temperatures as
high as 125°C in a closed system and then directly tested at the same
temperature, there is little effect on swelling pressure generated by the
dense clay (Oscarson and Dixon 1990). Moreover, the hydraulic conductivity
increased only slightly relative to an untreated bentonite at the same
density. Given that the temperature in a disposal vault would be <100°C
(Section 3.2.1), the results indicate that the effects of steam would not
be significant to overall vault performance and can be ignored in the vault
model.

¢ The specific sediment volume is a measure of the swelling capacity of a
clay.
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3.3.3 Expansion and Extrusion

Compacted bentonite and bentonite-sand mixtures are being increasingly used
as barriers for the isolation of hazardous wastes. They are used as liners
on the inverts of liquid-waste ponds and have been employed to cap solid-
vaste disposal sites. In both uses seal failures have been reported
(Schulz et al. 1989), which may raise concerns for the long-term perfor-
mance of the buffer and other seals containing the swelling bentonite.

Failures of caps occur primarily because of repeated cycles of wetting and
drying and freezing and thawing of the clay. Cracks thus generated in the
cap allow infiltration of rain or meltwater to the waste, which can be
leached away. The buffer in a disposal vault would not be repeatedly
exposed to these cyclic conditions, and this form of failure is not
considered possible.

Liners fail as a result of loss of clay density. Clay density is decreased
as the clay swells. Moreover, a clay-density decrease can be localized as

the clay migrates under its own swelling potential within the limer or into
neighbouring materials with higher porosity. Thus, hydraulic conductivity

increases or becomes heterogeneous.

In a disposal vault, the following mechanisms of clay-density decrease can
be postulated.

1. The buffer could expand into the backfill—the rock mass acting
as a virtually rigid restraint to the swelling buffer.

2. Thg buffer could penetrate into fractures that intersect the
emplacement boreholes.

3. The clay in the buffer could move into the sand layer next to the
container.

The first two of these hypotheses were tested as part of the BMT at Stripa.
Measurements showed that under the fully developed swelling pressure of

10 MPa the HCB from heater holes 1 and 2 expanded into the backfill by
between 5 and 7 cm. These values were predicted using a relatively simple
punching shear model and assuming appropriate strength and stiffness para-
meters for the backfill (Pusch et al. 1985a). This model has been applied
to the RBM as well. In this case, swelling pressures are much less than
those developed by the HCB-—maximum values of approximately 2 MPa are
predicted—and the backfill is stiffer and has higher internal friction
(Chan and Radhakrishna 1986) than the sand-bentonite backfill tested in the
BMT. Moreover the frictional resistance between the RBM and the borehole
vall is expected to be greater than that between the HCB and the borehole
wvall. Under these circumstances the predicted displacement at the buffer/
backfill interface is less than 3 cm. If one assumes that this displace-
ment is uniformly distributed throughout the buffer, the average vy. of the
buffer would decrease by only 0.0l Mg.m-3. This decrease would not signi-
ficantly alter either the swelling or the mass transport properties of the
buffer. Because of the internal friction properties of the RBM (¢' ~ 14°,
Saadat et al. 1989), the density of the annular layer of buffer radially
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separating the container from the rock is unlikely to be affected by
movement at the buffer/backfill interface.

Laboratory tests and theoretical studies (Pusch 1978) have shown that HCB
will penetrate joints and fractures in the rock. The rate and depth of
penetration are influenced by the fracture aperture of the rock, the swel-
ling pressure and the frictional resistance between the bentonite and the
rock. For compacted HCB, the fracture aperture of the rock must exceed
approximately 0.1 mm. Data from the BMT tends to confirm the laboratory
and theoretical studies. The HCB penetrated natural fractures with aper-
tures of approximately 0.5 mm to a distance of 5 to 10 mm. The swelling
pressures of the RBM are less than those of the HCB, and the sand in the
RBM should result in higher frictional resistance between the RBM and
granite than between the HCB and granite. Extrusion of the RBM into
fractures intersected by the borehole would be minimal and insignificant to
the mass transport and other physical properties of the buffer. 1In this
context it was noted that, with respect to the possible decrease in
density, the sand-bentonite backfill tested in the BMT did not signifi-
cantly penetrate the fractures intersected by the test room.

In view of the above, extrusion of the bentonite from the buffer into the
very small pores of the sand layer next to the container would be virtually
impossible. Indeed, sand layers are often used in engineering construction
to prevent clay particles from pumping into granular materials. If move-
ment of clay particles occurs, it happens only under the pumping action of
repeated cyclic loading, which would not be experienced by the buffer in
the reference vault design.

3.3.4 Hydrogen Generation and Transport

The production of gases by processes occurring in a disposal vault and the
effects of potential gas-phase formation are important considerations in
postclosure performance assessment. If the gas production rate exceeded
the rate at which dissolved gas could diffuse away, and a separate gas
phase formed in the near field, the movement of groundwater and dissolved
contaminants might be affected. Possible consequences of the formation of
a gas phase include (i) potential gas-phase migration of 14C released from
the fuel as CO, or CH,; (ii) high gas pressures that could affect the
integrity of shaft seals or bulkheads; and (iii) expulsion of groundwater
in the near or far field because of gas buildup. The latter might have
both positive and negative impacts, such as enhancement of transport of
contaminated groundwater and prevention of water access to the containers.
Gas buildup in the vicinity of the container is not expected to affect the
integrity of the buffer. Pusch et al. (1985b) have shown that gas will
channel through the largest pores without affecting the surrounding satur-
ated mass of buffer.

Several possible sources of gas production exist in the reference disposal
vault. Gamma radiolysis (prior to container failure) and a-radiolysis
(after container failure) are potential sources of H,. Hydrogen is also
produced by the corrosion of metals, such as steels, Zircaloy and titanium.
Microbial processes, such as degradation of organic matter in the buffer
and backfill, are capable of producing gases such as CH; and CO,. Whether
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or not the production of these gases via the various mechanisms would be
significant would depend on a number of factors. These include (i) the
volume of pore space available in the container, sand layer, buffer and
backfill; (ii) the initial water content of the buffer and backfill;

(iii) the production rates and solubilities of the various gases under the
temperature and pressure conditions in the vault; and (iv) the maximum rate
of diffusive transport of the dissolved gases into the surrounding rock.
Each of these is discussed in detail to determine the probable time to
achieve saturation of gases in the near field. The relevant data and
calculations are summarized in Appendix B.

The total pore volume available for buildup of gases produced includes the
combined pore volumes in the container, sand layer, buffer materials and
backfill material. The estimated total volume is ~9000 L per container.
The pore volume contained within the surrounding EDZ and overlying rock
mass is ignored in the calculations, because of the very low porosity in
the rock. A layer of rock 150 m thick overlying the vault is required to
give about the same pore volume as provided by the buffer and backfill.

Before considering the rate of production of various gases, it is instruc-
tive to examine the fate of entrapped air in the conceptual disposal vault
(see Section 3.4.2). The oxygen is likely to be consumed relatively
rapidly as a result of oxidation of minerals containing Fe(II) (see

Section 3.4.2). The estimated N, concentration in the pore water is

~9 x 10-3 mol.L-!, less than the solubility of N, at 5 MPa; thus, no N, gas
bubble is expected to form in the vault, except during the period prior to
restoration of full hydraulic pressure.

A preliminary examination of the production rates of H, as a result of
corrosion of carbon steel suggests that the groundwater would rapidly
become saturated with H, if carbon steel were used to construct the basket
that retains the fuel bundles within the container. Scoping calculations
based on the data of Simpson and Schenk (1989) suggest production rates of
3 to 30 mol.a-! of H, resulting from general corrosion of the steel basket
once the container is breached. At such a rate, H, solubility would be
exceeded in the near field within decades. As a result, the use of a
ceramic material or a metal with a very low uniform corrosion rate (a
stainless steel, for example) would be a more appropriate choice. For the
same reason, rock bolts used for ground support should be fabricated from
stainless steel.

The uniform corrosion of Zircaloy sheath and titanium would produce H, at
much lower rates than would the corrosion of carbon steel. Using the data
of Mattsson and Olefjord (1984) for the general corrosion rate of titanium
in bentonite pore water, and assuming the same rate for Zircaloy, gives
estimated H, production rates per container of 1.8 x 10-3 mol.a-! for
titanium and 1.6 x 10-2 mol.-a-! for Zircaloy. Some of this H, may be taken
up as hydrides of titanium and zirconium during the corrosion process, but
this effect is neglected in the calculations.

The production rate of H, as a result of y-radiolysis is expected to be
quite small (see Section 3.4.2). A rate of 8 x 103 mol.a-! has been
estimated by Christensen and Bjergbakke (1982) for a y-field of 9.7 Gy-h-1,
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similar to the field (52 Gy-h-1) expected at the surface of the reference
container. This production rate would decrease by a factor of 104 within
500 a; thus, the contribution from y-radiolysis is ignored in subsequent
calculations.

Alpha-radiolysis could make a significant contribution to H, production for
an extended period of time because of the long half-lives of some of the
important alpha emitters. The possible production rates for light-water
reactor fuel have been calculated by Christensen and Bjergbakke (1982), and
Garisto (1992) has performed similar calculations for CANDU fuel. The
calculations illustrate that the production rates are critically dependent
on the potential for the Fe2*/Fe3+ system to act as a recombiner, i.e., to
regenerate vater via recombination reactions. Without such a system, the
production rate could be as high as 0.48 mol.a-1. However, if a finite
quantity of Fe?+ is available and is consumed, resulting in Fe2+/Pe3+
acting as a recombiner (Christensen and Bjergbakke 1982), the production
rate would drop to 9 x 10-3 mol.a-!. This is considered to be the most
probable scenario, since the buffer material contains very little Fe?+ and
would retard the diffusion of Fe2+ towards the container, leaving only the
initial quantity of Fe;0, redox additive within the container (see

Section 2.2) to provide Fe2* to interact with radiolysis products.

Having established the probable H, production rates as a result of corro-
sion and radiolysis, it is necessary to examine the potential rate of
diffusion of dissolved H, into the surrounding rock. The transport time
through the buffer and backfill materials would be relatively short
(approximately 100 a to diffuse across the buffer for a diffusion coeffi-
cient of 10-3 m2.a-1). Because the porosity of the surrounding rock is
much smaller than that of buffer and backfill, and the rock is a more
massive barrier, the steady state is expected to be dominated by transport
through the rock. Thus, the steady-state transport across a planar rock
barrier of 500 m as determined in Appendix B provides a reasonable estimate
of the H, transport rate. At steady state, the rate is calculated to be
~10-6 mol.a-1. This is orders of magnitude below the total production rate
of ~0.025 mol.a-! resulting from corrosion and radiolysis. It is evident,
therefore, that saturation would ultimately occur. At the estimated
production rates, saturation would be reached in approximately 18 000 a.
However, at the estimated gas-production rate, the H, partial pressure
would reach only 10 MPa in approximately 40 000 a. The gas phase at thisgs
time would occupy only 1Z of the total pore space in the buffer and back-
£i11; thus, the effects are unlikely to be significant in the time frame of
assessment calculations.

Besides the production of H, from corrosion and radiolysis, the only other
potential source of gas in the reference disposal vault is the decomposi-
tion of organic matter, which might result in the production of CH, and/or
CO,. Studies are in progress to estimate the production rates of these
gases. Production rates are expected to be low because of the small
quantity of organic matter present in the vault and the limited availabil-
ity of nutrients for microbial growth.
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3.3.5 Effect of Cement on Clay Barrier Properties

Cement is used in the reference disposal concept for grouting, and/or as
seals and bulkheads. The primary concern in the interaction of cements
with clay-based barriers is the creation of a high pH environment, since
clay minerals are relatively unstable at high pH. As components of the
cement dissolved, an alkaline plume would move, by diffusion, from the
cement/clay interface through the clay. This has important implications
for the type and extent of hydrothermal reactions that the clay would
undergo. The likely result of a high pH environment would be the formation
of framework silicates, such as zeolites (Johnston and Miller 1984). 1In
some respects this may he beneficial: zeolites, for example, are effective
in sorbing some species, such as Cst.

It is likely that cement would be in contact with some of the backfill
material at the room/backfill interface (Johnson et al. 1994, Figure 4-17).
Because of the thickness of the backfill material, only a fraction of the
material adjacent to the cement would be affected. The amount would depend
on factors such as the mass of cement used in a particular location, the
buffering or neutralizing capacity of the backfill, and the pH and temper-
ature at which adverse mineral transformations occurred. The temperature
at a backfill/cement interface would be relatively low because it would be
a considerable distance from the waste containers. 5 Consequently, phase
transformations that are known to occur in high-temperature, high pH
environments would not occur in the disposal vault.

The pH of water in direct contact with cement might initially be greater
than 13, as a result of the dissolution of sodium and potassium hydroxides
from the cement. Later, when these hydroxides had been removed, the pH
would be expected to decrease to around 10 to 11 and would be controlled by
the dissolution of calcium compounds from the cement (Atkinson et al.
1986). The release of Ca(OH), would continue at its solubility limit for
long periods; it has been estimated that groundwater in contact with
concrete can maintain a pH >10 for more than 106 a (Atkinson et al. 1986).
The use of cement-based materials containing silica fume could substantial-
ly decrease the amount of free Ca(OH), present, and such materials would
likely be used in a disposal vault to ensure that the impact of cements on
the vault environment was minimal (Coons 1987).

Anderson et al. (1982) reported that, after 70 a of contact between bento-
nite and concrete, mineralogical changes had occurred in the bentonite to a
depth of only approximately 50 um from the clay/concrete interface. The
predominant mineralogical change observed in the bentonite was the forma-
tion of analcime. Pusch (1982) has also investigated the interaction
betveen compacted bentonite and cement. Zeolites were not identified with
certainty in his study. On the basis of various assumptions, however, it
was estimated that at a temperature of 10 to 20°C, a layer of clay no more
than 1 cm thick would be converted to zeolite over a period of 500 to

1000 a.

There would be no cement-based materials in the vicinity of emplacement
boreholes (concrete room bulkheads would be ~12 m away); thus, the buffer
material would be unaffected by the presence of cement-based materials in
the vault.
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3.3.6 Natural Analogues

An examination of the properties of bentonite as it occurs in the field can
provide valuable information on the potential long-term performance of a
bentonite-based barrier material in a disposal vault. Oscarson et al.
(1990) studied the swelling and hydraulic properties of samples of intact,
unprocessed clay (clay that was not crushed, ground or dried by the suppli-
ers) from the Avonlea bentonite deposit in south-central Saskatchewan,
Canada; the processed bentonite from this deposit is being considered for
the clay component of the RBM. The field dry density of the clay ranges
from 1.1 to 1.3 Mg.m 3—similar to the vy, value of the clay component of
the RBM. This clay deposit is 75 to 85 Ma old. The clay still maintains a
significant swelling capacity (>250 kPa) and low hydraulic conductivity
(<10-1! m.s-1). Moreover, the clay exhibits a remarkable ability to self-
seal. Initially, the clay as collected from the field was highly frac-
tured, and in some cases the flow rate of water through the samples was as
high as 10-5 m3.s-1; this flow rate, however, rapidly decreased to

10-10 m3.s5-1 as the clay absorbed water and swelled.

Pusch et al. (1987a) and Pusch and Karnland (1990) examined a number of
smectite-containing clays ranging in age from tens to hundreds of millions
of years, and from a wide range of environments. The unprocessed clays
generally exhibited low permeabilities and high swelling capacities. The
authors also estimated that when the smectite content of clays is greater
than 15 to 257, clays have self-sealing capabilities.

Historical evidence also indicates that clay-based barriers can be effec-
tive for thousands of years in limiting the movement of water and air in an
underground environment (Lee, C.F. et al. 1986).

Studies such as these provide support to the contention that clay minerals
can function effectively as barrier materials for tens of thousands of
years under a wide range of conditions.

3.3.7 Summary

In the conceptual disposal system, the buffer would swell as it became wet.
This swelling would be sufficient to close cracks generated by shrinkage as
a result of drying during the presaturation period. The swelling capacity
would be influenced by clay density, temperature and the ionic concentra-
tion in the groundwater. PFor the expected vault conditions the swelling
properties of the buffer would be expressed as a swelling pressure acting
on the rock, the container and the backfill. For the RBM the pressure is
expected to be between 1 and 2 MPa. The hydraulic conductivity of the
saturated buffer should not be significantly influenced by steam and would
remain less than approximately 10-!! m.s-!. The swelling and, thus, self-
sealing capacities of the buffer would depend on the properties of the
smectite clay minerals in the bentonite. These minerals are sufficiently
stable under vault conditions to ensure the effective performance of the
buffer for tens of thousands of years. Moreover, the buffer would be
sufficiently well restrained by the rock and the backfill to ensure that
significant density changes would not occur and the buffer's self-sealing
properties would be maintained.
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3.4 CHEMICAL CONDITIONS AND THE EFFECTS OF RADIATION

The chemical conditions in a disposal vault would determine the corrosion
rates of the containers, the dissolution rates of the used fuel and the
solubilities of the various radionuclides. The expected groundwater compo-
sition at the depth of the conceptual vault, and the composition changes
resulting from interaction of the groundwater with buffer and backfill
materials, are discussed in Section 3.4. Also described are the evolution
of the redox chemistry, the effects of radiolysis of water on redox condi-
tions, and the potential role of microbial activity, colloids and organic
matter in engineered barrier performance. '

3.4.1 Groundwater Composition

The reference groundwater assumed in the case study is designated WRA-500
and its composition is given in Table 3-la (Gascoyne 1988). This composi-
tion is the average of 12 samples taken from depths of ~350 m to ~800 m in
the Vhiteshell Research Area. It is accepted as the reference composition
at 500 m, the depth of the waste disposal vault for the case study. Also
shown in Table 3-la are (i) the groundwater composition at 1000 m in the
VRA (VRA-1000), and (ii) the compositions of synthetic granitic ground-
vaters designated as WN-1 and SCSSS (standard Canadian Shield saline solu-
tion) (Abry et al. 1982), which have been used in many of the experiments
performed in the Canadian Nuclear Fuel Waste Management Program (CNFWMP).

The groundwater in the pores of the buffer and in contact with the waste
container and, ultimately, the used nuclear fuel, would be conditioned by
contact with the buffer and backfill materials. This solution might be
quite different from the reference groundwater, WRA-500. The impact o. e
clay buffer on the composition of the groundwater has been considered by
Oscarson and Dixon (1989a), Lemire and Garisto (1989) and Wanner (1987).
The characteristics of the "conditioned" or "contact" water would depend
strongly on the ion exchange capacity of the buffer, the minor components
of the buffer material, and how much water had passed through the buffer.
The concentration ranges calculated for use in the vault model for the
major or important species in the contact water are given in Table 3-1b;
the assumption of loguniform distributions in this table is for convenience
only and implies nothing about natural variation.

3.4.2 Redox Conditions

Groundwvaters deep in granitic rock are expected to have relatively low
redox potentials because of the absence of dissolved 0, and the presence of
reduced Fe, S and Mn species in the groundwaters and minerals. Studies
indicate typical redox potentials of -100 to -300 mVy,. at pH 7 to 9
(Vikberg 1986, 1988; Nordstrom 1986). Studies of the redox chemistry of
groundvaters in the WRA at depths of 500 m indicate somewhat less reducing
potentials (0 to -100 mVg,, at pH 7 to 9), although the waters are clearly
0,-free (Gascoyne 1992).
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TABLE 3-la

COMPOSITIONS OF GROUNDWATERS FROM THE WHITESHELL RESEARCH AREA
(WRA-500 AND WRA-1000) AND SYNTHETIC GROUNDWATERS (WN-1 AND SCSSS)

mg-L-1
WRA-500 WRA-1000 WN-1 _ SCSsS

Na 2 300 7 000 1 910 3 050

K 10 20 14 50

Mg 30 25 61 200

Ca 1 800 5 000 2 130 15 000

Sr 20 50 24 20

Fe 1 1 0.56 -

Si 5 3 0 15

HCO, 50 20 68 10

Cl 6 000 19 000 6 460 34 260

S0, 1 000 1 300 1 040 790

NO, 0 - 33 50

F 2 5 0 -

Br 30 60 - -

PO, <0.5 - - -

U 0.02 - - -

1 0.02 - - -

Al <0.05 - - -

B 1.2 - - -

TDS* 11 247 11 740 55 400

pH 7.8 8.0 710.5 7 1+ 0.5

Eh -30 mV

*total dissolved solids

TABLE 3-1b
DISTRIBUTION OF CONTACT-WATER PARAMETERS
USED IN THE VAULT MODEL

Parameter Units Distribution Minimum Maximum Mode
[CaCl, ] mol.kg-1 loguniform 10-3-5 10-1-0 -
[NaCl] mol.kg-1 loguniform 10-2.3 10-¢-5 -
[Na,50, ] mol.kg-1 loguniform 10-2-2 10-1.0 -
[tot. 1norg. C] mol.kg-? loguniform 10-3-6 10-1-7 -
{tot. F) mol.kg-? loguniform 10-6.0 10-2.8 -
[tot. inorg. P] mol.kg-! loguniform 10-8-0 10-5-2 -
pH - triangular 5.0 10.0 8.0
E,* (pH = 0) v uniform 0.000 0.516 -

*

see Section 5.3
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It is clear that significant uncertainties exist regarding the interpreta-
tion of redox potentials in natural systems. These arise from operational
difficulties associated with remote measurements made in boreholes, from
the probability that mixed potentials arising from more than one redox
couple are being measured, and from lack of redox equilibrium at the low
ambient temperatures of the groundwaters. As a result, the values quoted
should be used with considerable caution and do not, in themselves, provide
sufficient basis for selecting potentials for solubility and speciation
calculations. Nonetheless, when used in conjunction with other observa-
tions (e.g., the presence of dissolved S?- or Fe?* or the absence of
dissolved 0,), they demonstrate that deep groundwaters in granite are
0,-free and that the ingress of 0, into the vault from the surrounding rock
after sealing would be negligible. As a result, the redox conditions in a
disposal vault would be determined largely by the interaction of the
various vault components with the groundwater.

Immediately after closure of the conceptual vault, the most significant
factors that would affect redox chemistry include:

- entrapped 0, present in the pores of the buffer and backfill
materials at the time of emplacement;

- Fe(II)-bearing minerals in crushed granitic rock, which would be
used as a component of the backfill material; and

- Fe(II) minerals, organic matter and microbes in the clays used
for both buffer and backfill materials.

Based on the porosity and the degree of saturation (60-80 vol.Z) of the
backfill, the total 0, content (gaseous plus dissolved) of the backfill
immediately after emplacement is expected to be about 0.2 mol.m-3. The
surface area of the crushed granite would be approximately 0.15 m?.g-?!,
based on an estimate of the particle size distribution (Yong et al. 1986).
The principal Fe(II)-containing minerals in granite are magnetite

(0.9 wt.Z) and biotite (2.2 wt.Z) (Tammemagi et al. 1980). The biotite may
contain 15 to 20 wt.Z FeO (Kamineni et al. 1984). Alteration of these
minerals would release substantial quantities of Fe?* to the pore solution,
vhich could then react with dissolved 0,. Since the half-life of Fe?* at
pR 7 in air-saturated water is less than an hour (Davison and Seed 1983),
the rate-limiting step in the reduction of 0, in the backfill is the
dissolution rate of the minerals.

The dissolution rate of biotite is relatively rapid, and is reported to
range from 10-16-% to 10-15-5 mol.cm-2.s5-1 (Velbel 1985, Nesbitt and Young
1984). Using the lowest reported rate and the surface area of biotite in
the crushed granite in 1 m® of the backfill (620 m?> for a backfill that is
75% crushed granite), we calculate an Fe2* release rate of 2.5 x 10-3 mol.a-?
in 1 m3 of backfill. Since the Fe?+ is oxidized by the reaction

4Fe?+ + 0, + 2H,0 » 4Fe3* + 4OH-
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the 0, present in the pores of the backfill material could be consumed in
(4 x 0.2 mol)/(2.5 x 10-3 mol.a-1) = 320 a at 25°C .

If one assumes an activation energy of 59 kJ.mol-1 for biotite dissolution
and an Arrhenius temperature dependence (Lasaga 1981), the consumption of
0, from the dissolution of biotite at 80°C (the average vault temperature
30 a after waste emplacement) could occur in approximately eight years.

There are other Fe(II) minerals present in granite (e.g., magnetite) that
would also contribute to establishing reducing conditions in the disposal
vault. In addition, the Lake Agassiz clay—the reference backfill clay—
contains 0.73 wt.Z Fe(II) (Oscarson and Dixon 1989a), which would contrib-
ute significantly to the redox buffering capacity of the backfill material.
The oxidation of organic carbon, which constitutes ~0.3 wt.Z of the
reference backfill material (Oscarson, in press), may also serve to reduce
the redox potential. In consuming the 0, present in the vault, less than
1Z of the Fe(II) in the backfill would be consumed; thus, the redox buffer-
ing capacity of the system would remain substantial,

Biotite weathers to secondary phases that include Fe-oxyhydroxides, vermic-
ulite and kaolinite (Law et al. 1991). A typical reaction is

KFe,A1Si,0,,(0H), + H* + 8H,0 + 3/40, = K* + 2H,5i0, + 3Fe(OH),
+ 1/2A1,51,05(0H),

The logarithm of the mass action equation is
log(Ky) = 33.73 = log[K*] + 2 log[H,SiO,] + pH - 3/4 log([0,]

Substituting the representative concentrations of various groundwater
species for WRA-500 groundwater (Table 3-la) yields [0,] = 10-4% Pa and
[H,] = 10-2% Pa. This is equivalent to an E, of +40 mVy,. (see

Figure 3-2), in reasonable agreement with the value of -30 mVy,, reported
by Gascoyne (1988). If it is assumed that biotite weathers to goethite
(FeO(OH)), a redox potential of -200 mVg,. is calculated. Both of these
equilibria are illustrated in Figure 3-2. The existence of FeO(OH) in
veathering profiles, rather than Fe(OH),, suggests that the lower E, values
are more probable. The magnetite-goethite equilibrium results in very
similar redox potentials and is used in model calculations of uranium
solubility, as discussed in Section 5.5.3.2.

Oxygen would also be entrapped in the pore space of the buffer material and
the sand layer adjacent to the container. Very little Fe?+ is present in
the buffer material (~0.1%) (Oscarson and Dixon 1989a); thus, the water
initially contacting the container is likely to be oxygenated. The O,
would gradually be depleted by reaction with Fe2+ diffusing towards the
containers from the surrounding rock and backfill and by diffusion of 0,
out of the buffer into the rock and backfill. Oxygen would also be
consumed by corrosion of the container material.
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The other factor that may influence the redox condition in the buffer
material is the y-radiation emitted by the used-fuel container. Shielding
calculations for the reference container design for the ten-year-cooled
fuel indicate that the initial y-field at the surface of the container in
contact with the buffer would be ~52 Gy.h-! (Simmons and Baumgartner 1994).
The y-field at the buffer/rock interface would be about 20 times lower than
at the container surface. The y-field would decrease by more than three
orders of magnitude over the first 500 a.

Gamma radiolysis of the pore water in a dense saturated bentonite-sand
mixture produces equal amounts of oxidizing and reducing species, which may
react with each other and with solute species in the pore water. The
primary species formed during radiolysis of pure (deionized distilled)
vater are e",,, H*, OH*, and HO; radicals, H,0* ions and H,, 0, and H,O0,
molecular species. At dose rates of ~100 Gy-h-! in pure water, steady-
state concentrations of radicals in solution are of the order of

10-8 mol.L-! (Spinks and Woods 1964), with steady-state concentrations
being proportional to dose rate (Christensen and Bjergbakke 1984). The
primary yield of radical and ionic species is greater than the yield of
molecular species. These yields are strongly influenced by solution pH,
dose rate, and reactions with molecular, ionic and colloidal impurities in
solution. Radiolysis can also alter the E, of the solution. Changes in E,
would depend on the rate of H, production (by radiolysis or by container
corrosion), the relative rates of diffusion of molecular species (particu-
larly H;) out of the buffer region, and reactions of radicals, H,0,, and 0,
with solution species such as Fe?+/Fe3+, NO;, CO%-, or Cl-. In general,
since the concentrations of solution species in the buffer pore water
capable of reacting with radical species would be about 10-6 mol.L-! or
. greater (Table 3-1la), they could compete effectively with radical/radical
recombination reactions. Thus, in typical pore waters, steady-state
concentrations of radical species are likely to be lower than 10-% mol.L-1.

Some constituents of the buffer (iron minerals, calcite, organics) may
participate in reactions with radical or molecular species formed in the
pore water by radiolysis. However, the smectite component (~80Z in Avonlea
bentonite (Quigley 1984)) is expected to be unaffected by radiolysis, since
it consists largely of fully oxidized constituents (Si¢+, Na*, Ca?+, Al3*+)
that are not reduced by reactions with radiolytically generated free
radical or molecular species.

Experiments involving y-irradiation of a deaerated groundwater/bentonite
system for 70 to 100 d showed that dose rates of 100 Gy-h-! had little
effect on solution pH; however, the solution E, (as determined by a Pt
electrode) tended to decrease (Wisbey 1986). Similarly, Tait et al. (1986)
shoved that 0, was consumed in irradiated (4 Gy-h-!) suspensions of bento-
nite in aerated groundwater in contact with granite coupons for 485 d at
100°C, but was not consumed in unirradiated control samples. These results
suggest that 0, consumption in Fe?*/Fe3*+ systems is accelerated by
v¥-irradiation. Under aerated conditions, the bentonite/water solution pH
remained about the same as for unirradiated solutions (Wisbey 1986). The
bentonite is clearly able to buffer the small quantities of acid generated
from radiolysis of N, present in the groundwater under aerated conditions.
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3.4.3 Microorganisms, Organic Material and Colloids

Microorganisms would be present in a nuclear fuel waste disposal vault,
although their capacity to reproduce would be limited by the nutrient
availability (Stroes-Gascoyne 1989). Microbial processes that could affect
mass transport through the buffer material include alteration of radionuc-
lide mobility due to changes in pH and E,, complexation of radionuclides by
organic materials, and adsorption of radionuclides on mobile microorganisms.

Because of their relatively large size, both microorganisms and organically
complexed radionuclides are expected to be relatively immobile in the
compacted buffer and backfill materials where there is a complex capillary
structure and the average pore size is very small (Eriksen and Jacobsson
1982, De Regge et al. 1988, Neretnieks and Skagius 1978). For example,
Pusch et al. (1987b) have estimated that the average pore size in bentonite
compacted to a density of 1.3 Mg.m-3* is 0.1 to 0.5 um.

Laboratory studies designed to assess the effects of microorganisms on the
transport of selected radionuclides through columns of backfill materials
(Lake Agassiz clay and crushed granite) have been conducted (Goyette 1987);
natural populations of microorganisms from saline surface sediments were
used in the tests. No significant increase in the rate of transport of
radionuclides in these materials was observed as a result of microbial
activity. The microbial activity in the columns stabilized at 105 to

106 organisms.cm-3; this is similar to levels found in natural environments
(Pedersen et al. 1991).

The potential effect of organic matter in clay sealing materials on the
performance of a nuclear fuel waste disposal vault has been examined by
Oscarson et al. (1986). They concluded that the small amount of organic
material (1.2 wt.Z) present in the clay sealing materials would not
adversely affect the engineering performance and mass transport properties
of the barrier materials. More recent studies (Oscarson, in press) have
confirmed that the organic matter content of buffer and backfill materials
wvould be very low. The Avonlea bentonite contains 0.31 wt.Z organic carbon
(i.e., 0.15 wt.XZ for the 50:50 sand/bentonite mixture), and the backfill
clay contains 1.2 wt.Z% organic carbon (i.e., 0.3 wt.Z for the 25:75 clay/
granite mixture). The potential production of CH, as a result of microbial
degradation of this organic matter is under study. Because of the rela-
tively low concentration of organic matter and the elevated temperatures in
the disposal vault, CH, production rates are expected to be very low (see
Section 3.3.4).

Vith respect to the transport of colloidal particles, because of size
similarities, diffusion measurements of large molecules in dense bentonite
are relevant. Lignosulfonates (molecular weight (MW) = 5600 to

30 000 g.mol-t), disodium 2,4,5,7-tetrabromofluorescein (MV = 646 g.mol-1),
and sodium anthraquinone-2-sulfonate (MW = 354 g-mol-!) have been examined,
and the diffusion coefficients are <10-15 m2.s-1 (Briksen and Jacobsson
1982)—at least three orders of magnitude lower than the diffusion coeffi-
cients of Cs* and Sr2* in this clay. The transport of colloidal particles
that might be produced upon radionuclide release from used fuel is, there-
fore, expected to be extremely slow. As a result, the transport of
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radionuclides in colloidal form through the buffer material is not included
in the vault model.

It is concluded that microorganisms, organic materials and colloids present
in a disposal vault would not adversely affect the mass transport proper-
ties of the buffer and backfill materials.

3.4.4 Radiation and Smectite Stability

In the conceptual system, radiation fields experienced by the buffer would
be limited to y-radiation until the containers failed and the waste form
dissolved, releasing a- and g-emitters to groundwater. The available data
indicate that y-radiation has little or no effect on the crystal structure
of clay minerals (Oscarson and Cheung 1983, Pusch et al. 1992). Further-
more, y-irradiation (69Co) up to 9.5 x 107 Gy has no significant effect on
the water permeability of dense bentonite (Bradley et al. 1983), nor does
y-radiation significantly affect the sorption properties of clays (Bonne
and Heremans 1982).

Beta-emitters, like y-emitters, are mainly short-lived fission products
that would decay to very low levels within 300 a, well within the projected
lifetime of the containers. Therefore, structural damage to the buffer
material from B-radiation would be negligible.

On the other hand, considerable damage to clay mineral structures can be
caused by wa-particles (Haire and Beall 1979). Because of the very limited
range of a-particles, however, clay minerals would be subjected to
a-particle damage only in the event of significant transport of Pu or Am
into the buffer and their subsequent decay. Significant transport of these
species is highly unlikely because of their very low solubilities and low
diffusion coefficients in the buffer (see Section 5.5.3.1 and Table 5-1).

As noted in Section 3.4.2, radiation may also have a significant effect on
the pH and E, in the pore solution of the buffer material because of
radiolysis of the groundwater. Changes in the oxidation state of the
structural components of clay, for example, Fe, can affect the stability of
the clay mineral. However, neither Fe nor other redox-sensitive elements
(Mn and Cr, for example) are important structural components of the
reference clays (Oscarson and Dixon 1989a). Hence, changes in E, should
not have a significant effect on the stability of the clay.

The pH should have no adverse effect on the clay if it remains in the range
from 6 to 9; deep groundwaters in granitic rock in the Canadian Shield are
generally within this pH range (Frape et al. 1984, Gascoyne 1988,

Table 3-la). At lower pH values kaolinite or dickite may form. ' The
formation of Al-hydroxy interlayers in the original smectite is also a
possibility at lower pH values (Johnston and Miller 1984). At higher pH
values, framework-type silicates, such as zeolites, are likely to form.

Because of the shielding effect of the buffer material, no other materials
in the vault would experience significant radiation fields. For example,
the radiation field at the buffer/borehole interface would be -1 Gy.h-1
upon emplacement of a container of the reference fuel.
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3.4.5 Summary

The groundwater in the pores of the buffer and that in contact with the
waste containers would be conditioned by its contact with the buffer and
backfill materials. This contact solution might be different from the
reference groundwater, and its composition would depend on the ion-exchange
capacity of the buffer, the minor components of the buffer, and how much
groundvater had passed through the buffer. The concentration ranges of the
important species in this contact solution have been presented.

In the conceptual system, when the containers fail, the environment of the
near field is expected to be reducing. Thus, diffusion of radionuclides in
buffer and backfill materials is considered to take place under reducing
conditions. Iron(II) minerals in the granite and the backfill materials
would be largely responsible for controlling the redox potential in the
disposal vault.

Microorganisms would be present in a nuclear fuel waste disposal vault.
Microbial processes that could affect mass transport through buffer
material include complexation of radionuclides by organic materials and
adsorption of radionuclides on motile microorganisms. Because of their
relatively large size, however, both microorganisms and organically
complexed radionuclides would be comparatively immobile in the compacted
buffer and backfill materials where the average pore size is very small.
The same argument applies to the transport of colleoidal particles through
buffer and backfill materials.

The buffer and backfill would contain a small amount of organic matter
(<0.3 wt.Z). It is concluded, however, that the amount would be too small
to adversely affect the engineering performance or the mass transport
properties of the barrier materials.

For the buffer, structural changes in the smectite minerals are unlikely to
result from y- and g-emissions from the used fuel. Alpha particles could
affect the mineral structure, but, because of the very low solubilities of
species that emit a-radiation, such effects are improbable. Changes in the
pH and E, of pore solution arising from the effects of radiation are not
likely to influence the structure of smectite minerals.

3.5 MASS TRANSPORT THROUGH SATURATED BARRIERS
3.5.1 Hydraulic Conductivity and Convective Flux

Vater flow through porous media is generally described by Darcy's law:
v = k Vh (3.1)

where v is the velocity of flow, k is the hydraulic conductivity and Vh is
the hydraulic gradient. For saturated porous media, h is normally taken as
the sum of the hydraulic pressure and elevation potentials in the water, y,
and ¥, respectively. In bentonite, the Darcian flow rate arising from
electrochemical effects can be incorporated by considering the osmotic
potential, ¥,, in the pore fluids as in Equation (3.2):
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v=k V@, +9, +¥) - (3.2)

The osmotic potential in the pore solution of the buffer would always be
less than that in the adjacent groundwater (Yong and Warkentin 1975). At
the same elevation, the difference in ¥, across the buffer must exceed the
difference in y, between the groundwater and the buffer before water flow
across the buffer could occur.

In compacted clay, a threshold hydraulic gradient is found to exist for
Darcian flow to occur. Yong et al. (1986) indicate that this gradient for
the buffer is much greater than 10. '

The k values shown for the buffer in Figure 4-4 of Johnson et al. (1994)
vere determined under very high pressure gradients (Vy, > 3000). Pusch et
al. (1985a) suggest that under these gradients flow occurs principally
through channels in the material arising from microscopic inhomogeneities
in its fabric. These inhomogeneities likely exist at lower pressure grad-
ients, and the full prevention of water flow under very small gradients may
not occur. However, the effective k value would be very much less than
those shown in Figure 4-4 of Johnson et al. (1994). This is likely to be
the case in the vault where VY, in the rock is <0.1 (Chan 1988, Davison et
al. 1994b). These very low k values virtually ensure that radionuclide
migration through the buffer could occur only by diffusion after restora-
tion of the water table.

3.5.2 Diffusion in Clay Barriers

Diffusion of an inert solute in porous media can be described by the pore
diffusivity, D;:

D, = D,7 (3.3)
wvhere D, is the diffusivity of the solute in bulk water and 7 is the pore
geometry factor (here 7 includes both the tortuosity of the diffusion path
and the pore constrictivity that accounts for the size and shape of the
pores). At a buffer density of 1.3 Mg.m-3, 7 =~ 0.1 (Oscarson et al. 1992).

In the absence of advection, Fick's first lav for one-dimensional diffusion
adapted to porous media is

J = -D,€(aC/ax) (3.4)

vhere J is the diffusive flux, € is the porosity, C the concentration of
the diffusant, and x the distance. D,e is the total intrinsic diffusion
coefficient, D, a proportionality constant relating the flux to the concen-
tration gradient of the diffusant.

In clay-wvater systems the diffusant is often sorbed on the clay; this
affects diffusion in the transient state. Fick's second law, applied to
sorption governed by a linear sorption isotherm for porous media, is given
as

ac/at = (D,/R) 32C/ax? (3.5)
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where R is the retardation factor given as
R=14+Kyvq/¢ (3.6)

vhere 7, is the dry bulk density of the clay and K, is the solid/liquid
distribution coefficient defined as

K, = q/C (3.7)

vhere q is the amount of a species associated with the solid phase and C is
the concentration of that species in solution at equilibrium. A linear
sorption isotherm, as assumed in Equation (3.7), is considered to be a
reasonable assumption for many contaminants, particularly when present at
low concentrations (Gillham and Cherry 1982, Meier et al. 1987), as would
be the case for radionuclides in the pore solution of the buffer and
backfill.

D,/R in Equation (3.5) is termed the apparent diffusivity, D,. Note that
i% a diffusant is poorly sorbed on the clay, K, is approximately zero and
D, = Dp.

In summary, from the above,

D =D,7e (3.8)
D, = D 7e/(e + K374) (3.9)

and
D/D, = € + Kgvq - (3.10)

The quantity ¢ + K;v5 is termed the capacity factor, r. It is a measure of
the capacity of the solution and clay per unit volume of clay to hold more
of the diffusant as its concentration in the solution phase increases.

In practice, D and D, are obtained from experiments under steady-state and
transient conditions respectively.

Ideally, values for both D and r are required for all radionuclides present
in used fuel for the ranges of parameters expected in the buffer and back-
. £i11 (such as density, temperature, and pore-solution composition). This
is not possible within a reasonable time frame because of the large number
of species involved and the long time periods required to measure diffusion
coefficients in some cases. The values chosen for D and r are based to a
large extent on the expert opinion and the arguments espoused by Cheung and
co-workers (Cheung 1989, 1990; Cheung and Gray 1989), as well as on the
data obtained in our laboratories and that in the literature. The K,
values used to calculate r (Equation (3.10)) were obtained largely from
published compilations (Allard et al. 1982, Oscarson et al. 1984). The
discussion that follows summarizes the basis on which the D and r values
used in the vault model were selected.
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3.5.3 Rationale for Buffer and Backfill Diffusion Data

Surface diffusion has been proposed as a potentially important transport
mechanism for certain cationic radionuclides through dense clay-based media
(Cheung 1990, Cook 1988). This process involves the migration of adsorbed
solutes along the surface of clay particles under a concentration gradient.
If surface diffusion were an important mechanism, D values would be greater
because of the addition of a term that is proportional to the surface
diffusion coefficient and the K; (Cheung 1990, Cook 1988). Capacity
factors would remain unchanged because r values do not depend on surface
diffusion. Because both D and r depend on K;, they would be positively
correlated and the values of these parameters would increase and decrease
in concert. The assumption of surface diffusion also means there would be
at least two distinct diffusion pathways in the clay, one associated with
the water bound to the clay surface (surface diffusion) and another in the
bulk water. It is also assumed that surface diffusion would be more
pronounced in the buffer than in the backfill, because of the greater
specific surface area of the buffer material.

To make the analysis tractable, the radionuclides were grouped into five
categories on the basis of their probable chemistry in clay/water systems
and, hence, the nature of their interaction with clay: ion-exchanged
species, chemisorbed species, non-sorbed anions, neutral species and tech-
netium. Technetium is anomalous because of the large uncertainty associ-
ated with its diffusion under reducing conditions. The characteristics of
the probability distributions for the D and r values for radionuclides in
each of the five categories were chosen on the basis of the assumptions
outlined below.

Ion-exchanged species are attracted to the clay surface and, hence, migrate
by surface diffusion, which occurs predominantly in the surface water in
compacted bentonite. This means that D values would be relatively high.
Ion exchange involves an electrostatic or ionic interaction between a
cation and the negatively charged clay surface. For example, the alkali
and alkaline earth metals and many of the transition metals, such as Ni and
Cr, are sorbed on clays predominantly via an ion exchange mechanism (Bohn
et al. 1985).

Chemisorbed species (e.g., Pu and Np) are assumed to be primarily in the
surface water but are thought to be so strongly sorbed on the clay as to be
immobile. Chemisorption, also called specific sorption, involves the
formation of a chemical bond between the sorbate and the clay surface. It
is a relatively strong interaction, and K; values for chemisorbed species
can be much greater than those involving ion exchange. Most of the acti-
nides and lanthanides are sorbed onto clay largely by chemisorption (Allard
et al. 1982). Therefore, r values are large, but since surface diffusion
i1s assumed not to occur, D values are relatively small.

Non-sorbed anions are assumed to move predominantly in the bulk water and
to be excluded from the surface water (i.e., the layers of water molecules
adjacent to the surface of the clay) because of electrical repulsion by the
negatively charged surface. Since most of the water in the dense buffer
material is thought to be surface water (Cheung 1990, Cheung and Gray
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1989), D values for non-sorbed anions would be relatively small. Inasmuch
as many anions, such as I-, Br-, HCO; and HSe0; /Se03- are poorly sorbed on
clay (Bohn et al. 1985), r for these species would also be relatively
small.

Neutral species, such as the noble gases, are assumed to migrate in both
the surface and bulk water, but are either not sorbed or very weakly
sorbed. Therefore, r and D would be neither excessively small nor large.

Technetium is in a separate category because of the large uncertainty
associated with its diffusion and sorption behaviour under reducing condi-
tions. The distributions chosen for Tc were based largely on the available
experimental data (Sawatsky and Oscarson 1991, Ito and Kanno 1988) and
expert judgement.

All radionuclides would experience similar chemical conditions when they
are released to the buffer and backfill; thus, the parameter values
describing their mass transport should be correlated. For instance, when
the sampled D for one radionuclide is large, other radionuclides in the
same category should have similar values. Also, from Equation (3.10),

D values for different radionuclides are related through the values of the
porosity and density. For this reason, D values are correlated to capacity
factors. For simplicity, all correlation coefficients were given a value
of 1.0. As a result, all diffusion coefficients and capacity factors for
radionuclides in the same category are varied in concert, using the dummy
correlation parameters in Tables 3-2 to 3-5.

The values for the distributions for D and r for buffer and backfill are
given in Tables 3-2 to 3-5. In these tables the symbol 'a' refers to. the
linear correlation coefficient. The characteristics of the probability
distribution function and the correlation coefficients were chosen on the
basis of expert judgement. The distributions for D and r values reflect
experimental uncertainties and the expected effects of variability in T, 74
and salinity in the vault.

3.5.4 Recent Developments

Recent experimental data suggest that surface diffusion is perhaps not as
important as was once thought (Berry and Bond 1990, Cho et al. 1993), and a
model based on Equations (3.8) and (3.9) is probably adequate to predict
the diffusion of most radionuclides in dense saturated clay (Gillham et al.
1984; Robin et al. 1987; Sharma and Oscarson 1989; Oscarson, in press).
This means that the D values used for ion-exchanged species in the buffer
are conservative. In any event, these species do not make a significant
contribution to the dose (see Chapter 7).

To examine the effect that different D and r values would have on the out-
put of the SYVAC submodel, other values of D and r for the most important
radionuclides, 1291, 99Tec and 14C, were substituted for those in Tables 3-2
to 3-5 in a separate sensitivity analysis study. The new values wvere
obtained from recent experimental measurements. The effect of changing the
distribution and the correlation parameters was also examined. The results
of the sensitivity analysis are discussed in Chapter 8.



TABLE 3-2
DIFFUSION DATA FOR BUFFER

Characteristics of Correlated Lognormal

Distribution
Category Species
Geometric Gecmetric Lower Upper Cor-
Mean D Standard Bound D Bound D related ot
(m?2.a"1) Deviation (m?.a-1) (m?.a-1) to*
Cs, Rb, K 7.3 x 10-3 1.6 1.8 x 10-3 3.0 x 10-2 DFBCAT 1.0
Ton- Sr, Ca, Be, Cd, 2.5 x 10-? 1.4 9.0 x 10-¢ 7.2 x 10-3 DFBCAT 1.0
Exchanged Cr, Zn, Ni, Pd,
Species Ra
Pb, Bi, Po, Sn, 5.2 x 10-3 1.8 9.0 x 10-¢ 3.0 x 10-2 DFBCAT 1.0
Sb
Chemi - Lanthanides and 1.1 x 10-°% 3.2 3.6 x 10-7 3.6 x 10-¢ DFBACT 1.0
sorbed Actinides
Species Zr, Nb, Mo
Hf, Ac, Si
Tc Tc 1.1 x 10-¢ 3.2 3.6 x 10-7 3.6 x 10-¢ DFBACT 1.0
Non-Sorbed I, Br, C, Se 1.8 x 10-3 2.7 9.0 x 10-7 3.6 x 10-1 DFBANI 1.0
Anion
Characteristics of Normal Distribution
Category Species Mean D Standard Lowver Upper Cor-
(m2.a"1) Deviation Bound D Bound D related a
(m2.a-1) (m.a-1) (m?.a-1) to*
Non-Sorbed H, Kr, Rn, Ar 2.4 x 10-3 1.0 x 10-4 2.1 x 10-3 2.7 x 10-3 DFBTRA 1.0
Neutral
Species

* Dummy correlation parameters used to correlate D, values in the same group and to correlate

D and r values
+ a is the correlation coefficient

_L?_
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TABLE 3-3

CAPACITY FACTORS FOR BUFFER

Characteristics of Normal Distribution

Category Species Mean r Standard Lowver Upper Cor-
Deviation Bound r Bound r related a*

to*
Cs, Rb, K 18 5.2 2.0 33 DFBCAT 1.0
Ion- Sr, Ca, Be, Cd, 4.5 1.2 1.0 8.0 DFBCAT 1.0

Exchanged Cr, Zn, Ni, Pd,
Species Ra

Pb, Bi, Po, Sn, 17 5.3 1.0 33 DFBCAT 1.0
Sb
Non-Sorbed H, Kr, Rn, Ar 0.40 0.017 0.35 0.45 DFBTRA 1.0
Neutral
Species
Characteristics of Correlated Lognormal
Distribution
Category Species
Geometric Geometric Lower Upper Cor-
Mean r Standard Bound r Bound r related a
Deviation to*
Chemi- Lanthanides and 53 6.8 0.17 17000 DFBACT 1.0
sorbed Actinides
Species Zr, Nb, Mo
Hf, Ac, Si
Te Te 53 6.8 4.2 x 10-3 17000 DFBACT 1.0
Non-Sorbed I, Br, C, Se 6.3 x 10-3 4.0 1.0 x 10-¢ 0.40 DFBANI 1.0
Anion

* Dummy correlation parameters used to correlate D; values in the same
group and to correlate D and r values
+ a is the correlation coefficient



TABLE 3-4

DIFFUSION DATA FOR BACKFILL

Characteristics of Normal Distribution

Category Species Mean D Standard Lower Upper Cor-
(m?.a-1) Deviation Bound D Bound D related o
(m?.a-1) (m2.a-1) (m?.a-1) to*
Cs, Rb, K 8.1 x 10-3 6.0 x 10-¢ 6.0 x 10-3 9.9 x 10-3 DFKCAT 1.0
Ion- Sr, Ca, Be, Cd, 4.0 x 10-3 1.8 x 10-¢ 3.4 x 10-* 4.5 x 10-3 DFKCAT 1.0
Exchanged Cr, Zn, Ni, Pd, : ’
Species Ra
Pb, Bi, Po, Sn, 6.7 x 10-3 1.1 x 10-3 3.4 x 1003 9.9 x 10-3 DFKCAT 1.0
Sb
Chemi - Lanthanides and 2.3 x 10-3 1.5 x 10-¢ 1.8 x 10-3 2.7 x 1003 DFRACT 1.0
sorbed Actinides
Species ir, Nb, Mo
Hf, Ac, Si
Te Te 2.3 x 103 1.5 x 10-¢ 1.8 x 10-3 2.7 x 10-3 DFKACT 1.0
Non-Sorbed I, Br, C, Se 2.3 x 10-3 1.5 x 10-4 1.8 x 10-3 2.7 x 10-3 DFKANI 1.0
Anion
Non-Sorbed H, Kr, Rn, Ar 2.3 x 10-2 1.5 x 10-3 1.8 x 10-2 2.7 x 10-2 DFKTRA 1.0
Neutral
Species

* Dummy correlation parameters used
D and r values
+ o 1s the correlation coefficient

to correlate

D; values in the

same group and to correlate

_6V..



TABLE 3-5

CAPACITY FACTORS FOR BACKFILL

Characteristics of Normal Distribution

Category Species Mean r Standard Lower Upper Cor-
Deviation Bound r Bound r related ot
to*
Cs, Rb, K 6.0 0.67 4.0 8.0 DFKCAT 1.0
Ion- Sr, Ca, Be, Cd, 1.4 0.20 0.80 2.0 DFKCAT 1.0
Exchanged Cr, Zn, Ni, Pd,
Species Ra
Pb, Bi, Po, Sn 4.4 1.2 0.80 8.0 DFKCAT 1.0
Sb
Non-Sorbed I, Br, C, Se 0.25 0.017 0.20 0.30 DFKANI 1.0
Anions
Non-Sorbed H, Kr, Rn, Ar 0.25 0.017 0.20 0.30 DFKTRA 1.0
Neutral
Species
Characteristics of Correlated Lognormal
Distribution
Category Species
Geometric Geometric Lower Upper Cor-
Mean r Standard Bound r Bound r related a
Deviation to*
Chemi- Lanthanides and 2.0 x 103 2.2 2.0 x 102 2.0 x 104 DFKACT 1.0
sorbed Actinides
Species Zr, Nb, Mo
Hf, Ac, Si
Tc Tec 2.0 x 103 2.2 31 2.0 x 104 DFKACT 1.0

* Dummy correlation parameters used to correlate D; values in the same group and to correlate

D and r values
+ a is the correlation coefficient

_Og_
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3.5.5 Summar

The hydraulic conductivity of the reference buffer material is <10-11 m.s-1,
A critical hydraulic gradient likely exists below which the hydraulic
conductivity tends towards zero. These buffer properties ensure that
diffusion is the only significant mechanism through which radionuclides
released from a breached container could migrate through the water-
saturated buffer.

Total intrinsic diffusion coefficients, D, and capacity factors, r, are
required for all radionuclides present in nuclear fuel waste. Ranges of D
and r values and their distribution characteristics were obtained from
experimental data and expert judgement. Radionuclides were grouped into
five categories on the basis of their behaviour in clay/water systems.
Insufficient data are available to describe the probability distribution
for each range; normal or lognormal distributions were specified on the
basis of expert opinion and the limited available data.

4., LIFETIME MODEL FOR GRADE-2 TITANIUM CONTAINERS FOR NUCLEAR FUEL WASTE

4.1 INTRODUCTION

To ensure isolation of the used fuel during the period when the fission
product activity in the conceptual disposal system is high, the waste con-
tainers must survive for 300 to 1000 a. Providing no failures occurred as
a result of mechanical effects, the main factor limiting their survival is
expected to be corrosion in the groundwater to which they would be exposed.
Two general classifications of container materials have been studied
internationally: corrosion-allowance and corrosion-resistant materials.
Corrosion-allowance materials possess a measurable general corrosion rate,
but are not expected to be susceptible to localized corrosion processes.

By contrast, corrosion-resistant materials are expected to have very low
general corrosion rates, because of the presence of protective surface
oxide films. However, breakdown of this film could render them susceptible
to localized corrosion processes, such as pitting, crevice corrosion or
stress-corrosion cracking (SCC). A more extensive discussion of the vari-
ous corrosion-allowance and corrosion-resistant materials considered as
candidate container materials is available elsewhere (Johnson et al. 1994).

The corrosion-resistant material titanium has been chosen as the reference
container material for the engineering and performance assessment case
studies in the CNFWMP. Specifically, the corrosion performance of ASTM
Grade-2 titanium and, to a lesser extent, that of ASTM Grade-12 titanium
has been evaluated. In this chapter, the corrosion performance of these
materials is compared, and the model developed to predict the lifetimes of
containers constructed from Grade-2 titanium is described. The mechanistic
understanding and the assumptions upon which this model is based are
explained, and predictions of container lifetimes are presented.
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4,2 CONTAINER DESIGN

A number of container designs have been evaluated and are discussed in
detail elsewhere (Crosthwaite, in preparation; Johnson et al. 1994). The
thin-shell, packed-particulate design was chosen for the reference
container (see Figure 2-3). In this design, a 6.35 t 0.15-mm-thick
titanium shell is internally supported by industrial glass beads. These
beads have a distribution of diameters between 0.7 and 1.2 mm; they are
compacted by vibration into the residual spaces after the fully loaded
used-fuel basket is inserted into the container.

The container will fail mechanically only if a region of the shell is not
supported by glass beads. When unsupported in this manner, the container
wall will deform plastically. If the maximum strain due to plastic defor-
mation exceeds 5.3Z the container will fail. Such large strains can result
from instabilities leading to buckling or local stretching (Teper 1992).

To prevent failure by buckling, a minimum overall thickness of 2 mm is
required, assuming a uniform loading of 10 MPa hydrostatic pressure is
acting on the container (Teper 1988). Since the total pressure expected to
act on the container at a vault depth of 500 m (the reference vault depth
used in this case study) is ~6.5 MPa (5 MPa hydrostatic pressure plus

~1.5 MPa from the swelling pressure of the buffer), this mechanical allow-
ance can be considered sufficient.

Mechanical failure of the shell could also occur at regions of localized
corrosion under certain conditions. If the largest dimension of a local-
ized corrosion patch that had thinned the shell to a thickness of less than
2 mm exceeded 33.5 mm, and the area behind the patch was unsupported
because of a void in the particulate, the maximum strain of 5.3% could be
exceeded (Teper 1992, Johnson et al. 1994). If it could be guaranteed that
the largest dimension of a locally corroded patch would never reach

33.5 mm, then a residual wall thickness of less than 2 mm might be accept-
able. Since such a guarantee cannot be given, we accept 2 mm of the total
vall thickness as unavailable for corrosion allowance. This wall thickness
is the minimum required to guarantee structural integrity, independent of
the size of any corroded area.

The remainder of the container wall thickness is available as a corrosion
allowance. This allowance is taken to be 4.2 mm, the lower limit of avail-
able wall thickness of as-received plate material ordered from manufac-
turers to specification ASTM B265. This specification tabulates the
permissible variations in thickness of commercially supplied titanium.

The rationale for selecting 4.2 mm as the accepted corrosion allowance for
titanium containers is described in detail elsewhere (Crosthwaite 1992a,
1992b; Johnson et al. 1994).

4.3 MATERTAL COMPQSITION AND MECHANICAL PROPERTIES

The ASTM specified compositions of a number of grades of titanium are given
in Table 4-1. Grades 1 to 4 are a-phase alloys with a hexagonal close-
packed (hcp) crystalline structure. These grades are generally single-
phase alloys, although small amounts of iron-stabilized g-phase, with a
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TABLE 4-1

ASTM NOMINAL MAXTMUM COMPOSITIONS (WEIGHT Z) FOR VARIQUS
GRADES OF TITANIUM

Grade N C H Fe 0 Mo Ni Pd
1 0.03 0.10 0.015 0.20 0.18
2 0.03 0.10 0.015 0.30 0.25
3 0.05 0.10 0.015 0.30 0.35
4 0.03 0.10 0.015 0.50 0.40
7 0.03 0.10 0.015 0.30 0.25 0.2
11 0.03 0.10 0.015 0.20 0.18 0.2
12 0.03 0.10 0.015 0.30 0.25 0.3 0.8

body-centred cubic structure (bcc), and FeTi intermetallics may be present.
Grades 7 and 11 (containing small amounts of Pd) are also a-phase alloys,
possessing the same mechanical properties as Grades 2 and 1 respectively.
The addition of small amounts of Pd serves to increase their corrosion
resistance over that of Grades 1 and 2.

Alloying with molybdenum and nickel (Grade 12 in Table 4-1) increases the
strength of titanium, through solid-solution strengthening and the creation
of a two-phase structure. Thus, Grade 12 is an a-alloy containing small
amounts of nickel-stabilized g-phase and Ti,Ni intermetallics. This alloy
was designed to reduce the susceptibility of titanium to crevice corrosion.
More extensive discussions of the mechanical properties of titanium alloys
and the principles behind the alloying of titanium have been published
elsevhere (Nuttall and Urbanic 1981, Schutz 1986, Schutz and Thomas 1987).

A number of advantages are gained by choosing the compositionally and
microstructurally simple Grade-2 titanium as the reference container
material. It is a thermodynamically stable material that will not undergo
destructive phase transitions under disposal vault conditions, and it is
not expected to form complex unstable structures as a consequence of
mechanical treatments, such as cold working or welding.

4.4 EXPOSURE ENVIRONMENT
4.4.1 Groundwvater Composition

The reference groundwater composition to which the container in the concep-
tual model is exposed is designated WRA-500 and is given in Table 3-la
(Gascoyne 1988). Also shown in this table are compositions for the synthe-
tic granitic groundwaters WN-1 and SCSSS, which have also been used in the
corrosion evaluation of titanium.

Before coming into contact with the container, the groundwater would be
conditioned by passage through the buffer and/or backfill materials. The
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impact of a clay buffer on the composition of groundwater has been
considered by Oscarson and Dixon (1989a), Wanner (1987), and Lemire and
Garisto (1989). The major ionic components in the conditioned water would
depend primarily on the mineral content of the clay. Depending on the
groundwater flow conditions within the vault, the thermodynamic estimates
of Lemire and Garisto (1989) show that a transitory increase in sulphate
and fluoride levels to ~10-! mol.-L-! and ~10-3 mol.L-1 respectively is
possible. The expected composition range of this "contact" water is given
in Table 3-1b.

4.4.2 Redox Conditions

The presence and concentration of oxidants in the disposal vault would be
major factors in determining the corrosion performance of waste containers.
The conditions within the vault would be determined initially by the air
and other oxidants trapped within the buffer/backfill medium. For longer
exposure periods, conditions would be controlled by the amount of oxidant
transported into the vault by the groundwater and by the products of water
radiolysis resulting from the impact of y-radiation from the used fuel on
the water in the surrounding environment. For vaults in deep rock of the
Canadian Shield, the original quantity of trapped oxidant would be
consumed, at least partially, by reaction with oxidizable minerals within
the surrounding rock and buffer/backfill. Significant subsequent transport
of oxygen into the vault is not expected, since the oxygen content of
groundvater at these depths is negligible. The evolution of redox condi-
tions with time has been discussed in more detail in Section 3.4.2. The
time for conditions to become anoxic has been conservatively estimated to
be <320 a.

4.4.3 Buffer/Backfill Materials

In the conceptual disposal system, buffer and backfill materials are
assumed to become saturated with groundvater when the disposal vault is
sealed. As discussed in Section 3.2.2, the time required for groundwater
to saturate the buffer may range from several years to ~1000 a. 1In the
container lifetime model, the corrosion processes that would occur under
saturated conditions are assumed to initiate immediately upon closure of
the vault., Corrosion of titanium under unsaturated vault conditions is
expected to be negligible (Shoesmith et al., in preparation (a)) and has
not been included in the container lifetime model.

The properties and performance of the reference buffer and backfill
materials surrounding the container have been described in Chapter 3.
These materials are expected to exert a number of major influences on the
corrosion of containers:

1. They would impede the transport of oxygen (required to drive the
corrosion process) to the container surface.

2. Minerals in the backfill would consume oxygen, thereby driving
the redox conditions anoxic.
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3. They would buffer the pH of the water contacting the container
between 7 and 9, a range generally benign from the corrosion
point of view.

4. The heat-transfer properties of the buffer and backfill materials
would be important factors in controlling the temperature of the
containers and, hence, their corrosion rate.

4.4.4 Radiation Levels

According to Glass (1981) there are two ways in which radiation can affect
container corrosion:

1. Particle irradiation (e.g., by neutrons or a-particles) could
cause radiation damage to the metal and/or the protective oxide

film.

2. Radiolysis of groundwater could produce oxidizing species, such
as OH, H,0,, 0,, Cl-, Cl0- and Cl;, which could directly cause
corrosion.

The maximum neutron flux expected outside the container is

~102 neutrons.cm-2.s-! (Wilkin 1992), which is many orders of magnitude
(>10%) below the levels capable of inducing mechanical damage in the metal
(Stobbs and Swallow 1962) and, hence, is insignificant. However,
y-radiation is capable of yielding a significant dose outside the body of
the thin-walled container.

For a container filled with reference used fuel (see Section 2.1.4), the
initial gamma dose rate at the external surface of the container would be
~50 Gy-h-t (5 x 103 rad.h-*). This represents the maximum radiation dose
rate available to affect container corrosion. It 1s the dose rate to the
medium surrounding the container and is calculated from the radioactive
decay characteristics of the fuel as attenuated by the packed particulate
(glass beads) and the container wall thickness (Tait et al. 1989). The
dose rate would decrease with time as the y-emitting radionuclides decayed,
and the decay characteristics of the rapidly decaying fission products
would define the time interval over which irradiation could affect
contalner corrosion.

4.5 TEMPERATURE

The surface temperature of the containers would influence the corrosion
rate. This temperature would be determined by the heat generated as a
result of radicactive decay within the fuel, and its rate of dissipation to
the surrounding buffer/backfill/rock environment. Consequently, the
temperature would vary depending on the age of the fuel at emplacement, the
relative positions of the containers, the overall geometry of the vault,
and the thermal conductivities of the surrounding buffer, backfill and
rock. The procedures used to calculate container surface temperature and
temperature gradients within the buffer and backfill (for the reference
used fuel defined in Section 2.1.4) are described in Section 3.2.1. The
calculations assume that buffer and backfill materials are saturated with
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groundvater. If the buffer experienced significant drying, temperatures
could increase by as much as 5°C (Section 3.2.1); however, the corrosion
rate would be negligible under such conditions (Shoesmith et al., in
preparation (a)).

The schematic presented in Figure 4-1 shows the arrangement of the concep-
tual vault; it is a simplified version of Figure 2-4. The unshaded areas
represent disposal rooms filled with containers, and the shaded areas
represent access tunnels free of containers. The vault is divided into 12
sectors, as shown by the dashed lines in the figure (see Section 6.2.1).
These sectors are chosen to facilitate the coupling of the output from the
vault model to that describing the flux of radionuclides through the geo-
sphere. For such a coupling to be achieved, it is essential to predict the
container failure times within each individual sector. Bach sector repre-
sents a portion of the vault in which the characteristics important to the
modelling of radionuclide transport are relatively uniform (Section 6.2).

Each container within the vault would possess a distinct temperature-
versus~time profile. However, the general shape of these profiles would be
similar; an early period of high temperature, lasting between 100 and

200 a, followed by a much longer period of slow cooling lasting tens of
thousands of years. The hot containers would be located in the centre of
the vault, with cooler containers located at the edges, and cold containers
at the corners. Figure 4-2 shows three examples of temperature-time
profiles taken from different areas within the vault. Heat production
leading to the early period of high temperature can be attributed to the
relatively rapid decay of y-emitting fission products in the used fuel.

The subsequent long period of slow cooling can be attributed to the heat
generation during the much slowver decay of a-emitting actinides.

4.6 CORROSION PROPERTIES OF TITANIUM ALLOYS

In this section the corrosion properties of titanium alloys are reviewed
with the purpose of demonstrating that, with the alloys chosen for study,
only a limited number of corrosion processes are possible and capable of
leading to failure of the container. The corrosion processes most likely
to cause failure are crevice corrosion, hydrogen-induced cracking and, to a
lesser degree, general corrosion, and these processes are discussed in
detail. The major emphasis has been placed on discussing and comparing the
properties of Grades-2 and -12 titanium, the two materials studied in most
detail in the CNFWMP.

4.6.1 General Properties

Titanium metal is unstable in air and water, but is inevitably rendered

- passive by the presence of a protective oxide film that forms rapidly when
a fresh metal surface is exposed to air or moisture. This stable, protec-
tive oxide film gives titanium its excellent corrosion resistance, and is
the primary reason for its selection as a candidate container material.
Because the nature of the film remains essentially unaltered by traces of
metallic impurities (e.g., Fe in Grade-2 titanium) or minor alloy constitu-
ents (e.g., Ni and Mo in Grade 12), all the grades listed in Table 4-1
exhibit excellent resistance to general corrosion.
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Schematic Showing the Arrangement of the Vault. The unshaded
areas represent emplacement rooms filled with containers, the
light shaded areas represent access tunnels free of contain-
ers, and the dark shaded areas represent rock between emplace-
ment rooms. The dashed lines outline the individual sectors
(numbered) within the vault, defined to facilitate the coupl-
ing of the container failure model to the geosphere transport
model.
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FIGURE 4-2: Representative Temperature-Time Profiles for Containers

Designated Hot, Cool and Cold

Like most passive metals and alloys, titanium alloys are susceptible to
some localized corrosion processes. However, when discussing such
susceptibilities it is necessary to distinguish between two classes of

alloy:

alloys commonly used in industrial applications in which corro-
silon resistance is a primary requirement. These alloys are
single w-phase (hexagonally close-packed crystal structure) or
near a-phase alloys containing relatively small amounts of
p-phase (body-centred cubic crystal structure) in an a-matrix.
This class encompasses all the materials listed in Table 4-1,
including the two alloys Grades 2 and 12.

alloys developed for applications in which strength is a primary
requirement. Increased strength is achieved by solid-solution
alloying and the stabilization of an a-8 phase structure.
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The materials in the first class are expected to exhibit relatively few
modes of degradation in comparison with those of the second class. Thus,
vhile materials in class two can be susceptible to SCC in aqueous chloride
solutions, those in class one are considered immune to SCC except in a few
environments (e.g., anhydrous methanol/halide solutions, red fuming HNO,
(Schutz and Thomas 1987)) impossible under waste vault conditions. As
discussed below, a similar difference in susceptibility to hydrogen-induced
cracking exists between the two classes.

Pitting potentials for titanium alloys around room temperature are invari-
ably very large, i.e., of the order of +5 to 10 Vg,, in chloride solutions.
Even at temperatures in the range from 175 to 250°C pitting potentials are
21.0 Vgur (Schutz and Thomas 1987), and results recorded in 0.5 mol.L-!
NaCl at 150°C yield values >2.0 V., (Shoesmith et al., in preparation
(b)), compared with corrosion potentials close to 0 V... For maximum
vault temperatures around 100°C, pitting potentials between 5 and 7 Vg,
are expected. Since these potentials are many volts more positive than the
most positive corrosion potentials measured under vault conditions

(£0.5 Vgug), the possibility of container failure by pitting can be ruled
out.

0f the commonly used engineering metals and alloys, titanium and its alloys
are the only ones for which microbially induced corrosion (MIC) has not
been reported (Schutz 1991, Pope et al. 1989, Little et al. 1991). For
this reason (among others) it is the commonly recommended material for many
seavater and biomedical applications. There appear to be a number of major
reasons for this immunity:

1. The passive film on titanium is extremely inert. The thermo-
dynamic calculations summarized in the potential-pH diagram of
Figure 4-3 show that, for 25°C, very acidic conditions are
required for the film to become unstable. Such acidities would
be extremely difficult to achieve by microbial activity.

2. Temperatures >70°C are required for the initiation of localized
corrosion processes such as crevice corrosion (Schutz 1991).
Since MIC is not generally supported at these temperatures, it is
unlikely to cause initiation.

3. Because of its electronic structure, titanium cannot act as a
biological catalyst (Wackett et al. 1989). In the cationic form
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