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- 1 -  

OVERVIEW 

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 structural components and is radioactive. The used fuel from 
Canada's power reactors is currently stored in water-filled pools or dry-storage concrete contain- 
ers. Humans and other living organisms are protected by isolating the used fuel from the natural 
environment, by shielding humans and other organisms from its radiation, and by cooling it to 
remove the heat produced by radioactive decay. Current storage practices have an excellent 
safety record. 

Although the reprocessing of used fuel to extract useful material for recycling is possible, it is 
not currently done in Canada, and there are no plans to do so. If used fuel were reprocessed, the 
most radioactive material that remained (the high-level waste) would be solidified. The term 
"nuclear fuel waste," as used in this document, refers to either the used fuel, if it is not to be re- 
processed, or the solidified high-level 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 pro- 
tection of human health and the natural environment, but not a permanent measure. As stated by 
the Atomic Energy Control Board (1987a), "For the long-term management of radioactive 
wastes, the preferred approach is disposal, a permanent method of management 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." 

In 1978, the governments of Canada and Ontario established the Nuclear Fuel Waste Manage- 
ment Program "to assure the safe and permanent disposal" of nuclear fuel waste (Joint Statement 
1978). Responsibility for research and development on "disposal in a deep underground reposi- 
tory in intrusive igneous rock" was allocated to Atomic Energy of Canada Limited (AECL). 
Responsibility for studies on interim storage and transportation of used fuel was allocated to 
Ontario Hydro. The Ontario government also directed Ontario Hydro to provide technical 
assistance in its areas of expertise to assist AECL in research and development on disposal. Over 
the years a number of other organizations have also contributed to the Nuclear Fuel Waste 
Management Program, including Natural Resources Canada, Environment Canada, universities, 
and consultants in the private sector. 

We believe appropriate general requirements for a disposal concept are that 
human health and the natural environment must be protected; 

the burden placed on future generations must be minimized, social and economic factors 
being taken into account; 
there must be scope for public involvement during all stages of concept implementation; and 

* CANDU (CANada Deuterium Uranium) is a registered trademark of AECL. 
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the disposal concept must be appropriate for Canada, that is, compatible with the geographical 
features and economic factors. 

We believe that these requirements are satisfied by the proposed disposal concept, in which the 
waste is sealed in long-lasting containers, the containers are emplaced in a disposal vault 
excavated at a nominal depth of 500 to 1000 m in intrusive igneous (plutonic) rock of the 
Canadian Shield, each container is surrounded with a sealing material, and all excavated 
openings and exploration boreholes are (eventually) sealed to form a passively safe system. 
Humans and the natural environment would be protected from contaminants in the waste by 
multiple barriers: the container, the very low-solubility waste form, the vault seals, and the 
geosphere. 

The technology for implementing the disposal concept includes options for the design of the 
engineered components, including the disposal container, disposal vault, and vault seals, so that 
it is adaptable to a wide range of physical conditions and societal requirements and to potential 
changes in criteria, guidelines, and standards. Potentially suitable bodies of plutonic rock occur 
in a large number of locations across the Canadian Shield. 

In developing and assessing this disposal concept, we have 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 together represent a generally acceptable disposal strategy. Many 
groups in Canada have had opportunities to comment on the disposal concept and on the Nuclear 
Fuel 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 Waste Management Program, whose 
members are nominated by Canadian scientific and engineering societies, has been a major 
source of technical advice. 

In 198 1, the governments of Canada and Ontario announced that "NO disposal 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 disposal concept is now being reviewed by a federal Environmental Assessment Panel, 
which is also responsible for examining a broad range of issues related to nuclear fuel waste 
management (Minister of the Environment, Canada 1989). This application of the Environ- 
mental Assessment and Review Process is somewhat unusual in that (1) a concept is being 
proposed, rather than a site and site-specific design; (2) assessment case studies of hypothetical 
systems were performed, rather than assessments of proposed systems; and (3) the proponent of 
the disposal concept, AECL, does not have a mandate to implement it if it is accepted. 

After consulting the public, the Panel issued guidelines to identify the information that should be 
provided by AECL (Federal Environmental Assessment Review Panel 1992). We have prepared 
this Environmental Impact Statement (EIS) to provide information requested by the Panel in the 



guidelines, to present AECL’s case for the acceptability of the disposal concept, and to establish 
that implementation of this concept would represent a means by which Canada could safely 
dispose of its nuclear fuel waste. 

In this EIS, we describe two case studies of hypothetical disposal systems, one for the period 
before a disposal facility is closed (the preclosure assessment case study) and one for the period 
after a disposal facility is closed (the postclosure assessment case study). Information derived 
from extensive laboratory and field research was used in these case studies. The hypothetical 
disposal systems illustrate what a disposal system, including the geosphere and biosphere, might 
be like and how the science and technology are integrated. Many of the assumptions made are 
pessimistic; that is, they tend to overestimate adverse effects. The technology specified is either 
available or judged by AECL or Ontario Hydro to be readily achievable, but the designs of the 
engineered components are not necessarily those that would be used during a future implemen- 
tation of the disposal concept. 

In this EIS, we also describe an approach to concept implementation. When doing so, we 
indicate how AECL would propose that the disposal concept be implemented. 

The format of this EIS is designed to help the reader keep the disposal concept, its implemen- 
tation, and the case studies distinct. Because the structure of the EIS is different from the 
structure of the guidelines issued by the Panel, we have provided a cross-reference that indicates 
where items in the guidelines are addressed in the EIS (Appendix A). 

This EIS includes nine chapters: 

Chapter 1 discusses the need for disposal and provides a brief discussion of the disposal 
concept, the history of its development, and the requirements and objectives used during its 
development. 

Chapter 2 describes the characteristics of nuclear fuel waste, current practices for management 
of used fuel, and arrangements for its long-term management. 

Chapter 3 describes the general requirements for the disposal concept, the technical objectives 
for its development, and issues related to nuclear fuel waste management. 

Chapter 4 describes the disposal concept and the role of each of the components of a disposal 
system based on the concept: the biosphere of the Canadian Shield, the geosphere of the 
Canadian Shield, the disposal vault, the vault seals, the disposal container, and the waste 
form. 

Chapter 5 describes concept implementation, which would include the following activities: 
involving the public, obtaining approvals, characterizing environmental conditions, 
monitoring environmental conditions, designing the disposal facility, assessing potential 
environmental effects, and managing environmental effects. 

Chapter 6 describes the preclosure assessment case study, including the assessment method- 
ology and the estimated effects of a hypothetical disposal system on human health, the natural 
environment, and the socio-economic environment. 
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Chapter 7 describes the postclosure assessment, including a qualitative discussion of the 
expected behaviour of the postclosure disposal system, the assessment methodology, and the 
estimated effects of a hypothetical disposal system on human health and the natural 
environment. 
Chapter 8 describes alternatives for the disposal of nuclear fuel waste. 

Chapter 9 presents our conclusions and recommendations. 

A Summary of the EIS has been issued separately, as have many supporting references, nine of 
which are designated as "primary references" because they deal with major aspects of the 
disposal concept. In the EIS, references are cited by author and year, except for the primary 
references; they are cited as R-Public, R-Siting, . . ., as indicated in the Guide that follows this 
Overview. The scope of each primary reference is indicated in the Guide, and the reader is 
encouraged to consult these references for details that the EIS does not contain. The EIS 
integrates information from the primary references and other sources and represents the views of 
AECL regarding the disposal concept and its implementation. 

AECL is asking the Panel to confirm that the general requirements for the disposal concept are 
appropriate and that the proposed disposal concept satisfies these requirements. The Panel is 
also asked to confirm that 

the technology for the siting, construction, operation, decommissioning, and closure of a 
disposal facility in plutonic rock is available or readily achievable; 

the potential short-term and long-term effects on human health and the natural environment 
caused by disposal based on the concept can be evaluated; and 
technically suitable sites at which to implement the disposal concept are likely to exist in 
Canada. 

Acceptance of the disposal concept at this time would not imply approval of any particular site or 
facility. If the disposal concept were 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. Concept implemen- 
tation would occur in stages and would entail a series of decisions about whether and how to 
proceed. 

AECL is asking the Panel to support the following recommendations: 

that the strategy for long-term management of Canada's nuclear fuel waste be based on the 
concept of disposal in plutonic rock of the Canadian Shield; 
that those who have responsibility for the safe management of used fuel-the federal 
government and the owners of the used fuel-also have responsibility for implementing the 
disposal concept; 

that those responsible for implementing the disposal concept be committed to the principles of 
safety and environmental protection, voluntarism, shared decision making, openness, and 
fairness; and 
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that Canada progress toward disposal of its nuclear fuel waste by undertaking the first stage of 
concept implementation-siting. 

We believe that progressing toward disposal would help to minimize the burden on future 
generations by taking the next logical step toward a method of waste management that would 
eliminate the dependence on long-term institutional controls. Taking this step would maintain 
the disposal technology that has been developed, would protect the investment of Canada and 
Ontario in developing this technology, and would increase public confidence in Canada’s ability 
to dispose of nuclear fuel waste. Moreover, it would allow site-specific and design-specific 
issues to be addressed in the most effective and efficient way. 

, 
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GUIDE TO THE CONTENTS OF THE PRIMARY REFERENCES 

The Disposal of Canada’s Nuclear Fuel Waste: Public Involvement and Social Aspects 
- 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 issues 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 
- discusses geoscience, environmental, and engineering factors that would need to be considered during siting 

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

The Disposal of Canada’s Nuclear Fuel Waste: Engineered Barriers Alternatives 
- 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 production of containers and the emplacement of vault-sealing materials 

The Disposal of Canada’s Nuclear Fuel Waste: Engineering for a Disposal Facility 
- 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 
. presents cost and labour estimates for implementing the design 

The Disposal of Canada’s Nuclear Fuel Waste: Preclosure Assessment of a Conceptual System 
- 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 transporting used fuel), decommissioning, and closing a disposal facility - describes an application of this assessment methodology to a reference disposal system - discusses technical and social factors that would need to be considered during siting - discusses possible measures and approaches for managing environmental effects 

The Disposal of Canada’s Nuclear Fuel Waste: Postclosure Assessment of a Reference System 
describes a methodology for 
. estimating the long-term effects of a disposal facility on human health and the naturalenvironment, - 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 reference disposal system 

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



1. INTRODUCTION 

In this introductory chapter, many of the fundamental issues relating to the strategy being 
proposed by Atomic Energy of Canada Limited for the long-term management of nuclearfuel 
waste are introduced. 

We discuss 
the need for a method for disposal of nuclear fuel waste that would permanently protect 
human health and the natural environment and that would not unfairly burden future 
generations: 

9 the background and mandate of the Nuclear Fuel Waste Management Program in Canada; 

9 the concept for disposal in plutonic rock of the Canadian Shield, including the use of multiple 
barriers (the long-lasting container, the waste form itself, the vault seals, and the geosphere) 
to protect human health and the natural environment; 
the 15-year research program by which the disposal concept was developed: 

9 the way in which the disposal concept is being reviewed under the federal Environmental 
Assessment and Review Process; and 
the unusual aspects of this review, such as its non-site-speci$c nature, and their implications 
for this Environmental Impact Statement. 

The chapter concludes with an overview of the sequential stages of concept implementation. 

1.1 THE NEED FOR DISPOSAL 

In 1992, 48% of the electricity generated in Ontario and 15% of the electricity generated in 
Canada was produced using CANDU* nuclear reactors (Statistics Canada 1992). Three 
provincial electric utilities, Ontario Hydro, Hydro-Quhbec, and New Brunswick Power, own 
these reactors and the used fuel removed from them. These utilities are provincial Crown 
corporations that generate and distribute electrical power. Ontario Hydro is the major producer 
of nuclear-generated electricity in Canada. A limited amount of used fuel, from prototype power 
reactors that have been permanently shut down, is owned by Atomic Energy of Canada Limited 
(AECL). AECL is a federal Crown corporation that develops and markets CANDU reactors and 
related services, and develops and applies underlying knowledge in energy, environment, and 
health, 

The federal government and the owners of the used fuel are responsible for its safe management. 
The federal government has legislative jurisdiction over matters relating to atomic energy, 
including the management of used fuel, and it has exercised its authority primarily through the 

* CANDU (CANada Deuterium uranium) is a registered trademark of AECL. 
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Atomic Energy Control Act (Appendix B). This Act establishes the Atomic Energy Control 
Board (AECB) as the regulator of nuclear activities in Canada. 

Used CANDU fuel consists of ceramic uranium dioxide pellets in metal tubes. It is radioactive 
and contains some chemically toxic elements. Humans and other organisms are protected by 
isolating the used fuel from the natural environment, shielding humans and other organisms from 
its radiation, and cooling it to remove the heat produced by radioactive decay. 

The used fuel from Canada's power reactors is currently stored in water-filled pools or dry- 
storage concrete containers by its owners (Section 2.2). Current storage practices have an 
excellent safety record. Such practices permit easy monitoring and retrieval and could be 
continued for many years (Section 2.2). They do, however, require institutional controls such as 
security measures, monitoring, and maintenance. 

Although the reprocessing of used fuel to extract useful material for recycling is possible, it is 
not currently done in Canada, and there are no plans to do so (Brown and Morrison 1992). If 
used fuel were reprocessed, the most radioactive material that remained (the high-level waste) 
would be solidified (Section 2.1 A). The term "nuclear fuel waste," as used in this document, 
refers to either the used fuel, if it is not to be reprocessed, or the solidified high-level waste from 
reprocessing. The characteristics of nuclear fuel waste are described in Section 2.1. 

According to the AECB (1987a), 

For the long-term management of radioactive wastes, the preferred approach is disposal, a 
permanent method of management in which there is no intention of remeval 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. . . . Where reasonable disposal 
alternatives clearly exist, those options which rely on monitoring, surveillance or other 
institutional controls as a primary safety feature for very long periods are not recommended. 
This is not because of concern that future generations will be technologically incompetent, 
but rather because methods of ensuring the continuity of controls are not considered very 
reliable beyond a few hundred years. 

Reviews initiated by governments in Canada (Section 3.1.2) have also concluded that disposal is 
necessary. For example, a study group chaired by F.K. Hare (Akin et al. 1977) recommended 
that waste should not be allowed to accumulate indefinitely in interim storage. Ontario's Royal 
Commission on Electric Power Planning (RCEPP 1980, p. 68) concluded that "There is clearly 
an urgent need to develop ultimate disposal facilities to ensure that these wastes are isolated from 
the world's ecosystems." The House of Commons Standing Committee on Environment and 
Forestry (SCEF 1988, p. 3) also recognized the need for disposal, stating that, whatever the 
future of nuclear energy, the waste it has produced must be disposed of. 

Thus storage, while an effective interim measure, is not a permanent measure. Disposal is 
needed to manage nuclear fuel waste in a way that does not depend on institutional controls to 
maintain safety in the long term. This does not mean that society would not implement long- 
term institutional controls, but rather that if such controls should fail, human health and the 
natural environment would still be protected. 
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Disposal is also needed to minimize any burden placed on future generations resulting from the 
nuclear fuel waste produced by the present generation. The present generation, since it derives a 
significant benefit from the activities that result in the production of nuclear fuel waste, ought to 
assume, to the extent possible, the responsibilities associated with nuclear fuel waste disposal. 

Although there is extensive co-operation among nations producing nuclear power to exchange 
information on nuclear waste disposal, Canada cannot expect to dispose of its nuclear fuel waste 
in another country. Canada needs a practical disposal method to provide a permanent means of 
managing its existing waste and waste that will arise from the continuing generation of nuclear 
power in Canada. 

1.2 INITIAL STEPS IN DEVELOPING A DISPOSAL CONCEPT 

Most nations producing nuclear fuel waste currently consider land-based geological disposal to 
be the primary option for long-term management of their waste (Appendix C; Section 8.7). 
Canada has been at the forefront of research on land-based geological disposal. In 1972, a 
committee formed by AECL, Ontario Hydro, and Hydro-Qukbec concluded that geological 
formations offer the best prospect for disposal of Canada’s nuclear fuel waste (Morgan 1977). 
The preference for land-based geological disposal was subsequently supported by three review 
groups (Section 3.1.2): a study group chaired by F.K. Hare (Aikin et al. 1977), Ontario’s Royal 
Commission on Electric Power Planning (RCEPP 1978), and the House of Commons Standing 
Committee on Energy, Mines and Resources (SCEMR 1988). 

In 1974, through consultation between the Department of Energy, Mines and Resources and 
AECL, it was decided to direct most of the research on disposal of nuclear fuel waste toward 
disposal in plutonic rock prevalent within the extensive area of the Canadian Shield in Ontario 
(Scott 1979). The decision was based on studies carried out by three branches of Energy, Mines 
and Resources: the Geological Survey of Canada, the Earth Physics Branch, and the Canada 
Centre for Mineral and Energy Technology. Subsequently Aikin et al. (1 977) confirmed that 
resources ought not to be spread too thinly, and that the primary effort should be given to the 
crystalline rocks of plutonic origin, but that careful attention should be paid to the work of 
scientists in other countries on different rock types. The preference for plutonic rock was also 
supported by the Royal Commission on Electric Power Planning (RCEPP 1978). 

Plutonic rock is formed deep in the earth by crystallization of magma and/or by chemical 
alteration. It is often referred to as crystalline rock or intrusive igneous rock. Plutonic rock 
occurs extensively across the Canadian Shield (Figure 1-1) and has many other characteristics 
considered favourable for disposal (Section 4.3.4). The wide distribution of plutonic rock in 
Ontario was an important consideration in the initial decision to concentrate the research for 
nuclear fuel waste disposal on plutonic rock of the Shield as the preferred disposal medium for 
Canada (Scott 1979). Since Ontario is the main producer of nuclear-generated electricity, Aikin 
et al. (1977) recommended that the first disposal facility be a national facility located in Ontario. 
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1 Canadian Shield 

Ontarlo Portion 
of the Canadian Shield 

FIGURE 1-1: THE CANADIAN SHIELD 

1.3 GOVERNMENT D I R E C M S  REGARDING DISPOSAL 

In 1978, the govmuncnts of Canada and Ontario established the Nuclear Fuel Waste 
Mmttgcment Program Ifto assure the safe and permanent disposal" of nucbar fuel waste (Joint 
Statement 1978). Rmponsibility for research and development on "disposal in a deep 
underground repository in intrusive igneous rock" was allocated to AECL. Responsibility for 
studies on interim storage and transportation of used fuel was dtxatBd to Ontario Hydro. The 
Ontario government also directed Ontario Hydro to provide technical assistance in its areas of 
expertise to assist AECL in the *search and development on dispo~al. 

In 198 1, the governments of Canada and Ontario announced that "No disposal site selection will 
be undertaken until aker the concept has bccn accepted. This decision also means that the 
responsibility for dispsd site selection and ~ubsaquent operation need not be allocated until 
after concept acceptance" (Joint Statement 1 98 1). 
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1.4 THE DISPOSAL CONCEPT 

1.4.1 General Requirements for the Disposal Concept 

The Nuclear Fuel Waste Management Program has focused on developing a disposal concept 
that satisfies the following general requirements: 

human health and the natural environment must be protected; 

the burden placed on future generations must be minimized, social and economic factors 
being taken into account; 
there must be scope for public involvement during all stages of concept implementation; and 

the disposal concept must be appropriate for Canada, that is, compatible with the geographical 
features and economic factors. 

These general requirements are discussed in Sections 3.2 to 3.5. 

1.4.2 Brief Overview of the Disposal Concept 

The proposed disposal concept is a method for geological disposal of nuclear fuel waste in which 
the waste form is either used CANDU fuel or the solidified high-level waste from 
reprocessing; 
the waste form is sealed in a container designed to last at least 500 years and possibly much 
longer; 
the containers of waste are emplaced in rooms in a disposal vault or in boreholes drilled from 
the rooms; 
the disposal rooms are nominally 500 to 1000 m below the surface; 

the geological medium is plutonic rock of the Canadian Shield; 

each container of waste is surrounded by a buffer; 

each room is sealed with backfill and other vault seals; and 

all tunnels, shafts, and exploration boreholes are ultimately sealed in such a way that the 
disposal facility would be passively safe; that is, long-term safety would not depend on 
institutional controls. 

The disposal vault would be a network of horizontal tunnels and disposal rooms excavated deep 
in the rock, with vertical shafts extending from the surface to the tunnels. Rooms and tunnels 
might be excavated on more than one level. The vault would be designed to accommodate the 
rock structure, groundwater flow system, and other subsurface conditions at the disposal site 
(Figure 1-2). The disposal container and vault seals would also be designed to accommodate the 
subsurface conditions at the disposal site. 
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human intrusion; maintain conditions in the vault favourable for long-term waste isolation; 
and limit the rate at which contaminants from the waste could move from the vault to the 
biosphere. 

The disposal concept is described in more detail in Chapter 4. 

1.5 RESEARCH AND DEVELOPMENT FOR THE DISPOSAL CONCEPT 

1.5.1 Technical Objectives During Concept Development 

During the development of a disposal concept that would satisfy the general requirements, the 
Nuclear Fuel Waste Management Program has focused on meeting the following technical 
objectives regarding safety and feasibility: 

Develop and demonstrate the technology for the siting, construction, operation, decom- 
missioning, and closure of a disposal facility in plutonic rock. The disposal technology 
should not rely on long-term institutional controls as a necessary safety feature, although such 
controls might be implemented; it should be currently available or readily achievable; it 
should be adaptable to a wide range of physical conditions and societal requirements and to 
potential changes in criteria, guidelines, and standards; it should include monitoring; and it 
should allow retrieval of the waste. 
Develop and demonstrate a methodology to evaluate the safety of a disposal system against 
established safety criteria, guidelines, and standards. 
Determine whether technically suitable disposal sites are likely to exist in Canada. 

These technical objectives are discussed in Sections 3.6 to 3.8. 

1.5.2 Participants in the Nuclear Fuel Waste Management Program 

As noted earlier, AECL is responsible for research and development on disposal. The research has 
involved many scientific disciplines, including geological and environmental sciences, physics, 
chemistry, mathematics, metallurgy, engineering, and social sciences. To develop expertise in the 
earth sciences, AECL staff collaborated with Energy, Mines and Resources Canada staff from 
three branches: the Geological Survey of Canada, the Earth Physics Branch, and the Canada 
Centre for Mineral and Energy Technology. In the same way, expertise in hydrogeology was 
transferred to AECL staff from staff of the National Hydrology Research Institute, a branch of 
Environment Canada. Expertise, equipment, and designs have been obtained through contracts 
with universities and consultants in the private sector. 

Much of the research and development on disposal has been conducted at the two national 
laboratories operated by AECL Research (the Whiteshell Laboratories in Manitoba and the Chalk 
River Laboratories in Ontario) and at several field research areas in the Canadian Shield 
(Figure 1-4). The Whiteshell Laboratories include the Underground Research Laboratory, which 
was constructed to provide a representative environment in which to conduct large-scale 
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Canadian Shield 

Field Research Areas 

AECL Seismograph 

Natural Analog Study 

Other Studies 

FiGUBE 1-4: LOCATIONS OF LABORATORIES OPERATED BY AECL RESEARCH, 
THh: FIELD RESEARCH AREAS, AND OTEER FIELD STUDIES 

multidisciplinary underground studies. AECL has not been given a mandate to investigate 
potential disposal sites. In particular, the Whiteshell Research Area, on which the Underground 
Research Laboratory is located, has not been investigated as a potential site. No nuclear waste 
materials arc permitted on or stored at the site of the Underground Research Laboratory. 

From 1978 to 1992, AECL's research and development on disposal has cost about $413 million, 
of which $305 million was from funds provided to AECL by the federal government, $77 million 
was from Ontario Hydro, and $3 1 million was from other sources, primarily foreign waste 
management research agencies. The collabrative programs with these agencies have also 
contributed substantially through the exchange of information. AECL  ha^ co-ordinakd the 
contributions of all participants in the disposal research. 

Most of GECL's resezrrch and development on disposd is currently cofundcd by AECL and 
Ontario Hydro through the CANDU Owners Group. In addition, through the Technical 
Assistance Program, Ontario Hydro provides expcrtisc and advice to AECL on topics such as 
disposal containers and vault engineering, and has assessed the potential environmental effects of 
nuclear fuel waste disposal during the preclosure phase, As noted earlier, Ontario Hydro is 
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responsible for studies on interim storage and transportation of used fuel. Ontario Hydro's work 
on all of these topics is reflected in this document. 

1.5.3 Scope of the Research and Development on Disposal 

In the Nuclear Fuel Waste Management Program, the research and development on disposal has 
been broad in scope, to ensure that all relevant aspects of a disposal system were taken into 
consideration. In this Environmental Impact Statement (EIS), the term "disposal system" 
includes "all structures, materials, processes, procedures, or other aspects which, when taken 
together, constitute the means by which safe disposal of the waste is achieved" (AECB 1985). It 
also includes the potentially affected environment. Thus, during the preclosure phase (the period 
before the closure of a disposal facility), the disposal system includes the disposal facility, the 
associated transportation system, and their environments; during the postclosure phase (the 
period after the closure of a disposal facility), the disposal system includes the sealed disposal 
vault, the geosphere, and the biosphere. 

In this EIS, the term "environment" means the circumstances, objects, or conditions surrounding 
an organism or facility, including 

air, land, and water; 
plant and animal life, including humans; 

the social, economic, and cultural conditions that influence the life of humans or the 
community; 
anything made by humans, including buildings and machines; 

any solid, liquid, gas, odour, heat, sound, vibration, or radiation resulting directly or indirectly 
from human activities; and 
the interrelationships between any two or more of the foregoing. 

This broad definition of the term "environment" is based on the definition given in the Ontario 
Environmental Assessment Act (Appendix B). 

The research and development on disposal has focused on several aspects of disposal, as 
indicated in Table 1 - 1. 

In developing and assessing the 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 together represent a generally acceptable disposal strategy. Many 
groups in Canada have had opportunities to comment on the disposal concept and on the Nuclear 
Fuel Waste Management Program (Section 3.1). .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 Waste Management Program, 
whose members are nominated by Canadian scientific and engineering societies, has been a 
major source of technical advice. 
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TABLE 1-1 

CANADIAN RESEARCH AND DEVELOPMENT ON DISPOSAL 

Aspect Objectives Activities 

Disposal 
Container 

Understand the behaviour of potential 
disposal containers in order to design 
and test long-lasting containers and to 
develop models for estimating their 
performance under disposal vault 
conditions. 

Waste 
Form 

Vault 
Seals 

Geosphere 

Biosphere 

Total 
System 

Understand the behaviour of nuclear 
fuel waste in order to develop models 
for estimating the rate of release of 
contaminants from a waste form in a 
disposal vault. 

Understand the behaviour of potential 
vault seals in order to develop 
methods for sealing a disposal vault 
and to develop models for estimating 
the rate of transport of contaminants 
through the seals. 

Understand the behaviour of plutonic 
rock and associated groundwater flow 
systems in order to assess the 
performance of plutonic rock as a host 
medium. 

Understand the surface environment 
of the Canadian Shield in order to 
develop models for estimating the 
transport of contaminants through the 
biosphere and the potential exposure 
of humans and non-human biota to 
them. 

Develop and evaluate engineering 
conceptual designs for a disposal 
facility and transportation systems in 
order to assess feasibility, cost, and 
safety. 

Assessment of 
Environmental methodology for evaluating the 
Effects 

Develop and demonstrate the 

effects of nuclear fuel waste dis osal 
on human health and the natura[ 
environment. 

- studies of corrosion of titanium, copper, nickel 

- testing and analysis of structural performance 

alloys, and a variety of steels 
welding and inspection of containers 

of container designs 

- studies of processes for making glass and 
glass-ceramic reprocessing waste forms 
studies of dissolution and leaching of used fuel 
and the solidified high-level waste from 
reprocessing - studies of uranium ore bodies as analogs of the 
used fuel as a waste form 

studies of both clay-based and cement-based 
sealin materials for use as 

backfill in excavated openings 

. bulkheads or plugs in rooms, tunnels, shafts, 

studies of processes that could affect 
contaminant transport 
development and demonstration of methods for 
characterizing and monitoring the geosphere 

. buf B er around the container 

grout in open fractures in the rock 

and boreholes 

* studies of movement of contaminants in the 
near-surface and surface environment 
development and demonstration of methods for 
characterizing and monitoring the biosphere 

large-scale, in situ tests and demonstrations of 
excavation methods, engineering activities, and 
selected elements of disposal vault designs in 
the Underground Research Laboratory and in 
the International Smpa Project 
designing a cask for transportation of used 
fuel, obtaining a design approval certificate 
from the AECB, and manufacturing a full-scale 
demonstration cask 

identifying factors important to safety 
developing, testing, and evaluating assessment 
models 
estimating the environmental effects of 
disposal, including transportation of nuclear 
fuel waste . analyzing the sensitivity of the estimates to 
changes in the disposal systems 

INTRODUCTION 



- 11 - 

1.5.4 International Co-operation 

Long-term management of nuclear fuel waste has received much attention internationally 
(Appendix C, Appendix D). The Nuclear Fuel Waste Management Program, developed in 
parallel with programs in other countries, includes monitoring the research being done 
internationally on disposal in plutonic rock; on disposal in geological media other than plutonic 
rock; and on alternative waste forms, container materials, and other engineered components of a 
disposal facility. Canada exchanges information on nuclear fuel waste management with the 
United States, Sweden, Finland, Japan, the Republic of Korea, and the Commission of European 
Communities. We also have representatives on international working committees of the 
International Atomic Energy Agency (IAEA) of the United Nations and the Nuclear Energy 
Agency of the Organisation for Economic Co-operation and Development (OECD/NEA). 
Canada participated in international research on seabed disposal (Section 8.4.3) and in the 
International Stripa Project, a program of underground experiments and developmental research 
on disposal conducted in an abandoned mine in Sweden (SKB 1986,1989a). 

1.6 REVIEW OF THE DISPOSAL CONCEPT 

The disposal concept is now being reviewed under the federal Environmental Assessment and 
Review Process. In 1988, the Minister of Energy, Mines and Resources referred the issue of 
nuclear fuel waste management to the Minister of the Environment, requesting that a review be 
conducted of the disposal concept and of a broad range of nuclear fuel waste management issues 
(Minister of Energy, Mines and Resources 1988). Although many organizations have con- 
tributed to the Nuclear Fuel Waste Management Program, AECL is the sole proponent of the 
disposal concept in this review. 

In 1989, a federal Environmental Assessment Panel was appointed to conduct the review 
(Minister of the Environment, Canada 1989), and in 1990, the Panel established a Scientific 
Review Group to provide a scientific evaluation of the disposal concept. The Panel conducted a 
number of activities to help it develop guidelines for this EIS. In 1990, the Panel held open 
houses in Ontario, Quebec, and New Brunswick, the provinces that have nuclear generating 
stations; in Manitoba, where AECL conducts much of its research on nuclear fuel waste disposal; 
and in Saskatchewan, where there are uranium mines. The objective was to inform potential 
review participants about the review process and the disposal concept. Later the same year, the 
Panel held scoping meetings at 14 locations in the same 5 provinces, hearing presentations from 
the public and from government departments and agencies. The Panel also obtained input from 
written presentations, a conference for university students, and a workshop for aboriginal groups. 
The Panel issued draft guidelines in 1991, received extensive comments on them, and issued the 
final guidelines in 1992 (Federal Environmental Assessment Review Panel 1992). 

AECL has prepared this EIS to provide information requested by the Panel in the guidelines, to 
present AECL’s case for the acceptability of the disposal concept, and to establish that imple- 
mentation of this concept would represent a means by which Canada could safely dispose of its 
nuclear fuel waste. 
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AECL is asking the Panel 
. to c o n f m  that the general requirements for the disposal concept (Section 1.4.1) and the 

technical objectives regarding safety and feasibility (Section 1.5.1) are appropriate; 
to concur with the conclusion (Section 9.9) that the disposal concept proposed by AECL 
satisfies these requirements and that the technical objectives have been met; and 
to support the recommendations made in Section 9.10. 

A Summary of the EIS (AECL 1994) has been issued separately, as have many supporting 
references, nine of which are designated as "primary references" because they deal with major 
aspects of the disposal concept. The scope of each primary reference is indicated in the Guide 
that precedes this chapter, and the reader is encouraged to consult these references for details that 
the EIS does not contain. The EIS integrates information from the primary references and other 
sources and represents the views of AECL regarding the disposal concept and its 
implementation. 

After the Panel has received and reviewed the information requested from AECL and from other 
parties, and has considered the findings of the Scientific Review Group, it will hold public 
hearings. According to the Panel's terms of reference (Minister of the Environment, Canada 
1989), 

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. 

1.7 UNUSUAL ASPECTS OF THIS REVIEW AND THIS EIS 

In accordance with the 1981 Joint Statement of the governments of Canada and Ontario, no 
disposal site selection will be undertaken until after the concept has been accepted. 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 a project undergoing an environmental assessment. Instead, AECL 
and Ontario Hydro have specified and assessed hypothetical disposal systems. 

The hypothetical disposal systems illustrate what a disposal system, including the geosphere and 
biosphere, might be like and how the science and technology are integrated. Although they are 
hypothetical, they are based on information derived from extensive laboratory and field research. 
Many of the assumptions made are pessimistic; that is, they tend to overestimate adverse effects. 
The technology specified is either available or judged by AECL or Ontario Hydro to be readily 
achievable, but the designs of the engineered components specified for these hypothetical 
disposal systems are not necessarily those that would be used during a future implementation of 
the disposal concept. 

We use the term "case study" to designate the analysis of a real or hypothetical system. In this 
EIS, we describe two case studies of hypothetical disposal systems, one for the period before a 
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disposal facility is closed (the preclosure assessment case study) and one for the period after a 
disposal facility is closed (the postclosure assessment case study). AECL and Ontario Hydro 
performed these case studies as part of our evaluation of the feasibility and potential environ- 
mental effects of implementing the disposal concept. AECL and Ontario Hydro also analyzed 
several real projects to support the preclosure assessment case study and to develop principles for 
concept implementation. 

This application of the Environmental Assessment and Review Process is somewhat unusual in 
that (1) a concept is being proposed, rather than a site and site-specific design; and (2) assess- 
ment case studies of hypothetical disposal systems were performed rather than assessments of 
proposed systems. In this EIS, we describe three distinct elements. The first is the proposed 
disposal concept, which is a method for geological disposal described briefly in Section 1.4.2 and 
in more detail in Chapter 4. The second is the way in which the disposal concept would be 
implemented, which is described briefly in Section 1.8 and in more detail in Chapter 5 .  The third 
is the use of case studies based on hypothetical disposal systems, which are described in 
Chapters 6 and 7. The structure of this EIS is designed to help the reader keep these elements 
distinct. Because the structure of the EIS is different from the structure of the guidelines issued 
by the Environmental Assessment Panel, we have provided a cross-reference that indicates where 
items in the guidelines are addressed in the EIS (Appendix A). 

This review is also unusual in that the proponent of the disposal concept does not have a mandate 
to implement it if it is accepted. Nevertheless, AECL, as the proponent of the disposal concept, 
must describe an approach to concept implementation in this EIS. When describing concept 
implementation, we indicate how AECL would propose that the disposal concept be 
implemented. 

We assume that those who have responsibility for the safe management of used fuel-the federal 
government and the owners of the used fuel-also have responsibility for implementing the 
disposal concept. The utilities who own used fuel are collecting funds from their ratepayers for 
its disposal and have a responsibility for the management of those funds. 

To facilitate a description of concept implementation, we assume that there would be a 
proponent, which we call the implementing organization, to carry out the siting, construction, 
operation, decommissioning, and closure of a disposal facility. We assume that the imple- 
menting organization would take into account the views of the federal government and of those 
owners of nuclear fuel waste who plan to dispose of that waste in the disposal facility. 
Responsibility for concept implementation is discussed in Section 3.1 1. 

1.8 FUTURE STEPS IN NUCLEAR FUEL WASTE MANAGEMENT 

Concept implementation would occur in stages and would entail a series of decisions about 
whether and how to proceed. The implementing organization would share decision making with 
the host community throughout all stages, as negotiated. It would also seek and address the 
views of other communities that could be affected by concept implementation and the views of 
provincial governments that could be affected. 
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All activities undertaken in connection with the implementation of the disposal concept, 
including the transportation of nuclear fuel waste to a disposal facility, would have to comply 
with applicable legislative requirements (Appendix B). In addition, directives, policies, or 
procedures of the governments or government agencies might have to be considered. Approvals, 
including licences, would be required from several regulatory agencies (Section 5.3). One of 
these would be the AECB, which takes a sequential approach to licensing nuclear facilities. 

Disposal of nuclear fuel waste would proceed in sequential stages: siting, construction, operation, 
decommissioning, and closure. Decommissioning and closure could be delayed to permit 
extended monitoring. The extended monitoring stages would be included if the implementing 
organization, the regulatory agencies, or the host community required more data to provide 
assurance that the disposal system was performing as expected (Sections 3.6.5 and 5.1). The 
involvement of potentially affected communities would be sought and encouraged throughout all 
stages, and activities such as obtaining approvals, characterization, monitoring, design, assess- 
ment of environmental effects, and management of environmental effects would be ongoing. 
The stages and activities of concept implementation and the roles and responsibilities of the 
participants are described in Chapter 5. The stages are briefly introduced below. 

The siting stage would involve identifying a site for a disposal facility through community 
participation and technical investigation. From the large regions of plutonic rock available on 
the Canadian Shield, a small number of areas would be identified. These areas would be 
investigated in detail, a preferred site would be identified, and approval would be sought for 
construction of a disposal facility at that site. We estimate that the siting stage would take at 
least 20 years. 

The construction stage would involve constructing the facilities and systems needed to begin 
disposing of nuclear fuel waste. These would include transportation facilities and equipment, 
access routes, utilities, surface facilities, shafts, tunnels, underground facilities, and some or 
possibly all of the disposal rooms. All systems would undergo testing in preparation for full 
operation in accordance with legislative requirements. We estimate that the construction stage 
would take at least 5 years. 

The operation stage would involve transporting nuclear fuel waste to the disposal facility, putting 
the waste into long-lasting containers, and emplacing the containers and sealing materials in the 
vault. At the same time, construction of disposal rooms would continue if all rooms had not been 
completed during the construction stage. The operation stage could begin with a demonstration 
of operation, during which the disposal rate or vault size might be limited. The construction 
schedule might also be affected. Assuming that the capacity of the disposal facility was 5 to 
10 million bundles of used fuel, we estimate that the operation stage would take at least 20 years 
and possibly more than 80 years. 

After the operation stage, decommissioning would be delayed to allow for extended monitoring 
if the implementing organization, the regulatory agencies, or the host community required 
additional data on the performance of the filled, partially sealed disposal vault. Similarly, after 
the decommissioning stage, closure would be delayed to allow for extended monitoring if the 
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implementing organization, the regulatory agencies, or the host community required additional 
data on the performance of the sealed disposal vault. 

The decommissioning stage would involve the decontamination, dismantling, and removal of the 
surface and subsurface facilities. It would also involve the sealing of the tunnels, service areas, 
and shafts, and of the exploration boreholes drilled from them. The site would be rehabilitated 
and markers could be installed to indicate the location of the disposal vault. Access to any 
instruments retained for extended monitoring would continue to be controlled. We estimate that 
the decommissioning stage would take at least 10 years. 

The closure stage would involve the removal of monitoring instruments from any exploration 
boreholes that could, if left unsealed, compromise the safety of the disposal system, and then the 
sealing of those boreholes. During the closure stage, the objective would be to return the site to a 
state such that safety would not depend on institutional controls. We estimate that the closure 
stage would take at least 2 years. 

Nothing would be more important than safety. In addition to complying with all applicable 
legislation, the implementing organization would keep all adverse effects as low as reasonably 
achievable, social and economic factors being taken into account. Potential environmental 
effects would be identified, and measures would be taken (1) to avoid adverse effects, (2) to 
mitigate unavoidable adverse effects, and (3) to compensate for adverse effects of the disposal 
facility that were not avoided or sufficiently mitigated. The implementing organization would be 
responsible for protecting public health and the natural environment and for ensuring that every 
reasonable precaution was taken to protect employees from occupational disease or injury. 

Acceptance of the disposal concept at this time would not imply approval of any particular site or 
facility. Concept implementation would occur in stages and would entail a series of shared 
decisions about whether and how to proceed. 
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2. THE CHARACTERISTICS AND MANAGEMENT 
OF NUCLEAR F'UEL WASTE 

In this chapter we describe the characteristics of the usedfuel produced by the generation of 
electricity in Canada, the current methods employed to manage it, and the arrangements for its 
long-term management. We also describe the characteristics of the waste that would result from 
the reprocessing of usedfuel, if it was decided to reprocess it. 

The nuclear processes of decay, fission, and activation are explained, and the resulting 
radioactivity and heat output of used fuel are described. 

We describe the biological effects of radiation on humans, plants, and other animals, and discuss 
radiation from naturally occurring sources. This information is based on intensive studies 
conducted in many countries over the past 50 years, the results of which have been reviewed by 
international bodies such as the United Nations Scientific Committee on the Effects of Atomic 
Radiation and the International Commission on Radiological Protection. Included is a brief 
discussion of Canadian regulatory limits concerning radiation. 

Information regarding the amount and location of usedfuel in Canada is provided. Methods 
currently employed to manage usedfuel safely are described, as well as the efects on human 
health and on the integrity of usedfuel in storage. 

The chapter concludes with an outline of the arrangements for the long-term management of 
nuclear fuel waste, such thatfuture generations will not be imposed on and safety will be 
maintained in the absence of institutional controls. The current mechanism for funding the long- 
term management of nuclear fuel waste is outlined. 

2.1 CHARACTERISTICS OF USED FUEL AND REPROCESSING WASTE 

2.1.1 Production of Used Fuel 

All nuclear-generated electricity in Canada is produced using CANDU reactors, which are 
fuelled by uranium dioxide (UO,). The UO, is made from uranium ore mined in northern 
Saskatchewan and northern Ontario. At fuel fabrication plants in Ontario, the UO, is formed into 
ceramic pellets that can withstand the high temperatures, pressures, and radiation fields in a 
nuclear reactor. These pellets are placed inside a tube, called the fuel sheath, which is made of a 
zirconium alloy. Each end of the pellet-filled tube is sealed with a welded zirconium alloy plug 
to produce a fuel element. A number of these elements are welded to zirconium alloy end plates 
to form a fuel bundle (Figure 2-1). Fuel bundles can be safely handled, without protective 
shielding, before they are installed in a reactor. A single bundle produces about lo6 k W h  of 
electricity. 
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FIGURE 2-1: TYPICAL CANDU FUEL BUNDLE 

The number of elements in a CANDU fuel bundle and the dimensions of the elements and pellets 
depend on which CANDU reactor the bundle is designed for. For example, a bundle for a reactor 
at Ontario Hydro's Bruce Nuclear Generating Station has 37 elements, whereas a bundle for a 
Pickering reactor has 28. Each element of a Bruce bundle is about 13 mm in diameter and 
480 mm long, filled with pellets about 12 mm in diameter and 15 mm long. The bundle is about 
100 mm in diameter and 500 mm long. Bundles for other CANDU reactors have similar overall 
dimensions. A Bruce bundle has a total mass of about 24 kg, of which about 19 kg is uranium. 

The fuel bundles are placed in pressure tubes inside a CANDU reactor, where they typically 
remain for about 18 months. Nuclear reactions produce heat in the fuel, which in turn heats the 
water that flows under pressure through the tubes. The hot pressurized water passes through a 
steam generator, producing steam to drive turbines to generate electricity (Figure 2-2). When the 
fuel eventually ceases to be useful for heat production, it is removed from the reactor and 
carefully managed to protect humans and the environment from the adverse effects of radiation 
(Sections 2.1.7 and 2.1.8). We call fuel that has been discharged from a power reactor "used 
fuel." The potential for recycling the used fuel is discussed in Section 2.1.6. 

In Canada, CANDU reactors are operated by provincial utilities, as indicated in Table 2-1. The 
total nominal electrical power output of these reactors as of 1993 March 31 was 14 960 MW(e). 
At 80% operating capacity, used fuel would be removed at a rate of about 113 000 bundles 
(460 m3) per year. The used fuel is stored in water-filled pools (wet storage) or in concrete 
structures (dry storage), as described in Section 2.2. 
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GENERATING STATION 

2.1.2 Composition of Udrradiated CANDU Fuel 

All atoms of a chemical element have the same number of protons in their nucbi. For example, 
all atoms of d u r n  (chemical symbol U) have 92 protons in their nuclei. For each element, the 
chemical symbol, name, and number of protons in the nucleus of each atom (the atomic numbtr) 
is listed in Appendix E. All atoms of a chemical element do not have the same number of 
neutrons in their nuclei. For example, an atom of uranium can have from 1 30 to 1 50 neutrons in 
its nucleus. 

A nuclide is a species of atom charactmized by the cornpsition of its nucleus: the number of 
protons, the number of neutrons, and the mass. A nuclide is typically identified by a chemical 
symbol (which indicates the number of protons in the nucleus) and the total number of nucleons 
(protons and ncuthms) in the nuclcus. For example, every nuclide of uranium has 92 prutons and 
is identified by the chemicd symbl U; the nuclide that has 92 protons and 1 43 neutrons, and 
thus a total of 235 nucleons, is identified as 2 3 5 ~ .  

CANDU fucl that has not betn in a reactor is referred to as unirradiated. In unirradiatcd 
CANDU fucl, there are three nuclides of uranium, m indicated in Table 2-2. 
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TABLE 2-1 

CANADIAN POWER REACTORS WITH OPERATING LICENCES 

Utility Nuclear Number and Nominal Rate at Which Used Fuel 
Generating Electrical Power is Removed from Reactors 

Station Output of Reactors' at 80% Capacity2 
(bundledyear) 

Ontario Hydro 

H ydro-Quibec 

New Brunswick Power 

Pickering A 
Pickering B 
Bruce A 
Bruce B 
Darlington A 

4 x 500 MW(e) 
4 x 500 MW(e) 
4 x 750 MW(e) 
4 x 840 MW(e) 
4 x 850 MW(e) 

Gentilly-2 1 x 600 MW(e) 

Point Lepreau 1 x 600 MW(e) 

14 000 
14 000 
25 000 
25 OOO 
25 000 

5 000 

5 0 0 0  
~~ 

14 960 MW(e) 113 000 

1 Data from AECB (1993a, p. 31) 
2 Based on calculations reported by Wasywich (1 993) 

TABLE 2-2 

PROPORTIONS OF URANIUM NUCLIDES 
IN PELLETS OF UNIRRADIATED CANDU FUEL' 

Component Percentage* 

2 3 8 ~  99.2836 
235u 0.71 10 

0.0054 
100.oooO 

2 3 4 ~  

1 Data from Tait et al. (1989) 
2 Percentage with respect to the total mass of uranium in 

the unirradiated fuel 
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2.1.3 Nuclear Processes: Decay, Fission, and Activation 

DECAY 

Some nuclides are stable: they would exist forever if no external forces acted on them. Others 
are unstable: they have a tendency to change spontaneously, even if isolated with no external 
forces acting on them. The spontaneous change is radioactive decay (or, very infrequently, 
spontaneous fission), and unstable nuclides are called radionuclides. Radioactive decay entails 
the emission of radiation. The three most common types of radioactive decay occurring in used 
fuel are alpha decay, beta decay, and gamma decay. 

Alpha decay occurs when a nuclide emits a group of two protons and two neutrons that are 
bound together by the nuclear force. When such a group is emitted it is called an alpha particle. 
Because a radionuclide loses two protons during alpha decay, it changes to a nuclide of a 
different chemical element. Since alpha particles are electrically charged and heavy, they do not 
travel very far through matter. Most cannot penetrate the non-living outer layer of human skin; 
thus they do not pose a significant external hazard. In living tissue, however, they can be 
damaging, because their energy can be absorbed by a single cell or small group of cells. Thus a 
substance emitting alpha particles can pose a serious hazard if it enters the body in some way, 
such as by ingestion or inhalation. 

Beta decay occurs when either 

a neutron in the nucleus spontaneously changes into a proton and an electron, and the electron 
is emitted from the nucleus; or 
a proton changes into a neutron and a positron, and the positron is emitted. 

The nuclide that decays changes to a different chemical element, because it has one less or one 
more proton. The beta particle (the electron or positron emitted from the nucleus) can penetrate 
one or two centimetres of biological tissue but would typically be stopped by a sheet of 
aluminum a few millimetres thick. Thus beta radiation poses some external hazard to living 
organisms but is more hazardous when the source is internal to an organism. 

Gamma decay results in the emission of a high-energy photon from the nucleus. The nuclide that 
emits the photon is left with the same number of protons; thus it remains the same chemical 
element. Gamma decay often accompanies alpha and beta decay. Gamma radiation can pass 
through the human body; thus it poses both an internal and external hazard. People can be 
shielded from sources of gamma radiation by various materials, such as several millimetres to 
many centimetres of lead, or greater thicknesses of water or concrete. 

The number of radioactive decays (disintegrations) that occur within a radioactive material in a 
unit time is called the activity of the material. One disintegration per second is an activity of one 
becquerel(1 Bq). For a material composed of a single species of radionuclide, the activity is 
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related to the number of atoms of the 
species and to a length of time called 
the half-life of the species. During one 
half-life, half the original atoms decay 
to new atoms. Half the original atoms 
remain; thus the activity of the material 
caused by the original species is half its 
original value. In successive half-lives, 
the number of atoms of the original 
species and the activity caused by the 
original species decrease to 1/2, 1/4, 
1/8, 1/16, and so on. After 10 half- 
lives, less than one in a thousand of the 
original atoms remain, and after 20 half- 
lives, less than one in a million. 
However, the atoms that decay may 
produce new radionuclides, which also 
contribute to the total activity of the 
material as they decay. Half-lives range 
from less than a second to millions of 
years. The time-dependent decrease in 
the mass of three radionuclides is shown 
in Figure 2-3. 

Time (a) 

FIGURE 2-3: DECREASE IN THE MASS OF THREE 
RADIONUCLIDES WITH TIME 

When a radionuclide decays, the nuclide formed (daughter product) may itself be radioactive. If 
so, it will decay, perhaps forming another radionuclide. The sequence of radionuclides produced 
by radioactive decay in this way is known as a radionuclide decay chain. The sequence contin- 
ues until a stable nuclide, the end member of the chain, is produced. Figure 2-4 shows the decay 
chain that begins with the radionuclide 238U (uranium-238, which contains 92 protons and 146 
neutrons). Note that some of the half-lives are very long, the longest being that of 238U, 
4.47 billion years. 

FISSION 

In a CANDU reactor, neutrons bombard uranium atoms. Some nuclides of uranium, such as 
235U, are said to be fissile. Under the right circumstances, neutron bombardment of a fissile 
atom is likely to cause fission (splitting of the nucleus). Each fission typically produces two or 
three lighter atoms and two or more neutrons. Most of the atoms produced are radioactive, and 
both they and the neutrons initially travel with high energy. The atoms produced by fission 
remain within the fuel and produce heat in two ways: by collision with atoms in the fuel, which 
transfers energy to the fuel atoms, and by radioactive decay, which produces radiation that is 
absorbed in the fuel and in other reactor materials. The atoms produced by fission and the 
nuclides in their decay chains are known as fission products. 
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ACTIVATION 

The neutrons not only travel through the fuel, some travel beyond it to the water and to other 
materials in the reactor. Their collisions with atoms produce heat. Some of the neutrons are 
captured by the atomic nuclei in the reactor materials, including the fuel pellets and the 
zirconium alloy bundle components. This results in new nuclides, which, along with the nuclides 
in their decay chains, are called activation products. Some of these activation products are 
radioactive, and their decay produces heat, as described previously. Some of the activation 
products formed in the fuel can also fission and contribute in this way to the production of heat 
in the reactor. For example, when 238U captures a neutron, it forms the activation product 239U, 
which decays to 239Np, which decays to 239Pu, a fissile nuclide. The fissioning of 239Pu 
contributes a significant amount of the heat produced in a CANDU reactor. 

CHAIN REACTION 

Some of the neutrons produced in fission escape capture and can go on to cause other fissions. If 
just one neutron from each fission produces another fission, the chain reaction can continue 
indefinitely. A nuclear reactor is designed to produce a controlled chain reaction. Some of the 
nuclides produced in the fuel absorb neutrons but do not fission. As these nuclides build up, and 
as the fissile material is depleted, it becomes more difficult to maintain the chain reaction. After 
about eighteen months, the used fuel is removed from the reactor and replaced with fresh fuel. 

2.1.4 Characteristics of Used Fuel 

When a fuel bundle is removed from a reactor, the fission chain reaction ceases in that bundle. 
However, the radionuclides in the fuel continue to decay, until all that is left are the stable (non- 
radioactive) nuclides at the ends of the decay chains. This radioactive decay causes the used fuel 
to emit radiation and heat, at rates that decrease with time. Radioactive decay also causes the 
composition of the used fuel to change with time. 

The activity, heat output, and composition of used fuel depend not only on the time since 
discharge from the reactor, but also on how many fissions have taken place within the fuel while 
it was in the reactor. This is roughly proportional to the energy that was released by the fuel 
during its stay in the reactor. The energy released per unit of mass of uranium is called the fuel 
burnup, which is expressed in gigajoules per kilogram of uranium (GJ/(kg U)). The burnup is 
not the same for all bundles of used CANDU fuel. It depends on the reactor type, the location of 
the bundle in the reactor, the residence time in the reactor, and other factors. 

2.1.5 Characteristics of Used Fuel Specified for the Case Studies 

Because the composition of used fuel from all CANDU reactors is very similar, it is not 
necessary to know the individual characteristics of each fuel bundle in order to show the 
feasibility of implementing the disposal concept and to demonstrate how the performance of a 
disposal facility could be assessed. For these purposes it is sufficient to know the characteristics 
typical of used CANDU fuel. The used fuel specified for the case studies (Chapters 6 and 7) has 
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the characteristics of a bundle of used fuel from the Bruce Nuclear Generating Station, which has 
the largest inventory of used fuel in Canada (Section 2.2.1). Thus the used-fuel bundle specified 
for the case studies has 37 elements, and its characteristics are as described in Section 2.1.1 and 
shown in Figure 2-1 (p. 17). 

BURNUP 

The burnup of the used fuel specified for the case studies is 685 GJ/(kg U), which is the average 
burnup of Bruce fuel. This value is used for all calculations except those for shielding and 
routine exposure of workers at the disposal facility, for which a higher value of burnup is used to 
take into account the possibility that all or most of the fuel in a container could have a burnup 
higher than the average. 

ACTIVITY 

Figure 2-5 shows how the activity of 
the used fuel specified for the case 
studies decreases with time. It shows 
the contributions of the fission 
products, the uranium and activation 
products in the fuel pellets, and the 
activation products in the zirconium 
alloy bundle components. For com- 
parison, it also shows the activity of 
natural uranium and its associated 
daughter products. 

Some care is required in interpreting 
Figure 2-5, because both the activity 
and time scales are logarithmic, 
reflecting the exponential nature of 
radioactive decay. During the first 
year, the overall activity decreases to 
about 1% of its initial value; within 
10 years it decreases to about 0.1% 
of its initial value; within 100 years 
it decreases to about 0.01 % of its 
initial value; and within 1000 years it 
decreases to less than 0.001 % of its 
initial value. The rate of decrease 
becomes less after about 1000 years. 
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Thus the activity decreases very 
rapidly to start with, but some 
activity persis$s even after very long 
periods of time. Figure 2-6 shows 
the total activity per bundle using 
linear rather than logarithmic scales. 

HEAT OUTPUT 

Much of the radiation is absorbed in 
the fuel, causing it to heat up. As the 
activity decreases, so does the heat 
generated. Figure 2-7 shows how the 
heat from the used fuel specified for 
the case studies decreases with time. 
Immediately after being removed 
from a power reactor, a bundle of the 
used fuel specified for the case 
studies gives off about 37 000 W of 
heat. The initial decrease is rapid, to 
about 73 W after 1 year, about 5 W 
after 10 years, and about 1 W after 
100 years. In the next 100 years, the 
decrease is only about 0.5 W. 

The rate of heat generation is one of 
the factors that would affect the 
design of a disposal vault. The con- 
tainers of waste would be spread out 
within the vault to limit the heat 
generated in a given volume of rock, 
and thus limit the temperature of the 
containers and the materials sur- 
rounding them. The reason for 
limiting these temperatures would be 
to limit the corrosion of the disposal 
containers, the thermal alteration of 
the material around the containers, 
and the thermal disturbance and 
thermally induced stresses in the 
surrounding rock. Thus the rate of 
heat generation would have an 
important influence on the distri- 
bution of waste in a disposal vault, 
and hence on the size of the vault. 
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OUT-OF-REACTOR TIME 

Because the activity, heat output, and composition of used fuel change with time after the fuel is 
removed from the reactor, it is convenient to assume that at the time of disposal all the fuel has 
been out of the reactor for the same amount of time. For the preclosure and postclosure assess- 
ment case studies presented in this EIS, the out-of-reactor time for the used fuel was specified as 
10 years. We believe that the vast majority, if indeed not all, of the fuel entering a disposal 
facility would have been out of the reactor for more than 10 years; thus on average the used fuel 
entering a disposal facility would be generating substantially less heat and emitting substantially 
less radiation than used fuel that had been out of the reactor for only 10 years. We believe, 
therefore, that using 10 years as the out-of-reactor time for the used fuel is a pessimistic 
assumption. 

COMPOSITION 

Tait et al. (1989) describe the composition of the used fuel specified for the case studies, which 
has a burnup of 685 GJ/(kg U). They list the radionuclides and give the mass and activity of 
each upon discharge from the reactor and at several times thereafter: 1 year, 5 years, 10 years, 
20 years, 100 years, lo3 years, lo4 years, and lo6 years. As described in R-heclosure and 
R-Postclosure, this list was used to derive the radionuclide inventory used to estimate the effects 
of disposal (Appendix F). For each radionuclide, Appendix F indicates the half-life, origin 
(whether from the original uranium, fission, or activation), location in the bundle (whether in the 
pellets or the zirconium alloy bundle components), mass, activity, and the phase for which its 
effects were assessed (preclosure, postclosure, or both). 

In a bundle of used fuel, the original uranium, the fission products, and more than 95% of the 
activation products (by mass) are in the fuel pellets. The remaining activation products (less than 
5% by mass) are in the zirconium alloy bundle components. The composition of the pellets is 
summarized in Table 2-3. The composition depends on the burnup and the out-of-reactor time. 

Used fuel also contains several chemically toxic elements in quantities large enough to require 
consideration of their behaviour when evaluating the postclosure effects of disposal. These are 
antimony, bromine, cadmium, cesium, chromium, molybdenum, samarium, selenium, and 
technetium (Goodwin and Mehta 1994). 

LOCATION OF RADIONUCLIDES IN A BUNDLE OF USED FUEL 

The uranium oxide fuel in CANDU fuel bundles is in the form of high-density, high-purity 
ceramic pellets. The pellets are polycrystalline, with an average grain size of 10 pm. The high 
temperatures and temperature gradients in the reactor cause cracking and grain growth in the 
pellets, particularly at the centre of the pellets where temperatures during irradiation may be as 
high as 2000 o C. 

The location of the new species in the fuel bundle (Table 2-3) depends on their chemical and 
physical behaviour and where they were produced. 
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TABLE 2-3 

PROPORTIONS OF URANIUM 
AND ITS FISSION PRODUCTS AND ACTIVATION PRODUCTS 

IN PELLETS OF THE USED FUEL SPECIFIED FOR THE CASE STUDIES' 

Component Percentage' Percentage2 

Original uranium3 
2 3 8 ~  98.492 

2 3 4 ~  0.004 
2 3 5 ~  0 * 202 

Total Original Uranium 98.698 

Stable Fission Products 0.654 

Radioactive Fission Products 0.158 

Activation Products 0.490 

100.000 

1 Data from Tait et al. (1989) 
Burnup = 685 GJ/(kg U) 
Out-of-reactor time = 10 a 

2 Percentage with respect to the total mass of uranium in the unirradiated fuel 
3 For the nuclides of uranium, the percentage before irradiation is given in 

Table 2-2 (p. 19) 

The majority of the new species are within the lattice of uranium and oxygen atoms, very close to 
where they were produced (Johnson and Shoesmith 1988). They substitute for U in the UO, 
lattice. This occurs for Pu, Am, Np, and the elements with atomic numbers from 57 to 71. (All 
elements and their atomic numbers are listed in Appendix E.) 

Small amounts of some of the new species formed in the UO, move out of the UO, lattice 
(Figure 2-8). This is the case for two types of species: 

Species of the first type are gaseous or are somewhat volatile at fuel irradiation temperatures 
(400 to 2000 O C). These include Cs and I and the inert gases Xe, Kr, and Ar. On average, 
approximately 2% of each of these species is released from the UO, grains to the cracks in the 
pellets and to the gap between the pellets and the fuel sheath. A further 6% segregates to the 
grain (crystal) boundaries within the UO, pellets. 
Species of the second type are non-volatile. These include the metals Tc and Mo and the 
activation product 14C. The majority of the new atoms of these species remain within the 
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UO, grains, but some segregate to 
grain boundaries within the UO, 
pellets and to the gap between the 
pellets and the fuel sheath. Much 
less than 0.1 % of the 14c is 
released to the gap and grain 
boundary regions (R-Barriers). 

Laboratory studies, which confirm the 
categories described above, have been 
used along with modelling results to 
determine the quantities of radio- 
nuclides in the gap between the pellets 
and the fuel sheath and at the grain 

Sh 3th Crack 

Gap Grain Boundary UOZ Matrix 

boundaries (Garisto et al. 1990, Stroes- FIGURE 2-8: LOCATIONS OF RADIONUCLIDES 
Gascoyne et al. 1992). IN USED FUEL 

The zirconium alloy in a CANDU fuel bundle is greater than 98 wt.% zirconium and about 
1.5 wt.% tin, with a number of other alloying elements and impurities. After irradiation, the 
grain size is typically less than 10 pm. Some of the neutrons produced by fission in the fuel 
pellets are captured by atoms in the zirconium alloy bundle components, producing activation 
products such as 14C, 59Ni, and 63Ni. Because the temperature of the zirconium alloy during 
irradiation is less than 400 C, activation products cannot diffuse any significant distance from 
the site of their formation. They are therefore expected to be uniformly distributed throughout 
the zirconium alloy bundle components. 

FUEL BUNDLE INTEGRITY 

When discharged from a reactor, more than 99.9% of the fuel bundles are undamaged; less than 
0.1 % have minor defects, such as pinholes through the fuel sheaths (Truant 1983, Hains et al. 
1986). The fuel bundle as a whole maintains its integrity, and no special considerations are 
necessary for handling fuel with such defects because releases are minimal. If a fuel bundle is 
severely damaged, it is sealed in a metal container prior to being stored at the nuclear generating 
station. The structural integrity of the fuel sheath is not affected by wet storage and is not 
expected to be affected by dry storage (Section 2.2.10). During normal transportation, failures of 
the fuel sheath are highly unlikely (Forest 1980). At a disposal facility, any bundle damaged 
from shipping or handling would be placed in a special container (Section 6.2.7). 

2.1.6 Characteristics of Other Possible Forms of Nuclear Fuel Waste 

Changes in nuclear power technology or in energy policy could result in waste forms having 
characteristics different from those of used CANDU fuel currently being produced in Canada. 
Potential changes include the reprocessing and recycling of used fuel, the use of advanced fuel 
cycles, and the use of reactors other than CANDU. These potential changes and the character- 
istics of the resulting waste are described briefly below and in more detail in R-Barriers. 
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Natural Uranium Fuel 

REPROCESSING AND RECYCLING 

Production of 

using a 
Nuclear Reactor 

Electricity EIS 2 9 

When used fuel is discharged from a CANDU reactor, it contains substFntia1 quantities of 
potentially valuable materials, notably plutonium and uranium, which could provide additional 
energy. The plutonium and uranium could be chemically separated from the rest of the used fuel 
and used to make new fuel that would then be put into a reactor to generate electricity. This 
procedure, known as fuel recycling, is illustrated in Figure 2-9. 

I-"I 
Fabrication 

I I Highly Radioactive Liquid Waste 
c 

Immobilization 
(in glass for example) 

FIGURE 2-9: FUEL RECI cur G 

The chemical separation process is called fuel reprocessing. Either plutonium alone or both 
plutonium and uranium can be recovered. Power reactor fuel is currently reprocessed on an 
industrial scale in the United Kingdom, France, and Japan. Their facilities use the Purex process 
to dissolve the fuel in nitric acid and to extract both the plutonium and uranium into an organic 
solvent. The plutonium and uranium are then separated, and some of the plutonium together 
with uranium is used to fabricate new fuel. This is known as mixed-oxide fuel because it 
contains oxides of both uranium and plutonium (Malherbe et al. 1990). The rest of the 
plutonium and the uranium recovered during reprocessing is currently being stored. 

In Canada, used fuel is not reprocessed, except for small-scale experiments and for the 
production of radionuclides for medical use. Used CANDU fuel is not currently reprocessed, 
and there are no plans to reprocess it (Brown and Morrison 1992). However, to address the 
possibility that it might be reprocessed in the future, AECL has studied topics relevant to 
managing the waste that would be produced: waste immobilization (described below), 
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waste-form dissolution (Section 4.7.3), disposal containers @-Barriers), and vault designs 
(Appendix G) . 

CHARACTERISTICS OF WASTE FROM REPROCESSING 

Fuel reprocessing produces highly radioactive liquid waste containing fission products and 
activation products. This high-level waste is immobilized by incorporating it in a solid, stable 
host matrix. This can be done by dissolving the waste in molten glass and casting the combina- 
tion into a solid block, a process called vitrification. Internationally, borosilicate glasses are the 
preferred waste form, although other materials have been studied (Alternative Waste Form Peer 
Review Panel 198 1, Lutze and Ewing 1988). The feasibility of producing borosilicate glasses 
containing high-level waste from reprocessing has been demonstrated by a number of countries 
on a laboratory and pilot-plant scale, and by France and the United Kingdom on an industrial 
scale (IAEA 1990). 

Immobilization is done at the site where the fuel is reprocessed, because it would be more 
difficult to transport highly radioactive liquid waste than the resulting solid waste form. 

AECL demonstrated vitrification of high-level waste from reprocessing on a laboratory scale 
from 1958 to 1960, and further research on immobilization technologies was conducted from 
1978 to 1987 (R-Barriers). On a laboratory scale, we have demonstrated processes for immo- 
bilizing the high-level waste in three materials: borosilicate glass, aluminosilicate glass, and a 
titanosilicate glass-ceramic @-Barriers). Currently there are no plans to perform additional 
research on immobilization technology. 

In addition to highly radioactive liquid waste, reprocessing also results in solid, liquid, and 
gaseous wastes that are less radioactive. The gaseous wastes contain 3H, 14C, '%, and I2'I. 
Methods for dealing with the solids and liquids are well established internationally, and include 
immobilization in cement or bitumen in metal drums (IAEA 1990). Considerable work has been 
done internationally on technologies for the capture and immobilization of the gaseous wastes 
(Taylor 1990a,b, 1991). In Canada, some research has been done on dealing with the solid and 
liquid wastes and on the capture of "Kr and the immobilization of 14C and 12'1 (R-Barriers). 

If it were decided that used CANDU fuel would be reprocessed, the technologies to be used for 
reprocessing and immobilization would have to be determined at that time. Both the fuel char- 
acteristics and the reprocessing technology would determine the quantities and characteristics of 
the wastes requiring disposal. The activity, heat output, and volumes of waste from reprocessing 
are discussed below. An important factor in selecting waste forms would be their durability 
under potential disposal conditions. 

The quantities of the radionuclides in used fuel are not changed by reprocessing, nor are the total 
activity and heat generated by the radionuclides. Thus reprocessing in itself would not reduce 
the amount of waste requiring disposal. The only potential advantage of reprocessing from a 
waste management perspective is that it could allow segregation of the different nuclides, thereby 
allowing different treatment. For example, if the plutonium were recycled back to reactors, there 
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would be less plutonium to dispose of per unit of electricity generated. As a second example, 
1291 could be isotopically diluted with natural iodine before disposal. 

Reprocessing and recycling would not reduce the amount of fission products per unit of 
electricity generated. For the first few hundred years, when the activity is dominated by fission 
products (Figure 2-5, p. 24), the total activity per unit of electricity generated would be roughly 
the same for the vitrified high-level waste as for the used fuel from which it was derived. 
Similarly, for the first few hundred years, the rate of heat production would be nearly the same 
for both types .of waste. To meet the thermal constraints for underground disposal 
(Sections 2.1.5,4.4.1, Appendix G), the size of vault required for disposal of the vitrified high- 
level waste alone would be about the same as for the used fuel from which it was derived 
(R-Barriers). 

To estimate the volumes of waste requiring disposal, both for direct disposal of used fuel and for 
disposal of the waste from reprocessing that fuel, we specified a hypothetical reprocessing 
facility. It is assumed that separation is based on the Purex process and that the capacity of the 
facility is 1200 Mg U per year. This annual capacity corresponds to 63 400 CANDU bundles, 
which have a total volume of about 128 m3 U02 and 19 m3 zirconium alloy bundle components. 

If these used-fuel bundles were disposed of in the titanium-shell packed-particulate container 
specified for the preclosure and postclosure assessment case studies (Sections 6.2.2 and 7.3), the 
volume of the required number of containers would be about 622 m3. 

If these used-fuel bundles were to be reprocessed, the following amounts of waste would be 
produced (Harvey, in preparation): 

59 m3 of vitrified high-level waste containing 6 wt.% of fission products and corresponding 
amounts of activation products and residual uranium and plutonium (if this waste were 
disposed of in the titanium-shell packed-particulate container developed for high-level waste 
from reprocessing (R-Barriers), the volume of the required number of containers would be 
about 107 m3); 

746 m3 of less radioactive waste (zirconium alloy bundle components in cement, bituminized 
liquid waste, ion-exchange resins, solidified 14C and 1291 waste, solid low-activity waste, and 
the gases 3H and %r); 

185 m3 of separated uranium (UO,), which might or might not be considered a waste; and 

low-activity liquids that under current regulations could be discharged to the environment. 

In addition, it is likely that a significant quantity of plutonium would have to be disposed of 
when it became unsuitable for recycling. The amount would depend strongly on the details of 
the fuel cycle. 

The volume of vitrified waste could be reduced by increasing the proportion of high-level waste 
in the waste form to as much as 30 wt.% of fission products and corresponding amounts of 
activation products (Grover and Chidley 1960). This would, however, increase the heat load per 
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container. With further developments in technology, the volume of the less radioactive waste 
from reprocessing could potentially be reduced from 746 m3 to about 135 m3 (Harvey, in 
preparation). Analyses for used fuel from the light-water reactors used in many other countries 
have reached conclusions similar to those above (Schaller et al. 1991). 

ADVANCED FUEL CYCLES 

The current CANDU fuel cycle involves once-through natural-uranium fuelling. As previously 
described (Section 2.1.2), the fuel is natural UO,, which contains 0.7% 235U. The used fuel is 
not currently reprocessed. 

A CANDU reactor could operate with several advanced fuel cycles, which have the potential to 
use less uranium to generate the same amount of electricity. They would not necessarily result in 
the generation of electricity at a lower cost. Potential advanced fuel cycles for a CANDU reactor 
include (Lane et al. 1988) 
- a slightly enriched uranium (SEU) fuel cycle, for which the fuel would also be UO, but with a 

slightly higher-than-natural percentage of 235U (about 0.9 to 1.5%); 
a mixed-oxide (MOX) fuel cycle, for which the fuel would be a mixture of UO, and PuO,; 
and 

a thorium fuel cycle, for which the fuel would be thorium, plutonium, and 233U (a fissile 
uranium nuclide). 

The fuel for a CANDU reactor could be fabricated from the used fuel from a light-water reactor 
(fuel initially enriched to 2.5 to 5% 235U) (Moeck et al. 1989, Torgerson et al. 1994). For 
example, SEU fuel could be fabricated using only the uranium recovered from reprocessing 
light-water reactor fuel; this is called the recovered uranium (RU) cycle. MOX fuel could be 
fabricated using both the uranium and plutonium recovered from reprocessing; this is called the 
tandem cycle. A third option is to utilize the used fuel from a light-water reactor without 
reprocessing it; this is called the DUPIC cycle (Direct Use of Spent pwR Fuel In CANDU). 

The quantity of fission products and activation products in the waste and the quantity of heat 
generated by the waste would be about the same as for once-through fuelling, because they 
depend on the amount of energy produced (R-Barriers). Therefore, in order to meet the thermal 
constraints for underground disposal (Sections 2.1.5,4.4.1, Appendix G), the size of vault 
required for disposal of the highly radioactive waste from advanced fuel cycles would be about 
the same as for the once-through natural-uranium cycle, for the same amount of electricity 
generated (R-Barriers). 

FUEL FROM REACTORS OTHER THAN CANDU 

As discussed above, CANDU reactors could accommodate recycling and advanced fuel cycles, 
as well as the current once-through natural-uranium fuel cycle. Another possible change in 
nuclear power technology in Canada could be the use of other types of reactors, such as the light- 
water reactors used in many other countries. The fuel in the principal light-water reactors used 
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around the world is composed of uranium oxide pellets in zirconium alloy tubes, as is CANDU 
fuel, but the elements are typically 5 m long (compared with about 0.5 m for a CANDU bundle). 

The composition of the used fuel is also substantially different because the unirradiated fuel is 
enriched in 2 3 5 ~  to a level of 2.5 to 5% (compared with the natural level of 0.7% in CANDU 
fuel). Such enrichment permits irradiation of the fuel to a substantially higher burnup, typically 
2500 GJ/(kg U), which is almost four times that for CANDU fuel. Thus the volume of used fuel 
per unit of electricity generated is lower for a light-water reactor than for a CANDU reactor, but 
the total quantities of new radionuclides in the used fuel are three to four times higher per unit 
volume than for used CANDU fuel. In a disposal vault, used fuel from light-water reactors 
would have to be spread out more than the same volume of used CANDU fuel in order to meet 
the thermal constraints for underground disposal (Sections 2.1.5,4.4.1, Appendix G). The 
characteristics of used fuel from light-water reactors are discussed in detail by Woodley (1983). 

2.1.7 Biological Effects of Radiation on Humans 

Nuclear fuel waste, whether in the form of used fuel or solidified high-level waste from repro- 
cessing, could, as a result of radiation, have biological effects on humans. These effects are 
discussed below. Regulatory limits for radiological protection are discussed briefly at the end of 
this section and in more detail in Appendix B. 

EXPERT GROUPS 

The biological effects of radiation have been studied in many countries. The results of 
epidemiological studies and other research data are published and peer-reviewed. The United 
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) and the U.S. 
National Research Council Committee on the Biological Effects of Ionizing Radiations (BEIR) 
issue reports on the effects of radiation. The International Commission on Radiological 
Protection (ICRP) and the U.S. National Council on Radiation Protection and Measurements 
(NCRP) develop recommendations for radiological protection. The IAEA develops safety 
standards, guidelines, and recommendations and provides technical guidance to member states 
regarding radiological protection. Governments take account of the ICRP recommendations and 
the IAEA safety standards, guidelines, and recommendations when developing their regulations. 
In Canada, the AECB develops regulatory policies and regulations for radiological protection 
(Appendix B). 

RADIATION DOSE 

The potential biological effects of exposure to radiation depend on three factors (ICRP 1991): 

the amount of energy absorbed per unit mass of tissue (this is called the absorbed dose and is 
expressed in a unit called the gray (Gy)); 

* the type of radiation (the potential biological effect of alpha radiation is considered to be 20 
times that of beta or gamma); and 

the susceptibility to harm of the tissues or organs exposed. 
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The measure of exposure that takes these combined factors into account is called the effective 
dose equivalent, which we shall refer to simply as the dose. The unit of dose is the sievert (Sv). 
The potential biological effect per unit of dose depends on the duration of the exposure and the 
dose per unit time (the dose rate). One unit of dose rate is the millisievert per year (mSv/a). 

For estimation of radiation dose to the human body, the ICRP (1975) has specified the anatom- 
ical and physiological characteristics of a hypothetical person known as reference man. Its name 
notwithstanding, reference man includes both male and female characteristics that are known to 
be important or that are likely to be significant for estimation of dose. These characteristics 
include the mass, dimensions, and elemental composition of the organs and tissues; intake of air, 
water, and other substances; and elimination of material from various tissues and from the body. 
Because individuals vary considerably in such respects, it is important to have a well-defined 
reference individual for estimation of radiation dose. Reference man is defined as being 20 to 
30 years of age, weighing 70 kg, and being 170 cm in height. To estimate infant dose, the 
characteristics of a one-year-old are used (Johnson and Dunford 1983). 

When exposure results from the intake of a radioactive material, the affected individual will 
receive a dose as long as the material remains in the body and is radioactive. In such cases the 
standard ICRP procedure is to estimate the dose received over 50 years following the intake 
(ICRP 1979). The term for doses estimated in this way is the 50-year committed effective dose 
equivalent, which once again we simply refer to as the dose, when the meaning is clear from the 
context. 

In this EIS, we describe and demonstrate the methodology for estimating doses to individuals 
that could arise from disposal of nuclear fuel waste (Chapters 6 and 7). To obtain a licence from 
the AECB for an actual facility, it would be necessary to estimate such doses for the proposed 
site and facility. 

SOURCES OF RADIATION 

We all receive a radiation dose from naturally occurring sources of radiation: cosmic rays 
entering the earth's atmosphere from outer space, radionuclides produced by cosmic rays in the 
earth's atmosphere, and radionuclides originating in the earth's crust. A large proportion of the 
dose we receive from natural sources comes from inhaling radon and its daughter products, 
which originate in the earth's crust. The dose we receive from natural background radiation 
varies with our location and our lifestyle, and several values of dose rate have been published 
(Table 2-4). 

These doses from natural background radiation are received by members of the public at ground 
level. People who fly receive additional radiation from cosmic rays. For example, the dose from 
a 10-h flight is typically 0.02 mSv or more, depending on the altitude of the flight (derived from 
UNSCEAR 1988, p. 54). 
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~ ~ 

TABLE 2-4 

DOSE RATE FROM NATURAL BACKGROUND RADIATION 

Dose Rate Location 
(mSv/a) 

Reference 

~~ 

1.5 to 6 World (range of typical values) UNSCEAR 1988, p. 121 

2.4 World (average) UNSCEAR 1988, p. 121 

Canada (average) NCRP 1987a, p. 149 2.6 

3 .O Southern Ontario Neil 1988, p. 126, which is based on 
UNSCEAR 1982 and NCRP 1987b 

3 .O United States (average) NCRP 1987a, p. 149 

In addition to being exposed to naturally occurring sources of radiation, we may also be exposed 
to man-made sources. For example, a typical dose from a dental X-ray is 0.03 mSv and from a 
chest X-ray is 0.10 mSv (UNSCEAR 1988, p. 288). In the United States, the average individual 
dose rate over the entire population is 0.39 mSv/a from X-ray diagnosis, 0.14 mSv/a from 
nuclear medicine, and 0.0005 mSv/a from nuclear power production (NCRP 1987b, p. 53). 

HEALTH EFFECTS OF RADIATION 

Because alpha and beta particles are charged, they interact electrically with electrons of atoms of 
matter through which they pass. The interactions can cause atoms to lose or sometimes gain 
electrons and thus become electrically charged particles (ions). This process is known as ioni- 
zation, and radiation that can produce it is called ionizing radiation. Although gamma radiation 
is not charged, it can interact with matter to cause ionization; therefore it too is ionizing radia- 
tion. Throughout this document the term "radiation" will refer to ionizing radiation unless 
explicitly stated otherwise. 

Ionization can cause damage to living tissue (Upton 1982) by physically disrupting molecules or 
by creating new molecules, some of which (free radicals) are very reactive chemically and can 
therefore affect the functioning of the cells. This can give rise to health effects in the person 
exposed (somatic effects) or in the descendents of the person exposed (hereditary or genetic 
effects). Damage to a cell is frequently repaired by the cell, but, if the damage is not adequately 
repaired, it may prevent the cell from surviving or reproducing, or it may result in a viable but 
modified cell (ICRP 199 1). 
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If exposure to ionizing radiation results in a large number of cells being killed or unable to 
reproduce, there will be a loss of tissue function. The effect will depend on the number and type 
of cells lost (Anno et al. 1989). Such effects do not occur below a certain level of dose (the 
threshold), and above the threshold their severity increases with dose and usually with dose rate. 
These effects are called deterministic and range from short-term sickness to death. 

If exposure to ionizing radiation results in a viable but modified cell, symptoms may not arise for 
several decades, if at all. If the modified cell multiplies out of control, a cancer may result; if the 
modified cell is a reproductive cell, genetic effects may occur in the descendents of the exposed 
person, although this has not been firmly established (ICRP 1991, UNSCEAR 1988, BEIR 
1990). Both cancer and genetic effects are considered to be stochastic effects, effects for which 
the probability of an effect occurring (but not its severity) increases with dose. 

The stochastic effects that can result from low doses of radiation have a very low incidence, and 
factors other than irradiation can cause the same effects. Thus studies at low doses and low dose 
rates do not provide conclusive information. According to BEIR (1990 p. 383-385), 

It is difficult to determine whether there are any variations in disease rates associated with 
changes in natural background radiation levels. . . . No increase in the frequency of cancer 
has been documented in populations residing in areas of high natural background radiation. 

As shown in Table 2-4 (p. 3 9 ,  the typical individual dose rate from natural background radiation 
ranges from 1.5 to 6 mSv/a. According to the Health Physics Society (1988), a population of 
50 billion people would have to be studied to provide statistically defensible conclusions 
regarding serious health effects for exposures as low as 0.1 mSv. 

Because the frequency of serious health effects caused by low doses of radiation is so low that it 
cannot be measured reliably, predictions about the effects of low doses are made by inference 
from data on effects at high doses. For low doses and low dose rates, effects are estimated by 
assuming that 

the relationship between low dose and frequency of effect is linear, that is, halving a given 
dose halves the frequency of producing an effect; and 

the linear relationship continues down to zero dose, that is, there is no threshold of dose below 
which no effects occur. 

This assumption is called the linear hypothesis. The ICRP (3  99 1)  has estimated the nominal 
probability of a fatal cancer to be 0.04Sv for an adult worker and O.O5/Sv for a member of the 
general population. The probability for a member of the general population is higher because of 
the greater sensitivity of young people. 

It should be noted that studies of populations residing in regions of high background radiation 
have not shown conclusive evidence for an associated increase in risk of cancer (BEIR 1990). 
Moreover, there is some experimental evidence that low doses of radiation may be able to 
stimulate the repair of prior radiation damage or strengthen the body’s natural defence 

THE CHARACTERISTICS AND MANAGEMENT OF NUCLEAR RlEL WASTE 



- 37 - 

mechanisms. Most of the experimental data on such effects, termed "hormesis," have been 
inconclusive, mainly because of statistical difficulties at low doses (ICRP 1991). 

RADIOTOXICITY OF USED CANDU FUEL 

Figure 2-10 shows the contributions of several radionuclides in used fuel to the radiotoxicity of 
used fuel. The radiotoxicity of used fuel is expressed as fatal cancers and serious genetic effects 
per gram of used fuel ingested (Mehta et al. 1991). The values shown in Figure 2-10 are based 
on nominal probabilities currently recommended by the ICRP (1991) (O.OS/Sv for fatal cancer 
and O.Ol/Sv for serious genetic effects) rather than on the lower values recommended at the time 
Mehta et al. did their calculations. 

FIGURE 2-10: RADIOTOXICITY OF VARIOUS RADIONUCLIDES IN USED CANDU FUEL 
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REGULATORY LIMITS CONCERNING RADIATION 

Since it was established in 1928, the ICRP has been recommending principles on which appro- 
priate radiological protection can be based. The ICRP (1991) has noted that 

Initially, and into the 1950s, there was a tendency to regard compliance with the limits on 
individual doses as being a measure of satisfactory achievement. The advice that all 
exposures should be kept as low as possible was noted, but not often applied consciously. 
Since then, much more emphasis has been put on the requirement to keep all exposures ‘as 
low as reasonably achievable, economic and social factors being taken into account.’ This 
emphasis has resulted in substantial decreases in individual doses and has greatly reduced the 
number of situations in which the dose limits play a major role in the overall system of 
protection. It has also changed the purpose of the dose limits recommended by the 
Commission. Initially, their main function was the avoidance of directly observable, non- 
malignant effects. Subsequently, they were also intended to limit the incidence of cancer and 
hereditary effects caused by radiation. Over the years, the limits have been expressed in a 
variety of ways, so that comparisons are not easy. In broad terms, however, the annual limit 
for occupational exposure of the whole body was reduced by a factor of about 3 between 
1934 and 1950, and by a further factor of 3, to the equivalent of 50 mSv, by 1958. 

The AECB develops regulatory policy for radiological protection in Canada, partly on the basis 
of recommendations developed by the ICRP. The radiation dose rate must be controlled so as 
not to exceed specified levels for members of the public and for atomic radiation workers 
(persons who in the course of their work are required to perform duties in such circumstances 
that there is a reasonable probability that they could receive doses higher than the limits specified 
for the public). On the basis of ICRP recommendations made in 1977, the AECB specified in its 
Atomic Energy Control Regulations (Appendix B) that the limit on dose rate is 50 mSv/a for an 
atomic radiation worker and 5 mSv/a for other individuals. Recently, the ICRP (1991) recom- 
mended lower limits to take account of new biological information and of trends in the setting of 
safety standards. On the basis of that recommendation, the AECB has proposed that the limit on 
dose rate be reduced to 20 mSv/a for an atomic radiation worker and 1 mSv/a for other 
individuals (AECB 1991a). 

The AECB (1 987a) also specified that the risk from a disposal facility (the probability that a fatal 
cancer or serious genetic effect will occur to an individual or to his or her descendents) should 
not exceed per year. This requirement is in keeping with the observation that a risk of one in 
a million ( per year is a level of risk from other activities that is considered to be insignifi- 
cant by individuals in their daily lives (AECB 1987a, ACRP and ACNS 1990). On the basis of 
the ICRP recommendations in effect at the time, the AECB (1987a) specified that the probability 
of fatal cancers and serious genetic effects is O.O2/Sv. Thus the risk limit is the risk associated 
with a dose rate of 0.05 rnSv/a. The implications of the current recommendations of the ICRP 
(1991) are discussed in Appendix H. 

The relationships of these regulatory limits to the dose rate from natural background radiation is 
shown in Figure 2- 1 1. 
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EIS 2 1 1  

50 mSv/a - Current AECB 
limit on dose rate for 
atomic radiation workers 

20 mSv/a - Proposed AECB 
limit on dose rate for 
atomic radiation workers 

5 mSvla - Current AECB 
limit on dose rate for 
the public 

3 mSv/a - Dose rate from 
natural background 
radiation in southern Ontario 

1 mSv/a - Proposed AECB 
limit on dose rate for the 
public 

0.05 mSv/a - Dose rate 
associated with the AECB 
risk limit for disposal 

FIGURE 2-11: RELATIONSHIP BETWEEN REGULATORY LIMITS AND THE 
DOSE RATE FROM NATURAL BACKGROUND RADIATION 

2.1.8 Biological Effects of Radiation on Non-Human Biota 

The hazards of nuclear fuel waste also include the potential for biological effects on non-human 
biota as a result of radiation. These effects are discussed below, and criteria, guidelines, and 
standards for protecting non-human biota from these effects are discussed in Appendix B. 

EFFECTS ON NON-HUMAN INDIVIDUALS 

The effects of sufficiently high doses of radiation on animals include injury, abnormal 
development, loss of reproductive capacity, cancer, death, and genetic effects. In plants, 
sufficiently high doses may produce abnormalities in form and structure, death, and genetic 
effects. 

In general, complex organisms are more sensitive to radiation than simpler organisms, and 
animals are more sensitive than plants. Organisms with longer lifespans are generally more 
sensitive to radiation and can also show effects that take years to appear. Humans are complex 
animals with long lifespans, so they are one of the most radiation-sensitive organisms. 

EFFECTS ON NON-HUMAN POPULATIONS, COMMUNITIES, AND ECOSYSTEMS 

A population of organisms is a group of individuals of the same species. A community of 
organisms is a collection of populations of different species that live in an environment and 
interact with one another, forming together a distinctive living system, with its own composition, 
environmental relations, development, and function. For example, a community might include 
plants, animals, and microorganisms. An ecosystem is a community and its environment, treated 

THE CHARACTERISTICS AND MANAGEMENT OF NUCLEAR FUEL WASTE 



-40- 

together as a functional system of complementary relationships, including transfer and circu- 
lation of energy and matter. 

These levels of organization are of interest because for most species other than humans, it is the 
population that is valued rather than the individual. Populations are more robust than individ- 
uals. The survival of the population is not threatened by the death of individuals, so long as 
enough survivors are able to reproduce and maintain the population. 

Similarly, communities are more robust than populations. A change in environment can put a 
population at a disadvantage, and a better-adapted population may replace it. However, the 
effect on the community is considered to be minor if the new population is of the same species as 
the original population. Even if a different species succeeds, the community (and ecosystem) 
would probably adapt to the change by evolving. 

In fact, many ecosystems exhibit a high degree of resiliency following a perturbation (Beanlands 
and Duiker  1983). Diversity within ecosystems helps accommodate the loss of individuals or 
populations. A simple ecosystem, such as an agricultural wheat field, is more sensitive to 
changes in the environment than a more diverse ecosystem, such as a natural grassland. 

In several field studies, populations and communities of plants and animals were chronically 
exposed to artificial radiation fields in natural settings (Guthrie and Dugle 1983, Zavitkovski 
1977, Woodwell and Rebuck 1967, McCormick 1969, Fabries et al. 1972, Fraley 1971, Vollmer 
and Bamberg 1975, Odum 1970). These studies indicate the absorbed doses and dose rates that 
ecosystems can tolerate. Studies relevant to the Canadian Shield environment were carried out in 
the boreal forest near Pinawa, Manitoba, and the results are summarized in Table 2-5. Of the 
species observed in these studies, a bird population appears to be the most sensitive. Although 
this table does not define exact thresholds, it is likely that chronic radiation dose rates of slightly 
less than 1 Gyla could be tolerated by a wide range of organisms of the Canadian Shield. 

An expert committee under the auspices of the IAEA believes that there is no convincing 
evidence in the scientific literature that dose rates less than about 0.4 Gy/a will harm plant or 
animal populations (IAEA 1992). The NCRP (1991) suggests that at dose rates of 4 Gy/a, 
populations of aquatic organisms are still protected. Rose (1992) indicates that individuals of 
several groups of plants and animals could be affected by dose rates of about 1 Gy/a, but this 
may not affect populations. These observations are consistent with those summarized in 
Table 2-5. 

The absorbed dose rate from background radiation experienced by a wide variety of biota ranges 
from 0.001 to 0.1 Gy/a (Myers 1989), depending on factors such as diet, habitat, and way of life. 
Plants and animals thrive at these dose rates, which are below the rates known to cause harm. 
Thus it is reasonable to expect that an increase of less than the lower end of the range of back- 
ground dose rate (0.001 Gy/a or 1 mGy/a) would not threaten the survival of any population. As 
discussed above, for most species other than humans, it is the population that is valued rather 
than the individual. 
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TABLE 2-5 

OBSERVED EFFECTS ON ORGANISMS CHRONICALLY EXPOSED 
TO ARTIFICIAL RADIATION ON THE CANADIAN SHIELD 

Absorbed 
Dose Rate 
(GYM 

Observation Reference 

0.05 

0.7 

0.9 

3.5 

5 

9 

9 

40 

350 

No observed effects on a bird species 

No direct effects on buds, but they 
avoided nesting in areas with higher 
radiation levels 

No observed effect on trees, which are 
more sensitive than other plants 

No observed effect on aquatic organisms 

No genetic effect, no increase in 
chromosome aberrations, and no 
detectable ecological stresses in 
meadow voles 

Effects on some tree species 

Depressed growth of balsam fir, one of 
the most sensitive species of tree 

Decrease in forest canopy cover; many 
herbaceous plants thrived and some 
species experienced enhanced growth due 
to the elimination of competing species 

Depressed hatching success and growth of 
tree swallow nestlings 

Zach et al. 1993 

Zach and Mayoh 1982 

Amiro and Dugle 1985, 
Dugle 1986 

NRCC 1983 

Ross 1984,1986; 
Mihok et al. 1985 

Amiro and Dugle 1985 

Dugle 1986 

Amiro and Dugle 1985 

Zach and Mayoh 1986 

2.1.9 Biological Effects of Chemically Toxic Elements 

As mentioned in Section 2.1 S, used fuel contains several chemically toxic elements in quantities 
large enough to require consideration of their behaviour when evaluating the long-term effects of 
disposal. These are antimony, bromine, cadmium, cesium, chromium, molybdenum, samarium, 
selenium, and technetium. Their effects are discussed below, and criteria, guidelines, and 
standards for protecting humans and non-human biota from these effects are discussed in 
Appendix B. 
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These elements have a broad range of toxicities and environmental behaviours. Although data 
on the effects of exposure to some of these elements are lacking, there is a considerable amount 
of information for others, such as cadmium and selenium. Cadmium is well known because it 
has been released by industry; selenium is well known because it has been mobilized by irri- 
gation. The Canadian Council of Ministers of the Environment (CCME 1991) gives a detailed 
review on toxic mechanisms and effects of these contaminants. 

The toxicity of an element is closely related to the quantity ingested or inhaled, to its chemical 
form or oxidation state, and to a host of environmental variables. For example, the toxicity of 
cadmium arises from its ability to bind to enzymes and metalloproteins, and thus disrupt the 
normal functioning of the cell (Friberg et al. 1974). As a result, the free cadmium ion is con- 
sidered to be the most toxic form to fish and other aquatic organisms. Cadmium toxicity is 
substantially reduced in water with high hardness or dissolved organic material. Food ingestion 
is considered to be the major pathway by which humans in Canada are exposed to cadmium 
(CCME 1991). Selenium has several forms in the environment, of which organic forms are 
known to be considerably more toxic to aquatic biota than inorganic forms (Niimi and LaHam 
1975). On the other hand, selenium is essential in the nutrition of grazing animals (Oldfield 
1972). These two examples illustrate the variability and the difficulty in predicting the specific 
action of a contaminant without knowing all the relevant environmental conditions. 

In general, metals in the environment are of concern because accumulation through the food 
chain can lead to elevated concentrations and significant effects in humans and non-human biota. 
For example, localized accumulations of cadmium have led to human disease in Japan (Friberg et 
al. 1974). Some metals, if present in humans at high concentrations, can cause mutations, 
cancer, and birth defects (Friberg et al. 1979). Well-known effects in non-human biota range 
from outright mortality to subtle changes in animal health, including changes in reproductive 
rates, growth, and behaviour (CCME 1991). For example, cadmium, cesium, and molybdenum 
may accumulate in plant tissues and cause toxicity when the plants or seeds are consumed by 
animals (Hem 1985). Most of the effects that have been observed at the individual, population, 
and ecosystem levels are caused by the specific effects of the compounds on proteins, enzymes, 
cells, and, ultimately, the tissues of the organisms. 

2.2 CURRENT USED-FUEL MANAGEMENT IN CANADA 

2.2.1 Locations and Amounts of Used Fuel in Storage in Canada 

In Canada, used fuel from power reactors is currently stored in water-filled pools (wet storage, 
Section 2.2.7) or in concrete storage structures (dry storage, Section 2.2.8). Table 2-6 lists the 
storage locations and for each location the licensee, storage method, and amount of used fuel. 
Table 2-6 includes the used fuel from three prototype power reactors, Douglas Point, Gentilly- 1, 
and Nuclear Power Demonstration (NPD), which have been permanently shut down. Most of the 
used fuel from power reactors is currently stored at the sites where it was produced. About 
900 000 bundles of used fuel from power reactors were in storage in Canada as of 1992 
December 3 1. The locations are shown in Figure 2- 12. 
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TABLE 2-6 

STORAGE OF USED FUEL FROM POWER REACTORS IN CANADA (1992 DECEMBER 31) 

Storage Licensee 
Location 

Storage Number Reference for Data 
Method of Bundles on Storage Methods 

in Storage and Quantities 

Bruce 

Pickering 

Darlington 

Point Lepreau 

Gentilly-2 

Douglas Point 

Gentilly-1 

Chalk River 
Laboratories 

Whiteshell 
Laboratories 

Ontario Hydro 

Ontario Hydro 

Ontario Hydro 

New Brunswick Power 

H ydro-Quibec 

AECL 

AECL 

AECL (fuel from NPD) 

AECL (fuel from 
Douglas Point) 

wet 

wet 
dry 

wet 

wet 
dry 

wet 

dry 

dry 

dry 

dry 

432 199 

337 742 
382 

6 533 

39 010 
13 500 

39 008 

22 256 

3 213 

4 853 

360 

AECB 1993b 

AECB 1993b 
AECB 1993b 

AECB 1993b 

AECB 1993b 
AECB 1993b 

AECB 1993b 

AECB 1993b 

AECB 1993b 

Patterson 1991 

Ohta 1978 

899 056 

FIGURE 2-12: STORAGE LOCATIONS FOR USED F'UEL FROM POWER REACTORS IN CANADA 
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2.2.2 Objectives of Storage 

The objectives of used-fuel storage are (Frost 1994) 
to manage the used fuel in a safe, reliable, and economic manner; and 

to maintain the integrity of the used fuel to ensure that the fuel is retrievable for future 
operations such as transportation and disposal. 

The ability of current storage practices to meet these objectives is discussed in Section 2.2.1 1. 

2.2.3 Regulatory Control of Storage Facilities 

In Canada, the AECB maintains regulatory control of nuclear facilities, including used-fuel 
storage facilities, by issuing licences with conditions that must be met by the licensee, setting 
standards and guidelines that licensees must meet, and carrying out compliance inspections to 
ensure that its requirements are continually met. 

The AECB’s licensing system is administered with the co-operation of federal and provincial 
government departments in such areas as health, environment, transport, and labour. The 
concerns and responsibilities of these departments are taken into account before licences are 
issued by the AECB. The hazards of storing used fuel are assessed in order to obtain a licence 
for a nuclear generating station. The licence must be renewed periodically. 

As described below, the AECB sets standards for radiological protection and security, and 
ensures that non-proliferation safeguards provisions will meet IAEA requirements. 

During storage, measures for radiological protection, security, and safeguards depend on 
institutional controls, including monitoring, and the ability to take remedial action if necessary. 

2.2.4 Radiological Protection 

The Atomic Energy Control Regulations (Appendix B) specify requirements that apply to 
nuclear activities in Canada. These requirements include the following: 

A nuclear facility must be operated in accordance with a licence issued by the AECB. The 
licence may specify measures to be taken to ensure the safety of workers and the public. It 
may limit the quantity and concentration of radioactive or other hazardous material that may 
be discharged. Release limits for radionuclides are derived from the dose limits for members 
of the public. 
The radiation dose rate must be controlled so as not to exceed specified limits. The limit on 
dose rate is currently 50 mSv/a for an atomic radiation worker and 5 mSv/a for other 
individuals. Amendments to the Regulations have been proposed (AECB 199 1 a) to address 
the recent recommendation of the ICRP (1991). The AECB proposes that the limit on dose 
rate be reduced to 20 mSv/a for an atomic radiation worker and 1 mSv/a for other individuals. 
Records regarding radioactive materials and the operation of the facility must be kept. 
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For any radioactive material, protection of humans and non-human biota against internal 
exposure to radiation is achieved by containing the material, that is, preventing its release to the 
environment and hence its subsequent ingestion or inhalation. Protection against external 
exposure to radiation is achieved by providing sufficient shielding material between the 
radioactive material and humans or non-human biota, maintaining sufficient distance from the 
material, and limiting the exposure time. 

Features of a storage system that provide such protection include 
barriers to the release of radioactive material (the fuel pellets, the fuel sheaths, the storage 
pool or concrete structure, and the exclusion zone around the facility); 
operational safety measures (environmental monitoring and, in the case of pool storage, the 
pool water purification system and the filters in the building's ventilation system); and 
safety design measures (systems designed to protect against several hazards, such as structural 
failure of a storage pool (loss of water), fuel-handling accidents (dropping fuel or equipment), 
failures of cooling and ventilation systems,' collapse of buildings, seismic events, tornadoes, 
floods, fire, an aircraft striking the facility, and an explosion or release of toxic or corrosive 
chemicals arising from an accident on a nearby rail line). 

2.2.5 Security 

The AECB's Physical Security Regulations (Appendix B) specify measures to protect against 
theft of nuclear material or sabotage that could endanger public health. These include 

barriers, such as fences or walls, around specified areas (called protected areas), and 
surveillance to detect and prevent unauthorized individuals from entering these areas; 

the identification of persons permitted to be in the facility, by badges or other means; 

the security-related review of persons authorized to work at the facility; 

the monitoring of persons, packages, and vehicles entering and leaving the facility; 

the use of trained security guards; 

the provision of a protected security monitoring room with alarm and communication 
equipment; and 

arrangements for a response force, such as a police force detachment or Canadian armed 
forces unit, to provide assistance at the facility if it is required. 

2.2.6 Safeguards 

Safeguards are measures for "the timely detection of diversion of significant quantities of nuclear 
material from peaceful nuclear activities to the manufacture of nuclear weapons or of other 
nuclear explosive devices or for purposes unknown, and deterrence of such diversion by the risk 
of early detection" (IAEA 1971). Canada, as a signatory of the Treaty on the Non-Proliferation 
of Nuclear Weapons (IAEA 1970), has agreed that all nuclear material in existing Canadian 
facilities for peaceful nuclear activities is subject to IAEA safeguards. Canada has also signed an 
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agreement regarding the application of those safeguards (IAEA 1972), which is administered by 
the AECB. 

The operators of Canadian nuclear facilities provide for the implementation of M A  safeguards 

9 providing information about the purpose, location, design, and operation of the facility to the 
AECB and IAEA for review and verification; 

4 maintaining accounting records for the nuclear material at the facility and operating records 
for the facility, for inspection by the IAEA; 
submitting periodic and special reports to the AECB and IAEA on changes in inventory 
within each designated area of the facility and on unusual incidents affecting nuclear 
materials; and 
providing access and support to IAEA personnel for performing their inspections and 
servicing their safeguards systems and equipment. 

by 

The IAEA implements the following safeguards at nuclear facilities: 

. verifying the design of the facility and determining, with the AECB, how safeguards would be 
applied at that facility; and 
accounting for safeguarded nuclear material by sending its inspectors to the facility to inspect 
records; to verify information supplied in reports; to verify the location, quantity, and 
composition of nuclear material at the facility; to investigate any suspected losses of nuclear 
material; and to investigate unexpected changes in the way nuclear material is contained. 

2.2.7 Wet Storage 

As soon as fuel bundles are taken from a reactor, they are stored on racks in water-filled pools 
adjacent to the reactor (Figure 2- 13). To prevent leakage, the pools are lined with epoxy or 
stainless steel. Also, they have double concrete walls, designed such that any leakage through 
the inner wall would enter drains between the walls and flow to the cleanup system. The 
radiation emitted by the used fuel is shielded by the water, and the heat generated by the 
radioactive decay is transferred to the water. The water is cooled by circulating it through heat 
exchangers and is purified by filters and ion exchange systems that remove any dissolved and 
suspended radionuclides. Criticality of used CANDU fuel under storage conditions is not 
possible; that is, the used fuel could not sustain a chain reaction (Frost 1994). 

The pools are monitored for leaks, radiation damage to the liners, structural degradation of the 
concrete, and general degradation. Minor leaks due to faulty welds in metal pool liners have 
been detected. The leaks flowed to the cleanup system as designed, and the welds were repaired. 
Radiation damage to epoxy liners has also been detected, and they may eventually require local 
repair. 

Because of the continuing increase in the quantity of used fuel in storage, a variety of methods 
have been developed to increase wet storage capacity. For example, the space between bundles 
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FIGURE 2-13: F'UEL STORAGE POOL AT A NUCLEAR GENERATING STATION 

can be reduced after the used fuel has cooled sufficiently, or an additional row of fuel can be 
added on top of that h a d y  in the pools, Alternatively, new pools could be built. 

In addition to storage at reactors, several countries have central water-pool facilities for storing 
used fuel from a number of reactors, The= countries include France, Germany, Italy, Japan, 
Sweden, the United Kingdom, and the United States, 

U . 8  Dry Storage 

After uscd C A W  fuel has been out of the reactor for about 6 ycm, its activity and rate of heat 
generation have decreased sufficiently to allow the fuel to be transfed to dry storage if desired. 
Compared with wet atorage, dry storage is considered to have the advantages of 

reduced amounts of radioactive waste, such as filters; 

0 less contamination of the storage facility; 

little or no cms ion  of fuel sheaths; and 

less rdation expo~m to operating pcrsonncl. 

In 1974, AECL began a demonstration program to investigate the feasibility of dry storage of 
uscd fuel in concrete canisters, Subsequently, comrete canieters of the type shown in 
Figure 2-1 4 have been licensed by the AECB for the dry storage of used fuel at five locations in 
Canada: the nuclear generating station at Point Lcprcau, the former nuclear generating stations at 
Douglas Point and Gentilly-1 , and AECL's Chalk River and Whiteshell Laboratories (see 
Table 2-6, p. 43, for mounts). Plans call for storage of used fuel in concrete canisters to be 
cxpmdcd at the Point Ltpreau nuclear gcncrathg station. The capacity of one of these concrete 
canisters is 540 bundles. 
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FIGURE 2-14: CONCRETE STORAGE CANISTERS AND THE OVERHEAD CRANE 
USED TO TRANSFER USED FUEL TO THE CANISTERS 

Ontario Hydro has designed a container for dry storage and transportation of used fuel 
(Figure 2- 15). The container holds four storagtlshipping modules, which are used to hold 
bundles of used fuel in the water-filled storage pools at some of Ontario Hydro's nuclear 
generating stations. Each module holds 96 bundles, so the capacity of the container is 384 
bundles. Two full-scale prototype dry-storage containers have been loaded with used fuel and 
tested under storage conditions. A dry-storage facility that will have 700 such containers has 
been licensed and is being constructed at the Pickcring Nuclear Generating Station (Stcvcm- 
Guilb et al. 1992). 

These dry-storage canisters and containers are modular and easy to construct. The radiation is 
shielded by the concrete, and the heat is transferred by conduction through the concrete walls to 
the outside air. On the basis of observations to date, the concrete canisters and containers used 
for storage of used fuel in Canada are expected to maintain their integrity for at least 50 years 
(Frost 1994). 

AECL has mcntly designed and tested a dry-storage concrete module called CANSTOR. It has 
a capacity of 1 2 000 bundles. The radiation is shielded by the concrete, and the heat is trans- 
f e d  to the outside by air flow through ports in the walls of the module. CANSTOR is 
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FIGURE 2-15: ONTARIO HYDRO’S DRY-STORAGE CONTAINER 

currently being licensed for use by Hydro-Quibec at its Gentilly-2 nuclear generating station 
(Pare et al. 1993). 

Other countries also use dry storage. The United Kingdom, France, and Japan store used fuel 
and reprocessing waste in large, concrete dry-storage structures (IAEA 1988a, 1992). 

2.2.9 Effects of Storage on Human Health and the Natural Environment 

In Canada, storage facilities for used fuel have been safely operated for more than 45 years. 
Emissions of radioactive materials to air and water are monitored, and the measurements are 
compared with derived limits based on regulatory dose limits for the public. Doses to workers 
are monitored directly. Both the release of radioactive material and radiation exposure of 
workers and the public have been well below regulatory limits (Frost 1994). 
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Safety analyses have been conducted for both wet and dry storage under normal and accident 
conditions. These analyses have shown that release of radioactive material to the environment, 
and radiation exposures, would be well below regulatory limits (Frost 1994). 

2.2.10 Integrity of Used Fuel in Storage 

When discharged from a reactor, more than 99.9% of the fuel bundles are undamaged; less than 
0.1 % have minor defects, such as pinholes through the fuel sheaths (Truant 1983, Hains et al. 
1986). No special considerations are necessary for handling fuel with such defects, because 
releases are minimal. If a fuel bundle is severely damaged, it is sealed in a metal container prior 
to storage. 

EFFECTS OF WET STORAGE 

In 1977, Ontario Hydro and AECL initiated a long-term program to examine used fuel stored in 
water pools for possible deterioration (Hunt et al. 198 1). A variety of analytical methods was 
used (Wasywich and Frost 1991). Of the 176 fuel elements selected for the program, 12 had 
been intentionally perforated during previous postirradiation examinations; that is, a small hole 
had been put through each sheath. When one of these intentionally perforated elements was 
dissected and examined after 21 years of storage, it showed some hydration and oxidation of the 
UO, fuel pellets, but only on the outermost surface. The fuel element had remained structurally 
sound. The oldest unperforated elements that were dissected and examined showed no apparent 
deterioration after more than 27 years of wet storage (Wasywich and Frost 1991). 

On the basis of these results, it was estimated that used CANDU fuel with defected sheaths 
would maintain its integrity in wet storage for at least 50 years (Wasywich 1992). On the basis 
of these results and data generated in other countries, it was estimated that used fuel with 
undamaged sheaths (that is, >99.9% of all used CANDU fuel bundles) would maintain its 
integrity in wet storage for at least 100 years (Frost 1994, Frost et al. 1993). The experimental 
program to investigate the behaviour of used fuel in wet storage is continuing. 

After an initial cooling period, used fuel can be moved to dry-storage facilities. Because this has 
been done, none of the used fuel currently in water pools at Canadian nuclear generating stations 
has been stored in the pools for more than 22 years, except very small amounts for research 
purposes. 

EFFECTS OF DRY STORAGE 

In 1978, AECL and Ontario Hydro initiated a jointly funded experimental program to investigate 
the long-term behaviour of used fuel (with both undamaged and perforated sheaths) under vari- 
ous dry-storage conditions. A variety of analytical methods was used to examine fuel stored at 
150°C in both dry air and moisture-saturated air (Wasywich and Frost 1990). Under these con- 
ditions, fuel pellets in undamaged sheaths showed no evidence of UO, oxidation, which can 
cause fuel swelling and lead to rupture of the sheath. Although UO, oxidation was observed in 
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perforated elements, this is not expected to pose any problems during interim storage, because of 
the decreasing decay heat output of the fuel and the resulting decrease in the oxidation rate of the 
uo,. 

On the basis of these results and data generated in other countries, it was estimated that, with 
appropriate dry-storage technology, used CANDU fuel with defected sheaths would maintain its 
integrity in dry storage for at least 50 years and that used fuel with undamaged sheaths (that is, 
>99.9% of all used CANDU fuel bundles) would maintain its integrity in dry storage for at least 
100 years (Frost 1994, Frost et al. 1993). The experimental program to investigate the behaviour 
of used fuel in dry storage is continuing. 

2.2.11 Ability of Current Storage Practices to Meet Their Objectives 

As discussed in Section 2.2.9, the safety and reliability of storage have been demonstrated for 
more than 45 years in Canada. Frost (1994) concluded that both wet and dry interim storage of 
Ontario Hydro’s used fuel is cost-effective. As discussed in Section 2.2.10, used fuel with 
undamaged sheaths (that is, >99.9% of all used CANDU fuel bundles) would maintain its 
integrity in wet or dry storage for at least 100 years; used CANDU fuel with defected sheaths 
would maintain its integrity in wet or dry storage for at least 50 years. Retrievability of used fuel 
from storage facilities has been demonstrated (Frost 1994). Thus the interim storage practices 
currently used in Canada meet the objectives stated in Section 2.2.2. 

With appropriate institutional controls, such as maintenance and monitoring, it is expected that 
the objectives will continue to be met as long as required in the future (Frost 1994). Canadian 
utilities continue to evaluate both storage experience and plans for future storage facilities to 
ensure that the objectives will continue to be met. 

2.3 ARRANGEMENTS FOR LONG-TERM MANAGEMENT OF NUCLEAR FUEL 
WASTE 

In Canada, Section 25 of the Atomic Energy Control Regulations (Appendix B) makes the owner 
of nuclear fuel waste responsible for its safe management. As discussed in Section 1.1, the 
owners are Ontario Hydro, Hydro-Quhbec, New Brunswick Power, and AECL. 

The utilities with nuclear generating stations include the cost of used-fuel disposal in the rates 
charged for electricity. This practice was begun by Ontario Hydro in 1982, by New Brunswick 
Power in 1983, and by Hydro-Quhbec in 1989. Thus the utilities with nuclear generating stations 
are making provisions for disposal of the used fuel they produce. As described in Section 1.5.2, 
Ontario Hydro helps to fund the research on disposal. 

Appendix C summarizes the arrangements made in several countries for the long-term manage- 
ment of nuclear fuel waste. In all of these countries, the producers of nuclear fuel waste pay for 
its management. In many of these countries, an agency has been made responsible for 
implementing disposal (Table 2-7). The producers fund these agencies, in some cases by direct 
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annual payments as costs are incurred and in other cases through an independently administered 
fund for disposal (Table 2-7). 

TABLE 2-7 

ARRANGEMENTS FOR DISPOSAL OF NUCLEAR FUEL WASTE 

Country Organization Responsible 
for Implementing Disposal 

Funding Approach 

Belgium National Agency for Radioactive Waste and 
Fissile Materials (ONDRAFNRAS) 

Canada None 

Finland The two utilities that generate nuclear energy, 
Teollisuuden Voima Oy (TVO) and Imatran 
Voima Oy (IVO) 

France National Agency for Radioactive Waste 
Management (ANDRA) 

Germany Federal Office for Radiation Protection (BfS) 

Japan None 

Spain National Waste Management Company 
@MESA) 

Sweden Swedish Nuclear Fuel and Waste Management 
Company (SKEi) 

Switzerland National Cooperative for the Disposal of 
Radioactive Waste (Nagra) 

United Kingdom None 

Waste producers contribute to a 
fund managed by 
ONDRAF/NIRAS 

Utilities include disposal costs 
in the rates charged for 
electricity 

Waste producers contribute to a 
government-controlled fund 

Waste producers finance the 
activities of ANDRA 

Waste producers pay for 
nuclear fuel waste management 

Utilities will pay for disposal 

Waste producers pay for 
nuclear fuel waste management 

Utilities contribute to a fund 
controlled by an independent 
government agency 

Utilities set aside financial 
reserves each year 

Utilities include disposal costs 
in the rates charged for 
electricity 

United States U.S. Department of Energy through the Office of 
Civilian Radioactive Waste Management fund 

Utilities contribute to a national 
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3. REQUIREMENTS, OBJECTIVES, AND ISSUES 
RELATED TO NUCLEAR FUEL WASTE MANAGEMENT 

In this chapter we begin by discussing the sources of information used b y  AECL to establish both 
general requirements for the disposal concept and technical objectives for its development: 

work of the international community, 

9 initiatives of governments in Canada, and 

9 AECL studies, including those involving the public. 

Next we discuss how these sources of information provide the basis 

for the general requirements for the disposal concept regarding protection of human health 
and the natural environment, responsibility to future generations, public involvement, and 
appropriateness for Canada: and 

9 for the technical objectives for concept development regarding the disposal technology, the 
assessment methodology, and the existence of technically suitable disposal sites in Canada. 

The chapter concludes with a discussion of three issues related to nuclearfuel waste manage- 
ment: special considerations regarding the involvement of aboriginal people, factors that could 
influence a decision regarding the timing of disposal, and responsibility for implementing 
disposal. It is stressed that to help build trust, the implementing organization should take the 
lead role in interactions with communities during the siting stage. 

3.1 ESTABLISHMENT OF REQUIREMENTS AND OBJECTIVES 

3.1.1 Work of the International Community 

INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION 

Nuclear power was developed within an existing international framework for radiological 
protection based on the recommendations of the ICRP, which was established in 1928 
(Appendix D). Protection of human health has always been a fundamental objective in the 
operation of nuclear reactors and the management of radioactive waste. 

The ICRP issues basic recommendations for radiological protection. These recommendations 
form the basis for regulations in most countries and for the safety standards of the IAEA, the 
OECD/NEA, and the World Health Organization. 

The ICRP (1977) proposed three basic principles for radiological protection: 

(a) no practice shall be adopted unless its introduction produces a positive net benefit; 

(b) all exposures shall be kept as low as reasonably achievable, economic and social factors 
being taken into account; and 
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(c) the dose equivalent to individuals shall not exceed the limits recommended for the 
appropriate circumstances by the Commission. 

The ICRP (1 985) has addressed the application of its recommendations to the disposal of 
radioactive waste, including discussion of assessment methodology and time scales of concern. 

INTERNATIONAL ATOMIC ENERGY AGENCY 

The IAEA was created by the United Nations in 1957. Since its inception, it has provided 
guidance and technical assistance to member countries in the field of radioactive waste 
management. It co-operates with other United Nations organizations, such as the World Health 
Organization, the International Maritime Organization, and UNSCEAR, as well as other 
international organizations, such as the OECD/NEA. 

It convenes a variety of meetings where research results and national and international programs 
can be discussed and information can be shared with member countries. It holds technical 
committee and advisory-group meetings to formulate standards, guidelines, and international 
recommendations for use by national authorities. 

In 1977, the IAEA initiated an integrated program on the geological disposal of radioactive 
waste. As part of this program, basic requirements for protection of human health and the natural 
environment were recommended, as were criteria for underground disposal of solid radioactive 
waste (IAEA 1983). In addition, the IAEA publishes documents addressing possible options for 
disposal technology. 

The IAEA (1989a) has set out the following two objectives for disposal of nuclear fuel waste: 

to isolate high level wastes from the human environment over long time-scales without 
relying on future generations to maintain the integrity of the disposal system, or 
imposing upon them significant constraints due to the existence of the repository 
(RESPONSIBILITY TO FUTURE GENERATIONS); and 

to ensure the long term radiological protection of humans and the environment in 
accordance with current internationally agreed radiation protection principles 
(RADIOLOGICAL SAFETY). 

* 

Recently the IAEA initiated the Radioactive Waste Safety Standards Program to establish and 
promote the basic safety philosophy for radioactive waste management and the steps necessary to 
ensure its implementation. 

NUCLEAR ENERGY AGENCY OF THE ORGANISATION FOR ECONOMIC 
CO-OPERATION AND DEVELOPMENT 

The OECD/NEA is a multinational body that stimulates and co-ordinates the efforts of its 
member countries in several areas of radioactive waste management. It established the following 
objectives for radioactive waste management (OECD/NEA 1977): 
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(a) to comply with radiological protection principles for present and future generations; 

(b) to preserve the quality of the natural environment; 

(c) to avoid pre-empting present or future exploitation of natural resources; 

(d) to minimize any impact on future generations to the extent practicable. 

The OECD/NEA discussed the principles involved in radioactive waste disposal (OECD/NEA 
1982) and addressed the application of long-term radiological protection principles to radioactive 
waste disposal (OECD/NEA 1984). 

INTERNATIONAL SEMINAR ON ETHICAL ACTION 

As indicated above, ethical considerations have always been part of international discussions on 
radioactive waste disposal. In 1987, a seminar on ethical action in the face of uncertainty was 
held in Stockholm (KASAM and SKN 1988). Discussions led to the following conclusion: "A 
repository should be constructed so that it makes controls and corrective measures unnecessary, 
while at the same time not making controls and corrective measures impossible." 

3.1.2 Initiatives of Governments in Canada 

The current review of the disposal concept under the Environmental Assessment and Review 
Process offers Canadians an opportunity to provide input on issues related to nuclear fuel waste 
management. As described below, public input has previously been sought through several 
government initiatives in Canada, including reviews of specific issues and reviews of proposed 
regulations and regulatory documents. 

Because the scope of most of the earlier government reviews was much broader than the scope of 
the present review, many of the conclusions and recommendations resulting from those reviews 
are not relevant to nuclear fuel waste disposal. Those that are relevant and pertain to require- 
ments, objectives, and major issues are mentioned in discussions of those topics throughout this 
EIS. 

The relevant conclusions and recommendations resulting from the reviews were taken into 
account by governments when making decisions regarding nuclear fuel waste management, in 
particular when developing the 1978 and 1981 Joint Statements (Section 1.3) and when initiating 
the current review of the disposal concept (Section 1.6). The results of the government reviews, 
the Joint Statements, and the regulations and regulatory documents developed by the AECB were 
all taken into account by AECL when establishing general requirements for the disposal concept, 
technical objectives for its development, and the approach to its implementation. 

The sequence of government initiatives regarding disposal of Canada's nuclear fuel waste is 
summarized in Table 3- 1. Following the table is a brief discussion of those not previously 
described in Chapter 1.  
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TABLE 3-1 

GOVERNMENT INITIATIVES REGARDING DISPOSAL OF CANADA’S NUCLEAR FUEL WASTE 

Year Initiative 

1975-80 

1977 

1977-78 

1978 

1978-80 

1981 

1982-87 

1987-88 

1987-88 

1988 

1989 

1990 

1991 

1992 

The Royal Commission on Electric Power Planning studied Ontario Hydro’s long-range plans. 

The group chaired by F.K. Hare studied options for disposal of Canada’s nuclear fuel waste. 

The Standing Committee on National Resources and Public Works studied the report of the group chaired 
by F.K. Hare. 

The Joint Statement by the governments of Canada and Ontario established the Nuclear Fuel Waste 
Management Program. 

The Select Committee on Ontario Hydro Affairs studied nuclear fuel waste management. 

A Joint Statement by the governments of Canada and Ontario postponed siting until after acceptance of 
the disposal concept. 

The AECB issued consultative and regulatory documents. 

The Standing Committee on Environment and Forestry studied storage and disposal of nuclear fuel waste. 

The Standing Committee on Energy, Mines and Resources studied the economics of nuclear power in 
Canada and related issues, including radioactive waste management. 

The Minister of Energy, Mines and Resources requested a review of the disposal concept under the federal 
Environmental Assessment and Review Process. 

The Federal Minister of the Environment appointed an Environmental Assessment Panel to review the 
disposal concept. 

The Panel established a Scientific Review Group and held open houses and scoping meetings in 
Saskatchewan, Manitoba, Ontario, Quebec, and New Brunswick. 

The Panel issued draft guidelines for this EIS. 

The Panel issued final guidelines for this EIS. 

ROYAL COMMISSION ON ELECTRIC POWER PLANNING 

In 1975, the Ontario government appointed the Royal Commission on Electric Power Planning to 
review Ontario Hydro’s long-range plans for generating electricity. The Commission, chaired by 
A. Porter, held public meetings, hearings, seminars, symposia, and workshops, which resulted in 
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the participation of individual citizens, special interest groups, industrial associations, public 
utility commissions, municipalities, and townships. The Commission also met with senior 
members of provincial governments, major utilities, and government agencies, and visited the 
United States, the United Kingdom, and Europe. The issues raised by the participants included 
nuclear fuel waste management (RCEPP 1978, 1980). In its 1978 report, the Commission 
endorsed many of the recommendations of the Hare Study Group. 

HARE STUDY GROUP 

In 1977, the Department of Energy, Mines and Resources established an independent expert 
group to describe the options open to Canada for the disposal of nuclear fuel waste, examine 
public concerns regarding the management of the waste, and recommend the appropriate option 
for Canada. The group was chaired by F.K. Hare. It held discussions with citizen’s groups, 
technical experts, and the various Canadian public bodies having responsibilities or interests in 
the area of nuclear power. The public bodies included the AECB, Ontario Hydro, AECL, the 
National Research Council, the Science Council of Canada, and the Canadian Environmental 
Advisory Council. As noted in Section 1.2, the study group supported the choice of underground 
disposal in plutonic rock as the most promising option for long-term management of Canada’s 
nuclear fuel waste (Aikin et al. 1977). This conclusion, as well as the recommendation for a 
large increase in research and development on nuclear fuel waste disposal, was reflected in a 
subsequent announcement by the governments of Canada and Ontario (Joint Statement 1978). 

STANDING COMMITTEE ON NATIONAL RESOURCES AND PUBLIC WORKS 

In 1977, the House of Commons Standing Committee on National Resources and Public Works 
undertook a study of the report by Aikin et al. (1977). The Committee, chaired by F. Leblanc, 
received presentations from many sources, including special interest groups; individual members 
of the public; Energy, Mines and Resources Canada; the AECB; and AECL. The Committee 
submitted a report to the House of Commons recommending that “an intensive research and 
development program into all facets of nuclear waste management be pursued on an urgent 
basis” (SCNRPW 1978). The Committee’s recommendation was addressed in the Joint 
Statement (1978) that established the Nuclear Fuel Waste Management Program. 

SELECT COMMITTEE ON ONTARIO HYDRO AFFAIRS 

In 1978 and 1980, the Ontario Legislature’s Select Committee on Ontario Hydro Affairs, chaired 
by D. MacDonald, received presentations on nuclear fuel waste management. These presenta- 
tions were from special interest groups, Ontario residents living near AECL’s field research sites, 
government departments and agencies, and independent experts from Canada and the United 
States. Two of the Committee’s recommendations were that the governments of Canada and 
Ontario clarify responsibility for regulatory approval of nuclear fuel waste management and 
clarify procedures for ensuring appropriate public involvement (SCOHA 1980). These 
recommendations were addressed by the second Joint Statement (198 1) of the governments of 
Canada and Ontario. 
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ATOMIC ENERGY CONTROL BOARD 

Regulatory document R-71 (AECB 1985), regarding the assessment of the disposal concept, was 
issued by the AECB for review in 1982 and in final form in 1985. Regulatory document R-72 
(AECB 1987b), regarding geological considerations in siting a nuclear fuel waste disposal vault, 
was issued for review in 1984 and in final form in 1987. Regulatory document R-104 (AECB 
1987a), regarding objectives, requirements, and guidelines for the disposal of radioactive waste, 
was issued for review in 1986 and in final form in 1987. Amendments to the Atomic Energy 
Control Regulations (AECB 1986, 1991a), which specify requirements that apply to nuclear 
activities in Canada, were issued for review in 1986 and 1991. These regulatory documents and 
proposed amendments are described in Appendix B. 

The AECB invited comments on these proposed regulatory documents or amendments by 
sending the proposals to government departments and agencies, to individual members of the 
public who had indicated interest, and to groups who had expressed concern about nuclear 
power. Public comment was also invited through the AECB ’s broadly circulated newsletter. 

STANDING COMMITTEE ON ENVIRONMENT AND FORESTRY 

In 1987, the House of Commons Standing Committee on Environment and Forestry undertook a 
study of the storage and disposal of nuclear fuel waste in Canada. The Committee, chaired by 
B. Brisco, received presentations from special interest groups, government departments and 
agencies, and the Technical Advisory Committee (described in Section 3.1.3). The Standing 
Committee’s recommendations that the disposal concept undergo an independent review and that 
Environment Canada encourage public participation in the review (SCEF 1988) are being 
addressed by the review now under way. 

STANDING COMMITTEE ON ENERGY, MINES AND RESOURCES 

In 1987, the House of Commons Standing Committee on Energy, Mines and Resources under- 
took a study on the economics of nuclear power in Canada and related issues. The Committee, 
chaired by B. Sparrow, received presentations from special interest groups, government 
departments and agencies, electrical utilities, consultants, and the commissioner for the Ontario 
Nuclear Safety Review. The Committee also visited nuclear installations in Canada and travelled 
to the United States and Europe. The issues raised by the participants included nuclear fuel 
waste management. As noted in Section 1.2, the Committee concluded that deep geological 
disposal of nuclear fuel waste is an appropriate approach for Canada (SCEMR 1988). 

3.1.3 AECL Studies 

Both the Hare Study Group (Aikin et al. 1977, p. 51) and the Select Committee on Ontario 
Hydro Affairs (SCOHA 1980) recommended that AECL should more actively seek informed 
comment from the technical community. Researchers at AECL and Ontario Hydro sought input 
from the technical community by conducting and attending conferences, meetings, and 
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workshops; by publishing documents; by contracting for expert reviews on specific topics; and 
by establishing a Technical Advisory Committee. These activities are described briefly below. 

AECL also conducted a public involvement program as part of the Nuclear Fuel Waste 
Management Program. The objectives of the public involvement program were 

to inform the public about the disposal concept; and 

to identify and understand public concerns about disposal so that those concerns could be 
addressed, to the extent possible, by modifying the disposal concept or the approach 
recommended for its implementation. 

The public involvement program included a public information program begun in 1978, a public 
consultation program begun in 1984, and supporting studies begun in 1978. These components 
are discussed in R-Public and summarized briefly below. Most of the issues raised during 
AECL’s public involvement program were related to the safety of nuclear fuel waste manage- 
ment or to the desire for the public to be involved in decision making. The major issues raised 
by the public are discussed briefly in the subsequent sections of this chapter and in detail in 
R-Public. 

The input obtained from the technical community and the public was taken into account by 
AECL when establishing general requirements for the disposal concept, technical objectives for 
its development, and the approach to its implementation. 

CONFERENCES, MEETINGS, AND WORKSHOPS 

Researchers in the Nuclear Fuel Waste Management Program have presented numerous technical 
papers at conferences in Canada and in other countries. They also held many information 
meetings, which were attended by representatives of government departments and agencies, 
members of the Technical Advisory Committee, faculty members and students from universities, 
consultants in the private sector, and other members of the public. Many other meetings have 
been held with representatives of government departments and agencies to offer them informa- 
tion and obtain their advice. In addition, workshops have been held to solicit comments from 
scientists, engineers, and social scientists outside the Nuclear Fuel Waste Management Program. 

PUBLICATION OF DOCUMENTS 

Researchers in the Nuclear Fuel Waste Management Program publish the results of their work in 
AECL Reports and Technical Records, Ontario Hydro Reports, scientific journals, and confer- 
ence proceedings. To date, researchers in the Nuclear Fuel Waste Management Program have 
produced more than 2400 publications. These include reports on two interim assessments of 
disposal that were performed to demonstrate the methodology for analyzing the effects of nuclear 
fuel waste disposal. The first was completed in 198 1 (Lyon et al. 198 1, Johansen et al. 198 1, 
Wuschke et al. 198l), and the second in 1985 (Wuschke et al. 1985a, 1985b; Gillespie et al. 
1984; Johansen et al. 1985). These reports were widely distributed for review. Recipients 
included the utilities that operate nuclear power reactors, regulatory agencies, government 
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departments, universities, special interest groups, and individuals who had expressed an interest 
@-Public). Valuable comments and criticism have been received from individual members of 
the public, special interest groups, government departments and agencies, and AECL’s Technical 
Advisory Committee. 

TECHNICAL ADVISORY COMMITTEE 

The Technical Advisory Committee (TAC) to AECL on the Nuclear Fuel Waste Management 
Program was established by AECL in 1979. It is an independent review committee whose 
members serve 3-year terns, which may be renewed. Members are appointed by AECL from a 
list of candidates recommended by the following scientific and engineering societies: 

the Biological Council of Canada; 

the Canadian Association of Physicists; 

9 the Canadian Federation of Biological Societies; 

9 the Canadian Geoscience Council; 
the Canadian Information Processing Society; 

the Canadian Institute of Mining, Metallurgy and Petroleum; 

the Chemical Institute of Canada; and 

the Engineering Institute of Canada. 

The purpose of TAC is to advise AECL on the extent and quality of the technical program on 
nuclear fuel waste management. The Committee obtains information by meeting with 
researchers, visiting laboratory and field research sites, and reading published documents. It 
documents its findings and recommendations in annual reports (TAC 1980 to TAC 1993). Since 
1988, these reports include AECL’s response to the recommendations received the previous year. 

PUBLIC INFORMATION PROGRAM 

Initially, AECL’s public information program entailed offering information to the public about 
the Nuclear Fuel Waste Management Program, seeking feedback, and seeking public acceptance 
of field research activities. Subsequent to the siting of geological field research sites, AECL 
broadened its public information program to the national level, with a view to offering 
information about the disposal concept and to identifying factors important to its acceptance. 
Information has been offered to the public by 

holding discussions with people in municipal, provincial, and federal governments; special 
interest groups; schools; and universities; 
staffing displays at shopping malls, exhibitions, conferences, and open houses, including the 
open houses held by the federal Environmental Assessment Review Office; 

providing public infomation offices and a toll-free information line; 

providing tours of AECL’s research facilities; 
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producing and distributing information materials, including booklets, pamphlets, and films; 
and 
advertising to describe the disposal concept and to offer additional information. 

PUBLIC CONSULTATION PROGRAM 

Recognizing the importance of public concerns, AECL, in 1984, initiated a more formal 
consultation program open to any group that wanted to participate. Individuals and groups 
across Canada were notified. In addition, invitations to participate were sent to 52 special 
interest groups identified by Pat Delbridge Associates Inc. (1985), the objective being to ensure a 
balanced reflection of public views regarding nuclear fuel waste disposal. 

The public consultation program allowed for in-depth discussion and evaluation of issues with a 
broad, though not necessarily representative, cross section of society. Input was received from 
37 special interest groups by means of general discussions, letters, position papers, meetings, and 
an interactive workshop (R-Public). The views expressed by the special interest groups before 
the workshop were documented by AECL (Greber and Anderson 1989), and the results of the 
workshop were documented by the consulting firm that conducted it (Pat Delbridge Associates 
Inc. 1989). In 1990, two regional workshops resulted in additional input from special interest 
groups (R-Public). 

SUPPORTING STUDIES 

To obtain additional insight into public views, AECL commissioned focus group discussions on 
nuclear fuel waste management issues (Pieroni 1980, 1981, 1984, 1986; Gallup Canada Inc. 
1989). Each involved about 10 to 12 people and was conducted by a professional moderator. In 
an effort to identify and characterize the views from different geographic locations, the 
discussions were held in Toronto, Kingston, Thunder Bay, Sudbury, Regina, and Montreal. 

Since 1978, AECL has commissioned public opinion surveys to sample opinions about nuclear 
fuel waste management, in an attempt to establish how widely held those opinions were. The 
surveys also served the purpose of identifying views that might not be identified by consultation 
with special interest groups. 

Gallup Canada Incorporated and Angus Reid Group Incorporated, both recognized polling firms, 
conducted the surveys. Survey design, sampling, data collection, and data reduction were carried 
out by the polling firms. Questions were changed with time to investigate particular issues. 
Survey samples were augmented by additional interviews in northern Ontario to ensure adequate 
representation from that region of the province. The results of the surveys, including views on 
storage and disposal, are discussed in detail in R-Public. 

AECL also commissioned several literature reviews and case studies on social issues relevant to 
nuclear fuel waste disposal. These are listed below: 

a preliminary evaluation of the social issues associated with nuclear fuel waste management 
(Foster 1985), 
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a literature review and case studies analysis of siting processes (Armour Environmental 1990), 

a case studies analysis of transportation issues relevant to siting hazardous waste disposal 
facilities in Canada (Hardy Stevenson and Associates 1992), 
a literature review of ethical issues associated with nuclear fuel waste management (Hardy 
Stevenson and Associates 1993), 
a literature review of public views on risk (Gartner Lee Limited 1993), 

a case studies analysis of aboriginal involvement in the nuclear industry (HBT AGRA 
Limited 1993), 
a case study of socio-economic issues relevant to the Alberta Special Waste Treatment Centre 
(Maureen Payne and Associates 1993), 
a case study of socio-economic issues relevant to the Rabbit Lake uranium mine (INTERTEC 
Resource Consultants 1993), and 

9 a case study of socio-economic issues relevant to the Point Lepreau nuclear generating station 
(Washburn & Gillis Associates Ltd. 1993). 

In 1991, AECL sponsored a workshop at which the moral and ethical issues related to the nuclear 
fuel waste disposal concept were examined, Participants included ethicists, social scientists, and 
theologians from Canada, the United States, and Sweden. In addition, a consultant on aboriginal 
culture and tradition provided valuable input from an aboriginal perspective. Hardy Stevenson 
and Associates (1991) conducted the workshop and documented the results. 

The results of AECL’s supporting studies, including the focus group discussions, surveys, 
literature reviews, case studies, and ethics workshop, are summarized in the context of the 
requirements, objectives, and issues discussed in the remaining sections of this chapter. 

3.1.4 Overview of Requirements and Objectives 

To focus the research and development in the Nuclear Fuel Waste Management Program, AECL 
established general requirements for the disposal concept and technical objectives for its 
development. These are based on information obtained through initiatives of the international 
community, governments in Canada, and AECL, which are described above. 

AECL established the following general requirements for the disposal concept: 
Human health and the natural environment must be protected. 

The burden placed on future generations must be minimized, social and economic factors 
being taken into account. 

There must be scope for public involvement during all stages of concept implementation. 

The disposal concept must be appropriate for Canada, that is, compatible with the 
geographical features and economic factors. 

These general requirements are discussed in Sections 3.2 to 3.5. 
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AECL established the following technical objectives for the development of the disposal 
concept: 

Develop and demonstrate the technology for the siting, construction, operation, decom- 
missioning, and closure of a disposal facility in plutonic rock. The disposal technology 
should not rely on long-term institutional controls as a necessary safety feature; it should be 
currently available or readily achievable; it should be adaptable to a wide range of physical 
conditions and societal requirements and to potential changes in criteria, guidelines, and 
standards; it should include monitoring; and it should allow retrieval of the waste. 
Develop and demonstrate a methodology to evaluate the safety of a disposal system against 
established safety criteria, guidelines, and standards. 

Determine whether technically suitable disposal sites are likely to exist in Canada. 

These technical objectives are discussed in Sections 3.6 to 3.8. 

3.2 PROTECTION OF HUMAN HEALTH AND THE NATURAL ENVIRONMENT 

The protection of human health and the natural environment is the primary objective of nuclear 
fuel waste management. This objective has been stated by AECL (Dyne 1975), the OECD/NEA 
(1977), the IAEA (1983), and the AECB (Appendix B, Section B.2.7; AECB 1987a). 

This objective is relevant to nuclear fuel waste disposal in two ways: 
the reason for disposal is to protect human health and the natural environment from the 
potential harmful effects of the waste far into the future; and 
human health and the natural environment have to be protected while the disposal concept is 
being implemented. 

In this EIS, we use the term safety to mean protection of the health of humans and non-human 
biota, and health to mean a condition of well-being. We consider human health to include both 
physical and mental well-being. We define safe as meeting criteria, guidelines, and standards for 
protecting the health of humans and non-human biota. Criteria, guidelines, and standards for the 
protection of human health and the natural environment are specified in legislation, regulatory 
documents issued by the AECB, and guidelines, as described in Appendix B. Some may also be 
specified in the licences issued by the AECB. 

Participants in AECL’s public involvement program identified safety as a major concern. Their 
concerns are discussed in detail in R-Public and listed briefly here. The concern for safety has 
been expressed in many ways by participants in the public consultation program, by participants 
in focus group discussions, and by survey respondents. In a recent survey by Angus Reid Group 
Incorporated (1 992), for example, respondents indicated that with regard to extended storage, 
they were concerned about accidents, terrorism, maintenance, human error, and earthquakes; 
with regard to disposal, they were concerned about monitoring, groundwater contamination, 
accidents, earthquakes, and retrievability of the waste. With regard to transportation of nuclear 
fuel waste, participants in the public consultation program were concerned about the integrity of 
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the transportation cask, security, population density, transportation distance, and emergency 
preparedness (Pat Delbridge Associates Inc. 1989). 

When asked about their impression of what the hazards of radioactive waste are, respondents to a 
recent survey named general health problems (33%), cancer (31%), death (20%), birth defects 
(1 8%), and destruction of the environment (27%) (Angus Reid Group Inc. 1992). 

In response to specific public concerns about safety, AECL has modified the proposed approach 
to implementing the disposal concept. For example, the implementation stages now include the 
possibility of extended monitoring before closure (Section 5.1 3 ,  and ease of postclosure 
retrieval of the waste would be considered when designing a disposal vault (Section 3.6.6). 

3.3 MINIMIZING THE BURDEN ON FUTURE GENERATIONS 

The objective of minimizing any burden placed on future generations has been stated by AECL 
(Dyne 1975), the OECDlNEA (1977), the AECB (Appendix B, Section B.2.7; AECB 1987a), 
and the IAEA (1 989a). The AECB (1 987a) requires that 

The burden on future generations shall be minimized by: 

(a) selecting disposal options for radioactive wastes which to the extent reasonably achievable do not 
rely on long-term institutional controls as a necessary safety feature; 

(b) implementing these disposal options at an appropriate time, technical, social and economic factors 
being taken into account; and 

(c) ensuring that there are no predicted future risks to human health and the environment that would not 
be currently accepted. 

Ethical considerations indicate that the present generation should assume, to the extent possible, 
the responsibilities associated with the disposal of nuclear fuel waste (R-Public). For example, at 
a workshop on moral and ethical issues related to the disposal concept, it was concluded that 
'Those who use nuclear energy ought to take care of the waste" and that "The waste ought to be 
dealt with in a way that is not a burden to the future" (Hardy Stevenson and Associates 1991, 
p. 10). The present generation is bearing the financial burden through charges included in the 
rates for electricity. We believe, however, that bearing the financial burden alone is not 
sufficient and that the present generation should do what it can to progress toward disposal. 

3.4 PUBLIC INVOLVEMENT IN CONCEPT IMPLEMENTATION 

3.4.1 The Need for Public Involvement in Concept Implementation 

AECL's public involvement program confirmed that public involvement would be needed during 
concept implementation. 

A workshop on moral and ethical issues concluded that 'The community has to be 'deeply 
engaged,' and must feel that it has some control over processes that may affect it" (Hardy 
Stevenson and Associates 1991). Several participants in AECL's public consultation program 
(Greber and Anderson 1989, pp. 85-87; Pat Delbridge Associates Inc. 1989) also stressed the 
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importance of public involvement, particularly the right of people to participate in making 
decisions that affect them. Participants in focus group discussions and survey respondents also 
expressed a desire for public involvement in decision making regarding nuclear fuel waste. For 
example, in a survey conducted in New Brunswick, Ontario, and Quebec, over 85% of the 
respondents agreed that communities should have the right to decide whether a disposal facility 
could be located near them (Angus Reid Associates Inc. 1989). 

Research into the basis for opposition to facility siting suggests that, if people near a proposed 
site feel they were not well informed, not asked for their input, not taken seriously, or not offered 
the right to refuse the facility, then they would likely oppose the project regardless of the validity 
of the arguments for the suitability of the site (Armour Environmental 1990; Public Disputes 
Network 1991, 1992; Resource Futures International 1992; Richards, M.D. 1992). 

Research into people’s perception of risk also provides insight into the need for public involve- 
ment. Such research (for example, Cohrssen and Covello 1989, Sandman 1985) suggests that 
people consider the risk of an activity to be lower or more acceptable if 

they are familiar with the activity, 

they engage in or accept the activity voluntarily, 

they believe they have some ability to control the risk, 

they believe the distribution of risks and benefits is equitable, 

they trust the organization responsible for the activity, or 

they benefit from the activity. 

Public involvement is central to the disposal strategy proposed by AECL. We have focused on 
developing a disposal concept that provides scope for public involvement during concept 
implementation, and we recommend an approach to implementation that involves the public. 

3.4.2 Principles for Concept Implementation 

To develop principles for implementing the disposal concept, including siting and all subsequent 
stages, AECL has used the social science literature and commissioned case studies 
(Section 3.1.3); discussed the issues with the public during our consultation program, workshops, 
and focus group meetings (Section 3.1.3); considered the presentations made to the Panel during 
scoping; and participated in two international workshops on innovative approaches to siting 
waste management facilities (Resource Futures International 1992, 1994). 

As discussed in Section 1.7, when describing concept implementation, we indicate how AECL 
would propose that the disposal concept be implemented. On the basis of the information 
reviewed and obtained to date, AECL believes that concept implementation should be based on 
the principles of safety and environmental protection, voluntarism, shared decision making, 
openness, and fairness. These five interrelated principles are discussed briefly below and in 
more detail in R-Public. 
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SAFETY AND ENVIRONMENTAL PROTECTION 

In addition to complying with all applicable legislation, the implementing organization would 
keep adverse effects as low as reasonably achievable, social and economic factors being taken 
into account. 

All approvals required by legislation, including licences, would be obtained (Section 5.3). 
Environmental conditions would be thoroughly characterized in order to identify a site at which 
disposal could be safely implemented (Section 5.4). The disposal facility would be designed to 
protect human health and the natural environment, both until the facility was closed and for a 
long time after closure (Section 5.6). Potential environmental effects would be identified 
(Section 5.7), and measures would be taken (1) to avoid adverse effects, (2) to mitigate 
unavoidable adverse effects, and (3) to compensate for adverse effects of the disposal facility that 
were not avoided or sufficiently mitigated (Section 5.8). Monitoring would be an ongoing 
activity to determine whether the disposal system was performing as expected (Section 5.5). 
Emergency response plans would be developed (Section 5.8.7). 

VOLUNTARISM 

No community would be forced to host a disposal facility. A community would have the right to 
determine whether or not it was willing to be a host community. In an area over which a com- 
munity had jurisdiction, a disposal site would be sought only with the support of the community. 
On crown land, a disposal site would be sought only with the consent of the government that had 
jurisdiction. The implementing organization would encourage the government to identify a 
potential host community for a disposal facility on crown land. 

Because a community would have the power to veto the selection of a site within its jurisdiction, 
it could ensure that local concerns were addressed and that local criteria for acceptance were met. 

A siting process based on the principle of voluntarism, that is, on earning community approval, 
has been used to site hazardous waste management facilities in Alberta (McQuaid-Cook and 
Simpson 1986, Maureen Payne and Associates 1993) and Manitoba (MHWMC 1992; Richards, 
A. 1992). A similar approach is being taken to site a facility in Ontario for disposal of waste 
with low levels of radioactivity (Siting Process Task Force 1987). 

Because a potential host community would have a special relationship with the implementing 
organization with respect to decision making, the boundary of that community would have to be 
well defined. This boundary could be based on municipal boundaries, for example. The 
potential host community could include more than one administrative unit, such as several local 
municipalities or a regional municipality. During the siting of a hazardous waste management 
facility in Alberta, the potential host community was defined as the nearest town (Maureen 
Payne and Associates 1993). During the siting of a hazardous waste management facility in 
Manitoba, the boundary of each potential host community was defined by the municipal 
council(s) involved (Richards, A. 1992). The process developed for siting a disposal facility for 
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waste with low levels of radioactivity specifies that a potential host community is defined as a 
municipality (Siting Process Task Force 1987). 

Within a potential host community, people might hold a variety of views regarding a disposal 
facility, and mechanisms for decision making would be required. Community decisions could be 
made, for example, by local councils, by a citizens' committee appointed by the community, or 
by referenda organized by the community. In Alberta, "Using a referendum as the deciding 
mechanism gave citizens on either side of the issue the opportunity to register their opinion and 
ultimately contributed to the legitimacy of the process" (Maureen Payne and Associates 1993). 

SHARED DECISION MAKING 

Concept implementation would occur in stages and would entail a series of decisions about 
whether and how to proceed. Each potential host community, and later the host community, 
would share in decision making as negotiated. In addition, the implementing organization would 
seek and address the views of other communities that could be affected by concept implementa- 
tion (local individuals, groups of local individuals, or municipalities) as well as the views of 
provincial governments that could be affected. 

Communities have participated in decision making in other projects. For example, the approach 
to siting a hazardous waste management facility in Manitoba was to "make the process fit the 
community" (Richards, A. 1992). The feasibility of hosting a storage facility for used fuel was 
assessed by the Mescalero Apache Nation in Arizona (HBT AGRA Limited 1993). The financial 
benefits of hosting a hazardous waste management facility were assessed by communities in 
Alberta (Maureen Payne and Associates 1993). Representatives of the Wollaston Lake Band 
participated in a committee to determine how Wollaston Lake residents could benefit from 
uranium mining (INTERTEC Resource Consultants 1993). 

Host communities for a variety of facilities have identified potential effects of concern and 
helped determine how they would be managed. In Alberta, this led to modifying the design of 
the hazardous waste management facility, minimizing on-site storage of waste, developing 
special transportation procedures, revising the facility safety manual, and renegotiating the 
industrial tax transfer agreement (Maureen Payne and Associates 1993). In New Brunswick, a 
state-of-the-art cooling system was developed for the Point Lepreau nuclear generating station 
prevent damage to fish stocks; a local warden system was developed to respond to any emer- 
gencies; and concerns about worker housing and a barge landing site were resolved through 
public participation in the decision-making process (Washburn & Gillis Associates Ltd. 1993). 

0 

A potentially affected community that was not a potential host community would establish with 
the implementing organization a procedure to present its views and have them addressed. 

A host community could share in decision making through representation on groups such as the 
board of directors, management committee, community liaison committee, or committees dealing 
with worker safety and environmental protection. For example, the co-management approach 
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taken by the Manitoba Hazardous Waste Management Corporation includes the following 
provisions for community involvement (MHWMC 1992): 

the appointment of two community representatives to the Board of Directors; 

the establishment of a Plant Co-Management Committee, which would include senior 
operating management of the facility and representatives of the local municipality, to review 
and discuss ongoing activities, to exchange information, and to provide direction in any 
decisions deemed to be important to the community’s interest; 

the formation of an independent Community Liaison Committee, which would be appointed 
by the council of the rural municipality, to provide general oversight of the facility’s 
operation, to facilitate public consultation, and to administer independent review, monitoring, 
or investigation of the facility’s operation; and 

the establishment of a Workplace Safety and Health Committee composed of employee and 
management representatives with observers from the Plant Co-Management Committee and 
the Community Liaison Committee. 

Mechanisms for resolving conflicts with communities would be established. Three types of 
third-party intervention have been used successfully in many environmental conflicts: fact- 
finding to help the parties reach agreement on any facts in contention, mediation to help the 
parties find a compromise, and arbitration to find a compromise for them (Sandman 1985). 

OPENNESS 

During concept implementation, the implementing organization would offer information to the 
general public about its plans, procedures, activities, and progress, beginning early in the siting 
stage and continuing thereafter. 

In addition, the potentially affected communities would have access to all available information 
required to make a judgement about safety and environmental protection. The scope of such 
information and the mechanisms for providing it would need to be developed jointly. The scope 
could include plans, designs, options, and results of assessments and monitoring. Facility safety 
reports and monitoring results, for example, are provided to the host community for the Alberta 
hazardous waste management facility; moreover, the annual independent review of the moni- 
toring data continues to reassure the community of the accountability and credibility of the 
environmental protection programs (Maureen Payne and Associates 1993). 

The mechanisms for presenting detailed information could include meetings; workshops; a 
public information office; newsletters; and discussions with a community liaison group, local 
councils, and individuals. It would be essential to present the information in a form the 
community preferred and could understand. In addition, mechanisms for informing the 
implementing organization about community concerns would need to be developed. 

This open communication would be key to establishing the trustworthiness of the implementing 
organization. 
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FAIRNESS 

The host community would provide a significant service to the consumers of nuclear-generated 
electricity and to the public at large. In fairness, the net benefit to the host community should be 
correspondingly significant. As part of the negotiated program for managing environmental 
effects, measures would be taken to avoid, mitigate, or compensate for adverse effects; such 
measures would be enhanced or additional measures taken to ensure the betterment of the host 
community (Section 5.8). Fairness also requires "due process," which would be provided by 
voluntarism, shared decision making, and openness. 

It should be understood that the net benefit to the host community is intended to achieve fairness; 
it is not intended to induce a potential host community to accept a disposal facility that would be 
unsafe or environmentally unsound. The principle of safety and environmental protection would 
not be compromised, no matter how acceptable or desirable a site might be in all other respects. 

3.4.3 Relationship of the Principles to Ethical Considerations and Views about Risk 

The ethical aspects of nuclear fuel waste disposal, including the redistribution of risk, are 
discussed in detail in R-Public. Ethical considerations indicate that people should have the right 
to participate in making decisions that affect them and the right to decide whether a disposal 
facility could be located near them (Section 3.4.1). It would be reasonable for communities to 
insist on relying on their own judgement rather than sinply trusting the judgement of the 
implementing organization (Sandman 1985). During concept implementation, the implementing 
organization's adherence to the principles of voluntarism, shared decision making, openness, and 
fairness would help communities to become well informed and allow them to rely on their own 
judgement. 

Adherence to these principles should also help to reduce any concerns about risk. For example, 
the openness of the implementing organization would help a community to become familiar with 
the risk. Shared decision making would help a community to have some measure of control over 
the risk. Fairness would result in a net benefit to the host community as an acknowledgement of 
the service provided in the broader public interest. 

The implementing organization's adherence to the principles of safety and environmental 
protection, voluntarism, shared decision making, openness, and fairness should help to address 
ethical considerations and reduce any concerns about risk. In the final analysis, however, it 
would be up to a potential host community whether or not it would accept a disposal facility. 

3.5 APPROPRIATENESS FOR CANADA 

One of the four general requirements for the disposal concept (Section 1.4.1) is that it must be 
appropriate for Canada; that is, it must be compatible with the geographical features and 
economic factors. 
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Options that might be appropriate for Canada were examined by several groups (Sections 1.2 and 
3.1.2). Several alternatives were considered, including 

leaving the waste in sealed containers on the surface of the earth in locations where they can 
be monitored for as long as considered necessary; 

transmutation (changing some radioactive species with long half-lives into stable species or 
into species with shorter half-lives); 

disposal in ice sheets or in sediment or rock beneath the deep seabed; and 

disposal in land-based geological media, such as plutonic rock, salt, and shale. 

On the basis of the recommendations of these groups, the governments of Canada and Ontario 
made AECL responsible for investigating the safety, security, and desirability of disposal in 
plutonic rock (Joint Statement 1978). AECL’s conclusions from those investigations are given 
in Chapter 9. Alternatives to disposal in plutonic rock are discussed in Chapter 8. 

3.6 DISPOSAL TECHNOLOGY 

3.6.1 Introduction 

The first technical objective of the Nuclear Fuel Waste Management Program has been to 
develop and demonstrate the technology for the siting, construction, operation, decommis- 
sioning, and closure of a disposal facility in plutonic rock. 

In this EIS, we use the term disposal technology to refer to the knowledge, skills, methods, 
designs, and materials required for the siting, construction, operation, decommissioning, and 
closure of a disposal facility. The development and demonstration of the disposal technology has 
focused on meeting the following requirements: 

The technology to implement the disposal concept should not rely on long-term institutional 
controls as a necessary safety feature; that is, following closure a disposal facility should be 
passively safe. 

9 The technology to implement the disposal concept should be currently available or readily 
achievable. 
The technology to implement the disposal concept should be adaptable to a wide range of 
physical conditions and societal requirements and to potential changes in criteria, guidelines, 
and standards. 

The technology to implement the disposal concept should include the ability to monitor. 

The technology to implement the disposal concept should include the ability to retrieve the 
waste, but provisions for retrieval should not compromise passive safety. 

These requirements are discussed below. 
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3.6.2 Long-Term Institutional Controls 

The AECB (1 987a) requires that 

The burden on future generations shall be minimized by . . . selecting disposal options for 
radioactive wastes which to the extent reasonably achievable do not rely on long-term 
institutional controls as a necessary safety feature. 

This requirement 

, . . reflects a pessimistic view of the longevity of institutional controls and concern for the 
possible consequences should they lapse. Where reasonable disposal alternatives clearly 
exist, those options which rely on monitoring, surveillance or other institutional controls as a 
primary safety feature for very long periods are not recommended. This is not because of 
concern that future generations will be technologically incompetent, but rather because 
methods of ensuring the continuity of controls are not considered very reliable beyond a few 
hundred years. 

Further, the AECB (1987a) requires that radiological risk is to be "calculated without taking 
advantage of long-term institutional controls as a safety feature." 

This does not mean that society would not implement long-term institutional controls, but rather 
that if such controls should fail, human health and the natural environment would still be 
protected. 

3.6.3 Availability of the Disposal Technology 

The AECB (1985) requires that "The chosen concept must be shown to be technically feasible 
with available technology or with reasonably achievable developments." 

3.6.4 Adaptability of the Disposal Technology 

Information about the characteristics of a disposal site and the preferences of potential host 
communities cannot be determined until siting activities are initiated; moreover, government 
policies and regulatory requirements could change. Therefore, it is important that the disposal 
technology be adaptable; that is, it should include enough options to accommodate a range of site 
characteristics and local preferences, as well as a variety of possible changes. The requirement 
for adaptability was expressed by participants in the public consultation program (Pat Delbridge 
Associates Inc. 1989). 

3.6.5 Monitoring 

Monitoring to determine whether the disposal system was performing as expected would be an 
essential activity during concept implementation. The AECB (1985) has stated that 

The performance of the waste repository in the postclosure period will be assessed on the 
basis of predictive modelling. Therefore measurements will be required during the 
preclosure period in order to ensure that input data for the models are sufficiently complete 
and representative of the repository environment. . . . The repository will only be allowed to 
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close when sufficient evidence is available to lead to the conclusion, with a sufficient degree 
of certainty, that the facility could be abandoned without the need for postclosure monitoring. 

Although the AECB views long-term postclosure monitoring as "a necessary element of 
protection-in-depth" (AECB 1991 b), it requires that safety must not be compromised by any 
provisions that may be made for monitoring, either preclosure or postclosure (AECB 1985). 

Participants in AECL's public consultation program and focus group discussions stressed the 
need for both preclosure and postclosure monitoring (Greber and Anderson 1989, pp. 49-51; Pat 
Delbridge Associates Inc. 1989; Pieroni 1984, 1986). National surveys also indicate that 
monitoring would be very important to the public. For example, 51 % of respondents to a recent 
survey considered that further monitoring beyond a 40-year operation stage would be required to 
make a decision about sealing the vault (Angus Reid Group 1990), and a survey conducted in 
1986 indicated that a significant percentage of respondents (39% in Ontario and 51% in northern 
Ontario) considered that perpetual monitoring would be necessary (The Canadian Gallup Poll 
Ltd. 1986). Public views on monitoring are discussed in more detail in R-Public. 

3.6.6 Retrievability 

It has been argued that minimizing the burden on future generations is not our only responsibility 
to them: we should also not deny them the possibility of taking control of the waste. Future 
generations may believe that they can either enhance their safety or benefit from resources in the 
waste. At an ethics workshop in Sweden (KASAM and SKN 1988), it was concluded that "A 
repository should be constructed so that it makes controls and corrective measures unnecessary, 
while at the same time not making controls and corrective measures impossible." 

At an ethics workshop in Canada (Hardy Stevenson and Associates 1991), it was concluded that 

There is a need to consider the extent to which future generations could benefit from future 
retrieval, but there is also a need to ensure safety. As a moral issue, the issue of retrieving 
the used fuel for future use can be seen as a compromise between increased safety and the 
cost of retrievability. There seems to be agreement that we would be willing to accept higher 
costs for retrieval in order to emphasize the safety of the disposal concept. This appears to be 
a reasonable way of discharging our responsibilities. 

The AECB (1985) requires that the waste be retrievable in the preclosure phase. Although the 
AECB views postclosure retrievability as ''a necessary element of protection-in-depth" (AECB 
1991b), it requires that safety must not be compromised by any provisions that may be made for 
postclosure retrieval (AECB 1985). 

The difficulty of postclosure retrieval was of concern to 66% of respondents to a recent Canadian 
survey (Angus Reid Group Inc. 1992). On the other hand, some participants in AECL's public 
consultation program felt strongly that the waste should not be too easy to retrieve (Pat Delbridge 
Associates Inc. 1989). In response to these views, AECL has modified the proposed approach to 
implementing the disposal concept such that ease of postclosure retrieval would be considered 
when designing a disposal vault. 
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The technology to implement the disposal concept should include provisions for preclosure 
retrieval of the waste, and, to the extent achievable while maintaining passive safety, a disposal 
facility should not include features that would prevent postclosure retrieval. Retrieval is 
discussed in Section 5.8.9. 

3.7 METHODOLOGY FOR SAFETY ASSESSMENT 

The second technical objective of the Nuclear Fuel Waste Management Program has been to 
develop and demonstrate a methodology to evaluate the safety of a disposal system against 
established safety criteria, guidelines, and standards. 

Safety assessment is the evaluation of potential effects on the health of humans and non-human 
biota and potential effects on the natural environment that could affect their health. Thus it is 
part of assessing environmental effects (Section 5.7). 

To estimate the potential effects on human health and the natural environment, standard 
assessment practices, such as those used for nuclear generating stations, can be used for the 
preclosure phase (Chapter 6). For the postclosure phase, however, AECL has had to develop the 
assessment methods (Chapter 7). 

If a decision were made to implement the disposal concept, potential environmental effects 
would be assessed for the facility, site, transportation system, and transportation routes proposed. 
The estimates of potential effects on human health and the natural environment, both before and 
after closure of the proposed facility, would be compared with safety criteria, guidelines, and 
standards, and any regulatory requirements regarding the methodology would have to be met. 
Thus the safety assessment methodology should produce estimates that can be compared with 
safety criteria, guidelines, and standards and should be compatible with regulatory policies and 
guidelines. 

3.8 TECHNICALLY SUITABLE DISPOSAL SITES 

The third technical objective of the Nuclear Fuel Waste Management Program has been to 
determine whether technically suitable disposal sites are likely to exist in Canada. A technically 
suitable site would be one at which it could be demonstrated that nuclear fuel waste disposal 
would meet all applicable criteria, guidelines, and standards for protecting human health and the 
natural environment. Potentially applicable criteria, guidelines, and standards are discussed in 
Appendix B. 

Criteria developed by the AECB that would be particularly relevant during siting are the limit on 
risk during the postclosure phase (Appendix B, Section B.2.7) and geological considerations for 
siting a nuclear fuel waste disposal facility (Appendix B, Section B.2.6). The limit on risk 
applies to the performance of the disposal system as a whole, whereas the geological considera- 
tions apply to characteristics of the disposal system components. 

REQUIREMENTS, OBJECTIVES, AND ISSUES RELATED TO NUCLEAR FUEL WASTE MANAGEMENT 



- 74 - 

It is the combined effect of the characteristics of the site and the site-specific facility design that 
would determine the risk of a disposal system as a whole. The technical suitability of an actual 
site cannot be shown without undertaking siting activities, including site-specific facility design 
and assessment. These activities, however, are not to be undertaken before the disposal concept 
is accepted (Joint Statement 1981). 

AECL’s approach has been to identify only those exclusion criteria (Section 5.1.3) that in our 
opinion are clearly justified on the basis of safety or feasibility. We have also identified 
characteristics of the Canadian Shield and of plutonic rock that would be favourable for disposal 
(Sections 4.3.3, 4.3.4,5.1.3, and 5.1.4). This approach permits choices among as many sites as 
possible. 

3.9 SPECIAL CONSIDERATIONS REGARDING THE INVOLVEMENT OF 
ABORIGINAL PEOPLE 

In Canada, aboriginal title, land claims, treaty obligations, and self-government are issues that 
are unique to aboriginal people. The unique position of aboriginal people in Canada is clearly 
indicated by Section 35 of the Constitution Act, 1982 (Appendix B), which recognizes and 
affirms the existing aboriginal and treaty rights of the Indian, Inuit, and Metis peoples of Canada. 
The special status of aboriginal people and their social circumstances would require special 
consideration of their interests during the siting of a nuclear fuel waste disposal facility. 

Many aboriginal communities are disadvantaged because of inadequate employment, housing, 
health care, and community infrastructure (Hagey et al. 1990). In addition, the preservation of 
their culture, which includes the traditional pursuits of hunting, fishing, trapping, and gathering, 
is an important issue. 

According to Abel and Friesen (1991) and Waldram (1988), except for isolated examples, 
aboriginal people have tended to bear many of the adverse effects from resource-based devel- 
opments in Canada (mining, forestry, and hydro-electricity) without benefitting extensively. The 
encroachment on their traditional resource areas has disrupted their traditional harvesting 
pursuits; hence, their cultural ties to the land have been weakened. 

In some projects, however, the interests of aboriginal people have been given special consid- 
eration. In northern Saskatchewan, where uranium mines are operating at Rabbit Lake, Key 
Lake, and Cluff Lake, community participation in the industry has increased (HBT AGRA 
Limited 1993, INTERTEC Resource Consultants 1993). The surface leases require that the 
mining companies maximize recruitment, hiring, training, and advancement of northern people. 
A seven-day-in and seven-day-out schedule of employment has been implemented to reconcile 
the needs of the employer with the practice of traditional pursuits by employees. A different 
approach to allowing aboriginal employees to engage in traditional pursuits is taken at the Dona 
Lake gold mine in northwestern Ontario (Sub-committee of the Intergovernmental Working 
Group on the Mineral Industry 1990). Aboriginal employees are permitted to be absent for up to 
one month at a time, for a total of up to three months per year. 

REQUIREMENTS, OBJECTIVES, AND I S S W  RELATED TO NUCLEAR M L  WASTE MANAGEMENT 



- 75 - 

The effects of resource-based projects on aboriginal people are described briefly in 
Section 6.1 1.2 and in more detail in R-Preclosure. The views of aboriginal people regarding 
disposal are discussed in R-Public. 

3.10 TIMING OF DISPOSAL 

As discussed in Section 1.8, disposal of nuclear fuel waste would proceed in sequential stages, 
beginning with a siting stage. Taking into account the time required to obtain geological 
information regarding a potential disposal site and the need for public involvement, AECL 
estimates that the siting stage would take at least 20 years. Subsequent stages would include a 
construction stage of at least 5 years, an operation stage of at least 20 years, a decommissioning 
stage of at least 10 years, and a closure stage of at least 2 years. Any extended monitoring would 
take additional time. Thus concept implementation could take 60 years or more. 

Before each stage, many participants would share in making the decision about whether to 
proceed. The first of these decisions would be whether to proceed with siting, and many factors 
could influence such a decision. In this section we discuss several of these factors. 

In our opinion, a decision to proceed with siting a nuclear fuel waste disposal facility would not 
be made unless it was considered that disposal was necessary and could be safely implemented. 
As discussed in Section 1 . l ,  there is strong support for the position that disposal of nuclear fuel 
waste is needed to maintain safety in the long term and to minimize the burden on future 
generations; moreover, it is our opinion that disposal could be safely implemented (Section 9.2). 
Assuming that disposal is needed and could be safely implemented, we believe the decision to be 
made is whether to delay the beginning of siting beyond the earliest achievable date. 

Several factors that could influence a decision regarding the timing of disposal are discussed 
below. AECL’s recommendation regarding timing is put forward in Section 9.10. 

MINIMIZING THE BURDEN ON FUTURE GENERATIONS 

The AECB (1987a) requires that the burden on future generations be minimized by implement- 
ing disposal at an appropriate time, technical, social, and economic factors being taken into 
account. There is no more specific directive regarding the timing for disposal. 

Assuming that disposal could be safely implemented, we believe that progressing toward dis- 
posal would help to minimize the burden on future generations, and that the present generation 
should do what it can to progress toward disposal. 

DEPENDENCE ON INSTITUTIONAL CONTROLS 

Current storage methods have an excellent safety record. There is no urgency to dispose of waste 
because of a need to correct an unsafe situation. 
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The question of the timing of disposal in relation to safety rests on the reliability of the insti- 
tutional controls that are required to maintain the safety of storage facilities. If such controls 
cease, current storage facilities could no longer be expected to protect human health and the 
natural environment. The safety of disposal would also depend on institutional controls until a 
disposal facility was closed, which could be 60 years or more after siting was begun 
(Section 1.8). 

The length of time for which institutional controls can be relied on is a matter of judgement. 
According to the AECB (1 987a), 

Where reasonable disposal alternatives clearly exist, those options which rely on monitoring, 
surveillance or other institutional controls as a primary safety feature for very long periods 
are not recommended. This is not because of concern that future generations will be 
technologically incompetent, but rather because methods of ensuring the continuity of 
controls are not considered very reliable beyond a few hundred years. 

According to the ICRP (1 9 8 3 ,  

It is generally accepted that the safety of a waste repository in the long-term cannot depend 
on action being taken well in the future, even if it were feasible to maintain a monitoring 
programme indefinitely. Indeed this is one distinction between storage and disposal. The 
general idea is that such controls are reliable for decades, and even a century, but become 
increasingly less reliable after several centuries and not at all after millennia. 

In our opinion, a society would not foresee the collapse of its institutional controls in time to site, 
construct, operate, decommission, and close a nuclear fuel waste disposal facility. Even if a 
future society were to foresee the collapse of its institutional controls, we believe it is unlikely 
that it would allocate its resources to disposal of nuclear fuel waste in the face of a threat to itself. 
We believe that only a society, such as ours, that is already meeting its own needs for security 
and safety is likely to consider its responsibilities to future generations and make the decision to 
allocate the resources necessary to proceed with disposal. 

Thus, in our opinion, if the siting of a disposal facility were delayed because the collapse of 
institutional controls was not foreseen, then disposal may never be implemented. Assuming that 
disposal is needed and could be safely implemented, we believe that dependence on institutional 
controls to maintain safety should not be continued any longer than would be necessary to 
implement passively safe disposal. 

THE POTENTIAL LOSS OF TECHNOLOGY 

Canada and Ontario have invested about $400 million to develop and assess the concept for 
disposal in plutonic rock (Section 1 S.2). A large component of the technology is the knowledge 
and skills of the scientists and engineers who have conducted the generic research and develop- 
ment. To apply this knowledge and these skills to the siting of a disposal facility, the team 
would have to be maintained until siting begins. Maintaining the team is expensive, and we 
believe it is unlikely that it could be maintained if the beginning of siting is delayed until the 
distant future. Thus if siting is delayed, there is a large risk that much of the disposal technology 
would be lost. 
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If the disposal technology were lost, it could be redeveloped in the future, in much the same 
manner that it was originally. An alternative would be to purchase the technology from offshore, 
if available and if compatible with the technical and societal requirements of Canada. In either 
case, the previous investment would have been lost. 

In our opinion, progressing toward disposal would maintain the disposal technology that has 
been developed and would maximize both the technological and economic return on the previous 
investment. 

PUBLIC CONFIDENCE IN THE ABILITY TO DISPOSE OF NUCLEAR FUEL WASTE 

Since the mid-1970s there has been continuing public concern about the lack of a permanent 
solution to the management of nuclear fuel waste. This concern has been reflected in the 
recommendations of government review groups. For example, 

Ontario's Royal Commission on Electric Power Planning (RCEPP 1980) recommended that 
"If progress in high-level nuclear waste disposal R&D, in both the technical sense and the 
social sense, is not satisfactory by at least 1990, . . . a moratorium should be declared on 
additional nuclear power stations." 
The House of Commons Standing Committee on Environment and Forestry (SCEF 1988) 
recommended that "A moratorium on the construction of nuclear power plants in Canada 
should be imposed until the people of Canada have agreed on an acceptable solution for the 
disposal of high-level radioactive waste." 
The House of Commons Standing Committee on Energy, Mines and Resources (SCEMR 
1988) recommended that "the complete schedule for establishing a commercial, high-level 
radioactive waste repository be advanced," the reason being "so that the public can be assured 
that both a means and a location for waste disposal have been identified." 

In our opinion, progressing toward disposal would increase public confidence in Canada's ability 
to safely manage nuclear fuel waste, whereas a delay would increase public concerns. 

ECONOMIC CONSIDERATIONS 

The cost of disposal is included in the rates charged by Ontario Hydro, Hydro-Qu&bec, and New 
Brunswick Power for electricity. The amount charged is estimated to be sufficient to fund 
implementation of the proposed disposal concept, with operation of a disposal facility beginning 
in 2025 (Ontario Hydro 1991). 

It has been estimated that the siting and construction of a disposal facility would cost about 
$4 billion in 1991 dollars (Section 6.5) and would require at least 25 years to complete 
(Section 1.8). Thus disposal would require a high front-end expenditure, with no off-setting 
decrease in storage costs for a long time. 
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We believe that if the present generation delays the siting of a disposal facility because storage is 
cheaper, then it should not expect future generations to make a different decision; thus disposal 
may never be implemented. Assuming that disposal is needed, we believe that a saving of 
money by the present generation is not a legitimate reason for delay. 

THE POTENTIAL FOR TECHNICAL IMPROVEMENTS 

Even if an acceptable disposal concept is available, the development of technical improvements 
or potentially preferred alternatives can always be anticipated. A current example is the 
possibility of using transmutation to change some radioactive species with long half-lives into 
stable species or into species with shorter half-lives (Section 8.3). 

We believe that if the present generation delays the siting of a disposal facility to await advances 
in technology, even though safe disposal is within its capability, then it should not expect future 
generations to make a different decision; thus disposal may never be implemented. Assuming 
that disposal is needed and could be safely implemented, we believe that waiting for advances in 
technology is not a legitimate reason for delay. 

DECREASING ACTIVITY OF USED FUEL WITH TIME 

In our opinion, disposal of 1 0-year-old fuel is feasible and could be safely implemented 
(Section 9.9). Even if Canada progressed toward disposal as quickly as possible, controls could 
ensure that any fuel disposed of would be more than 10 years old. 

Delaying the emplacement of used fuel to permit further reduction in its activity and heat output 
could ease requirements on disposal facility design and operations. For example, it might be 
possible to space the disposal containers more closely in a disposal vault if the fuel is stored 
longer before disposal. As well, shielding requirements might be reduced because of the lower 
activity of the older fuel, and doses to workers at the disposal facility and in the transportation 
system might be lower. On the other hand, storing the fuel longer would increase the time during 
which workers at storage facilities would be exposed. 

Figures 2-5 (p. 24), 2-6 (p. 25), and 2-7 (p. 25) show that the rates of decrease, both in activity 
and heat output of used fuel, become less with time. For example, the heat generated by a used 
CANDU fuel bundle decreases from about 37 000 W to about 5 W in the first 10 years, by about 
1 W in the next 10 years, and by a smaller amount in each succeeding 10-year period. 

Assuming that disposal of 10-year-old fuel is feasible and could be safely implemented, we 
believe that the decreasing activity of the used fuel with time does not warrant delaying disposal, 
because the additional decrease in activity and heat output will be small. 

POSSIBILITY OF RECYCLING USED FUEL 

In Canada, used CANDU fuel is not currently reprocessed, and there are no plans to reprocess 
and recycle it (Brown and Morrison 1992). If the siting of a disposal facility is begun 
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immediately, no waste could be emplaced in such a facility until after the siting and construction 
stages, which would take at least 25 years. During that period, a decision could be made to 
reprocess and recycle the used fuel. During the operation stage, which would take at least 
20 years and possibly more than 80 years, the ability to recycle any used fuel remaining in 
storage would not be affected. If it were decided to recycle used fuel that had already been 
disposed of, it would be possible to retrieve it (Section 5.8.9). 

Moreover, we believe that the solidified high-level waste from reprocessing could be disposed of 
at any site that was suitable for disposal of used fuel. Thus any investment in a disposal facility 
would not have been wasted. 

Assuming that disposal is needed and could be safely implemented, we believe that the possi- 
bility of recycling used fuel in the future is not a legitimate reason for delaying the siting of a 
disposal facility. 

3.11 RESPONSIBILITY FOR IMPLEMENTING DISPOSAL 

We assume that those who have responsibility for the safe management of used fuel-the federal 
government and the owners of the used fuel-also have responsibility for implementing the 
disposal concept. 

IMPLEMENTING ORGANIZATION 

To facilitate a description of concept implementation, we assume that there would be a 
proponent, which we call the implementing organization, to carry out the siting, construction, 
operation, decommissioning, and closure of a disposal facility. 

Communities would be better able to judge for themselves the trustworthiness of the imple- 
menting organization, or the sincerity of its commitments, if their relationship during the siting 
stage was with the organization that would be responsible for construction and operation of the 
disposal facility. Moreover, because many parties would share in decision making, progress 
toward disposal would require strong co-ordination by the implementing organization. Providing 
the public with a clear proponent was considered a key factor in the successful siting of 
Manitoba’s hazardous waste management facility (Richards, A. 1992). Also, it was recognized 
that time is necessary to develop an effective relationship between a community and a proponent 
(Richards, A. 1990). Thus we believe it would be essential for the implementing organization to 
take the lead role in interactions with communities during the siting stage. 

The implementing organization might be an existing organization or a newly created one; it 
might be a government agency, a private company, or some combination thereof. Preference for 
a government agency was expressed by the Hare Study Group (Aikin et al. 1977), the Royal 
Commission on Electric Power Planning (RCEPP 1978), the Select Committee on Ontario Hydro 
Affairs (SCOHA 1980), and those groups who expressed an opinion on this issue during AECL’s 
public consultation program (Greber and Anderson 1989, p. 45). The option of operation by a 
private company was suggested during the Panel’s scoping activities (Hester 1990). 
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In Belgium, France, Germany, Spain, and the United States, a government agency is responsible 
for disposal of nuclear fuel waste. The Swedish utilities, which are both government owned and 
private, have joined to form an organization that is responsible for implementing disposal in 
Sweden. The Finnish utilities, which are government owned, are responsible for disposal in 
Finland. In Switzerland, the utilities and the government are jointly responsible. In all cases, the 
waste producers are responsible for costs. 

In Alberta, Manitoba, and Ontario, provincial Crown corporations were created to manage 
hazardous waste other than radioactive waste. In Alberta, where a waste treatment centre is now 
operating at Swan Hills, the Crown corporation's board of directors includes a member from the 
host community and members from communities throughout the province. The board promotes 
public awareness and participation. A private company designed, constructed, and operates the 
centre. In Manitoba, where a waste management facility has been sited in the Rural Municipality 
of Montcalm, the Crown corporation's board of directors includes two representatives from the 
host community, The corporation is taking a co-management approach to facility planning and 
operation. Private sector involvement is being pursued. In Ontario, where site approval is being 
sought, private sector participation in design, construction, and operation is envisaged. 

THE ORGANIZATION(S) RESPONSIBLE FOR TRANSPORTATION OF NUCLEAR 
mJEL WASTE 

If the responsibility for transportation of nuclear fuel waste from storage sites to a disposal 
facility were divided between two or more organizations, then the responsibility for co- 
ordination and for complying with the applicable legislation would need to be clearly designated. 
Examples of federal and provincial legislation that might be applicable are described in 
Appendix B. 

For transportation of nuclear fuel waste between provinces, the organization(s) responsible for 
transportation could seek a co-operative agreement between the governments of Canada and the 
relevant provinces to standardize requirements and procedures (R-Preclosure). 

Any transportation on the Great Lakes might necessitate transit through American-owned waters. 
Shipments of radioactive materials being transported from one location in Canada to another 
location in Canada are accepted in the United States, provided the shipment meets the require- 
ments of the Transportation of Dangerous Goods Regulations and the IAEA Regulations for the 
Safe Transport of Radioactive Materials, and the package design approval certificate is revali- 
dated by the United States Department of Transport (R-Preclosure). 
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4. THE DISPOSAL CONCEPT 

In the introduction to this chapter, weflrst list the features of the proposed disposal concept. 
Next we give a brief overview of how the environment would be protected in the long term if the 
disposal concept were implemented. 

In the subsequent sections of the chapter, we discuss how the disposal concept could achieve 
passive long-term safety. We describe each component of a disposal system based on the 
proposed concept: 

the biosphere, 

the geosphere, 

9 the disposal vault, 

9 the vault seals, 

the disposal container, and 

the waste form. 

We  describe the role of each component with respect to passive long-term safety. We also 
describe the wide distribution of plutonic rock in Canada and the options for the engineered 
components of the system. 

4.1 INTRODUCTION 

4.1.1 Features of the Disposal Concept 

The proposed disposal concept is a method for geological disposal of nuclear fuel waste. It has 
the following features: 

The waste form would be either used CANDU fuel or solidified high-level waste from repro- 
cessing. The low solubility of used CANDU fuel under expected vault conditions would 
enable it to effectively retain radioactive and chemically toxic contaminants; thus it is an 
excellent waste form in its current state. The liquid radioactive waste that would result if used 
fuel were reprocessed would not be a suitable waste form, but such waste could be solidified 
to produce an excellent waste form. 

9 The waste form would be sealed in a container designed to last at least 500 years and possibly 
much longer. A container would facilitate the handling of the waste and would isolate it from 
its surroundings. The container would be designed to last at least 500 years so that the waste 
would be completely isolated during the operation of the disposal facility and until there is a 
substantial decrease in the activity and heat output of the waste. Within 500 years, the activity 
of the radioactive waste will decrease by a factor of over 200 000. The remaining activity will 
be caused primarily by the long-lived fission products, such as 1291, 135Cs, and 99Tc, and the 
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long-lived activation products, such as 239Pu and 14C. Much longer container lifetimes could be 
achieved. 

The containers of waste would be emplaced in rooms in a disposal vault or in boreholes 
drilled from the rooms. Excavation of rooms is a well-understood, cost-effective technology. 

The disposal rooms would be nominally 500 to 1000 m below the surface. The greater the 
depth, the greater the minimum possible transport distance from the disposal rooms to the 
surface, and the lower the likelihood of any natural disruption or inadvertent human intrusion. 
However, the in situ temperature, the in situ stresses, and the cost of construction and 
operation tend to increase with depth. We believe that the nominal range of 500 to 1000 m 
strikes a reasonable balance among these considerations. 

The geological medium would be plutonic rock of the Canadian Shield. A geological medium 
would protect the waste form, container, and vault seals from natural disruptions and human 
intrusion; maintain conditions in the vault that would be favourable for long-term waste 
isolation; and retard the movement of any contaminants released from the vault. 

Each container of waste would be surrounded by a buffer, which would likely be a clay-based 
material. A buffer around the container would limit the rate of corrosion of the container, 
limit the rate of dissolution of the waste form if groundwater seeped into the container, and 
retard the movement of any contaminants released from the waste form and the container. 

Each room would be sealed with backfill and other vault seals made of clay-based or cement- 
based materials. These seals would fill the space in the room; keep the buffer and containers 
securely in place; and retard the movement of any contaminants released from the waste form, 
the container, and the buffer. 

All tunnels, shafts, and exploration boreholes would ultimately be sealed in such a way that 
the disposal facility would be passively safe; that is, long-term safety would not depend on 
institutional controls. The tunnels, shafts, and exploration boreholes would be sealed to keep 
people away from the waste and to retard the movement of any contaminants released from 
the disposal rooms. We believe that the materials developed for the buffer, backfill, and other 
vault seals would meet these objectives. 

4.1.2 How the Environment Would Be Protected in the Long Term 

After a disposal facility was closed, human health and the natural environment would be pro- 
tected by multiple barriers: the container; the waste form; the buffer, backfill, and other vault 
seals; and the geosphere. In this section we give a brief overview of how we expect these 
barriers would perform in the long term, in order to provide a context for the more detailed 
discussions of the system components in the subsequent sections. Our expectations are based on 
an understanding developed during more than 15 years of field and laboratory research con- 
ducted in Canada and internationally. 

The disposal facility would be sited and designed in such a way that the barriers, functioning 
together, would prevent both radioactive and chemically toxic contaminants in the waste from 
reaching the biosphere in amounts that would exceed criteria, guidelines, or standards. 
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Because groundwater is present in the rock of the Canadian Shield, we must evaluate how it 
could affect the long-term safety of a disposal facility. In evaluating the safety of a facility that 
remains undisturbed following closure, we considered the following sequence of events: 

groundwater contacts the container, 

the container corrodes, 
groundwater contacts the waste form and contaminants are released from the waste form, 

contaminants move through the vault seals, 

contaminants move through the geosphere, and 

contaminants move through the biosphere. 

Each of these events is discussed briefly below. Potential natural and human disturbances are 
discussed in subsequent sections of this chapter and in Chapter 7. 

GROUNDWATER CONTACTS THE CONTAINER 

Throughout most of the Canadian Shield, groundwater saturates the rock and sediment to very 
near the surface. Water moves through open fractures in the rock under the influence of gravity. 
Even rock that has no visible fractures has minute interconnected pore spaces through which 
water can move, albeit very slowly. On topographic highs and surrounding slopes, groundwater 
tends to move downward from the water table (recharge). In topographic lows, which are often 
occupied by swamps, lakes, and streams, groundwater tends to move upward to the surface, 
where it discharges. The generally low relief of the Canadian Shield landscape provides a 
generally low driving force for groundwater movement. Thus the movement tends to be slow. 

A disposal vault would be located so that the characteristics of the groundwater regime (the local 
and regional groundwater flow systems and the groundwater chemistry) could be used to best 
advantage in the design of the disposal vault. 

Excavation of a disposal vault would cause the rock adjacent to the tunnels and rooms in the 
vault to become unsaturated as groundwater drained from the rock. The water that entered the 
excavation would be pumped to the surface. The pores and open fractures in the unsaturated 
rock would contain a mixture of water and air. Low-permeability rock would drain very slowly; 
thus, at a distance from the excavation, it would remain saturated. 

When a portion of the disposal vault was sealed, the pressure gradients would tend to move 
groundwater from the saturated rock into the unsaturated areas. Air would be driven out along 
open pathways andor dissolved in the groundwater. The time required for the more permeable 
parts of the rock to resaturate would likely be a few months to a few years, whereas it could take 
thousands of years for very low-permeability, sparsely fractured rock to resaturate. Because the 
buffer and backfill would have very low permeability, it would take several years to thousands of 
years for them to become saturated with groundwater, depending on the hydraulic properties of 
the surrounding rock and on the geometry and permeability of the buffer, backfill, and other 
vault seals (R-Vault). 

THE DISPOSAL CONCEPT 



- 84 - 

THE CONTAINER CORRODES 

As a clay-based buffer absorbed water, it would swell and exert pressure on a container. Addi- 
tional pressure would be exerted by the groundwater once the buffer was saturated. Because the 
container would be designed to withstand these pressures, it is expected that container failures 
would occur only as a result of corrosion. 

The container material would be chosen to resist corrosion under the thermal and chemical con- 
ditions expected in a disposal vault. Saline groundwater could cause local corrosion of buried 
disposal containers, depending on the container material. In general, the salinity of groundwater 
increases with increasing depth in plutonic rock on the Canadian Shield. Our research shows that 
both copper and titanium would corrode very slowly under expected disposal conditions. 

Non-oxidizing conditions would limit the rates of container corrosion and waste-form dissolu- 
tion. At AECL's field research areas on the Canadian Shield, the groundwater at potential dis- 
posal depths does not contain significant mounts of dissolved oxygen. This is because the rock 
contains large amounts of iron-bearing minerals that take up oxygen in the water coming from 
the surface. In a disposal vault, the backfill would also contain large amounts of iron-bearing 
minerals that would deplete the water of free oxygen. Thus, in a disposal vault, the groundwater 
is not expected to act as a source of oxidants. 

Our research into the corrosion of container materials and the structural strength of containers 
indicates that containers could be designed so that most would last for at least tens of thousands 
of years under the conditions expected in a disposal vault (R-Barriers). Design considerations 
for containers are discussed in Section 4.6. 

Despite thorough inspection, a few containers might have undetected manufacturing defects that 
could cause them to fail prematurely. On the basis of current manufacturing data, less than 0.1% 
of the containers are expected to have a defect that could lead to an early failure. 

GROUNDWATER CONTACTS THE WASTE FORM AND CONTAMINANTS ARE 
RELEASED FROM THE WASTE FORM 

Should a container fail, groundwater would gradually enter the container through the 
penetrations. 

If the waste form were used fuel, groundwater in the container would eventually penetrate the 
corrosion-resistant fuel sheath and reach the UO, pellets. Almost all of the inventory of 
contaminants is within the lattice of uranium and oxygen atoms in the pellets and could be 
released only as the UO, dissolved. Because the UO, would dissolve extremely slowly under the 
conditions expected in a disposal vault, a large proportion of the inventory of many of the 
radionuclides would decay while still retained in the fuel pellets (an example of such a 
radionuclide is 239Pu). A small proportion of the inventory of some radionuclides would be 
released more quickly (these radionuclides include I2'I, 13'Cs, "Tc, and 14C). Over a period of 
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100 000 years, less than 1 % of the mass of the radionuclides formed in the reactor would be 
released. Thus the used fuel would be an excellent barrier even if there were no containers. 

If the waste form were the solidified high-level waste from reprocessing, the contaminants that 
had not decayed would in general be released very slowly as the low-solubility waste form 
dissolved in groundwater. 

Any contaminants released from either waste form would move through the groundwater in the 
container mainly by diffusion (slow movement of a dissolved contaminant from locations where 
its concentration is high to locations where its concentration is low). They would be released 
through the small penetrations in the container wall into the groundwater in the buffer. 

CONTAMINANTS MOVE THROUGH THE VAULT SEALS 

The low permeability of the buffer would inhibit groundwater movement; thus any contaminant 
movement through the groundwater in the buffer would be mainly by diffusion. As contam- 
inants diffused through the groundwater in the buffer, they could be removed from the 
groundwater, either temporarily or permanently, through chemical precipitation. They could also 
be fixed by sorption to the minerals lining the sides of the pores or cracks in the buffer. 
Chemical precipitation and sorption would tend to retard the movement of contaminants, not 
only by removing contaminants from the groundwater, but also by filling some of the pores in 
the material. Positively charged ions (cations) in the groundwater, such as Pu and Cs ions, can 
be exchanged with cations in mineral structures and be immobilized, but negatively charged ions 
(anions), such as I, Tc, and C ions, tend not to be exchangeable and are more mobile. The 
occurrence and rate of many chemically controlled processes depend on temperature, acidity, and 
the degree to which conditions are oxidizing or reducing. 

Most radionuclides that entered the buffer would not be released from the buffer because 
(1) contaminant movement by diffusion is slow, (2) chemical precipitation and sorption would 
tend to retard contaminant movement, and (3) radionuclides decay with time. The buffer would 
be a redundant barrier for radionuclides retained in the waste form until they decayed. 

Any contaminants released from the buffer would enter the groundwater in the backfill or the 
geosphere. 

Contaminants would move very slowly through the backfill, because of its relatively low perme- 
ability and high porosity. A contaminant could move with the groundwater in the backfill if it 
was dissolved in the water, if it was carried by the water as a solid particle, or if it was stuck to 
some other particle being transported in the groundwater. Contaminants would be dispersed in 
moving groundwater. Contaminant movement would be dominated by diffusion if groundwater 
movement was sufficiently slow. 

Chemical precipitation and sorption would retard contaminant movement to a greater extent in 
the backfill than in an equivalent volume of buffer, because the pore volume of the backfill 
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would be greater. Thus the backfill would retain some intermediate-lived radionuclides, such as 
99Tc, until little of them remained because of radioactive decay. The backfill would be a 
redundant barrier for radionuclides retained in the waste form and the buffer. 

Any contaminants released from the backfill would enter the groundwater in the geosphere. 

CONTAMINANTS MOVE THROUGH THE GEOSPHERE 

The major structural features controlling groundwater movement in plutonic rock bodies are the 
fracture zones (volumes of intensely fractured rock). Fracture zones can be interconnected and 
can have relatively high permeability. Where they are permeable, fracture zones could be 
pathways for the relatively rapid movement of contaminants with the groundwater. A disposal 
vault would be designed such that disposal rooms would be separated from fracture zones by 
low-permeability, sparsely or moderately fractured rock. 

In moving groundwater, contaminants would move through the rock with the groundwater and 
would be dispersed. Even if the groundwater was not moving, contaminants would move 
through it by diffusion. In either case, chemical precipitation and sorption would tend to retard 
the movement of contaminants through the geosphere. 

Any contaminants released from the geosphere would enter the biosphere. 

CONTAMINANTS MOVE THROUGH THE BIOSPHERE 

The biosphere of the Canadian Shield consists of rocky outcrops; bottom lands with pockets of 
soil, marshes, bogs, and lakes; and uplands with meadows, bush, and forests. Contaminants 
could move through the biosphere via water wells, surface water, lake sediments, wetlands, soils, 
the atmosphere, and food chains. They would be dispersed and diluted, and chemical precipi- 
tation and sorption would tend to retard their movement. Thus any potential effects on humans 
and other living things would be delayed or reduced. 

4.2 THE CANADIAN SHIELD BIOSPHERE 

4.2.1 Introduction 

We use the term "biosphere" to mean the lower part of the atmosphere, the land down to the 
water table, the surface water, the shallow lake sediments, plants, and animals (including 
humans). 

Because the Canadian Shield biosphere would be the setting for a disposal facility based on the 
disposal concept, it is important to understand the behaviour of contaminants in the biosphere 
and the characteristics of the biosphere that would be important to safety in both the preclosure 
and postclosure phases. 
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The Canadian Shicld covers about haIf the ma of Canada p i p  1-1, p. 4). In Ontario, where 
most of the used fuel in Csnada is produced, the Shicld extends over 660 000 kin2, about two 
thirds of the m a  of the province. It e x t e h  abut 1350 Zan from north to south and about 
1500 lm from east to west. Environmental data from across the Ontario portion of the Shield 
were used for the ptaclosurt and postcloswc assessment case studies (Chapters 6 and 7). 
Environmental conditions across tht Ontario portion of the Shield vary widely. These conditions 
arc described briefly below to parimy the physical, chemical, and biological setting for a disposal 
facility in the Ontario portion of the Canadian Shield. Details of how the information was usd 
in the case studies tire providad in R-Biosphere and R-Reclosu~ and by Orondin and Fearn- 
Duffy (1993). 

43.2 SurilaEe Water Bodes 

As a result of glaciation, drainage on the Canadian Shield is pm1y integrated, and thus lakes and 
wetlands are important parts of the landscape. Water covers about 4% of the Shield in Ontario, 
excluding the Great Lakes ( B d s  1985). Drainage patterns (Figure 41) arc h i y  variable; they 
are determined by the regional slope of the land surface, the bedrock structure, and the distribu- 
tion of glacial =dimen@. 
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FIGURE 41: MAJOR DRAINAGE BASINS IN ONTARIO 
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Lakes on the Canadian Shield tend to be small and shallow. Although a few are large, the vast 
majority are smaller than 0.2 km2; their average depth is less than 5 m (Minns 1984). Most lakes 
are in drainage basins that have an area between 10 and 20 times larger than that of the lake. 

The water renewal rate would be a major factor in the movement of contaminants entering lake 
ecosystems. Lakes with renewal rates of several times per year might export a large fraction of 
their contaminant load to downstream systems and eventually to the ocean, whereas lakes with 
renewal rates of only once every several years might permanently retain many contaminants in 
their sediments. Most lakes have water renewal rates ranging from 0.1 to 10 times annually. 

The pronounced seasonal changes in weather on the Canadian Shield dramatically affect major 
lake processes. Lakes are frozen from three to five months of the year, rivers about one-half 
month less. Small lakes are well mixed throughout the ice-free season, whereas large lakes 
usually undergo complete mixing only in the spring and autumn, and are otherwise thermally 
stratified. 

Thermal stratification isolates a cold (- 4 C) dense layer of bottom water from a surface layer 
that is warmer in summer and cooler in winter. Processes within the bottom layer are important 
to the movement of many contaminants in aquatic systems. In lakes with abundant nutrients, the 
decomposition of organic matter in the bottom layer consumes oxygen (Cornett and Rigler 
1987), resulting in reducing conditions in the bottom water. Some elements, such as Tc, would 
be sorbed onto the sediments under these conditions, but many nutrients and contaminants would 
be mobile. Significant quantities of these materials might be put back into the whole water 
column during mixing events. In lakes that have few nutrients and a smaller flux of organic 
matter to the bottom layer, oxygen depletion might not occur, and a permanently oxidized 
microlayer can exist at the sediment surface. This would impose a solubility or sorptive barrier 
to the flux of many nutrients and contaminants across the sediment-water interface, strongly 
limiting their return to the water column (Mortimer 1971). 

4.2.3 Lake Sediments 

Lake sediments consist of three primary components: organic matter in various stages of 
decomposition; mineral particles, including clays, sands, and gravels; and inorganic remains of 
biological origin. Calcium carbonate also occurs to a limited extent in Canadian Shield lakes. 

Shallow-water (<6 m) sediments tend to be dominated by mineral particles and organic debris. 
Deep-water (>6 m) sediments tend to be dominated by a mixture of fine particulate remains of 
organic matter, inorganic precipitates, and fine particles of mineral origin (Wetzel 1975) that may 
be more than 5 m thick. 

In many places on the Canadian Shield, water may be directly in contact with exposed bedrock 
or inorganic sediments of glacial origin. Because of differences in the composition of sediment 
materials that may occur at the sediment-water interface, chemical reactions at the interface may 
vary significantly from lake to lake or within a basin. 

THE DISPOSAL CONCEPT 



- 89 - 

The decomposition of organic matter in sediments results in changes to their physical and 
chemical properties. Oxygen penetration into sediments is strongly limited (Mortimer 197 1) 
because of the chemical and biological oxygen demand of decomposition in surface sediments. 
Consequently, conditions in sediments tend to be reducing. Many, but not all, contaminants 
would tend to be more mobile under reducing conditions than under oxidizing conditions. The 
oxidized sediment surface is often enriched in iron and manganese by the upward diffusion of 
reduced species from deeper sediments and their tendency to chemically precipitate under 
oxidizing conditions. These elements may undergo seasonal cycles of reduction and oxidation as 
the lake water stratifies and mixes. The geochemical phases of iron and manganese minerals in 
sediments have been shown to regulate the concentrations and behaviour of many other trace- 
element contaminants (Bourg 1988). 

4.2.4 Wetlands 

In Ontario, areas on the Canadian Shield are often poorly drained, and wetlands (bogs, fens, 
marshes, swamps, shallow open water bodies, and floodplains) occupy many depressions in the 
landscape. Soil and overburden types and textures dictate water infiltration rates. The 
mineralogical composition of the bedrock and soil materials influences the quality of water 
draining from the land. The nutrient content of the waters draining to the wetlands influences the 
characteristics of the wetlands. In Ontario, the abundance of wetlands and the percentage of the 
landscape covered by wetlands generally increase from south to north. 

Processes at the interfaces between sediment and water, water and soil, soil water and plants, free 
water and submerged plants, and wetland and air all play an important role in wetland dynamics, 
but are poorly understood (Mitsch et al. 1988). Processes such as sorption, cation exchange, 
mineralization, resuspension, gaseous evasion, and leaching may regulate the behaviour of 
contaminants, but the importance of individual processes may be both element-specific and a 
function of site-specific wetland properties. Therefore, at a potential disposal site, it would be 
necessary to carefully characterize these interfaces and to carry out studies specifically designed 
to express the behaviour of important contaminants in these zones in terms of parameters. 

4.2.5 Soils 

Soil is the naturally occurring, unconsolidated mineral or organic material that occurs at the 
earth’s surface and is capable of supporting plant growth. About 2% of the Canadian Shield in 
Ontario is exposed bedrock, about 4% is covered with water, and the remainder is covered with 
overburden on which soils are developed (R-Biosphere). Sandy soils constitute about 50%, loam 
soils 4%, clays 21%, and organic soils 25% (Sheppard 1992). Soil depths vary, with typical 
values being between 0.5 and 5 m, depending on topography and soil type. The depth exceeds 
2 m over 90% of the area. Many soil profiles are still developing, particularly in the north. The 
soils were formed primarily since glaciation, and much of their parent material is glacially 
derived sediment. 
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Contaminants in a water-unsaturated soil are subject to a number of transport mechanisms: the 
movement of the contaminant with the movement of soil water, diffusion as a gas, diffusion 
along a concentration gradient, diffusion along a thermal gradient, movement in association with 
fine particles or colloids, and mechanical mixing through processes such as agricultural plough- 
ing and earthworm activity. Of these mechanisms, the predominant agent for contaminant redis- 
tribution in temperate regions is movement with the movement of soil water mchter 1987). 

The soil system could be perturbed, both by the addition of water to the upper layer through 
precipitation and by the loss of water through evapotranspiration (evaporation from the soil and 
transpiration from the plants). If the soil system is perturbed, potential gradients are set up, 
resulting in a vertical redistribution of water within the soil. The potential gradients are such that 
water drains down through the profile during and after precipitation events and moves upward by 
capillary rise during periods of high evapotranspiration. Since precipitation on the Canadian 
Shield is generally greater than evapotranspiration, the net water and solute movement in 
unsaturated surface soils is downward, leaching surface-deposited contaminants and generally 
preventing the upward movement of contaminants from groundwater. 

Contaminants moving with the soil water interact chemically with the soil solids. This sorption 
process is reversible; contaminants may also move from the solid phase back to the aqueous 
phase. Sorption retards movement of contaminants through the soil profile and allows con- 
centrations to build up to levels that depend on the chemical properties of the contaminant and 
the soil. Strongly sorbing contaminants have long residence times in the soil and continue to 
accumulate over hundreds or thousands of years. A number of processes act to deplete contam- 
inant concentrations in soil. Contaminants may move out of the bottom of the soil profile with 
downward-moving soil water and enter the groundwater system. During wet weather, some may 
escape the soil with surface runoff. Contaminants may be lost to the atmosphere through sus- 
pension of contaminated particles or as gases created either by inorganic chemical reactions or by 
biogenic processes, such as those mediated by microbes. Finally, dissolved contaminants may be 
taken up by plants through their roots, although a portion of these may return to the soil when the 
plant dies and decays. 

4.2.6 Climate and Atmospheric Processes 

Climate controls many of the processes in the biosphere, such as the growth of vegetation, the 
formation of soils, the water cycle, and the living habits of humans and other biota. Thus climate 
is one of the factors that controls contaminant movement throughout the biosphere. In the 
Ontario portion of the Canadian Shield, seasonal variations are especially important, with winter 
and summer providing contrasting environments. 

The Canadian Shield in Ontario currently experiences a humid continental climate characterized 
by extremes of temperature and sufficient precipitation to support agriculture (Fisheries and 
Environment Canada 1978). The south is generally w m e r  than the north. Mean July daily 
temperatures decrease from 20 C in the south to 15 C in the north; mean January daily 
temperatures decrease from -1 0 O C in the south to -20 O C in the north. The northwest, which 
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receives a total of about 0.55 m/a of precipitation, is drier than the southeast, which receives 
about 1 .O d a .  The ratio of snowfall to rainfall increases from about 0.25 in the south to 0.50 in 
the north; the ground is snow-covered for about four months of the year in the south and six 
months of the year in the north. Evapotranspiration decreases from about 0.6 m/a in the south to 
0.3 m/a in the north. Despite these general patterns, many locations show local anomalies, 
particularly near the Great Lakes, which tend to moderate temperatures and increase precip- 
itation. Annual average wind speeds are typically 14 km/h at the standard 10-m observation 
height (Environment Canada 1982). Prevailing wind directions depend strongly on local 
topography but show a westerly component at most locations. 

The weather is largely controlled by extensive air masses that sweep from west to east across the 
continent. A given set of atmospheric conditions can therefore be experienced at almost any site 
for at least a brief period of time, so that the extremes of climatic conditions are similar across 
the region. 

The atmosphere can be an important medium for contaminant transport. Any contaminant 
suspended in the air will be transported laterally and vertically with the fluid motions. Air flow 
tends to disperse contaminants. Contaminants can be suspended into the atmosphere from a soil 
or water source through a variety of mechanisms (Amiro 1985). These include natural processes, 
such as wind erosion of soil, gaseous emissions, forest fires, and spray from lakes. There are also 
many human-caused mechanisms, such as vehicle traffic on dusty roads, wood-burning for 
energy, and industrial processes. Contaminants in the atmosphere can be deposited on surfaces 
as gases or particles. Dry deposition occurs through diffusion, settling, and impaction without 
the need for precipitation. ,Wet deposition occurs when particles and gases are washed out of the 
air by precipitation. 

4.2.7 Vegetation and Wildlife 

Most of the Ontario portion of the Canadian Shield belongs to the Boreal Forest Region (Rowe 
1972). The boreal forest is the most northern forest in the world. It is circumpolar and is 
dominated by coniferous tree species, particularly in the north. Drier sites in Ontario are 
dominated by jack pine, black spruce, white spruce, trembling aspen, white birch, balsam fir, and 
balsam poplar. Moist sites contain mixtures of black and white spruce in association with 
balsam fir, balsam poplar, birch, and aspen. Poorly drained sites are dominated by black spruce 
but include tamarack, eastern white cedar, and black ash in varying amounts. 

The southern edge of the Ontario portion of the Canadian Shield lies within the Great Lakes- 
St. Lawrence Forest Region. It is a highly mixed forest characterized by eastern white pine, red 
pine, yellow birch, and eastern hemlock. Common broadleaved species include sugar maple, red 
maple, and red oak. Aspen often grows in this region following disturbance to the forest. A 
broad array of shrubs and herbaceous plants is associated with both forest regions. 

Several types of disturbances, such as forest fires and insect outbreaks, occur in both the Boreal 
and Great Lakes-St. Lawrence Forest Regions. Fire is an important process in forest develop- 
ment. Burned areas regenerate, providing habitat for many species not adapted to mature forest. 
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Disease and insect damage also affect forest development, Periodic infestations of forest tent 
caterpillar and spruce budworm defoliate the forest, sometimes drastically changing the vege- 
tation canopy. Climate variability may also change the vegetation. Local vegetation may not be 
adapted to a particularly dry or wet year, or very cold weather may adversely affect plants 
growing in habitats close to the edge of their range. Animals may also determine vegetation 
types. For example, the effect of the beaver is particularly noticeable on the Canadian Shield. 

The Canadian Shield has a variety of animals, and most species are widely distributed. Lakes 
and streams are inhabited by over 70 species of fish, including brook trout, lake trout, lake 
whitefish, northern pike, smallmouth bass, yellow perch, and walleye (Scott and Crossman 
1973). Over 40 species of reptiles, including salamanders, newts, toads, frogs, turtles, lizards, 
and snakes, occur in the region, particularly in the south (Cook et al. 1984). Over 200 species of 
resident and migratory birds can be encountered, including the common loon, common raven, 
numerous wood warblers, spruce grouse, ruffed grouse, and sharp-tailed grouse. Species particu- 
larly sensitive to disturbance include the bald eagle, osprey, and great blue heron. The 60 species 
of mammals include the black bear, moose, white-tailed deer, snowshoe hare, beaver, and many 
other fur-bearing species. In addition, there are many species of rodents, bats, and insectivores, 
and innumerable invertebrates. Animal populations are strongly influenced by forest types and 
changes in vegetation with time. Some animals, such as ruffed grouse, meadow vole, or white- 
tailed deer, prefer to live in early successional plant communities. Others, such as spruce grouse 
or moose, may prefer mature forest areas. 

Sixty-two species of flora and fauna have been recorded as being rare, threatened, or endangered 
on the Canadian Shield in Ontario (Grondin and Fearn-Duffy 1993). 

4.2.8 Activities of Humans that Could Affect Their Exposure to Contaminants Released 
from a Disposal Facility 

The Ontario portion of the Canadian Shield is only sparsely populated ( 1.5 persons/km*). 
Approximately 70% of the population lives in cities, towns, and villages (Grondin and Fearn- 
Duffy 1993). 

Wildlife and fish provide the nutritional basis of health for most aboriginals in northern Canada 
(Usher 1987), but the extent of this dependency is likely somewhat lower in Ontario. 

On the Ontario portion of the Canadian Shield, farming is practised near populated areas, mostly 
on relatively small farms supplying local needs for milk, eggs, meat, and vegetables. The length 
of the frost-free period largely dictates the types of crops grown. Local conditions of drainage, 
soil type, slope, stoniness, and historic land use play a secondary role. 

An analysis of water use in the Ontario portion of the Canadian Shield (Beals 1985) shows that 
31 % of the population in southern areas uses well water for domestic purposes. Well usage is 
similar in central areas (33%) but is lower in northern areas (7%). The wells may be in over- 
burden (20.4%) or may be drilled into bedrock (79.6%). Overburden wells tend to be shallow, 
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with a median depth around 20 m; bedrock wells are deeper, with a median depth of 25 m. 
Extreme well depths may exceed 125 m in overburden and 200 m in bedrock (Beals 1985). 

4.2.9 Future Changes in the Biosphere 

The biosphere has changed in the past, is changing now, and will change in the future. For 
example, lakes gradually fill with sediment, which is converted to dry land, which supports the 
growth of new vegetation. Ecosystems also change in response to disturbances such as forest 
fires, insect outbreaks, and human activities (Section 4.2.7). Past climatic changes have included 
both warming and cooling trends, the most dramatic of which resulted in glaciation. The final 
ice retreat of the last glaciation that affected the Canadian Shield occurred about 9000 years ago 
(Zoltai 1965, Teller and Thorleifson 1983). Between 9000 and 4500 years ago, the climate was 
warmer and dryer than it is now; for the last 4500 years, climatic conditions were, except for 
relatively minor variations, probably very similar to those at present (Last and Teller 1983). 

The earliest estimate for the onset of worldwide climatic conditions that could lead to glaciation 
is about 4000 years from now (Eronen and Olander 1990). Models suggest that once glaciation 
began in Canada, complete ice cover of the Canadian Shield would take about 20 000 years 
(Vincent and Prest 1987). Extensive glaciation of the Shield is not expected within the next 
10 000 years. Until the next glaciation, postglacial uplift of the Shield in Ontario is expected to 
continue. The rate of uplift decreases with time, and both the rate of uplift and the potential for 
further uplift decrease with distance from Hudson Bay (R-Geosphere). Because of the low relief 
and poorly integrated drainage on the Shield, we expect that the erosion in the next 10 000 years 
will be no more than what took place in the comparable period since deglaciation. We have 
concluded that no major changes in the topography of the region are likely to occur in the next 
10 000 years (R-Geosphere). Changes in climate, surface water flow patterns, soils, and 
vegetation types are expected to be within the range of variation currently observed on the Shield 
(R-Biosphere). 

Significant climatic changes are expected within the next million years, including a number of 
periods of glaciation. Future cycles of both depression and uplift of the ground surface are 
expected with each glaciation. Erosion, redistribution, and deposition of sediments causing 
changes in the landscape are also expected to be associated with future glaciations. However, the 
potential to amplify the relief by glacial erosion is, limited because most of the easily erodible 
rock has already been removed (Elson and Webber 1991). We expect that following future 
glaciations, the landscape would be similar to the present landscape, although the detailed 
distribution of rock, sediments, and water bodies would change. This could change the number 
and locations of groundwater discharges from a disposal vault (R-Geosphere). There might also 
be substantial changes in biotic communities. 

During glaciation, if contaminants were being released from a disposal vault, there could be a 
buildup of contaminants in the more permeable rock and overburden because the contaminants 
would not be flushed to the surface while the glacier covered the discharge locations. The extent 
of this buildup might depend on permafrost conditions under the ice sheet. Trapped contami- 
nants could be released when the glacier retreated and groundwater movement to the surface 
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was re-established. The potential effect of this pulse of water containing a higher concentration 
of contaminants would likely be offset by the large volumes of glacial meltwater and proglacial 
lake water available at the surface for dilution during the first few hundred years after glacial 
retreat. In addition, it would be unlikely that humans could permanently resettle in the vicinity 
of the locations of contaminant discharge from the disposal vault until the proglacial lakes 
drained (R-Geosphere). 

The potential effects of biosphere changes on contaminant movement from a disposal vault are 
discussed briefly in Sections 7.5 and 7.12.4 and in more detail in R-Biosphere. 

4.2.10 Valued Environmental Components 

The value to society of some environmental components is reflected in legislation requiring that 
they be protected. Examples of such legislation are the Canada Wildlife Act, the Fisheries Act, 
the Migratory Birds Convention Act, the National Parks Act, the Navigable Waters Protection 
Act, the Ontario Endangered Species Act, the Ontario Heritage Act, and the Ontario Water 
Resources Act (Appendix B). If the disposal concept were implemented, the participants in the 
siting process would identify any additional environmental components that should be avoided or 
otherwise protected (Section 5.1.3). 

Valued environmental components include ecosystem components, natural features, man-made 
features, and lands whose current use is preferred to the alternative being considered. 

Examples of valued ecosystem components include habitats that are fragile; locally limited; or 
inhabited by rare, threatened, or endangered species. Such habitats include wetlands, spawning 
grounds for fish, and nesting areas for birds. 

Examples of valued natural features include landmarks (such as canyons, waterfalls, and 
beaches) and unique geological features (such as mineral deposits, fossil sites, and sand dunes). 

Examples of valued man-made features include abandoned townsites, Hudson's Bay Company 
posts, portages, battle sites, old sawmills, voyageur canoe routes, and explorer camps. 
Aboriginal people might require that features such as burial grounds, petroglyphs, and village 
sites be avoided or otherwise protected. 

Land uses that might be preferred include agriculture and trapping. 

Many activities associated with concept implementation would have the potential to disturb, 
damage, or destroy valued environmental components. These activities would include drilling 
exploration boreholes; clearing vegetation for geological and geophysical surveys and for access 
roads; constructing surface facilities; moving soil and rock; stockpiling broken rock; constructing 
roads, power lines, and buildings; excavating the disposal vault; and pumping groundwater from 
the vault to the surface. 
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These activities are common to any large mineral exploration project, civil engineering project, 
or underground mining project. There is a considerable body of expertise in assessing and 
managing the effects of these activities. The location of valued environmental components 
would be determined during the siting stage, and they would be avoided or otherwise protected 
(Section 5.8.2). 

4.3 THE GEOSPHERE 

4.3.1 Introduction 

We use the term "geosphere" to mean the rock surrounding a disposal vault, any sediments 
overlying the rock below the water table, and the groundwater in the rock and sediments. 
Because a disposal vault based on the disposal concept would be constructed in plutonic rock of 
the Canadian Shield, it is important to understand the behaviour of contaminants in the geosphere 
on the Shield and the characteristics of the geosphere that would be important to safety in both 
the preclosure and postclosure phases. 

The geosphere would be one of the barriers protecting humans and the natural environment from 
contaminants from the waste in the long term. The function of the geosphere in the disposal 
system would be to protect the waste form, container, and vault seals from natural disruptions 
and human intrusion; to maintain conditions in the vault favourable for long-term waste isola- 
tion; and to limit the rate at which contaminants from the waste could move from the vault to the 
biosphere. Any characteristics of a disposal medium that supported or enhanced these functions 
would be considered favourable. Other characteristics might be considered favourable for 
different reasons. 

The initial decision to focus the nuclear fuel waste management research on plutonic rock of the 
Canadian Shield (Section 1.2) was based partly on consideration of the characteristics of the 
Shield and partly on consideration of the characteristics of the rock (Scott 1979). 

The following sections briefly describe the geology of the Canadian Shield. We also discuss the 
characteristics of the Shield and of the plutonic rock of the Shield that we judge to be important 
in evaluating the suitability of plutonic rock of the Shield as the disposal medium for Canada's 
nuclear fuel waste. More detail is provided in R-Siting. 

4.3.2 Background Information on the Geology of the Canadian Shield 

Many of the characteristics of plutonic rock bodies on the Canadian Shield are determined by 
how the plutonic rock was formed and how it has been affected by subsequent deformation. We 
discuss the geology of the Shield briefly to provide a context for the discussions of the char- 
acteristics that are important for disposal. Hoffman (1989) provides an extensive overview of the 
geology of the Shield; Thurston et al. (1 991, 1992) provide a detailed discussion of the Canadian 
Shield in Ontario. 
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The Canadian Shield is the exposed portion of the ancient (>570 million years old) Precambrian 
core of the North American continent. The Precambrian core underlies much of North America. 
However, except for the Shield, it is generally covered by layers of younger rock that are up to 
many kilometres thick in some places. 

The rock of the Canadian Shield is commonly divided into two broad categories called igneous 
rock and metamorphic rock, which together are often called crystalline rock. 

Igneous rock is formed by the cooling and crystallization of molten rock. If the molten rock 
comes to the surface before solidifying, it is called extrusive or volcanic. If the molten rock 
cools and solidifies beneath the surface of the earth, it is called intrusive or plutonic. Rock of 
plutonic origin is called plutonic rock even if it is subsequently metamorphosed. The term 
"plutonic rock" includes all rock that formed deep within the earth's crust (at least 1 km deep) by 
solidification from a molten state or by chemical alteration. Large individual bodies of such rock 
are referred to as plutons. Large plutons are called batholiths. Rock formed by multiple 
intrusions is called a plutonic complex. We use the term "plutonic rock body" when referring to 
any contiguous occurrence of plutonic rock. 

Metamorphic rock is formed from pre-existing rock by changes in mineral composition, chem- 
ical composition, and/or structure, generally at high temperature and pressure. Metamorphic 
rock includes metasediments (formed from sedimentary rock) and metavolcanics (formed from 
volcanic lava and ash). Metavolcanics are prime targets for mineral exploration because ore 
bodies are often associated with them. 

The Canadian Shield is subdivided into major units called provinces and orogens on the basis of 
structure, history of deformation, and the estimated age of formation of the rock. The major 
subdivisions (and their extension beyond the Shield) are shown in Figure 4-2 with the ages that 
have been attributed to the time of their formation. 

Our field investigations have concentrated on the Canadian Shield in Ontario and southeastern 
Manitoba, principally in the Superior Province. We have focused on plutons (granitic at the 
Whiteshell and Atikokan Research Areas and gabbroic at the East Bull Lake Research Area). 
We have also investigated gneissic rock at the Whiteshell, Atikokan, and Chalk River Research 
Areas. 

The Superior Province of the Canadian Shield is the largest exposure of Archean rock 
( ~ 2 . 5  billion years old) on earth. The Superior Province consists of east-west trending belts of 
metavolcanic, metasedimentary, and plutonic rock. It comprises most of the Shield in Ontario, 
and isotopic dating suggests that it was formed largely between 3.1 and 2.7 billion years ago 
(Percival and Card 1985). In the Superior Province, the last major deformation occurred around 
2.5 billion years ago. However, the rock was repeatedly faulted and locally intruded during the 
Proterozoic era (2.5 billion to 570 million years ago). 
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FIGURE 4-2: MAJOR SUBDMSIONS OF THE CANADIAN SHIELD 

Portions of the Southern Province and the Grcnville Province arc also present in the Canadian 
Shield in Ontario. The Southem Province consists of Proterozoic mctasedimentary and 
metavolcanic rock, which has been intruded by plutonic mk. The Grcnvillc Province within 
Ontario is divided into two lithologically and structurally cornple~ subprovinces: the Ontario 
Gneiss Belt, composed mainly of gneiss derived from early Proterozoic sadimentary and plutonic 
rock; and the Central Metasadimcntary Belt, characterized by abundant marble with irregularly 
distributed gneiss, quartzite, and metavolcanic rock. The rock of the Southern and Grenville 
provincca was subjected to major periods of deformation about 1.7 and 1.0 billion years ago 
respectively, 

4.33 Characteristic61 of the Canadian Shield that are Fevourable for D b p d  

In its Regulatory Document R-72 on geological considerations in siting a nuclear fuel waste 
disposal facility, the AECB (1987b) includes the criterion that 'The repository site should be 
located in a region that is geologically stable and likely to remain stable." Geological stability is 



a characteristic that would clearly enhance the protective function of the gcosphere. It would 
also enhance the long-term predictability of conditions in the vault, 

We also consider it favourable for a disposal medium for Canada to be widely distributed 
geographically, allowin8 flexibility in siting, and to be widely distributed in regions of low 
topographic relief, where the driving force for groundwater movement in the rock is likcly to be 
low. 

Plutonic rack of the Canadian Shield has all of these favourable characteristics, as described 
below, 

DISTRIBUTION OF PLUTONIC ROCK 

Plutonic rock is widely distributed geographically on the Canadian Shield in the Northwest 
Territories, Saskatchewan, Manitoba, Ontario, and Quebec. The wide distribution of plutonic 
rock in Ontario (Figuc 4 3 )  was an important consideration in the initial decision to concentrate 
the nuclear fud waste rnanagcmcnt research on plutonic rock of the Shield as the preferred 
disposal medium for Canada (Scott 19791, McCrank et al. (1 98 1) prepared an inventory of more 
thorn 1000 individual plutonic rock bodies on the Shield in Ontario. 

FIG= 4 3 r  D-UTION OF PLUTONIC ROCK W ONTARIO 
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Plutonic rock of Precambrian age also occurs outside the Canadian Shield beneath sedimentary 
rock, and younger plutonic rock is exposed in British Columbia, Alberta, New Brunswick, Nova 
Scotia, and Newfoundland. 

GEOLOGICAL STABILITY 

Geological stability would be important because the postclosure disposal system must be 
passively safe. The more geologically stable the area where the disposal facility was located, the 
more predictable would be the effects of ongoing geological processes that could cause changes 
in the conditions at the disposal site, and the more confidence there would be in the capability of 
the geosphere to fulfill its function in a passively safe disposal system. Of course, we cannot 
predict with certainty what will happen far into the future. However, in a geologically stable 
region, we can use the evidence for what happened previously as the basis for reasonable 
estimates. 

In R-72, the AECB (1987b) discusses the importance of stability as follows: 

All parts of the earth’s crust are undergoing geological changes of one kind or another, but 
there are wide variations in the degree of instability. Where significant crustal instability 
does exist, it may manifest itself in ways that would seriously reduce the effectiveness of a 
repository. It is important that a repository not be located in such a region. . . . Although 
extensive areas of the earth’s crust exhibit significant crustal instability . . . there are other 
correspondingly large areas which are relatively dormant. For example, it appears that some 
of the most geologically stable regions on earth are found within the central part of this 
country. 

Regions of continental crust are considered stable if they are away from active plate boundaries 
and zones of currently active tectonics directly influenced by plate margin processes; if they 
exhibit no deformation associated with major mountain belts formed in the last 240 million 
years; and if they include no major zones of rifting or volcanism within the last 24 million years 
(Johnston 1989). By this standard the Canadian Shield is stable; in fact, no other region in the 
world would be considered more stable. 

The Canadian Shield has been essentially stable since the occurrence of some rifting along the 
eastern and Arctic continental passive margins, with some associated intrusions, between 800 
and 500 million years ago (Hoffman 1989). 

On the basis of the evidence of plate movements that have occurred over the past several hundred 
million years and the measurements of the current rates and directions of plate movements, it is 
unlikely that a new plate collision would occur within the next 100 million years (R-Geosphere). 

Major breaks occur in rock formations near the plate margins during collisions and rifting. Once 
the rock is broken, the zones of fracturing tend to remain zones of weakness even after the region 
becomes stable. Thereafter, if stresses build up in the rock, such as by plate movement or con- 
tinental glaciation, they tend to be relieved by movements on these existing zones of weakness, 
rather than by forming new breaks in the rock at locations far removed from the existing ones. 
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Sanford et al. (1985) concluded that fault structures evident in the rock of the sodimmtary basins 
along the margins of the Canadian Shield indicate renewed movement (reactivation) along pre- 
existing fault structures in the underlying Recambrim rock, Ow surface studies of the Shield 
and our subsurfaw investigations at field research areas on the Shield have also found that aones 
of intense fracturing formed very early in the history of the evolution of the Shield. Thm is 
evidence that some of these zones have k n  reactivated subsquently , but we have not found 
evidence that new zones of intense fracturing formed within the last few million years (Brown et 
al., in preparation). 

Infrequent but detectable earthquakes occur throughout the Canadian Shield (Figure 4-4). The 
larger ones (magnitude >4) tcnd to occur along the Shield margins or along very large faults and 
the regions of most recent rifting, which arc the major zones of weakness in the Shield (Adams 
and Basham 199 1). In Ontario, earthquakes are concentrated along the St. Lawrence River 
Valley (a rift), near the W w a  Valley (a rift), and along the Kapuskasing structural zone (a 
400-krn-long feature that is believed to be a deep crustal thrust fault ercival and Card 1985)). 

EII 

FIGURE 44: SEISMICm IN CANADA 
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Adams and Basham (1991) concluded that most of the large earthquakes in eastern Canada could 
be related to rifts or to the current continental margin (one side of the rifts associated with 
opening the Atlantic Ocean). 

Information about recent earthquake frequencies and locations of seismic activity is gathered 
directly by monitoring seismic activity and by investigating historical accounts of earthquakes. 
Information about seismicity for most of North America prior to about 200 years ago, on the 
other hand, is gathered indirectly by examining geological evidence for the timing, orientation, 
and magnitude of dislocations along faults. 

During the siting stage of concept implementation, geological evidence for stability would be 
based on neotectonic surveys: observations of existing faults made at the surface or inferences 
about faulting made from airborne or surface-based geophysical surveys. Of particular interest 
would be evidence for postglacial faulting, where movement, and thus earthquakes, would have 
occurred within the past 12 000 to 18 000 years. These features might be more susceptible to 
movement following the next glaciation as well. 

The potential hazard to a disposal facility from earthquakes would be minimized by excluding 
certain areas and features during the siting stage: areas outside seismic zones 0 and 1, ancient 
rifts, potential regional-scale faults, areas of clustering of historical earthquake activity, and areas 
with significant postglacial faults. We believe that this would result in a disposal vault being 
located in a region that is geologically stable and likely to remain stable, as required by the 
AECB (1  987b). Sites close to more seismically active portions of the Shield might also be 
technically suitable for disposal. For a disposal facility at any site, analyzing the site-specific 
seismic hazard would be part of designing the disposal facility and assessing its performance 
(Section 4.4.1). The analysis would be based on data obtained by characterization and seismic 
monitoring (Section 5.5.2). 

Another benefit of the stability of the Canadian Shield over such a long period of time is that the 
temperature increases slowly with depth, about 12 C/km on the Shield in Ontario (Jessop and 
Lewis 1978). This low thermal gradient in the rock would allow considerable flexibility in 
selecting the depth of a disposal vault in the Shield, because the temperature of the rock would be 
only about 17 C at a depth of 1000 m. Thus the initial temperature of the rock at any site chosen 
in the Shield is unlikely to present a significant limitation on the design of the vault. Tempera- 
ture considerations in vault design are discussed in Section 4.4 and in Appendix G. 

TOPOGRAPHIC RELIEF 

Groundwater movement is driven primarily by the hydraulic gradient provided by differences in 
hydraulic head (the elevation to which groundwater, entering only at the point of measurement, 
would rise in an open vertical pipe). Groundwater saturates the rock and sediment on the 
Canadian Shield to very near the surface. Thus the differences in hydraulic head would be 
caused primarily by differences in elevation between the water table on the hills and in the 
valleys. On topographic highs and surrounding slopes, the groundwater tends to move 
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downward from the water table (recharge). In topographic lows, which are often occupied by 
swamps, lakes, and streams, the groundwater tends to move upward to the surface, where it 
discharges. 

Since moving groundwater could carry contaminants from a disposal vault to the biosphere, a 
low topographic relief and thus a low driving force for groundwater movement would generally 
tend to be favourable. 

With some exceptions, much of the Canadian Shield landscape in Ontario presents an even 
skyline interrupted by rounded or flat-topped ranges of hills. This regionally smooth surface is 
evidence of an ancient surface that has been repeatedly eroded. Elevations range from near sea 
level to over 650 my but the landscape is generally low and rolling, with relatively gentle regional 
slopes. Regional topographic gradients over distances greater than a few tens of kilometres are 
of the order of 1 m/km. The local topographic relief seldom exceeds 90 m, except in a few areas 
near the Great Lakes (Nipigon Plain, Port Arthur Hills, Penokean Hills) where high contrast in 
the resistance to erosion of adjacent igneous and metamorphic rock has produced relief of up to 
300 m. 

The generally low relief of the Canadian Shield landscape provides a generally low driving force 
for groundwater movement. 

4.3.4 Characteristics of Plutonic Rock that are Favourable for Disposal 

In its Regulatory Document R-72 on geological considerations in siting a nuclear fuel waste 
disposal facility, the AECB (1987b) lists four criteria applicable to the host rock (in addition to 
the criterion applicable to the region, which was given in Section 4.3.3). The Nuclear Energy 
Agency Co-ordinating Group on Geological Disposal (OECD 1984) has also identified desirable 
characteristics of a host medium. Both stress that it is the overall performance of the disposal 
system, which includes both natural and engineered barriers, that is important, and that a single 
aspect of the geological system may not be critical. 

With respect to size, the AECB (1987b) recommends that 'The dimensions of the host rock 
should be such that the repository can be deep underground and well removed from geological 
discontinuities." 

With respect to natural resources, the AECB (1987b) recommends that 'There should be little 
likelihood that the host rock will be exploited as a natural resource." 

With respect to release and movement of contaminants from the waste form, the AECB (1987b) 
recommends that "The host rock and geologic system should have properties such that their 
combined effect significantly retards the movement or release of radioactive material." The NEA 
Co-ordinating Group (OECD 1984) identified the following properties that would be desirable 
for retarding the release and movement of contaminants: 

thermal properties that allow the waste heat to dissipate rapidly without significant alteration 
of the rock (high thermal conductivity); 
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hydrogeological properties that minimize both access of groundwater to the waste and the rate 
of groundwater movement (low permeability and low hydraulic gradient), and that maximize 
the contaminant travel time between the waste and the biosphere; and 
geochemical properties that tend to retard or prevent movement of contaminants from the 
waste (high sorption capacity). 

With respect to geomechanical properties, the AECB (1987b) recommends that "Both the host 
rock and geologic system should be capable of withstanding stresses without significant 
structural deformation, fracturing, and breach of the natural barriers." 

Plutonic rock has all of these favourable characteristics, as described below. 

SIZE OF PLUTONIC ROCK BODIES 

Large size would tend to be a favourable characteristic of a plutonic rock body for a variety of 
reasons. 

In general, the larger the size, the more volume would be available for selecting locations for 
disposal rooms without being near the edges of the plutonic rock body. For example, for a 
1000-m-deep disposal vault with an area of 4 km2 to be at least 500 m from the edges of the host 
rock body, the rock body would need to have a depth of at least 1500 m and an area of at least 
9 km2. 

If the body was an individual pluton, the larger its size, the greater the likelihood that it had 
cooled more slowly, and therefore the greater the likelihood that the volumes of rock with 
relatively uniform lithological, hydrogeological, geochemical, and geomechanical properties 
would be larger. If the body was a plutonic complex, the larger its size, the greater the likelihood 
that there would be large plutons within it, and therefore the greater the likelihood that the 
volumes of rock with relatively uniform properties would be larger. It would also be more likely 
that there would be volumes within the rest of the complex that had relatively uniform properties, 
either because they had originally come from the same or similar plutons, or because recrystal- 
lization during deformation had lessened their variability. Thus the larger the size, the more 
likely the characteristics of the rock body would be uniform. Uniformity or homogeneity would 
be favourable because it would tend to enhance the predictability of conditions away from or 
between locations that had been investigated. 

On the Canadian Shield, many bodies of plutonic rock are very large, extending over hundreds of 
square kilometres at the surface and to a depth of several kilometres. 

POTENTIAL EXISTENCE OF MINERAL RESOURCES 

The potential existence of mineral resources would be important because future exploration or 
exploitation of economic mineral resources near the site of a waste disposal facility could 
adversely affect the safety of the facility. Moreover, society may consider exploitation of such 
resources preferable to the use of the site for disposal. 
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Plutonic rock has a wide range in mineralogical composition. Granitic rock is light-coloured 
plutonic rock containing a significant amount of quartz. Gabbroic rock is dark-coloured plutonic 
rock containing little or no quartz. These two types account for 75% and 15% respectively of the 
plutonic rock in the inventory made by McCrank et al. (1 98 1) of plutonic rock bodies on the 
Canadian Shield in Ontario. All other plutonic rock, which represents the gradation from granitic 
to gabbroic, accounts for only 10%. 

Considerable information exists fiom federal and provincial mines departments and private 
mining companies regarding the economic mineral potential of regions of the Canadian Shield. 
Summaries of the mineral deposits of the Canadian Shield in Ontario are given by Fyon et al. 
(1 992a,b) and Easton and Fyon (1 992). 

Plutonic rock tends to have fewer ore bodies associated with it than do the metavolcanics and 
metasediments that represent the other broad categories of rock on the Canadian Shield. Of the 
types of plutonic rock, granitic rock tends to have fewer ore bodies than does gabbroic rock. 

To address the AECB guideline on likelihood of resource exploitation, operating and abandoned 
mines and known and inferred occurrences of mineralization that might have economic potential 
in the future would be identified, and these locations would be excluded from consideration 
during the siting stage. 

It would be advantageous to have water, aggregate (sand and gravel), and glacial lake clay in the 
vicinity of a nuclear fuel waste disposal facility to meet construction and operational require- 
ments @-Facility). Because these resources occur at the surface, their exploitation would not 
compromise the long-term safety of a disposal vault. 

THERMAL PROPERTIES 

The thermal properties of plutonic rock would allow heat from nuclear fuel waste to dissipate 
readily. Granitic rock conducts heat somewhat better than gabbroic rock, but engineering studies 
have shown that either can readily satisfy the thermal constraints likely to be specified for vault 
designs (R-Facility). Therefore, the insulating effect of the rock would not be a significant 
limiting factor in vault design. 

HYDROGEOLOGICAL PROPERTIES 

Contaminants released from the vault to the geosphere could move through the geosphere only 
by advection (transport by the bulk movement of flowing groundwater) and diffusion in 
groundwater. At a potential disposal site, it would be necessary to know the potential pathways 
for such movement and to understand the hydrogeological, geochemical, and geomechanical 
characteristics controlling the rate and direction of the movement. 

We have found from our investigations at field research areas on the Canadian Shield that the 
frequency and spacing of open fractures is one of the primary features that makes it possible to 
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differentiate between volumes of rock (domains) with significantly different hydrogeological, 
geochemical, and geomechanical characteristics (R-Siting). A fracture is any break in a rock 
caused by stress, whether or not the break causes displacement. Fractures can be partly or 
entirely infilled with high-temperature or low-temperature alteration minerals. An open fracture 
is one that shows visual evidence of currently being open to groundwater flow. 

On the basis of the frequency and spacing of open fractures, we differentiate the following 
domains (Figure 4-5), which are readily recognizable in boreholes and excavations: 

a fracture zone, which is a volume of intensely fractured rock; 

moderately fractured rock, which is a volume of rock containing a small number of sets of 
relatively widely spaced discrete open fractures; and 

sparsely fractured rock, which is a volume of rock containing microcracks and very sparsely 
distributed discrete open fractures that as a rule are not interconnected. 

Joints 

Alteration 

Shear 

Grain 
Boundary 
Pores 

Microcracks 
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FIGURE 4-5: FRACTgRE DOMAINS 
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From our investigations at field research areas, we have concluded that the major structural 
features controlling groundwater movement in plutonic rock bodies are the fracture zones 
(R-Siting). Fracture zones are low-dipping or steeply-dipping. We have encountered such zones 
at all our research areas, as deep as we have drilled (up to 1100 m). They are usually only a few 
metres thick, although some are regional faults that are tens of kilometres in length and tens to 
hundreds of metres thick. Intersections of fracture zones with the surface are usually at topo- 
graphic lows (valleys or the base of hills); thus the pattern of significant linear topographic lows 
(major lineaments) may indicate the spacing of major fracture zones. 

Some fracture zones are much more permeable than the rest of the rock mass, although regions of 
both high and low permeability can exist within the zones (Davison and Kozak 1989). Where 
they are permeable, fracture zones could be pathways for the relatively rapid transport of 
contaminants. 

Our studies at field research areas have shown that permeable moderately fractured rock is 
commonly present immediately adjacent to the fracture zones as well as near the ground surface 
to depths of 200 to 500 m. For example, in the Lac du Bonnet batholith at the Whiteshell 
Research Area, we found permeable moderately fractured rock to a depth of about 200 m; in the 
Eye-Dashwa Lakes pluton at the Atikokan Research Area and in the East Bull Lake pluton at the 
East Bull Lake Research Area, we found permeable moderately fractured rock to a depth of about 
500 m. Moderately fractured rock could provide local permeable pathways for the transport of 
contaminants to fracture zones and, near the surface, from fracture zones to the surface. 

Below depths of 200 to 500 m, the rock contains very few permeable fractures aside from the 
large, widely spaced fracture zones (R-Siting). For example, in the Lac du Bonnet batholith, we 
have found blocks of sparsely fractured rock that have very low interconnected porosity and 
permeability, that are between the fracture zones, and that are large enough to contain significant 
quantities of nuclear fuel waste. Contaminant transport in such rock would tend to be by 
diffusion rather than by advection and, therefore, would tend to be very slow. 

GEOCHEMICAL PROPERTIES 

Geochemical conditions favourable to contaminant retention and retardation include both the 
presence of minerals with high sorption capacity for contaminants along the transport pathways 
and low concentrations of colloids and organics in the groundwater. Because radionuclides 
decay with time, retention and retardation would decrease their potential effect on the biosphere. 

Minerals in plutonic rock react with many of the elements in nuclear fuel waste in such a way as 
to prevent or greatly retard their movement through the rock. Also, open fractures contain a 
variety of fracture-filling minerals that sorb radionuclides and thereby retard their movement 
(R-Geosphere). 

If a contaminant became attached to a colloid or an organic molecule, it could move without 
being retarded by sorption. Field investigations at the Whiteshell and Atikokan Research Areas 
have determined that the concentrations of organics and colloids in the groundwater are low. 
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Vilks et al. (1991) concluded that the effects of colloids on contaminant transport would be 
negligible at the low concentrations observed. However, the concentrations of colloids in 
groundwaters on the Canadian Shield in general have not been studied extensively. Colloids and 
organics might be important at other sites, and this would need to be determined on a site- 
specific basis. 

The salinity of groundwater is of importance because it could cause local corrosion of disposal 
containers in a vault. In general, the salinity of groundwater increases with increasing depth in 
plutonic rock on the Canadian Shield. Shallow recharging groundwaters typically have a low 
content of total dissolved solids and are of a calcium bicarbonate composition. As the ground- 
water percolates downward through the moderately fractured rock near the surface, its contact 
with the rock is prolonged. The sodium content increases and the calcium content decreases 
because of rock-water interactions in which some minerals on the surfaces of open fractures are 
altered to clay minerals and calcium carbonate is precipitated in the fractures. Groundwater that 
has interacted with the rock for a very long time (thousands of years) has a high total dissolved 
solids content, and it becomes rich in chloride and sulphate ions. Such groundwaters are often 
found at potential disposal depths and in groundwater discharge areas. Salinity may also have 
originated from groundwater recharge during episodes of marine intrusion (Gascoyne et al. 
1987). Disposal containers would be designed to resist corrosion under these conditions 
(Section 4.6.3). 

Reducing, or at least non-oxidizing, conditions in the vault would limit the rates of container 
corrosion and waste-form dissolution. The oxidation-reduction conditions in the vault would be 
governed by the availability of oxygen and reducing elements (such as iron and organic material) 
in the buffer, in the backfill, and in the groundwater. When the vault was sealed, it would 
contain oxygen in the unsaturated pores of the buffer and backfill, ferrous iron in the crushed 
rock in the backfill, and ferrous iron and organic material in the clays used in both the buffer and 
the backfill. Only 1% of the ferrous iron in the backfill would be needed to consume the initial 
oxygen in the vault. Therefore, there would be substantial capacity for maintaining reducing 
conditions over the long term (Oscarson and Dixon 1989). At AECL’s field research areas on 
the Canadian Shield, investigations have determined that the groundwater at potential disposal 
depths does not contain significant dissolved oxygen (Gascoyne 1993, Bottomley et al. 1990). 
At a disposal site, the groundwater would not be expected to act as a source of oxidants to 
jeopardize the reducing conditions in the vault. 

GEOMECHANICAL PROPERTIES 

Because of its high strength, sparsely fractured plutonic rock is readily excavated and excavated 
openings tend to remain stable even at considerable depth. The strength is lost in fracture zones, 
and therefore excavated openings in fracture zones in a disposal vault might need to be 
supported. 

Plutonic rock is brittle at potential disposal depths, and is therefore subject to fracturing when the 
stress field is changed, such as by excavation. In addition, once a crack forms, it will not 
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self-seal by plastic deformation as an open fracture in salt might. However, sealing can occur by 
chemical precipitation of minerals within the pore space in the fracture. 

At sites where the increase in stress magnitudes with depth was similar to the average for the 
Canadian Shield, we would not expect the stability of the excavations to be a design constraint. 
However, the high strength of unfractured plutonic rock means that stresses can reach large 
magnitudes before being relieved by fracturing; thus there could be anomalously high stresses 
associated with some plutonic rock bodies or with particular structural features at some sites that 
would constrain the vault design (Section 4.4.1). 

There is extensive experience in the mining and construction industries with ground control 
measures in both fracture zones and moderately fractured rock. Such measures include the use of 
rock bolts and wire mesh to support excavation surfaces and to prevent rock from falling. Thus 
fracturing would not be a serious impediment to excavation or safety during the operation of a 
nuclear fuel waste disposal facility. 

At AECL’s Underground Research Laboratory, we penetrated fracture zones with the shaft and 
ventilation raises without needing ground support of the excavation walls or grouting to control 
groundwater inflow. We also encountered higher stress magnitudes associated with one of the 
fracture zones than would be expected from the average increase in stress with depth observed 
for the Canadian Shield (Martin and Chandler 1993). However, even where the stresses are 
anomalously high, a safe working environment has been maintained in experimental excavations 
with relatively little ground support of the excavation surfaces. 

4.3.5 Microbial Action in the Geosphere 

It is recognized that even deep subsurface environments may contain microbial populations. 
Recent studies have found that the size of microbial populations present in deep subsurface 
environments correlates with hydraulic conductivity, pore size, and water availability (Balkwill 
et al. 1989). Microbes require water, nutrients, and a source of energy. The availability of these 
and a physiologically tolerable environment would therefore control the potential for microbial 
effects at any time. 

As the geosphere is nutrient-poor, microbial activity would be limited. Those microbes present 
would likely form biofilms in open fractures, which would tend to sorb radionuclides and thereby 
retard their movement. Biofilms may also compete with colloids for the sorption of radio- 
nuclides, which would further reduce the effect that colloids are likely to have (Stroes-Gascoyne 
and West 1994). Studies are being carried out to characterize the groundwaters of the Whiteshell 
Research Area, including those of the Underground Research Laboratory, for their microbial 
content. 

4.3.6 Human Intrusion 

Human activities in the future could lead to intrusion into a disposal vault or into one of the 
pathways along which contaminants from the waste were moving. 
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Retrieval of the waste by a future generation would be a deliberate intrusion. The proposed 
disposal concept does not make specific provisions for postclosure retrieval, nor does it make 
provisions to prevent retrieval (Section 5.8.9). We believe that deliberate human intrusion 
should be the responsibility of any society that takes this action, and we do not analyze its 
potential effects. 

Inadvertent intrusion into a disposal vault could occur if a borehole were drilled, either for 
resource exploration or for water supply. It is unlikely that mining would lead to inadvertent 
intrusion, because ore bodies would be avoided when selecting a site for a disposal facility 
(Section 5.1.3). 

4.3.7 Natural Disruptions 

The conditions in the geosphere at a nuclear fuel waste disposal site would be changed by site 
evaluation activities and by the construction, operation, decommissioning, and closure of the 
disposal vault. These changes would be estimated, monitored, and taken into account in 
designing, constructing, and operating the disposal vault. 

The stability of the Canadian Shield means that volcanism, igneous intrusion, and formation of 
sedimentary rock would be extremely unlikely at any location on the Shield. Neither volcanic 
activity nor igneous intrusions are expected until future collisions or rifting occur, or the 
Canadian Shield passes over a hot spot in the earth’s mantle (like the hot spot responsible for the 
geysers at Yellowstone National Park in the United States). Volcanic activity has not occurred 
on the Shield for the past 500 million years, but there have been minor intrusions associated with 
plate collisions and rifting up to about 100 million years ago. Volcanism is not expected again 
within many tens of millions of years. Sedimentary rock formed on the Canadian Shield in 
association with rifting and plate collisions in the past 500 million years, but not since about 
90 million years ago. Formation of sedimentary rock on the Shield might occur in the future 
when plate collisions next occur on either the Atlantic or Arctic continental margins. However, 
such collisions are not expected for many tens of millions of years. 

The stability of the Shield also means that the potential hazard to a disposal facility from 
earthquakes could be minimized by excluding certain areas and features when siting the facility 
(Section 4.3.3). 

As discussed in Section 4.2.9, another glaciation of the Canadian Shield is expected within about 
20 000 years. Full glacial cycles between interglacial periods like the present take about 
100 000 years. Glacial climatic cycles are thought to have operated on the Shield for the last 
2.5 million years and are expected to continue, but it is not known for how long into the future. 
The ice load during glaciation would depress the land surface and change the in situ stresses and 
the groundwater flow system. When the load was removed during interglacials (similar to the 
last 10 000 years on the Shield), the stresses and groundwater flow system would readjust. This 
readjustment could include movement on existing faults and the extension of existing fractures or 
the creation of new ones, along with associated seismic activity. Although this cycle of glacial 
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loading and unloading has occurred several times on the Shield in the last 2.5 million years, there 
is little evidence that the distributions of the fracture domains in the rock changed as a result. 

We would expect the framework of fracture domains that would determine the distribution of 
potential pathways for the movement of contaminants from a disposal vault to the surface to 
remain essentially unchanged following future glaciations and associated seismic activity. 

The potential for erosion of the rock on the Shield is limited because the topographic relief is 
generally low, the rock is strong and cohesive, and most of the easily erodible bedrock material 
has already been removed. 

A meteorite impact at a disposal site could affect the geosphere in several ways (Grieve and 
Robertson 1984). Material could be excavated and ejected from the crater, material could be 
redistributed and displaced within the crater, the rock beneath the crater could be fractured, and 
an elastic seismic wave moving outward from the impact could add a transient stress to the rock 
beneath the crater. These effects were considered when assessing potential postclosure effects 
(Sections 7.5 and 7.12.8). 

The potential effects on contaminant movement caused by ongoing natural processes in the 
geosphere and future natural events are discussed in Sections 7.5 and 7.12 and in more detail in 
R-Geosphere. We have concluded that none of these processes would be likely to cause the 
passive safety of the disposal system to be compromised following closure of the disposal 
facility . 

4.4 THE DISPOSAL VAULT 

4.4.1 Factors Relevant to the Design of a Disposal Vault 

A disposal vault would consist of a network of horizontal tunnels and disposal rooms excavated 
deep in the rock, with vertical shafts extending from the surface to the tunnels (Figure 1-2, p. 6). 
If the disposal concept were implemented, a disposal vault would be designed specifically for the 
disposal site (Section 5.6). Several factors relevant to vault design are discussed briefly below, 
and in more detail in R-Facility. 

HYDROGEOLOGICAL CONDITIONS 

Where they are permeable, fracture zones could be pathways for the relatively rapid transport of 
contaminants from a vault to the surface (Section 4.3.4). Also, because they are zones of relative 
weakness in the rock, they would potentially be more susceptible to adverse effects from exca- 
vation and the heat generated by the waste, as well as to future natural disruptions. Thus they 
would be avoided when emplacing waste in the vault: the waste would be emplaced in large 
volumes of rock between fracture zones. 
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IN SITU STRESS 

There is natural variability in the in situ stress conditions at different points on the Canadian 
Shield (Herget 1980, 1986; Arjang 1991; Herget and Arjang 1991). Generally, the vertical stress 
depends on the density and depth of the overlying rock, and the horizontal stresses are dependent 
on the regional tectonic conditions. The major horizontal stress tends to be significantly greater 
than the vertical stress at depths of 500 to 1000 m. The minor horizontal stress is more variable 
and can be either greater or less than the vertical stress. High values of horizontal stresses have 
been noted in the Canadian Shield (Herget 1980, 1986). Structural geological features such as 
faults can act as stress domain boundaries (Martin 1990). 

Stress may be relieved by deformation (strain). Plutonic rock deforms by brittle fracturing at the 
temperatures and pressures found at depths of less than 3 km on the Canadian Shield. As long as 
the local stress does not exceed the strength, the rock is stable and will not fracture. Plutonic 
rock, particularly granitic plutonic rock, is very strong. Consequently, stresses reach large 
magnitudes before they are relieved by fracturing. 

The magnitude and direction of the stresses in the rock and the differences in magnitude among 
the three stress components would be important factors in determining how the rock would 
respond to the excavation of the vault and to the thermal loading from the heat generated by the 
waste. There is extensive experience in mining and construction with maintaining stability by 
orienting excavations with respect to the in situ stress. Theory and practice have shown that in 
sparsely fractured rock, long excavations such as rooms or tunnels are best oriented parallel to 
the major principal stress in order to minimize stress effects and maintain the stability of the 
excavation (R-Facility). Experience has also shown that, in moderately and highly fractured 
rock, long excavations are best oriented perpendicular to major fractures in order to reduce the 
potential for movement on the fractures and for blocks of rock to come loose (Barton et al. 1974; 
Bieniawski 1974, 1976). 

EFFECTS OF EXCAVATION AND HEAT ON THE ROCK 

The creation of a hole in a rock mass causes a redistribution of in situ stress and causes stress 
concentrations around the hole. The spatial extent of the resulting disturbance in the rock mass 
depends on the magnitude and orientation of the in situ stress; the shape and orientation of the 
excavation; the frequency, spacing, and other properties of existing fractures; and the properties 
of the rock. At temperatures below 150 C, microcracking is the only significant stress-relief 
mechanism, and it occurs at or very near the excavation. Depending on the stress conditions and 
rock strength, microcracks can propagate and form fractures in the excavation perimeters. This 
is often observed as slabbing and spalling in mines and other excavations. Spalling was observed 
immediately after excavation at a depth of 420 m at AECL’s Underground Research Laboratory. 
The frequency of spalling rapidly decreased and the excavated openings became stable within a 
few days or weeks (R-Facility). 

The energy imparted to the rock mass by the excavation method can also damage the rock 
surrounding the excavation. The effects occur instantaneously and cannot be distinguished from 
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the initial stress redistribution caused by the creation of the hole. The extent and nature of the 
damage depends on the excavation method (Pusch 1989) and on how it is applied (Section 4.4.2). 

Excavation damage, whether caused by stress relief around a new opening in the rock or by the 
excavation method, might increase the hydraulic conductivity of the damage zone relative to the 
surrounding rock mass. We have considered excavation damage and its effects on local 
hydraulic conductivity from a theoretical point of view and have conducted field studies to 
investigate these effects at the Underground Research Laboratory (Martin et al. 1992). We found 
that even in the floors of excavations, where the excavation damage is the greatest, the effect on 
hydraulic properties could be limited to about 0.3 m from the excavation surface. 

In the rock surrounding a sealed disposal vault, the heat given off by the waste would cause 
thermal expansion and thus increase the stresses. The additional thermally induced stress could 
extend existing microcracks and generate new ones. However, the confining pressure provided 
by the buffer and backfill that would fill the excavated openings would limit the ability of cracks 
to grow near the excavation and to form away from the excavation. Thermal expansion might 
also cause existing fractures to open in a layer of rock near the earth’s surface above the vault. 
The depth of such a layer could be controlled by controlling the thermal loading in the disposal 
vault (Appendix G).  

To assess the feasibility of a vault design for a specific site, it would be necessary to consider the 
ratio between the in situ strength of the rock (the stress at which the rock would fail) and the in 
situ stress in the rock. At any point in the rock mass, this strength/stress ratio would depend on 
the characteristics of the rock, the location with respect to the surface of the excavations, and the 
temperature distribution in the vault and the surrounding rock mass. Thus the ratio would vary 
with time-dependent changes in these factors. An acceptable vault design would be one for 
which analysis indicated that the strength/stress ratio would exceed a predetermined distribution 
of values within the portion of the rock mass of concern and throughout the time period of 
concern. 

Monitoring of conditions during the construction and operation stages (as part of the observa- 
tional method described in Section 5.6.2) would ensure that any unexpected deviation from the 
expected conditions could be addressed, if necessary. 

SEIS MICITY 

Much of the Canadian Shield is geologically stable (Section 4.3.3). The potential long-term 
hazard to a disposal vault from earthquakes would be minimized by excluding certain areas and 
features when siting the disposal facility (Section 4.3.3) and by avoiding fracture zones when 
designing and constructing disposal rooms. Under such conditions, we would not expect the 
formation of new faults that could intersect the vault and create major new pathways for the 
movement of contaminants to the surface, nor would we expect that fractures associated with 
movement on existing faults or fracture zones would intersect disposal rooms and create new 
pathways near the rooms. 
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Analyzing the site-specific seismic hazard would be part of designing the disposal facility and 
assessing its performance. The analysis would be based on data obtained by characterization and 
seismic monitoring (Section 5.5.2). 

The short-term seismic hazard is expressed as the most powerful ground motion expected in an 
area within a given time for a given probability. For the calculation of hazard during the 
preclosure phase, the time period might be 100 years and the probabilities might be those used by 
the Geological Survey of Canada in calculating seismic hazard for construction at sites in Canada 
(5 ,  10,22, and 40%). The National Building Code of Canada (NRCC 1985) provides guidance 
in designing structures to withstand the peak horizontal ground acceleration and the peak 
horizontal ground velocity. Heidebrecht et al. (1983) discuss the application of seismic zoning 
maps in engineering in Canada. The technology exists for designing and constructing buildings 
to withstand the peak ground motions that would be expected at any site on the Canadian Shield 
during the preclosure phase. 

THERMAL CONSTRAINTS IMPOSED BY THE VAULT SEALS AND CONTAINERS 

The temperature of the disposal containers, 
the buffer, and the backfill would be con- 
strained to limit the corrosion of the con- 
tainers, to limit the thermal alteration of 
the buffer and backfill, and to limit the 
thermal disturbance and thermally induced 
stresses in the surrounding rock. In the 
disposal facility design specified for the 
postclosure assessment case study 
(Chapter 7), the maximum temperature 
specified for the container surface, buffer, 
and backfill was 100 C. Because the 
temperature of the rock at a depth of 
1000 m on the Canadian Shield is only 
17 C, the thermal constraints would 
readily be met by spacing the containers of 
waste within the vault so as to limit the 
heat generated in a given volume. 
Figure 4-6 shows the time-dependent 
temperature at the surface of the hottest 
containers (those at the centre of the vault) 
for the design specified for the postclosure 
assessment case study. 

10 1 o2 103 1 o4 105 

Time Since Emplacement (a) 

FIGURE 4-6: TEMPERATURE AT THE SURFACE 
OF THE HOTTEST CONTAINERS 
FOR THE DESIGN SPECIFIED FOR 
THE POSTCLOSURE ASSESSMENT 
CASE STUDY 
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AMOUNT OF WASTE REQUIRING DISPOSAL 

The vault capacity would depend on the projected amount of waste requiring disposal. As of 
1992 December 31, about 900 000 bundles of used fuel from power reactors were in storage in 
Canada (Section 2.2.1). The amount of used fuel produced in the future will depend on many 
factors, such as the demand for electricity, the cost of generating electricity by various methods, 
and societal preferences for different methods of generation. 

Figure 4-7 shows four projections of cumulative amounts of used fuel. The projections were 
based on the following assumptions: 

(1) Canadian nuclear generating capacity would increase by 3% per year after 1994. By the 
end of 2035, a total of about 10 million bundles of used fuel would have been produced 
in Canada. 

Canadian nuclear generating capacity existing as of 1993 March 3 1 would be maintained. 
By the end of 2073, a total of about 10 million bundles of used fuel would have been 
produced. 

Canadian nuclear power reactors existing as of 1993 March 31 would be operated for 
40 years, but no new reactors would be constructed. By the end of 2033, when the last 
reactor was shut down, a total of about 4.3 million bundles of used fuel would have been 
produced. 

Canadian nuclear power reactors existing as of 1993 March 31 would be shut down as of 
1995 January 1, by which time a total of about 1.1 million bundles of used fuel would 
have been produced. 

(2) 

(3) 

(4) 

Elsa 7 12 

(1) Expansion of nuclear 

- 

- 

(3) No new construction after 1993 

(4) No nuclear power generation after 1994 

I I I 1 I I I I I  

1993 2003 201 3 2023 2033 2043 2053 2063 2073 

Year 

FIGURE 4-7: FOUR PROJECTIONS OF CUMULATIVE AMOUNTS OF USED FUEL IN CANADA 
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CRITICALITY 

The potential for fissile material, such as 235U and 239Pu, to produce a self-sustaining fission 
chain reaction, or criticality, in the vault has been considered. An analysis of used fuel in a 
disposal container showed that criticality would not occur, whether the used fuel remained intact 
or was uniformly distributed throughout the container (McCamis 1992). For criticality to occur 
outside the container, segregation and accumulation of one or more of the fissile nuclides would 
be required. The low porosity of material surrounding the container would help to ensure that 
fissile material could not accumulate in a critical configuration. Moreover, the dissolution rate of 
the fuel is expected to be so low that the 239Pu present in the fuel would have decayed long 
before any such accumulation would be possible (R-Vault). Thus criticality would not occur 
because non-fissile materials in the fuel and its surroundings would prevent it. The potential 
effects of criticality, therefore, would not influence the design of a disposal vault. 

4.4.2 Design Options for a Disposal Vault 

A disposal vault would be excavated using the room-and-pillar method; that is, tunnels and 
rooms would be excavated, and the rock remaining between adjacent excavations would act as a 
pillar (Figure 4-8). Rooms and tunnels could be excavated on one or more levels reached from 
the surface by shafts. The amount of structural support provided by the pillars is related to the 
extraction ratio, which is the ratio of room width to distance between centrelines of adjacent 
rooms, if the rooms are regularly spaced. If low extraction ratios are used, room-and-pillar 
excavation can provide stable openings. The room-and-pillar method is a well-established 
method of underground excavation that has been widely used internationally. Its application for 
nuclear fuel waste disposal is being studied by the United States, Finland, Japan, Sweden, 
Switzerland, and the Commission of European Communities (R-Facility). 

FIGURE 4-8: CUTAWAY VIEW SHOWING ROOM-AND-PILLAR EXCAVATION 
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The room-and-pillar method would allow flexibility in designing the arrangement of tunnels and 
rooms. The vault design could be developed and, if necessary, subsequently modified during 
construction and operation to accommodate a wide range of operational objectives and site 
conditions, as illustrated by the following examples: 

Excavation stability could be enhanced by decreasing the extraction ratio. 

Emplaced waste could be separated from relatively high-permeability fracture zones with a 
suitable thickness of low-permeability rock. 

The temperature could be controlled by limiting how close one container was to another 
within the vault. 

The movement of groundwater in the vicinity of the rooms and tunnels could be controlled by 
the installation of vault seals, such as buffer, backfill, and grout (Section 4.5). The room-and- 
pillar method would permit several types of vault seals to be used and would allow easy 
access for installing them. 

The potential for radiation exposure could be reduced by physically separating excavation and 
waste emplacement operations and controlling access to these different areas. 

The waste capacity of the vault could be increased or decreased in response to a change in 
requirements. 

Alternatives to disposal using the room-and-pillar approach to excavation are discussed in 
Section 8.4.4. 

Since the mid-l97Os, we have evaluated several engineering conceptual designs for a disposal 
vault based on the room-and-pillar approach (Appendix G). We use the term "engineering 
conceptual design" to mean a design that contains only the elements necessary to understand 
important aspects of the project, including feasibility and potential environmental effects; it is 
not sufficiently detailed to begin construction. The engineering conceptual designs were 
compared on the basis of thermal-mechanical specifications. 

If the disposal concept were implemented, a site-specific vault design would be developed. 
Several factors would be considered, including those discussed in Section 4.4.1. The vault 
design would be optimized on the basis of safety and socio-economic considerations, taking into 
account the specific features of the site. Safety considerations would include contaminant 
release, stability of excavated openings, and materials handling. To take into account the 
parameter variability throughout the rock volumes and the quality of data available, pessimistic 
assumptions would be used when designing the disposal vault and assessing its performance. 
The need for conservatism in design would diminish as the knowledge of the conditions at the 
site increased. Several design options for a disposal vault are discussed briefly below and are 
discussed in more detail in R-Facility. 

VAULT CAPACITY 

The vault capacity would be specified primarily on the basis of the amount of waste requiring 
disposal. The amount requiring disposal would be determined on the basis of the existing 
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quantities and projections of what would be produced in the future. The amount that could be 
disposed of at a single site might be constrained by the geological conditions at the site. 

DISPOSAL DEPTH 

In a single-level disposal vault, the nuclear fuel waste would be emplaced at one depth in the 
rock body. In a multilevel vault, the waste would be emplaced at two or more different depths in 
the rock body. Because a multilevel vault would utilize a three-dimensional volume of the rock, 
it might be easier to optimize the placement of the waste within the rock structure and the 
groundwater flow system in a multilevel vault than in a single-level vault. 

In a multilevel vault, the levels could be located one above the other, in which case the heat from 
one level would affect temperatures on another. Containers would have to be spaced farther 
apart than in a single-level vault containing the same amount of waste; thus a greater volume of 
rock would have to be excavated. Alternatively, the levels could be located so as not to overlap, 
thus minimizing or avoiding thermal interaction. In this case the spacing of disposal containers, 
and thus the volume of rock excavated, would be similar to that of a single-level vault. 

We evaluated various arrangements of disposal levels, and also the alternative of long-hole 
emplacement, where a number of disposal containers would be placed in long boreholes 
extending between two widely separated horizontal levels of a disposal vault (Appendix G). All 
of these alternatives could satisfy the thermal-mechanical specifications described in 
Appendix G. 

In the engineering conceptual designs that we have evaluated, the disposal rooms are located at a 
depth of 500 to 1000 m. In general, the greater the disposal depth, the greater the minimum 
possible transport distance from the disposal rooms to the surface, and the lower the likelihood of 
any natural disruption or inadvertent human intrusion. However, the in situ stresses and the in 
situ temperature tend to increase with depth. We have analyzed the thermal and mechanical 
effects of single-level vaults with disposal depths of 500 or 1000 m; multilevel vaults with 
disposal depths of 500 and 1000 m, and in some cases also 750 m; and long-hole emplacement 
between the 500-m and 1000-m levels (Appendix G). 

It is expected that costs would increase with disposal depth. However, the difference between 
the costs estimated for disposal at 500 m and disposal at 1000 m is much less than the 
uncertainty associated with each of the cost estimates (R-Facility). 

We believe that the nominal range of 500 to 1000 m for the disposal depth strikes a reasonable 
balance among the considerations discussed above. At a disposal site, the depth of disposal 
rooms would likely be between 500 and 1000 m, but could also be shallower or deeper, 
depending on the site conditions. 
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EXTRACTION RATIO 

In most of our studies, we assumed an extraction ratio of 0.25. Our studies show that an 
extraction ratio of 0.25 to 0.3 is compatible with meeting the thermal-mechanical specifications 
described in Appendix G. Under extreme loading conditions, such as vertical loads caused by 
1000 m of granite and 5000 m of glacial ice, the average strength-to-stress ratio for a room pillar 
is about 3.5. With a low extraction ratio and high strengtWstress ratio, there would be insuf- 
ficient strain energy available to cause deep-seated rock bursts. The microcracking behaviour of 
granite, resulting in stress relaxation around excavations, also precludes the storage of strain 
energy. An expert review of the potential for rock bursting concluded that rock bursting was 
improbable in the Underground Research Laboratory or in a disposal vault excavated in similar 
strengwstress conditions (Ortlepp 1992). 

CONTAINER EMPLACEMENT METHOD 

As illustrated in Figure 4-9, containers could be emplaced within a disposal room (in-room 
emplacement) or in boreholes extending from the floor or walls of the room or extending 
between rooms on two levels (in-borehole emplacement). In both options, the container would 
be separated from the rock by a dense buffer material, such as a compacted mixture of sand and 
bentonite (Section 4.5). 

In-Room Emplacement In-Borehole Emplacement 
(container emplaced vertically) (in the floor) 

In-Room Emplacement In-Borehole Emplacement 
(container emplaced horizontally) (in the walls) 

Legend: - Container 

Buffer 

Backiill 

Concrete 
In-Borehole Emplacement 

(between rooms on two levels) 

FIGURE 4-9: CROSS SECTIONS SHOWING CONTAINER EMPLACEMENT METHODS 
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For in-room emplacement, the depth of the buffer would have to be sufficient to provide the 
required sealing for the container and to shield workers from radiation. The height of the dis- 
posal room would have to be sufficient to permit the use of equipment above the layer of buffer. 

In our engineering conceptual designs for in-borehole emplacement, consideration was given to 
drilling large-diameter emplacement boreholes in the walls or the floors of rooms. These holes 
would be long enough (5 to 6 m) to accept one disposal container and the associated buffer 
material. Alternatively, vertical boreholes could be made very much longer, joining two separate 
levels in a disposal vault, to accept a number of containers complete with buffer material placed 
sequentially in the hole. 

Of these options, the emplacement of single containers in boreholes in the floor permits the 
easiest compaction of buffer material and handling of containers. Also, single-container 
boreholes would allow visual inspection of the walls of the boreholes and easier control of the 
quality of the container emplacement operations. Another advantage of single-container 
boreholes would be easier retrieval of containers if retrieval were necessary. 

Cement-based grouts could be used around emplacement boreholes to control the stability of the 
borehole wall or prevent groundwater inflow that could affect the placement of buffer. Site- 
specific standards for an acceptable borehole would be established, and boreholes that did not 
meet the standards would be abandoned and sealed. 

Two alternatives for emplacement of buffer have been investigated: compacting the materials in 
place (R-Facility) or using precompacted blocks (Gray 1993). 

If the buffer were compacted in place, the sequence of emplacement activities would be to place 
and compact all or most of the buffer material, drill holes in the buffer large enough to accept the 
disposal containers, place the containers in these holes, and close the holes by compacting more 
buffer material above the container. The potential for worker exposure to radiation would be 
lower than if the buffer were placed and compacted around a preplaced container. Also, the 
potential for damaging a container during the compaction process would be reduced. This 
general procedure would be suitable for both the in-borehole and in-room emplacement options. 
A detailed procedure would include provisions for quality control. 

To use precompacted blocks in the in-borehole option, appropriately shaped blocks would be 
placed in the borehole, leaving a hole for the container. To use precompacted blocks in the in- 
room option, the blocks could be placed on the floor of the room and then around the container. 

Our studies show that both in-borehole and in-room emplacement are feasible (Appendix G). 
The choice of container emplacement method would be site-specific, and the following factors 
would be considered: 

Stress conditions-Local stress concentrations are more likely to exceed the strength of the 
rock for in-borehole emplacement than for in-room emplacement. Rooms would likely be 
stable at greater depths than would boreholes drilled from them (R-Facility). 
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. 

Volume of waste rock-The volume of waste rock might be greater for in-room emplacement 
than for in-borehole emplacement, because larger rooms might be required for in-room 
emplacement (R-Facility). 

Volume of buffer material-For the designs in our studies, in-room emplacement required 
about three times as much buffer material as in-borehole emplacement (Wardrop et al. 1985). 

Retrievability-Retrieval would be easier if the containers of waste were emplaced in bore- 
holes extending from the floor or walls of a disposal room than if the containers were 
emplaced within the room. The room could be re-excavated without needing to locate and 
retrieve the containers, and the borehole walls could be used as guides to locate and retrieve 
the containers (R-Facility). 

CONTAINER SPACING 

The container spacing would be site-specific and would depend on several factors: stress con- 
ditions, rock properties, heat output of the waste, temperature limits on system components, 
radiation shielding required for workers, and clearance required for equipment. In the engineer- 
ing conceptual designs developed to date, the container spacing was determined mainly on the 
basis of the thermal-mechanical specifications given in Appendix G. If the disposal concept 
were implemented, operational requirements would have to be considered in more detail, and 
they might be the controlling factor in determining container spacing. 

EXCAVATION METHOD 

Drill-and-blast or continuous excavation methods (such as boring) have been proven in plutonic 
rock and would be appropriate for large excavations, such as shafts, tunnels, and rooms in a 
vault. Coring, boring, or percussion methods would be appropriate for large-diameter boreholes, 
such as waste-emplacement boreholes. Coring and percussion methods would be appropriate for 
small-diameter boreholes, such as exploration boreholes. Decisions regarding excavation 
methods would be site-specific. 

The drill-and-blast excavation method uses explosives to rapidly release large amounts of energy 
into the rock mass. This process causes the rock to fragment over an area whose extent is con- 
trolled by the properties of the explosive and the rock mass, by the placement of the explosives, 
and by the order in which the explosives are fired. The objective of controlled blasting is to 
minimize the disturbance in the rock mass outside the excavation perimeter by limiting the 
energy released in each blast hole to the level required to provide adequate fragmentation of the 
rock, There are several techniques for designing blast rounds to achieve this objective in 
tunnelling (Langefors and Kihlstrom 1978, Sperry et al. 1984). Controlled blasting methods 
have been applied in the United States (Sperry et al. 1984, Holmberg 1983) and by AECL at its 
Underground Research Laboratory (Kuzyk et al. 1986, Favreau et al. 1987). 

In the Underground Research Laboratory, controlled blasting of a circular shaft resulted in 
excavation damage extending up to 0.3 m into the rock, whereas conventional blasting of a 
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rectangular shaft resulted in damage up to 1.5 m into the rock (Everitt et al. 1989, Franz et al. 
1991). Some spalling occurred for a few days to a few weeks as the stresses redistributed and 
were relieved by microcracking. The frequency and energy of these effects decreased with time. 
Conventional blasting (where the design is not controlled to minimize the disturbance outside the 
excavation perimeter) was used in one area of the Underground Research Laboratory, where the 
rock mass contained natural open fractures. Although the damage zone was more extensive than 
for controlled blasting, the excavation remains stable after 7 years. Ground control measures, 
such as the use of rock bolts and wire mesh in order to support excavation surfaces and to 
prevent rock from falling, are not required, and the maintenance required to remove pieces of 
rock that loosen on the excavation surface is not excessive. 

In plutonic and similar hard rock, continuous excavation methods normally involve the boring of 
openings. A high and very localized compressive force (nearing a point load) is applied to the 
rock, causing a localized shear failure. Because of its local nature, the loading has minimal effect 
on the rock mass remaining around the excavation. Machines that excavate circular openings are 
commonly used in tunnelling through plutonic and similar hard rock. They would not produce 
the relatively flat floors that would be preferred for in-room emplacement and that would be 
required for in-floor emplacement. Machines that can excavate non-circular openings are 
currently under development but are not yet proven production tools. Machine excavation 
methods may induce less damage in the rock mass around the openings than drill-and-blast 
excavation. The extent of damage caused by the two types of methods is being compared at the 
Underground Research Laboratory. 

4.5 THE VAULT SEALS 

4.5.1 Functions of Vault Seals 

To help achieve the overall objective of limiting the release of contaminants from a disposal 
vault, a number of different types of vault seals would be needed: 

buffer surrounding the disposal container (Figure 4-9, p. 1 18); 

backfill filling the remainder of the excavated openings of rooms, tunnels, and shafts 
(Figure 4- lo); 
bulkheads and plugs at the entrances to rooms or at intervals along tunnels and shafts 
(Figure 4- 10); 
grout injected into the rock mass at selected locations (Figure 4-10); and 

seals for the exploration boreholes that would be used to investigate the site and define the 
geomechanical, geochemical, and hydrogeological conditions (Figure 4- 10). 

The functions of the vault seals are given in Table 4-1. 

If the disposal concept were implemented, vault seals suitable for the site characteristics would 
be designed. 
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TABLE 4-1 

FUNCTIONS OF THE VAULT SEALS 

Vault Seal Functions 

Buffer to limit the container corrosion rate by inhibiting the movement and modifying the 
chemistry of groundwater near each container 

Backfill 

to limit the waste form dissolution rate by 'inhibiting the movement and modifying the 
chemistry of groundwater near each container 

to retard the movement of contaminants by limiting the movement to the slow process of 
diffusion, by enhancing sorption of contaminants, and by modifying the chemistry of the 
groundwater 

to fill the space in disposal rooms in order to keep the buffer and containers securely in 
place 

to fill the space in tunnels and shafts in order to keep people away from the waste 

- to retard the movement of contaminants by slowing any movement of groundwater, by 
enhancing sorption of contaminants, and by chemically conditioning the groundwater 

Bulkheads . to inhibit groundwater movement at the entrances to disposal rooms 

Plugs . to inhibit groundwater movement at hydraulically critical points in the vault, such as 
locations where tunnels and shafts intersect fracture zones 

Grout to inhibit groundwater movement at hydraulically critical points in the vault, such as 

to prevent the shafts from being preferential pathways for the movement of groundwater 

. to prevent the exploration boreholes from being preferential pathways for the movement 

around bulkheads, around plugs, and in the zone of rock damaged by excavation 

and contaminants 
Shaft Seals 

Exploration 
Borehole Seals of groundwater and Contaminants 

The characteristics of sealing materials, types of vault seals, and microbial action and gas 
generation in clay-based sealing materials are discussed below. Vault seals are discussed in 
greater detail in R-Barriers. 

4.5.2 Characteristics of Sealing Materials 

DESIRABLE CHARACTERISTICS 

To be suitable for vault sealing, the materials selected need to exhibit the following 
characteristics (R-Barriers): 

they must have low hydraulic conductivity (of the order of lo-'' m / s  or lower); 
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they must be available in adequate quantities, because several million cubic metres of 
excavation would need to be filled; 
they must be workable (capable of being placed to the design specification) using available 
technology; and 
they must have predictable long-term performance. 

A number of screening studies (Coons 1987, Mott et al. 1984) identified clay-based, cement- 
based, and bitumen-based materials as having the highest likelihood of being suitable for vault 
sealing. Although the possible advantages of using bituminous materials to seal vaults in granite 
are being increasingly recognized (Allison et a]. 1989), bituminous materials would introduce 
into the vault large quantities of organic matter, whose effects on total system performance 
cannot at present be reliably estimated with available information. Studies in Canada and abroad 
have focused on clay-based and cement-based materials, which are used extensively in civil 
engineering practice. A wealth of information on their properties, performance, and use is 
available (R-Barriers). 

CLAY-BASED SEALING MATERIALS 

Clay minerals are characterized by a layered structure and typically have particle sizes less than 
2 pm. These minerals impart the properties of low hydraulic conductivity and of plasticity to 
clay soils. Montmorillonite, the principal clay mineral in bentonite, is the most surface-active of 
all clays; that is, it has a high surface area and strong sorption capacity. This surface activity 
gives bentonite special properties, such as a low hydraulic conductivity and an ability to absorb 
water and swell. The hydraulic conductivity of bentonite can be decreased by increasing its 
density through compaction. If unconfined, bentonite swells significantly upon contact with 
water. In a confined space, compacted bentonite develops a swelling pressure that enhances its 
ability to seal open fractures and to produce tight contact with interfaces, which would result in 
low hydraulic conductivity in a vault. For this reason, bentonite is widely used in geotechnical 
engineering to retard water movement in underground structures. 

Particulate aggregates, such as sand or gravel, can be mixed with clays to improve various 
characteristics, such as resistance to erosion by groundwater, density, thermal properties, and 
sorption. Because the primary function of clay seals would be to limit groundwater movement, it 
is important that the hydraulic properties of the clays not be adversely affected by the inclusion 
of aggregates. Provided the aggregate content does not exceed about 80% (by total dry mass), at 
sufficiently high densities the hydraulic conductivities of clay-aggregate mixtures are virtually 
the same as those of the clay alone (Yong et al. 1986, Dixon et al. 1987). Such densities can be 
achieved by in situ compaction or by precompacting blocks of material. For less surface-active 
clays, such as kaolinite or illite, the hydraulic conductivity of clay-sand mixtures compacted in 
situ would be of the order of lo-'' m/s; for bentonite, the hydraulic conductivity of clay-sand 
mixtures compacted in situ would be of the order of 4 s .  These values are in the same 
range as those observed in sparsely fractured granitic rock. 
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The less surface-active clay minerals are found in significant proportions in many natural clay 
soils deposited and formed on the Canadian Shield, and it is reasonable to assume that exploit- 
able resources should be available within economic distance of a disposal facility. Bentonite 
deposits in Canada are found throughout the Prairies and have been commercially exploited in 
Manitoba, Saskatchewan, and Alberta. The principal bentonite beds lie in Alberta and western 
Saskatchewan, and the Saskatchewan deposits contain sufficient reserves to supply bentonite for 
a disposal vault (R-Barriers). Much larger quantities of suitable bentonites are found in 
Wyoming (Dixon et al. 1992). 

Clays would need to be processed prior to being used for vault sealing. Processing, which would 
be similar for both swelling and non-swelling clays, would include excavation, drying, and 
milling. The processing operations would require careful control to ensure the quality of the 
seals (R-Barriers). 

CEMENT-BASED SEALING MATERIALS 

Cements are the principal components of concretes and grouts. The most commonly used type is 
portland cement, which consists of anhydrous calcium silicates and aluminates. Cements hydrate 
to form hardened masses that, when intact, have low hydraulic conductivities and high strength. 
The mix design of cementitious materials can be varied considerably (for example, by changing 
the watedcement ratio, changing the aggregate type, or adding other components) to produce a 
wide range of materials for many applications. 

For applications in nuclear fuel waste disposal, it is particularly desirable to add silica fume 
(amorphous silica with a very high surface area) and superplasticizer. Silica fume reacts with the 
excess calcium hydroxide liberated during the hydration of the cement. This reaction increases 
the strength and produces a low-porosity material with extremely low hydraulic conductivity, 
thereby limiting the potential for the leaching of cement pore water to increase the alkalinity of 
the groundwater. Superplasticizers reduce the viscosity of grouts, making them easier to inject 
(Al-Manaseer and Keil 1990, Onofrei et al. 1988). 

Groundwater in contact with cement-based materials could become alkaline. Because the com- 
bined effects of alkaline groundwater on the corrosion of containers, release of contaminants 
from the waste form, and sorption of contaminants are not well established, cement-based ma- 
terials would likely not be used near a disposal container. 

Cement, aggregate, and additives are readily available. 

4.5.3 Types of Vault Seals 

Several types of seals would be needed for a disposal vault: buffer, backfill, bulkheads, plugs, 
grouts, shaft seals, and seals for exploration boreholes. These are discussed briefly below and in 
more detail in R-Barriers. 
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BUFFER 

Because of its low hydraulic conductivity and its ability to self-seal deformation and shrinkage 
cracks upon rewetting, compacted bentonite is favoured by researchers in Canada, Finland, 
Sweden, and Switzerland for use as a buffer. In addition, the near-neutral @H 7 to 9) pore water 
of bentonite provides a more benign environment for the disposal container than the alkaline (pH 
11 to 13) pore water of cements. 

The swelling pressure developed by confined bentonite buffer material would act as an imposed 
load on the container; thus the designs for the buffer and container must be developed together. 
Designs were developed in this way for the preclosure (Section 6.2) and postclosure (Section 7.3) 
assessment case studies. Swelling pressures in excess of 10 MPa can be generated by high- 
density precompacted blocks of bentonite, but such high swelling pressures could be avoided by 
using buffer material with somewhat lower clay densities. For example, studies have shown that 
reducing the clay density can reduce the swelling pressure to 1 to 2 MPa while maintaining a 
hydraulic conductivity of less than m/s. Thus reducing the swelling pressure would not 
significantly increase contaminant diffusion through the buffer. 

To limit the hydraulic conductivity and contaminant diffusion rates, a pure bentonite buffer 
should be compacted to a minimum density of approximately 1.2 Mg/m3 (Cheung et al. 1987, 
Cheung and Gray 1989). Densities in excess of this value can be achieved when the buffer is 
placed as precompacted blocks (SKBFKBS 1983) and when the clay is compacted in situ 
(Dixon et al. 1985). 

Similarly, clay densities of 1.2 Mg/m3 or higher can be achieved in sand-bentonite mixtures 
provided the clay content exceeds approximately 40% by dry mass of the mixture (Dixon et al. 
1985). In a clay-sand mixture, the clay density is defined as the ratio of the dry mass of clay to 
the sum of the volumes of the dry clay and the voids (that is, the mass and volume of the sand are 
not included when calculating the clay density). A sand-bentonite mixture with a clay density of 
1.2 Mg/m3 would have mass transport properties similar to those of a bentonite clay compacted 
to the same density. Totally confined, both materials would exert similar pressures. Allowed to 
swell freely, the clay-sand mixture would expand less than the clay. The clay-sand mixture 
would suffer less drying shrinkage than the clay. Moreover, the clay-sand mixture would deform 
less under load and, when water-saturated, would have higher thermal conductivity and heat 
capacity than the bentonite (R-Barriers). 

The effect of elevated temperatures on the integrity of bentonite-based buffers has been studied 
extensively. At the temperatures expected in a disposal vault (<lOO°C), the alteration of 
bentonite would be negligible over a period of tens of thousands of years (R-Vault). Also, 
bentonite samples containing natural open fractures have been obtained from bentonite deposits 
and exposed to water. The ability of these fractures to self-seal as the bentonite swells on 
exposure to water has been demonstrated (R-Vault). 
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ROOM AND TUNNEL BACKFILLS 

Room and tunnel backfills could be composed of either clay- or cement-based materials. Clay- 
based backfills would likely be preferred for use in disposal rooms because of the desire to 
ensure a near-neutral pH near the containers. Various mixtures have been considered, including 
90/10 sandbentonite in Sweden (SKBFKBS 1983) and 75/25 crushed granite/lake clay in 
Canada (R-Facility). Such backfills have considerably lower swelling pressures than more 
highly compacted bentonites but still have a relatively low hydraulic conductivity of about 
10-'0 d s .  

The machinery for in situ compaction of backfill would require about 2 m of headroom to 
operate. This space could be filled with clay-sand mixtures using remotely operated machines, 
as demonstrated by experiments for the International Stripa Project in Sweden (SKBFKBS 
1983). The swelling properties of these upper backfill materials would result in complete closure 
of the room cavity. The resulting hydraulic conductivity would be about lo-'' mls. 

The access tunnels could be backfilled using the clay-based backfills and associated technologies 
described for the disposal rooms. For operational safety, rock bolts would likely have been 
installed in tunnels and ramps. Where required by rock conditions, wire mesh would have been 
installed to prevent the adverse effects of rock spalling. Where possible, the bolts and mesh 
would be removed and the rock surfaces would be scaled before the seals were constructed. 
These measures would increase the probability of effectively closing the rock-backfill interface 
and limiting the hydraulic conductivity of the excavation-damaged zone. 

BULKHEADS, PLUGS, AND GROUTS 

After successful backfilling of the excavations, the principal flow of water would be confined to 
the open fractures in the rock and to the interfaces between the vault seals and the rock. These 
flows would be restricted as much as possible by the construction of concrete bulkheads at the 
ends of disposal rooms (Figure 4-10, p. 122). The bulkheads would also confine the clay-based 
sealing materials in the room and allow for their full swelling pressure to develop. The clay- 
based sealing materials would thus be firmly pressed against the rock, and water flow along the 
interface would be restricted. 

Tests at AECL's Underground Research Laboratory have shown that careful preparation of the 
rock surfaces, such as scaling, can substantially reduce enhanced water flow along the bulkhead- 
rock interface and through the excavation-damaged zone. 

Tests undertaken for the International Stripa Project in Sweden have shown that gaskets of 
precompacted blocks of bentonite placed next to concrete bulkheads can virtually eliminate water 
flow along the bulkhead-rock interface (Pusch et al. 1987). Under the high swelling pressures 
that would be developed, the bentonite would tend to penetrate and seal open fractures in the 
rock that were exposed or generated by the excavations. 
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Experiments for the International Stripa Project in Sweden and at AECL’s Underground 
Research Laboratory have shown that rock with hydraulic conductivity as low as IO‘* 4 s  can be 
sealed by grouting (Gray and Keil 1989). Grouting of rock with lower hydraulic conductivity 
has not been demonstrated. Should excavation-damaged zones with lower hydraulic conduc- 
tivity be formed, a cutoff wall that extended from the bulkhead through the excavation-damaged 
zone could be considered. Cutoff walls are used extensively in civil engineering practice, and 
experience has shown them to be effective at preventing groundwater flow (Casagrande 1961). 
The decision to use a cutoff wall andlor grouting to seal the excavation-damaged zone around a 
bulkhead could only be made when the location of the bulkhead and the rock conditions were 
known through field observations and measurements. 

Massive, high-performance concrete plugs, with associated grouting and bentonite gaskets, could 
be used to seal tunnels where they passed through hydraulically active fracture zones. The 
ability to grout fracture zones would depend on their hydraulic properties. Observations at 
AECL’s Underground Research Laboratory have shown that where tunnels intersect fracture 
zones, the hydraulic conductivity of the zone may be from 10-I to lo-’ m/s. Experiments at 
AECL’s Underground Research Laboratory have demonstrated that high-performance cement- 
based grouts can seal fracture zones with hydraulic conductivities as low as m/s (Gray and 
Keil 1989) and that cement-based grouts can be injected into and seal rock fissures as narrow as 
20 pm. It is likely that grouting would improve the system performance; thus grouting where 
fracture zones are intersected is recommended. However, the long-term benefits of grout 
injection into the fracture zones have not been quantified, and therefore such benefits are not 
assumed when assessing postclosure safety. 

SHAFT SEALS 

The materials previously described for sealing rooms and tunnels could also be used for shafts, 
but the methods for emplacing them would have to be different. 

Some of the shafts might be fitted with a concrete liner during the construction stage. Golder 
Associates in association with Dynatec Mining Ltd. (1 993) recommend that during decom- 
missioning, such liners be removed and the shafts be reamed to enhance the effectiveness of shaft 
seals. In appropriate geological conditions where there were no long-term adverse influences on 
the conditions near the emplaced waste, the reamed shafts could be completely backfilled with 
high-performance concrete. Studies have shown that these materials could maintain hydraulic 
conductivities less than those of sparsely fractured rock for millions of years (Coons and Alcorn 
1989). Alternatively, the technologies used in the rooms and tunnels could be adopted for the 
shafts. The major fraction of the shafts could be filled with clay-based backfilling materials, and 
special plugs could be built where the shafts intersected major water-bearing fracture zones in the 
rock mass. Headroom would not be a problem when backfilling shafts (as it would be when 
backfilling rooms and tunnels), and a non-swelling backfill would be appropriate. Composite 
seals consisting of clay-based backfills and concrete plugs with highly compacted bentonite 
gaskets would likely be more effective than backfill alone. 
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EXPLORATION BOREHOLE SEALS 

Exploration boreholes would likely have diameters of less than 100 mm. Any that could 
compromise the safety of the disposal vault if left open would be sealed. An example of such a 
borehole might be one that penetrated a water-bearing fracture zone and also penetrated the rock 
between two disposal rooms in the vault. Others could be left open for monitoring if desired. 
The requirement for sealing would be site-specific. 

Methods for plugging both horizontal and vertical exploration boreholes up to 100 m long with 
highly compacted bentonite have been demonstrated at the International Stripa Project in Sweden 
(Pusch et al. 1987). Also, the effectiveness of sealing short vertical boreholes by packing them 
with highly compacted bentonite pellets has been measured (Daeman et al. 1983). This latter 
method is not appropriate for horizontal or inclined boreholes. Moreover, to function effectively, 
bentonite needs to be confined. Cement-filled sections of the borehole would confine the 
bentonite and allow for full development of its swelling properties and sealing potential. 

High-performance, cement-based plugs and grouts could be used to seal boreholes at any angle. 
Standard grouting methods could be used to fill a borehole. These include retreat pressure grout 
injection through specially designed, moveable, mechanical or hydraulic borehole packers. In 
combination with clay seals, long sections of cement seals could be placed in vertical boreholes 
(Seymour et al. 1987) using the "balance method" used to place cement slurries when sealing oil 
and gas wells (Smith 1976). The method allows for controlled placement and for subsequent 
pressurization to limit the presence of voids in the plug and to grout fissures in the rock. 

4.5.4 Microbial Action, Gas Generation, and Colloid Transport in Clay-Based Vault Seals 

As discussed by Stroes-Gascoyne and West (1994), microbes could be indigenous to the geo- 
sphere at potential disposal depths, and would also be introduced into the vault during its 
construction, operation, and decommissioning. The indigenous population would be adapted to 
the nutrient-poor situation of the rock surrounding the vault, but might not be able to survive the 
physiologically harsh conditions in the vault. Of the organisms introduced, only those that could 
adapt to both the harsh vault conditions and low nutrient situation would survive. As discussed 
below, microbial activity in the vault would be controlled by factors such as a limited nutrient 
and energy supply (Stroes-Gascoyne 1989), elevated temperature, high levels of radiation, and 
limited pore size of the buffer and backfill. 

The introduction of nutrients and microbes would be limited by good housekeeping practices 
during the construction and operation stages. The natural clays that would be used in the buffer 
and backfill contain organic material and other nutrients, but because organic materials have 
demonstrated long-term stability, much of the organic material would be difficult to degrade. 
Thus the availability of organic material and other nutrients for microbial use is expected to be 
limited. 

At the time of waste emplacement, the elevated temperature and high level of radiation within 
tens of centimetres of the disposal container would likely create a zone in which microbes could 
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not survive initially (Stroes-Gascoyne and West 1994). Later, when conditions might permit the 
survival of microbes, the extremely small pore size of the compacted buffer would likely limit 
microbial growth and movement toward the container. Moreover, any microbial growth in the 
buffer and backfill would likely reduce the porosity in these barriers, potentially adding to their 
effectiveness in retarding radionuclide movement from breached containers. 

Outside the high-temperature high-radiation zone, there would be a zone wherein microbes 
would survive, and their natural rate of mutation would probably be increased by the radiation 
from the waste. Although the range of possible variants would not be increased, radiation- 
resistant variants might be favoured. In any case, the movement of any microbes toward the 
container would be constrained by the small pore size of the buffer (Stroes-Gascoyne and West 
1994). 

Microbial degradation of organic material in the buffer and backfill would ultimately lead to the 
formation of CO,, CH,, and H,S, and studies are in progress to estimate the production rate of 
these gases from the organics in the natural clays. Production rates are expected to be very low 
(Stroes-Gascoyne and West 1994). 

The movement of any colloids formed in the container would be constrained by the small pore 
size of the buffer (Vilks et al. 1991). 

4.6 THE DISPOSAL CONTAINER 

4.6.1 Functions of the Disposal Container 

The waste form would be sealed in a container designed to last at least 500 years following 
emplacement in a disposal vault. The functions of the container would be to facilitate handling 
the waste form and to isolate it from the groundwater for the desired minimum time. Container 
designs and fabrication and inspection techniques that would meet these objectives have been 
developed. Moreover, containers could be designed so that most would last for at least tens of 
thousands of years under the conditions expected in a disposal vault (R-Barriers). 

If the disposal concept were implemented, a disposal container suitable for the waste form and 
site characteristics would be designed. Several options for container design could be considered, 
including those studied to date. The selection of the container material would be part of the 
container design process. The design considerations and the options for designs, fabrication and 
inspection techniques, and monitoring and contingency plans are discussed below. Disposal 
containers are discussed in greater detail in R-Barriers. 

4.6.2 Design Considerations for Containers 

The container would be designed to withstand external pressure and to resist corrosion under the 
conditions of temperature, pressure, and chemistry in a disposal vault (Section 4.6.3) for a period 
of time called the design lifetime. Other factors that must be taken into consideration when 
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designing containers include the geometry of the waste form and the excavated openings in the 
vault, the chemical toxicity of the container materials, and cost. 

External pressure would be exerted on a container by the groundwater and the buffer material 
around the container. The groundwater pressure increases with depth and is about 10 MPa at a 
depth of 1000 m. The additional pressure from the swelling of the buffer material around the 
container would depend on the characteristics of the buffer material and could be limited to 
3 MPa (Section 4.5.3). Neither seismic loading nor pressure from the overlying rock 
(R-Barriers) is expected to contribute to the external pressure. We have sufficient knowledge 
and understanding to design a container that would not fail because of structural overload or 
long-term material deformation (Section 4.6.4). If necessary, the container could be designed to 
withstand the increase in structural load caused by a glacier. With more understanding and 
knowledge, conservatism in design could be decreased. 

It is expected that container failures would occur only as a consequence of corrosion. The 
corrosion of materials that have been considered for the fabrication of disposal containers is 
discussed in Section 4.6.3. 

Our development work has focused on achieving a minimum design lifetime of 500 years, during 
which time the activity of the radioactive waste would decrease by a factor of over 200 000 
because of the decay of the fission products. However, the lifetime would almost certainly be 
much longer. For example, based on pessimistic assumptions, our estimates of time until failure 
by corrosion range from 1000 to 6000 years for 6.35-mm-thick titanium containers and from 
30 000 to a million years for 25-mm-thick copper containers; our more realistic estimates range 
from tens of thousands to hundreds of thousands of years for the titanium containers and are 
more than a million years for the copper containers (R-Barriers). Germany has specified a mini- 
mum design lifetime of 500 years (Bechthold et al. 1987), Switzerland (Nagra 1985) and the 
United States (Cloninger et al. 1989) have specified 1000 years, and Sweden has designed con- 
tainers for much longer lifetimes (SKB 1992a). 

The container dimensions would have to be suitable for the geometry of the waste form and the 
geometry of the vault. For example, it would have to be possible to remove the waste form from 
the container if the container were found to be defective when it was inspected before emplace- 
ment. It would also have to be possible to retrieve the container from the vault if necessary, The 
vault geometry might restrict the capacity of equipment to be used for handling and transport, 
such as hoists and underground vehicles, and might thereby restrict the container size and weight. 

The cost of containers would depend on several factors, including the amounts and types of 
materials required, the present and future availability of those materials, the energy required for 
container fabrication, and the ease of container fabrication and inspection. Thus the design 
lifetime and cost would be related. For example, increasing the container thickness would 
increase the lifetime, but it would also increase the amount of material required and the difficulty 
of container fabrication and inspection, and thus the cost. We estimate that a copper container 
shell 25 mm thick would cost twice as much as a titanium container shell 6.35 mm thick 
(R-Barriers). 
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The fabrication of enough 25-mm-thick copper containers to dispose of about 250 000 bundles of 
used fuel per year would require about 1% of the production of refined copper in Canada. The 
fabrication of the containers required to dispose of about 10 million bundles of used fuel would 
require 168 000 Mg of copper. For comparison, the Canadian reserves are 14 300 000 Mg, the 
world reserves are 200 000 000 to 360 000 000 Mg, and world resources are 10 to 100 times 
greater than the reserves (Grover 1990). (Reserves are mineral deposits that are recoverable with 
existing technology and under present economic conditions, whereas resources comprise 
reserves, known deposits that are not technologically and economically recoverable at present, 
and unknown deposits that may be inferred to exist.) 

The fabrication of enough 6.35-mm-thick titanium containers to dispose of about 250 000 
bundles of used fuel per year would require about 2.25% of the production of titanium in the 
United States in 1988. The fabrication of the containers required to dispose of about 10 million 
bundles of used fuel would require 20 000 Mg of titanium. For comparison, the world reserves 
are 260 000 000 Mg and resources are substantially larger (Grover 1990). Although Canada is 
one of the principal world suppliers of the ore for titanium, no titanium production capacity 
exists in Canada. 

A container would not need to provide self-shielding. Workers could be protected by other 
methods of shielding, and experiments have indicated that self-shielding to reduce gamma 
radiolysis would not reduce the rate of container corrosion (Crosthwaite, in preparation). 

Because the characteristics of the site and disposal facility would need to be taken into consid- 
eration when designing the disposal container, such design would need to be done as part of 
concept implementation. However, AECL and Ontario Hydro have investigated several options 
that would be suitable for Canada, as discussed below. Researchers in other countries are also 
developing container designs, which differ from ours for many reasons: their waste forms are 
different in size, shape, composition, activity, and heat output; some countries are considering 
different disposal media, such as salt and volcanic tuff; and some countries have different 
objectives for container lifetime and the radiation shielding provided by the container. The 
following discussions of container designs considered in Canada also include some information 
about the work being done in other countries. 

4.6.3 Corrosion of Materials that Have Been Considered for the Fabrication of Disposal 
Containers 

The corrosion of a disposal container would depend on the following factors: 
The oxidation-reduction conditions within the vault-The important oxidants are dissolved 
oxygen, water radiolysis products, and possibly sulphide ions. Oxygen is not expected to be 
present in significant amounts because it would be consumed by reaction with ferrous min- 
erals in the backfill. The production of gamma-radiolysis products of water would depend on 
the activity of the radioactive waste and the radiation shielding provided by the container. 
The temperature in the vaultxorrosion rates increase with temperature. The temperature 
would depend on the heat output of the waste form, the rate at which that heat was transferred 
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to the container shell and the surrounding buffer material, and the spacing of the containers in 
the vault. 
The groundwater composition-Salinity is the major concern because it can cause local 
corrosion. 

9 The characteristics of the container material. 

As discussed in Section 4.5.4, the elevated temperature and high level of radiation within tens of 
centimetres of the disposal container would likely create a zone in which microbes could not 
survive initially. Later, when conditions might permit the survival of microbes, the extremely 
small pore size of the compacted buffer would likely limit microbial growth and movement 
toward the container (Stroes-Gascoyne and West 1994). 

Following are brief discussions of the corrosion behaviour of several materials that have been 
considered for the fabrication of nuclear fuel waste disposal containers: steel, nickel-based 
alloys, concrete, ceramic materials, copper, and titanium. These materials were considered 
mainly because of their resistance to corrosion and their ease of fabrication. The corrosion 
behaviour of these materials is discussed in more detail in R-Barriers. Our models of copper and 
titanium corrosion under disposal vault conditions are also described in R-Barriers. 

STEEL 

Tests in the United States on the corrosion of stainless steel containers indicate that stainless steel 
is susceptible to localized corrosion under the saline groundwater conditions expected on the 
Canadian Shield, and thus would be unsuitable for use under such conditions (R-Barriers). 

Studies in the United Kingdom on carbon steels have demonstrated that a wall thickness of about 
250 mm would be required to ensure a container lifetime of 1000 years in a granitic disposal 
vault at 90 C (R-Barriers). The corrosion of carbon steel would produce substantial quantities 
of hydrogen gas, whose effects on the performance of a disposal system have not been studied 
extensively. Given the current state of knowledge, the use of materials that do not generate 
significant quantities of hydrogen gas upon corrosion would be preferred. Improved understand- 
ing of the effects of gas generation on vault performance may allow future consideration of 
carbon steel. 

NICKEL-BASED ALLOYS 

Nickel-based alloys may be susceptible to pitting in the presence of a radiation field, but internal 
shielding could be provided to sufficiently decrease the radiation field. The occurrence of stress 
corrosion cracking cannot be ruled out. This, combined with the uncertainties regarding radia- 
tion effects on corrosion, makes it difficult to recommend nickel-based alloys as a container 
material for disposal of nuclear fuel waste in the Canadian Shield without further investigation 
(R-Barriers). 
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CONCRETE 

Concrete containers are used to store highly radioactive waste (Section 2.2.8), and concretes are 
widely used both for containment and as waste matrices for disposal of less radioactive wastes. 
Although the performance of concrete as a container material for the disposal of highly radio- 
active waste has not been evaluated in Canada or elsewhere, high-performance concrete might be 
a suitable material. 

CERAMIC MATERIALS 

Ceramic or vitreous materials have been considered for achieving very long-term containment 
( 2  10 000 years) (Onofrei et al. 1986). Studies have shown that while the corrosion resistance of 
these non-metallic materials is excellent, the fabrication techniques would require extensive 
development, and the structural performance characteristics would require extensive inves- 
tigation (R-Barriers). Also, ceramics may be susceptible to cracking (SKB 1989b). Non- 
metallic coatings on metallic containers could leave the container vulnerable to pitting andor 
crevice corrosion under the coating. 

COPPER 

Oxygen-free electronic grade copper (>99.99 wt.% Cu) has also been considered for achieving 
very long-term containment. Pure copper has long been the preferred container material in the 
Swedish nuclear fuel waste management program (SKBFKBS 1983, SKB 1992a). Copper is 
thermodynamically stable in pure water and will corrode only in the presence of oxidants. The 
most important parameters in determining the rate of uniform corrosion are the concentration of 
oxidants and the rate of mass transport of species to and from the container surface. Besides 
uniform corrosion, the only other plausible mechanism of corrosion is pitting, and oxidants are 
also required to maintain pit propagation. Copper does not react with water to form hydrogen 
l3as. 

Our studies and modelling of copper corrosion are described in R-Barriers. Based on pessimistic 
assumptions, our estimates of the time until failure by corrosion range from 30 000 to a million 
years for 25-mm-thick copper containers; our more realistic estimate is more than a million 
years. 

TITANIUM 

Titanium is unstable in air and water, but is well protected by the spontaneous formation of a 
protective oxide film on its surface, which gives this material its excellent corrosion resistance. 
Rates of uniform corrosion have been measured under a variety of conditions for ASTM 
Grade-2, Grade-7, and Grade-12 titanium (grades of titanium specified by the American Society 
for Testing and Materials). The results indicate that, irrespective of the grade used, a 6.35-mm- 
thick titanium container would last at least a million years under granitic vault conditions if 
uniform corrosion were the only degradation process (R-Barriers). 
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If a crevice were initiated, crevice corrosion might occur. ASTM Grade-2 titanium is used for 
high-temperature seawater service because of its superior resistance to chloride corrosion. 
However, in industrial applications where temperatures are higher, crevice corrosion occurs at a 
rate many times greater than the uniform corrosion rate. AECL’s electrochemical experiments 
on artificially creviced samples show that the extent of crevice propagation of Grade-2 titanium 
is controlled by the oxygen supply. If crevice corrosion were initiated in a disposal vault, it 
would eventually stop because of the decrease in oxidants. All our experimental results with 
Grade-2 titanium suggest that the effect of radiation is to repassivate the crevices; that is, the 
crevice corrosion would stop. We have no evidence to suggest that radiation accelerates the 
crevice propagation rate (R-Barriers). 

If hydrogen pickup led to hydride formation and subsequently to general embrittlement or 
concentration of hydride at a crack tip, hydrogen-induced cracking might occur. On the basis of 
studies by AECL (Clarke et al. 1989) and by Sandia National Laboratories (Westerman 1990), 
we concluded that extensive hydrogen pickup leading to failure by hydrogen embrittlement 
would be highly unlikely (R-Barriers). In acidified crevices, where the protective oxide on 
titanium is destroyed, significant hydrogen pickup and hydride formation have been observed. 
Delayed cracking, caused by the concentration of hydride at a crack tip, has been observed in 
some titanium alloys but not in Grade-2 titanium. Experimental evidence on the behaviour of 
titanium alloys leads to the conclusion that disposal containers would fail only by hydrogen- 
induced cracking after cooling to temperatures below 20 O C, and only if sufficient hydrogen 
pickup occurred during crevice corrosion prior to or during cooling (R-Vault). For the site 
conditions and design specified for the postclosure assessment case study, the decrease of 
temperature at the container surface with time is given in Figure 4-6 (p. 113). 

The mechanisms for crevice corrosion of titanium are shown in Figure 4-1 1. 

Radiation embrittlement, microbially 
induced corrosion, and gas production have 
also been considered. Studies indicate that 
radiation embrittlement would not occur, 
because radiation embrittlement of metal 
occurs only in the presence of a neutron 
flux about 10 orders of magnitude greater 
than the flux at the container surface, with 
fuel 10 years out of the reactor (Stobbs and 
Swallow 1962). Titanium appears to be 
immune to microbially induced corrosion 
(R-Vault). The quantity of hydrogen 

titanium would be small enough to be 
absorbed in the pore water in the buffer 
and backfill for well over 10 000 years. 

EIS 4 11 

FIGURE 4-11: SCHEMATIC SHOWING THE BASIC produced upon uniform corrosion of ELECTROCHEMICAL, CHEMICAL, 
AND TRANSPORT STEPS 
INVOLVED IN THE CREVICE 
CORROSION OF TITANIUM 
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Grade- 12 titanium alloys are preferable to Grade-2 alloys for industrial applications involving 
hot saline solutions. Our experiments show that the extent of crevice propagation of Grade-12 
titanium is controlled by the composition and microstructure of the alloy. Repassivation 
eventually occurs, even in the presence of substantial concentrations of oxygen. The extent of 
crevice corrosion of Grade-1 2 titanium is limited compared with that of Grade-2 titanium, and 
container failure by crevice corrosion would be extremely unlikely; instead, it would almost 
certainly be by hydrogen-induced cracking. At present, we are unable to model container failure 
caused by the latter mechanism. Thus we cannot, as yet, recommend the use of Grade-12 
titanium, despite its apparent advantages over Grade-2 titanium. 

The modelling of titanium corrosion is described briefly in Section 7.6.2, and our studies and 
modelling of titanium corrosion are described in detail in R-Barriers. Based on pessimistic 
assumptions, our estimates of the time until failure by corrosion range from 1000 to 6000 years 
for 6.35-mm-thick containers of Grade-2 titanium; our more realistic estimates range from tens 
of thousands to hundreds of thousands of years (R-Barriers). 

4.6.4 Containers with Internally Supported Metal Shells 

For a metal-shell container, one option is for the shell to be supported internally. The wall 
thickness would be sufficient to resist corrosion for the required period, but the container would 
utilize some form of internal support to resist the external pressure. AECL and Ontario Hydro 
have studied the following types of internally supported containers (R-Barriers) (Figure 4- 12): 

a packed-particulate container, in which a particulate, such as glass beads or sand, would be 
compacted into the empty space that remained in the container after used-fuel bundles or the 
solidified high-level waste from reprocessing were placed in it; 
a metal-matrix container, in which a molten, low-melting-point metal, such as lead, would be 
cast to fill the empty space with a solid metal matrix; and 

a structurally supported container, in which internal structural support, such as an array of 
carbon-steel tubes, would act in combination with a compacted particulate. 

Potential particulate materials were compared on the basis of strength, compaction character- 
istics, availability, cost, and chemical compatibility with other container components and with 
saline groundwaters. From an initial list of twelve candidate materials, it was determined that 
industrial glass beads offered the best combination of desirable properties (Teper 1986). 

Potential metal-matrix materials were compared on the basis of chemical compatibility with the 
other container components and with used fuel, casting temperature, and matrix-solidification 
characteristics. From an initial list of six candidate materials, pure lead was determined to offer 
the best combination of desirable properties (Mathew and Krueger 1987). The amount of lead 
required for about 3500 containers per year would represent about 10% of the production of 
refined lead in Canada. 

A potential material for internal structural support would be carbon steel. As discussed in 
Section 4.6.3, the corrosion of carbon steel would produce substantial quantities of hydrogen 
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FIGURE 4-12: CONTAINERS WITH INTERNALLY SUPPORTED TITANIUM SHELLS 

gas, whose effects on the performance of a 
disposal system have not been studied 
extensively. 

A series of short-term structural perform- 
ance tests was conducted on the three types 
of internally supported containers, all with 
titanium shells: a full-scale prototype of a 
packed-particulate container, four half-scale 
models of a metal-matrix container, and a 
full-scale prototype of a structurally sup- 
ported container. These tests were per- 
formed in the Hydrostatic Test Facility at 
AECL' s Whiteshell Laboratories 
(Figure 4-13). In these tests, the external 
pressure was increased to 10 MPa, and the 
temperature was increased to 150 C. This 
condition was maintained for about a week, 
usually until all indications of further 
container-shell deformation had ceased. 

FIGURE 4-13: AECL'S HYDROSTATIC 
TEST FACILITY 
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All three types of internally supported container performed well, even when severe, deliberate 
manufacturing defects were introduced into the supporting material. Although the shells 
deformed during some tests, they were not breached by rupture or tearing. In general, the 
experimental results compared reasonably well with those predicted by computer models 
(R-Barriers). Where discrepancies occurred, their causes were identified. Research is now 
directed at modelling the long-term structural behaviour of titanium and copper containers. 

The three types of internally supported containers were compared on the basis of the factors 
considered important in container design (Section 4.6.2), and the packed-particulate container 
was found to be the most favourable (Crosthwaite, in preparation). On the basis of this 
comparison of internally supported containers, the packed-particulate container design was 
selected for the preclosure (Section 6.2) and postclosure (Section 7.3) assessment case studies. 
Swedish researchers are studying a 60-mm-thick copper container internally supported by a lead 
matrix (SKB 1992a). 

4.6.5 Containers with Self-Supported Metal Shells 

For a metal-shell container, an alternative to the internally supported shell is for the shell(s) to be 
self-supported, that is, sufficiently thick to resist the external pressure of the groundwater and the 
buffer without any internal support. We call this option the stressed-shell container. 

A stressed-shell container of titanium would need to be about 70 mm thick to prevent failure by 
creep-induced buckling for at least 500 years (Hosaluk et al. 1987). A stressed-shell container of 
copper would need to be even thicker. Such thick container walls would make fabrication diffi- 
cult and inspection uncertain, particularly in a mass-production environment. Therefore, we 
decided that neither titanium nor copper would be suitable for providing long-term structural 
strength. 

Structural strength could be provided by a stronger material such as steel. A full-scale prototype 
made of stainless steel was tested by raising the pressure on the shell until buckling collapse 
occurred. The observed deformational behaviour was consistent with that predicted by our 
structural-performance computer model (Crosthwaite et al. 1982). 

Several designs have been studied in which one of two or more container shells is made of steel. 
Ontario Hydro has studied a dual-wail design employing a 50-mm-thick carbon steel inner shell 
to provide structural strength against external pressure and a 6.35-mm-thick titanium outer shell 
to provide corrosion resistance for at least 500 years (Teper and Reid 1989). German researchers 
are studying a multiple-wall design that includes a 150-mm-thick layer of steel to provide corro- 
sion resistance for at least 500 years and a 200-mm-thick layer of cast iron to provide radiation 
shielding (Bechthold et al. 1987). Swedish researchers are studying a dual-wall container with a 
50-mm-thick internal carbon steel shell surrounded by a 50-mm-thick copper shell (Figure 4-1 4) 
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(SKB 1992a). Swiss researchers 
are studying a cast steel container 
with a minimum thickness of 
150 mm, in order to meet their 
minimum container lifetime 
objective of 1000 years, to provide 
built-in radiation shielding for 
workers, and to minimize radiolysis 
of groundwater (Nagra 1985). 

As discussed in Section 4.6.3, 
stainless steel would not resist 
corrosion in the saline groundwater 
conditions expected on the 
Canadian Shield, and the corrosion 
of carbon steel would produce 
substantial quantities of hydrogen 
gas, whose effects on the perform- 
ance of a disposal system have not 

FIGURE 4-14: SWEDISH DUAL-WALL CONTAINER 
been studied extensively. 

4.6.6 Fabrication and Inspection Techniques for Containers 

AECL has investigated methods to weld both titanium and copper containers (Maak 1986a,b; 
Crosthwaite, in preparation). The closure weld would need to be done remotely and in the 
presence of radiation because of the radioactive waste in the container. Both pulsed-current gas- 
tungsten-arc welding and resistance-heated diffusion bonding are suitable for the production of 
high-quality joints in titanium. Electron-beam welding is considered the most feasible technique 
for copper (Sanderson et al. 1983). 

We have also investigated methods to inspect the closure weld, remotely and in the presence of 
radiation (Maak and Moles 1986). Ultrasonic techniques could be used for volumetric 
inspection, that is, inspection of the interior of a material. Both gas-tungsten-arc welds and 
diffusion bonds in titanium have been inspected successfully, and deliberate defects with widths 
less than 0.13 mm in diffusion bonds have been detected. Although copper is less amenable to 
ultrasonic inspection, electron-beam welds on 200-mm-diameter copper containers with 25-mm- 
thick walls have been inspected successfully. Significant advances have been made in 
performing ultrasonic inspection with a programmed robot (R-Barriers). 

Volumetric inspection of the final closure weld would be followed by leak-testing of the entire 
container. Of the procedures available, helium leak-testing is the most sensitive, and this widely 
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used industrial procedure could be adapted for container inspection. If a container failed either 
the volumetric inspection or the leak test, it would be repaired or, if necessary, the waste would 
be removed and placed in a different container. 

We have demonstrated the methods for producing high-quality castings of lead in a metal-matrix 
container (Mathew and Krueger 1987). We have also investigated methods for inspecting cast- 
lead matrices. While ultrasonic inspection appears feasible for the detection of defects between 
the container shell and the cast matrix, shrinkage-related flaws deeper into the matrix cannot be 
detected with certainty by this method because the lead absorbs sound waves. However, a 
technique based on 14-MeV neutron attenuation has been demonstrated at a laboratory scale 
(Crosthw ai te, in preparation). 

In the case of a packed particulate such as glass beads, a measured quantity of particulate would 
be placed and compacted around the used fuel in a container to ensure that the container was 
completely full, so that the particulate would provide the maximum support to the outer shell. 

Nuclear fuel waste would be loaded into the container remotely, using well-established methods 
for handling radioactive material. For the disposal system specified for the preclosure assess- 
ment case study, container loading, sealing, and inspection are described briefly in Section 6.2.7 
and in more detail in R-Facility. Fabrication and inspection techniques are discussed in more 
detail in R-Barriers. 

4.6.7 Container Monitoring and Contingency Plans 

Any monitoring of containers of waste emplaced in disposal rooms or in boreholes extending 
from the rooms would be invasive and could impair the long-term performance of the disposal 
vault. As discussed in Section 3.6.5, the AECB (1985) requires that safety must not be com- 
promised by any provisions that may be made for monitoring. 

However, some waste could be placed in special test areas of the vault, where container perform- 
ance could be studied until the beginning of the decommissioning stage. At or before that time, 
the containers would be retrieved and examined (Section 5.5.5). The data from monitoring and 
from examination of the retrieved containers could be used to support a request for a decommis- 
sioning licence. Should the data indicate that the performance was poorer than assumed in the 
container lifetime model, large-scale retrieval of emplaced waste (Section 5.8.9) would be an 
option. However, given the pessimistic assumptions used for the model, this is considered very 
unlikely. 

The possibility of container failures during the preclosure phase has been examined, and possible 
releases have been estimated (Section 6.8). Contingency plans would include provisions for 
retrieval. Retrieval is discussed in Section 5.8.9. 
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4.7 THE WASTE FORM 

4.7.1 Function of a Waste Form 

The function of the waste form would be to retain radioactive and chemically toxic contaminants 
under expected vault conditions. While the container remained intact, no water could reach the 
waste and no contaminants could leave the container. If the container failed, its contents would 
slowly dissolve in the groundwater, and contaminants would be released from the waste. The 
release of contaminants from both used fuel and solidified high-level waste from reprocessing is 
described below. 

4.7.2 Release of Contaminants from Used Fuel 

As described in Section 2.1.5, the radionuclides in a used-fuel bundle are located in the fuel 
pellets and in the zirconium alloy bundle components. During dissolution of a used-fuel bundle 
in water, the release of a given radionuclide or chemically toxic element would be governed by 
its location in the bundle, its solubility, and the extent or rate of dissolution of the UO, pellets 
and the zirconium alloy tubes in which the pellets are encased (Figure 2-1, p. 17). These factors 
are discussed below. 

As described in Section 2.1.5, the majority of the new radionuclides produced while the fuel is in 
the reactor are within the lattice of uranium and oxygen atoms in the fuel pellet. Laboratory 
studies show that the rate of release is controlled by the rate of dissolution of the UO, matrix 
(Johnson and Shoesmith 1988). Thus radionuclides such as 239h and 237Np would be released 
from the fuel pellet only as the UO, dissolved, and the proportion released would be the same as 
the proportion of UO, dissolved. 

Extensive laboratory studies have been carried out to understand the factors that control the 
dissolution of UO, (R-Vault). The results of these laboratory studies have been complemented 
by studies of natural analogues. Uranium oxides occur in uranium ore bodies, such as the one at 
Cigar Lake in northern Saskatchewan. At Cigar Lake, UO, ore has experienced very little 
dissolution during the billion years since its formation (Cramer 1994). Dissolution of UO, is 
strongly influenced by the oxidation-reduction conditions at the surface of the material. In 
oxygen-free groundwater, which would be expected at depth on the Canadian Shield, the 
conditions are reducing and dissolution is very slow. 

Microbially mediated dissolution of used fuel is not expected to occur in a disposal vault. 
Microbes that are capable of dissolving uranium ores (in fact, they are used in bio-mining of 
uranium ores) do so indirectly by creating acidic conditions (Brierly 1982). In a disposal vault, 
however, the strong pH buffering of clay-based sealing materials would maintain the pH in the 7 
to 9 range (Section 4.5.3). Moreover, these microbes thrive only under oxidizing conditions, 
whereas reducing conditions would be expected in the vault at the time of container failure. 
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In a disposal vault, the alpha decay of activation products might cause radiolysis of water, that is, 
its decomposition into hydrogen and oxygen and radicals. The effect of radiolysis of water on 
the dissolution of the fuel is expected to be small, because experimental studies indicate that the 
extent of oxidation of the used fuel by the products of radiolysis would be limited (Sunder et al. 
1990). The used-fuel surface in contact with the groundwater is not expected to oxidize beyond 
U409, an oxide composition that retains essentially the same crystallographic structure as UO, 
and has a low solubility. 

As described in Section 2.1.5, small amounts of some of the new radionuclides produced while 
the fuel is in the reactor move out of the lattice of uranium and oxygen atoms in the pellet. 
Radionuclides that had moved to cracks in the pellets and to the gap between the pellets and the 
fuel sheath would be released immediately upon failure of the container and fuel sheath. 
Radionuclides that had moved to the grain boundaries would be released more slowly (R-Vault). 
Of the gaseous or somewhat volatile species that move out of the UO, lattice, 1291 is of particular 
importance. It has a long half-life (1.6 x lo7 years) and is present in anionic form, so it would be 
mobile in groundwater; that is, its movement would not be retarded by sorption. Cesium is 
present in cationic form, so it would sorb strongly on the surrounding clays and rock; that is, its 
movement would be retarded by sorption, Of the non-volatile species that move out of the UO, 
lattice, 14C and 99Tc are of particular importance, again because of long half-life and potentially 
high mobility in groundwater. 

As described in Section 2.1.5, the activation products in the zirconium alloy bundle components 
are expected to be distributed uniformly in the zirconium alloy. It is assumed that they would be 
released in proportion to the amount of zirconium alloy dissolved. Their release would be 
retarded by a thin zirconium oxide film that makes zirconium alloy highly resistant to uniform 
corrosion. 

Thus used fuel would be an excellent waste form because the majority of the contaminants would 
be released only as the UO, dissolved, which means they would be released very slowly. 

The modelling of contaminant release from used fuel is discussed briefly in Section 7.6.2, The 
release of radionuclides from used fuel is discussed in more detail in R-Vault. 

4.7.3 Release of Contaminants from Solidified High-Level Waste from Reprocessing 

Radionuclides and chemically toxic elements in the solidified high-level waste from reprocessing 
would, in general, be released congruently as the waste form dissolved, although preferential 
release might occur during the first few weeks that the surface of the waste form was exposed to 
water. 

In the late 1950s, AECL scientists began an underground experiment to investigate the behaviour 
of glass incorporating the high-level waste from reprocessing. They immobilized the waste in 
2-kg aluminosilicate glass blocks and buried the unprotected blocks in flowing groundwater in 
sandy soil at the Chalk River Laboratories (Watson et al. 1960). The groundwater flow rate was 
significantly higher than would be expected in a disposal vault. Subsequent studies indicate that 
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the glass used is extremely resistant to dissolution: under the test conditions, it would take over 
20 million years to completely dissolve one of the blocks (Merritt 1967, Walton and Merritt 
1980). Thus aluminosilicate glass would make a suitable waste form for disposal of the high- 
level waste from reprocessing. 

AECL scientists have performed laboratory experiments to study the behaviour of glass and 
glass-ceramic waste forms in groundwaters typical of those expected at depths of 500 to 1000 m 
in plutonic rock. The glass-ceramics are composed of both glass and crystalline material, and if 
used as a waste form, each of these materials would contain some high-level waste. Glass and 
glass-ceramic waste forms are not significantly affected by other components of the disposal 
system, such as a metal container, clay buffer, or plutonic rock; by gamma and beta radiation; or 
by radiolysis. However, alpha radiation can increase the dissolution rate by a factor of up to 
about five. Laboratory tests on borosilicate glasses and titanosilicate glass-ceramics have shown 
that they can have durabilities that are comparable to that of the aluminosilicate glass. 

Naturally occurring deposits of volcanic glasses, both on continents and in the seabed, have 
demonstrated the ability of glass to survive many millions of years in the natural environment 
(Ewing and Jercinovic 1987). Titanosilicate minerals, similar to the crystalline phase of the 
glass-ceramic, exist in weathered granite deposits; therefore both the glass and crystalline phases 
are known to be very stable in the natural environment. 

Thus the rate of release of radioactive material from aluminosilicate, titanosilicate, and 
borosilicate waste forms would be extremely low. 

Experiments to characterize the physical properties of glass and glass-ceramics indicate that in 
the absence of water they would remain physically stable at vault temperatures for tens of 
millions of years. 

Burial tests using glass and glass-ceramic waste forms are being conducted in the Waste Immo- 
bilization Pilot Project in the salt dome at Carlsbad, New Mexico. Samples of aluminosilicate 
glass and titanosilicate glass-ceramic from Canada and borosilicate glass from other countries are 
being evaluated for performance under disposal conditions in salt. The results will be relevant to 
disposal in the highly saline, chloride-rich groundwaters of the Canadian Shield. 

The release of radionuclides from the solidified high-level waste from reprocessing is discussed 
in more detail in R-Barriers. 

4.7.4 Gas Generation Caused by Nuclear Fuel Waste 

The production of hydrogen gas as a result of alpha radiolysis of water and corrosion of 
zirconium alloy bundle components has been examined for the period for which the AECB 
(1987a) requires a quantitative risk assessment (10 000 years). It has been shown that the rates 
of production of hydrogen gas would be low enough that the hydrogen would dissolve in the 
groundwater (R-Vault). The inert gases xenon, krypton, and helium, all in the form of stable 
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nuclides, would have been produced by nuclear processes in the reactor. The release rates in the 
vault would be low enough that the gases would dissolve in the groundwater. 

4.7.5 Waste Other than Nuclear Fuel Waste 

Disposal of other materials in the same facility might also be considered at some time in the 
future. These other materials could include used fuel from research reactors or wastes from the 
decommissioning of nuclear facilities. Before other wastes could be placed in the disposal vault, 
their characteristics would have to be established, suitable engineered barriers would have to be 
designed, and the effects of disposal would have to be assessed. 

4.8 SUMMARY 

As described in this chapter, a disposal system based on the proposed concept would provide 
redundant barriers to the release and movement of most contaminants. Moreover, the barriers 
would complement each other in delaying the release and retarding the movement of the other 
contaminants. We expect that release would be delayed and movement would be retarded to 
such an extent that human health and the natural environment would be protected far into the 
future. 
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5. IMPLEMENTATION OF THE DISPOSAL CONCEPT 

In this chapter, we begin by describing the sequential stages of concept implementation: siting, 
construction, operation, decommissioning, and closure. The possibility of extended monitoring 
before the decommissioning and closure stages is also discussed. 

In the remainder of the chapter, we focus on the interrelated activities that would begin during 
the siting stage and continue throughout subsequent stages: 

involving the public, 

obtaining approvals, including licences, required by legislation, 

characterizing environmental conditions, 

monitoring environmental conditions, 

designing the disposal facility, 

assessing potential environmental efsects, and 

managing environmental efsects. 

5.1 THE STAGES OF CONCEPT IMPLEMENTATION 

5.1.1 Introduction to Stages and Activities 

When describing concept implementation, we indicate how AECL would propose that the 
disposal concept be implemented. To facilitate a description of concept implementation, we 
assume that there would be a proponent, which we call the implementing organization, to carry 
out the siting, construction, operation, decommissioning, and closure of a disposal facility. We 
assume that the implementing organization would take into account the views of the federal 
government and of those owners of nuclear fuel waste who plan to dispose of their waste in the 
disposal facility. Responsibility for concept implementation is discussed in Section 3. I 1. 

All activities undertaken in connection with the implementation of the disposal concept, 
including the transportation of nuclear fuel waste to a disposal facility, would have to comply 
with applicable legislative requirements. Such requirements may derive from either federal or 
provincial acts and regulations. Municipalities, which receive their authority from provincial 
legislation, may also have relevant requirements. In addition, directives, policies, or procedures 
of the governments or government agencies might have to be considered. 

The implementing organization would be committed to the principles of safety and 
environmental protection, voluntarism, shared decision making, openness, and fairness. These 
principles are summarized in Table 5-1 and are discussed in Section 3.4.2 and in more detail in 
R-Public. 
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TABLE 5-1 

PRINCIPLES FOR CONCEPT IMPLEMENTATION 
~~ 

Principle 

~~ 

Description 

Safety and 
Environmental 
Protection 

In addition to complying with all applicable legislation, the implementing organization 
would keep adverse effects as low as reasonably achievable, social and economic factors 
being taken into account. Potential environmental effects would be identified, and 
measures would be taken (1) to avoid adverse effects, (2) to mitigate unavoidable adverse 
effects, and (3) to compensate for adverse effects of the disposal facility that were not 
avoided or sufficiently mitigated. The implementing organization would be responsible for 
protecting public health and the natural environment and for ensuring that every reasonable 
precaution was taken to protect employees from occupational disease or injury. 

Voluntarism No community would be forced to host a disposal facility. A community would have the 
right to determine whether or not i t  was willing to be a host community. In an area over 
which a community had jurisdiction, a disposal site would be sought only with the support 
of the community. On crown land, a disposal site would be sought only with the consent of 
the government that had jurisdiction. The implementing organization would encourage the 
government to identify a potential host community for a disposal facility on crown land. 
When discussing the siting stage, we assume there is a potential host community, and when 
discussing subsequent stages of concept implementation, we assume there is a host 
community. 

Shared 
Decision 
Making 

Openness 

Fairness 

Concept implementation would occur in stages and would entail a series of decisions about 
whether and how to proceed. Each potential host community, and later the host 
community, would share in decision making as negotiated. In addition, the implementing 
organization would seek and address the views of other communities that could be affected 
by concept implementation (local individuals, groups of local individuals, or 
municipalities) and the views of provincial governments that could be affected. 

During concept implementation, the implementing organization would offer information to 
the general public about its plans, procedures, activities, and progress, beginning early in 
the siting stage and continuing thereafter. In addition, potentially affected communities 
would have access to all available information required to make a judgement about safety 
and environmental protection. 

The host community would provide a significant service to the consumers of nuclear- 
generated electricity and to the public at large. In fairness, the net benefit to the host 
community should be correspondingly significant. As part of the negotiated program for 
managing environmental effects, measures would be taken to avoid, mitigate, or 
compensate for adverse effects; such measures would be enhanced or additional measures 
taken to ensure the betterment of the host community. Fairness also requires "due process," 
which would be provided by adherence to the principles of voluntarism, shared decision 
making, and openness. 
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Stage 

Siting 

Construction 

Operation 

The Atomic Energy Control Act (Appendix B) establishes the AECB as the regulator of nuclear 
activities in Canada. The AECB would regulate a nuclear fuel waste disposal facility, as it does 
all other nuclear facilities in Canada. In discussing concept implementation, we give examples 
of both federal and provincial legislation, regulatory documents, guidelines, and plans that might 
apply * 

I - 

Disposal of nuclear fuel waste would proceed in sequential stages: a siting stage of at least 
20 years, a construction stage of at least 5 years, an operation stage of at least 20 and possibly 
more than 80 years, a decommissioning stage of at least 10 years, and a closure stage of at least 
2 years. Any extended monitoring would take additional time. 

Predecammissioning Extended Monitoring* 
Decommissioning 
Postdecommissioning Extended Monitoring* 

Closure 

Public Involvement 

Obtaining Approvals 
Characterization 

Design 

Assessing Potential Effects 

' The need for extended monitoring and its duration would be decided at the time. 

FIGURE 5-1: RELATIONSHIP BETWEEN STAGES AND ONGOING ACTIVITIES 

Public involvement would be based on the principles of safety and environmental protection, 
voluntarism, shared decision making, openness, and fairness. Public involvement is discussed 
throughout this chapter, particularly in Section 5.1. 
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Throughout concept implementation, all approvals required by legislation would be obtained 
(Section 5.3). These would include licences from the AECB. For a nuclear facility, the AECB 
issues licences in stages, and it may require that a licence be renewed periodically within the 
stage for which it was issued. 

Characterization would consist of studies to determine the physical, chemical, and biological 
conditions in the surface environment and in the overburden and rock below the surface; to 
determine the socio-economic conditions of communities potentially affected by the disposal 
facility; and to determine the relevant conditions along potential transportation routes 
(Sections 5.1 and 5.4). The information obtained would be used for obtaining approvals, 
establishing baseline conditions, designing monitoring systems, designing the disposal facility, 
assessing the environmental effects of disposal, and managing environmental effects. 

Monitoring would consist of the continuous or intermittent measurement of environmental 
conditions (Section 5.5). Monitoring would be initiated early in the siting stage to help establish 
baseline conditions and would be continued throughout the construction, operation, decommis- 
sioning, and closure stages; decommissioning and closure could be delayed to allow for extended 
monitoring. After closure, monitoring could be continued, provided the methods used would not 
compromise the passive safety of the disposal system. The monitoring results would help to 
identify any changes from the baseline conditions and, if necessary, would be used to modify 
models and data for assessing environmental effects or measures for managing environmental 
effects. 

Designs for the disposal facility, including the disposal vault (Section SA), and designs for the 
transportation system (Section 6.2.1 1) would be developed during the siting stage. The vault 
design would evolve during the subsequent stages of the preclosure phase in response to new 
information obtained by characterization, monitoring, and assessment of environmental effects. 

Assessment of environmental effects would entail estimating potential environmental effects 
(Section 5.7), evaluating the significance of potential effects (Section 5.7), and identifying 
potential measures for managing environmental effects (Section 5.8). The assessment results 
would be used for designing the disposal facility and transportation system, managing envi- 
ronmental effects, designing monitoring systems, and seeking any approvals, including licences, 
required by legislation. Any assessments performed to obtain approvals under specific envi- 
ronmental legislation would comply with all requirements of that legislation. 

Management of environmental effects would include protecting public and worker health, 
protecting the natural environment, implementing quality assurance measures and security 
measures, providing for the implementation of IAEA safeguards, planning emergency response, 
managing socio-economic effects, making provisions for retrieval of emplaced waste, and 
possibly maintaining postclosure institutional controls (Section 5.8). 

The implementing organization would ensure that the organizational framework was in 
place to follow through in the long term on commitments made during the early stages of 
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implementation. In addition to managing the activities that would be specific to each stage, 
management functions would include co-ordinating the ongoing, intemlated activities. There is 
abundant experience in Canada with management of large projech, including underground civil 
engineering projects in the Canadian Shield (Ams International Limited 1993). Also, other 
types of nuclear facilities have been sited, constructed, operated, and decommissioned, and thew 
are precedents for keeping records for decades. 

Mechanisms for resolving conflicts with workers would bt established, The steps typically 
include facilitation, mediation, and possibly arbitration, 

5.1.2 Introduction to tbe Siting Stage 

To facilitate a description of concept implementation, we assume that in defining the terns of 
reference of the implementing organization, the governments and the owners of the waste would 
define the areas within which the implementing organization could B C C ~  a disposal site. We call 
those arcas the siting territories, As can be secn from Figure 4 3  (p, 98), which shows the dis- 
tribution of plutonic rock in Ontario, the plutonic rmk bodies of the C d i m  Shield are not 
contiguous. Thus the ~iting td to r ies  would not necessarily be contiguous (Figure 5-2). 

Sltlng 
Tarrlorlm - I 

FIGURE 5-2: SCHEMATIC REPRESENTATION OF SITING TERRITORIES 

A technically suitable site would be one at which it could be demonstrated that nuclear fuel waste 
disposal would meet dl applicable criteria, guidelines, and standards for protecting human health 
and the natural environment. The principle of safety and environmental protection would not be 
compromised, no matter how acceptable or desirable a site might be in dl other respects. 

The characterization approach during the siting stage would be to investigate progressively 
smaller areas in progressively greater detail, This approach would require an increasing 
commitment of resoums by the implementing organization. 
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Taking into account the time required to obtain geological information regarding a potential 
disposal site and the need for public involvement, AECL estimates that the siting stage would 
take at least 20 years. 

The siting stage would be divided into two substages, site screening and site evaluation, as 
described in Sections 5.1.3 and 5.1.4 respectively. 

5.1.3 The Site Screening Substage 

The objective of the site screening substage would be to identify, with the approval of the 
potential host communities, a small number of candidate areas for detailed investigation. The 
major steps would be 
. to identify any siting regions within each siting territory, 

to initiate public involvement in the siting regions, 

to obtain the participation of one or more potential host communities within one or more 
siting regions, 
to identify potential candidate areas, and 

to identify a small number of candidate areas for detailed investigation. 

These steps are described below. The technical information required during the site screening 
substage could be obtained at relatively low cost. 

IDENTIFICATION OF SITING REGIONS 

At the beginning of the siting stage, the implementing organization would specify its exclusion 
criteria. The implementing organization would also consult with regulatory agencies and the 
provincial governments that could be affected by concept implementation, in order to develop 
exclusion criteria based on their concerns. 

Exclusion criteria are standards by which areas would be excluded, either because they lacked 
some essential characteristic (such as being in seismic zones 0 or l), or because they exhibited 
some unacceptable characteristic (such as the presence of endangered species habitat that must be 
avoided). 

Exclusion criteria would be applied at the relevant scale of investigation, when there would be 
sufficient information available to do so. For example, seismic zones cover large regions and 
their locations would be known at the beginning of the siting stage, whereas the habitat of 
endangered species would tend to be localized and would not be identified until candidate areas 
were investigated. If required, an exclusion criterion would be applied more than once as 
information was obtained from progressively more detailed investigations. 
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Exclusion criteria that were specified by the implementing organization and those based on the 
concerns of federal regulatory agencies would be applied consistently within the siting territories. 
Exclusion criteria that were based on the concerns of a provincid govvernment or its regulatory 
agencies would be applied consistently within that province, 

At the beginning of the siting stage, an abundance of relevant information about the siting terri- 
tories would be available. This information would include satellite images, air photos, reports, 
records, maps, and data from a variety of sources about environmental, geotcchnical, and socio- 
economic characteristics (Appendix J). Within each siting territory, any siting regions 
(Figure 5-31 would be identified by using the available information about the siting territories to 
screen out unacceptable &reas on the basis of the exclusion criteria that had been dtvelopsd. The 
m a s  excluded by the implementing organization would include areas outside seismic zones 0 or 
1, areas of ancient rifts, and m a s  of clustering of historic earthquake activity (Section 4.3.3). 

FIGURE 5-3: SCHEMATIC REPRESENTATION OF SITING REGIONS 

To the extent possible, the pre-existing information about the siting territories and the exclusion 
criteria would be expressed geographically on maps produced using a computer-based gco- 
graphic information system, Such maps would provide an integrated view of the locations of 
plutonic m k  bodies; the available information about the areas with sufficiently large plutonic 
rock bodies; and any areas that would be screened out on the basis of the cxclusion criteria that 
had been developed. These maps would be used to identify the siting regions. 

Thus, a siting region would 
+ be part of a siting territory, 

b within seismic zones 0 or 1, 

+ not contain a -  of ancient rifts or arcas of clustering of historic earthquake activity, and 

not contain areas excluded by any additional exclusion criteria that had been developed. 
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INITIAL PUBLIC INVOLVEMENT IN THE SITING REGIONS 

The implementing organization would offer information about its plans, procedures, and progress 
to people throughout each siting region. At the same time, the implementing organization would 
consult with them regarding their views and concerns about disposal and their interest in partici- 
pating in the siting process. The special status of aboriginal people and their social circum- 
stances would require special consideration of their interests (Section 3.9). The initial interaction 
with people in the siting regions could take the form of distributing brochures, holding 
information meetings and workshops, and consulting with regional and local governments and 
interested groups and individuals. 

During this initial interaction, people within each siting region would be offered the following 
information: 

the terms of reference of the implementing organization; 

the principles for concept implementation, that is, safety and environmental protection, 
voluntarism, shared decision making, openness, and fairness; 

the opportunities for public participation; 

the features of the disposal concept (including the options available); 

the known characteristics of the Canadian Shield in their vicinity (including the distribution of 
plutonic rock); 

the technical objectives of the implementing organization; 

the exclusion criteria that had been developed (those that had been used to identify the siting 
regions and those proposed to be used in subsequent steps of the siting stage); and 

the roles of various participants in the siting process. 

Providing information and consulting people from the outset would help to establish trust in the 
implementing organization. This, in turn, would help the implementing organization to obtain 
the participation of potential host communities. 

OBTAINING THE PARTICIPATION OF POTENTIAL HOST COMMUNITIES 

Throughout each siting region, the implementing organization would encourage communities to 
become involved as potential hosts for the disposal facility. Because a potential host community 
would have a special relationship with the implementing organization with respect to decision 
making, the boundary of the potential host community would have to be well defined. This 
boundary could be based on municipal boundaries, for example. The potential host community 
could include more than one administrative unit, such as several local municipalities or a 
regional municipality. Within a potential host community, mechanisms for decision making 
would be required. Examples of options for defining boundaries and making decisions are 
discussed in Section 3.4.2. 
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For each community that was willing to be considered as a potential host for a disposal facility, 
the approach would be to "make the process fit the community" (Richards, A. 1992). The 
implementing organization and the potential host community would jointly define a framework 
for interaction by defining methods for exchanging information, methods for identifying and 
resolving the concerns of the community and the implementing organization, and methods for 
sharing decisions. It is recognized that the interests, concerns, and priorities of the potential host 
community might change. The framework for interaction could be modified as required in order 
to continue to meet local needs and preferences as well as the requirements of the implementing 
organization. 

The implementing organization would negotiate with each potential host community to deter- 
mine the conditions for the community's participation. 

Each potential host community could develop additional exclusion criteria, which would be 
applied within the area for which it was a potential host. Such criteria are expected to vary from 
one community to another because of differing community-based concerns and priorities. Any 
exclusion criteria developed by a potential host community would be applied within the area for 
which it was a potential host. 

Use of a computer-based geographic information system would allow the effects of different 
exclusion criteria to be visually displayed in a readily understandable form. Initially it would 
allow all people in the siting regions to see the effects of the exclusion criteria that had been 
developed. Then it could be used to help a potential host community to develop its additional 
exclusion criteria, by displaying the implications of any criterion being considered. 

During the siting stage, the implementing organization would be making progressively larger 
commitments of resources; therefore, at some point, the implementing organization would 
require a binding commitment from the community that it was willing to be the host for a 
disposal facility. The implementing organization would negotiate with the potential host 
community to determine the conditions required by the community for its commitment. These 
conditions might include binding commitments by the implementing organization, Some 
features that could be included in an agreement between the implementing organization and a 
potential host community are described in Section 5.8.1. 

IDENTIFICATION OF POTENTIAL CANDIDATE AREAS 

Within an area in which the implementing organization would be allowed to seek a disposal site 
(either by a potential host community with jurisdiction over the area or, if no community had 
original jurisdiction, by the government with jurisdiction over the area), the implementing 
organization would seek a potential candidate area (Figure 5-4). The potential candidate area 
would have to be sufficiently large to contain a disposal site, which would nominally be 25 km2 
in area. If the area within which the implementing organization would be allowed to seek a 
disposal site was smaller than the size required to characterize the hydrogeological setting (at 
least 400 km2), the implementing organization would need to be able to obtain access to the 
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FIGURE 54: SCHEMATIC REPlW8ENTATION OF A POTENTIAL CAWDIDATE AREA 

property that was outside that area and that would be required to charactcrizc the setting. Thc 
implementing organization would also need to be able to obtain any necessary governmental 
approvals, including licences, to carry out such work. 

To supplement the pre-existing information, reconnaissance studies would be carried out. These 
would be limited to satellite studies, airborne studies, and studies on the surface (Apptndix J). 
The information would be integrated as it was compiled to develop conceptual models of 
conditions at the potential candidate area. Even very simple conceptual models would enhance 
communication with potential host communities and would enable preliminary mathematical 
modelling to support the identification of potential candidate areas. 

The implementing organization would seek a potential candidate area that it considered tech- 
nically suitable on the basis of the available information. In determining the technical suitability 
of a potential candidate area, the implementing organization would consider certain character- 
istics to be favourable, including the following: 

regional upland location, low local topographic relief, few major lineaments, widely spaced 
major lincamtnts, and few open fractures in the rock between the lineaments (these char- 
acteristics would tend to maximize the time required for a contaminant released from a 
disposal vault to move through the geospbc~ to thc surface) (Sections 4.3.3 and 4.3.4); 

an absence of postglacial faults and a location far from potential regional-scale faults (these 
characteristics would tend to minimize the probability of active faults in the area and thus the 
seismic hazard) (Section 4.3.3); 

et location far from operating and abandoned mines and from known and infemd occmncts 
of mineralization that might have economic potential in the future (these chamctcristics would 
tend to minimize the likelihood of futurc inadvertent human intrusion by exploration or 
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exploitation of resources and would avoid limiting the future use of resources) (Section 4.3.4 
and Appendix B, Section B.2.6); 

a large areal extent and depth of plutonic rock (these characteristics would tend to maximize 
the flexibility for locating a disposal facility within a candidate area and within the nominal 
depth range for disposal) (Section 4.3.4); 
plutonic rock with relatively uniform properties (this characteristic would tend to maximize 
the predictability of the performance of the geosphere as a barrier to contaminant movement) 
(Section 4.3.4); 
an extensive outcrop of rock (this characteristic would tend to maximize the information that 
could be obtained on the surface about fracturing and uniformity of properties in the plutonic 
rock) (Section 4.3.4); 
an absence of valued environmental components, including those protected by legislation (this 
characteristic would tend to minimize the adverse effects on the environment caused by 
activities during the preclosure phase) (Section 4.2.10); and 

an optimal location with respect to both storage facilities for nuclear fuel waste and sources of 
materials needed to construct and operate the disposal facility (this characteristic would tend 
to minimize the adverse effects and costs of transporting nuclear fuel waste and other 
materials to the disposal facility). 

Costs would also tend to be minimized by being near infrastructure for transportation, such as 
roads and rail lines; being near infrastructure for utilities, such as power lines and pipelines; and 
being near infrastructure for services, such as hospitals, schools, fire protection, law enforcement, 
and businesses. 

The relative importance of each of the characteristics would depend on the specific area and 
would be established in consultation with the potential host community. 

In identifying a potential candidate area, the implementing organization would use all available 
information to screen out areas on the basis of the exclusion criteria that had been developed. 
The potential candidate area would also have to meet the conditions that had previously been 
negotiated for the participation or commitment of the potential host community. 

Thus a potential candidate area would 
be within a siting region; 

be within an area in which the implementing organization would be allowed to seek a disposal 
site, either by a potential host community with jurisdiction over the area or, if no community 
had original jurisdiction, by the government with jurisdiction over the area; 

be sufficiently large to contain a disposal site, which would nominally be 25 km2 in area (if 
the potential candidate area was not sufficiently large to characterize the hydrogeological 
setting (at least 400 km2), the implementing organization would need to be able to obtain 
access for characterization of the required property outside the area); 
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be technically suitable on the basis of the available information; 

not be excluded by the exclusion criteria that had been developed; and 

meet the conditions that had previously been negotiated for the participation or commitment 
of the potential host community. 

If there was no potential candidate area associated with a potential host community, the 
community would no longer be considered a potential host. 

IDENTIFICATION OF A SMALL NUMBER OF CANDIDATE AREAS 

Because investigations at candidate areas would be detailed and costly, such investigations 
would be limited to a small number of areas (perhaps two or three). If the number of potential 
candidate areas associated with one or more potential host communities was considered too large 
to undertake the required investigations of all of them, it would be necessary to develop and 
apply a ranking process. A ranking process would comprise comparative criteria and a method 
for applying them. The ranking process would have to be mutually acceptable to the potential 
host communities and the implementing organization. 

The site screening substage would end when at least one candidate area had been identified. 

5.1.4 The Site Evaluation Substage 

The objective of the site evaluation substage would be to obtain approval to construct a disposal 
facility at a preferred site. The major steps would be 

to identify one or more potential vault locations within each candidate area; 

to identify a preferred vault location within each candidate area; 

to identify the candidate site incorporating each preferred vault location; 

to identify a preferred candidate site; 

to select a preferred route and mode for transporting nuclear fuel waste to a disposal facility at 
the preferred candidate site; 
to confirm the suitability of the preferred candidate site; and 

to obtain approval, including a licence from the AECB, to construct a disposal facility at the 
preferred site. 

These steps are described below. Early in the site evaluation substage, baseline conditions in the 
candidate area would be established, and monitoring of those conditions would begin (Section 5.5). 

IDENTIFICATION OF POTENTIAL VAULT LOCATIONS 

The implementing organization would share decision making with a potential host community as 
negotiated. In addition, the implementing organization and any other community potentially 
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affected by a disposal facility would jointly establish a procedure to seek and address the 
community's views. The views of potentially affected cornmunitit s would be addressed 

when determining the scope of characterization (Section 5.4); 

when estimating the potential effects of disposal (Section 5,7), evaluating the significance of 
potential effects (Section 5,7), and determining how effects would be managed (Section 5 .a); 
and 

when developing a program for monitoring the effects of disposal, including what would be 
monitored, which methods would be used, who would do the monitoring, how the results 
would be reported, what results would require action to be taken, and what actions would be 
taken (Section 5.5). 

To identify potential vault locations, each candidate m a ,  dong with any necessary surrounding 
area (which together would constitute a study area greater than 400 km2), would be 
characterized. 

hitially, pre-existing information would be analyzed in more detail. Also, additional r t c o d s -  
sancc studies would be carried out over the entire study area to decrease the uncertainty associ- 
ated with the interpretations of the charactwietics of the area and to identify which features 
should be the focus of detailed studies on the surface and in boreholes at a patchwork of smaller 
arcas (grid mas). 

When uncertainties could be reduced no fmher by using prc-existing informertion or reconnais- 
sance studies, then more costly, detailed studies (including studits in exploration boreholes, 
which typically have diameters of less than 100 mm) would be conducted at grid m a s  
(Figure 5-5) (Appendix J). The grid mas would be selected at various locations within the study 

Schematle of Potentlsl 
Candldrtte Area \ 

FIGURE 5-5: SCFIEMATIC REPRESmTATION OF GRID AREAS 
AND POTENTIAL VAULT LOCATIONS 
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area to establish correlations between the conditions below the surface and the inferences drawn 
from satellite studies, airborne studies, and studies on the surface. The objectives would be 

to identify locations of recharge and discharge for groundwater flow systems at scales relevant 
for transport of contaminants from potential disposal depths to the surface; 

to identify and characterize domains in the rock with different hydrogeological, 
geomechanical, and geochemical characteristics; 

to estimate the range in values for properties governing the thermal, mechanical, and 
hydrogeological response of the rock in the different domains; 

to understand the processes that could alter the transport pathways or change the transport 
properties within them; 

to estimate the distribution of hydraulic head; 

to understand the chemistry of the groundwater and the variation in chemical processes and 
mineralogy of the rock along transport pathways (which are significant controls on the 
mobility of contaminants); and 

to understand how contaminants would move through surface sediments and soils, water 
bodies, air, and the food chain. 

In parallel with the geotechnical investigations at the grid areas, environmental investigations 
would be conducted to improve the understanding of the baseline conditions in the natural 
environment. This would be done by obtaining more detailed information on the flora, fauna, 
hydrology, soil, and atmospheric conditions of the biosphere of the study area. The implement- 
ing organization would begin to develop design options and assess potential effects of disposal. 

The surface and subsurface information would be integrated to produce a three-dimensional 
conceptual model of the study area. The model would include the physical and chemical 
characteristics important for groundwater flow and contaminant movement. From the conceptual 
model, a three-dimensional mathematical model of the regional groundwater flow would be 
developed. The three-dimensional mathematical model would be calibrated using field 
measurements of existing conditions and of responses to field tests. 

The implementing organization would seek a potential vault location that it considered tech- 
nically suitable on the basis of the available information. In determining the technical suitability 
of a potential vault location, the implementing organization would consider certain character- 
istics to be favourable, including the following: 

very low-permeability rock between the potential locations of disposal rooms and the nearest 
fracture zones, 
low natural hydraulic gradients along potential pathways for contaminant movement from the 
potential disposal vault location, 
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long potential pathways for contaminant movement from the disposal vault to potential 
locations of discharge at the surface, and 
low potential for human intrusion by water supply wells. 

The relative importance of each of the characteristics would depend on the specific site and 
would be established in consultation with the potential host community. 

Within a candidate area, potential locations for a disposal vault would be identified on the basis 
of the regional groundwater flow model, all available information about the area, the technical 
characteristics considered to be favourable, any applicable exclusion criteria, and the conditions 
that had previously been negotiated for the participation or commitment of the potential host 
community. 

Thus a potential vault location would 
be within a candidate area, 

be nominally 5 km2 in area, 
. be technically suitable on the basis of the available information, 

not be excluded by the exclusion criteria that had been developed, and 

meet the conditions that had previously been negotiated for the participation or commitment 
of the potential host community. 

If a candidate area contained no potential vault location, it would be excluded from further 
consideration, and the potential host community associated with that candidate area would no 
longer be considered a potential host community. 

IDENTIFICATION OF A PREFERRED VAULT LOCATION WITHIN EACH CANDIDATE 
AREA 

If more than one potential vault location was identified in a candidate area, models of conditions 
within the candidate area would be developed from an integrated interpretation of the 
information from the detailed studies. These models would be used to conduct preliminary 
safety assessments to estimate potential effects on the environment. A preferred vault location 
would be identified on the basis of the assessment results, the technical characteristics considered 
favourable by the implementing organization, and the preferences of the potential host 
community. 

IDENTIFICATION OF CANDIDATE SITES 

An area of about 25 km2 around the preferred vault location in each candidate area would 
constitute the candidate site in that candidate area (Figure 5-6). 
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Vault Locations 

FIGURE 56: SCHEMATIC REPRESENTATION OF A CANDIDATE SITE 

IDENTIPICATION OF A PRBFERRED CANDIDATE SITE 

To identify a preferred candidate site and the locations where exploratory shafts would be 
excavated on that ~ite, each of the candidate sites would be characterid through studies on tht 
surface and in borcholcs. These studies would be done over the entire site. On the basis of the 
site-specific information, the threedimensiond mathematical mode1 of the geosphcrc at each site 
would b revised and recdibrated. Then it would bt used to identify the potential locations at 
which contaminan& released from the prefemd vault location would be discharged at the 
surface. 

These results would be used to develop a model of contaminant movement from the prtfcrrtd 
vault location to the surface. Thtsc gcosphtre madels, combinad with m&le of contaminant 
movement in the biosphere, would be used to help evaluate the preferred vault location. 

The information collacted with =gad to the candidate site would then be used to develop 
engineering conceptual &signs of surface facilities and of a disposal vault at the preferred vault 
location on that site. A model representing processes in the disposal vault (container failure, 
waste-form dissolution, d contaminant movement) would be developed and combined with the 
geosphere and biosphere models to produce an integrated model of the disposal system, as was 
done for the postclosure assessment case study (Chapter 7), 

The designs and all available i n f o d o n  would be used to assess the potential environmental 
effects of the disposal facility during both the preclosure and postclosurc phases (Section 5.7). 
Potential effects on human health, on the naturd environment, and on the s o c i ~ ~ ~ ~ n o m i c  
environment would be assessed. Measures for managing environmental effects would be 
selected (Section 5.8). 
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A candidate site might be excluded from further consideration on the basis of the assessment 
results, the available information about the site, the technical characteristics considered to be 
favourable, any applicable exclusion criteria, and the conditions that had previously been 
negotiated for the participation or commitment of the potential host community. 

Eventually, additional studies on the surface and in exploration boreholes would no longer be 
cost-effective in reducing uncertainty about the conditions at the remaining candidate sites, and it 
would be necessary to undertake exploratory excavation. Because the excavation of exploratory 
shafts and tunnels and the associated studies would be very costly, they would likely be under- 
taken only at one site. If more than one candidate site were still being considered after the 
studies described above, it would be necessary to develop a ranking process. The ranking pro- 
cess would have to be mutually acceptable to the potential host communities and the implement- 
ing organization. The ranking process would be applied to identify a preferred candidate site on 
which to excavate exploratory shafts and tunnels. 

Thus the preferred candidate site would 
be one of the candidate sites, selected by a ranking process if necessary; 

be technically suitable on the basis of the available information; 

not be excluded by the exclusion criteria that had been developed; and 

meet the conditions that had previously been negotiated for the participation or commitment 
of the potential host community. 

SELECTION OF A TRANSPORTATION ROUTE AND MODE 

Once the preferred candidate site was identified, potential routes for transporting nuclear fuel 
waste from storage facilities to a disposal facility at the preferred candidate site would be 
identified. The organization(s) responsible for transportation would be committed to the 
principles of safety and environmental protection, shared decision making, openness, and 
fairness. The organization(s) would consult with communities along the potential transportation 
routes to establish a procedure to seek and address their views. 

Their views would be addressed when determining the scope of route characterization. The 
relevant conditions along potential transportation routes would be characterized and the 
information would be used to 

select a preferred route and mode for transporting nuclear fuel waste to a disposal facility at 
the preferred candidate site; 
prepare detailed designs of the transportation system; 

estimate the potential effects of the transportation system on human health, the natural 
environment, and the socio-economic environment; 
evaluate the significance of potential effects; 
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select measures for managing those effects; and 

develop monitoring programs. 

The views of the communities would be addressed during all of these activities. 

CONFIRMING THE SUITABILITY OF THE PREFERRED CANDIDATE SITE 

Exploratory shafts and tunnels would be excavated at the preferred vault location within the 
preferred candidate site. Detailed studies would be conducted in the exploratory excavations and 
in boreholes drilled from them (Appendix J). These studies would provide detailed information 
that would be needed to confirm the suitability of the preferred candidate site and the preferred 
vault location. As a significant component of the investigation to c o n f m  that there was a good 
understanding of the geological conditions at the site, the changes in the groundwater conditions 
that were caused by the excavation would be compared with the changes that had been predicted 
before excavation began. 

If the exploratory excavation and associated characterization studies confirmed the suitability of 
the preferred candidate site and the preferred vault location, the information obtained would be 
used to 

prepare detailed designs of the surface facilities and disposal vault; 

continue to estimate the potential effects of the disposal facility on human health, the natural 
environment, and the socio-economic environment; 
evaluate the significance of potential effects; 

review measures for managing those effects; and 

develop monitoring programs. 

The views of the potential host community and other potentially affected communities would be 
addressed during all of these activities. 

If the preferred candidate site was still considered technically suitable and if the conditions that 
had previously been negotiated for the participation or commitment of the potential host com- 
munity were met, the site would be considered the preferred site. 

If the preferred candidate site was no longer considered technically suitable, or if the conditions 
negotiated with the potential host community were not met, exploratory excavation would be 
undertaken at the candidate site that had ranked second when the preferred candidate site was 
identified. 

OBTAINING APPROVAL TO CONSTRUCT A DISPOSAL FACILITY 

When sufficient information was obtained through characterization, monitoring, design, and 
assessment, the implementing organization would apply for approval to construct a disposal 
facility at the preferred site. 
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The siting stage would end when the implementing organization obtained approval, including a 
licence from the AECB, to construct a disposal facility at the preferred site. 

5.1.5 Stages Subsequent to the Siting Stage 

During the stages following the siting stage, the implementing organization would continue to be 
committed to the principles of safety and environmental protection, shared decision making, 
openness, and fairness. The implementing organization would be prepared to change the com- 
munity participation mechanisms to respond to changes in community priorities and concerns. 
Participation of the host community could be increased through community representation on 
groups such as the disposal facility board of directors and the disposal facility safety committee. 

The implementing organization would continue to provide information, including progress 
reports, safety reports, and monitoring reports, to the potentially affected communities. 
Environmental effects would be reviewed on an agreed periodic basis. The programs for 
monitoring and managing environmental effects, which had been developed during the siting 
stage, would be reviewed and would be modified if necessary. 

THE CONSTRUCTION STAGE 

Having obtained all required approvals, including a construction licence from the AECB, the 
implementing organization would proceed to the construction stage. During the construction 
stage, the objective of the implementing organization would be to construct the facilities and 
systems needed to begin emplacing nuclear fuel waste in a disposal vault and to obtain approval 
to operate the disposal facility. Additional approvals would be obtained as required 
(Section 5.3). We estimate that the construction stage would take at least 5 years. 

The facilities and systems needed to begin emplacing waste in the vault would include trans- 
portation facilities and equipment, access routes, utilities, surface facilities, shafts, tunnels, 
underground ancillary facilities, and some of the disposal rooms. All systems would undergo 
testing in preparation for full operation in accordance with legislative requirements (commission- 
ing). These activities would depend on the designs of the disposal facility and the transportation 
system. Site-specific designs would be developed during the siting stage, when the constraints 
imposed by site location, site conditions, and socio-economic considerations could be 
determined. 

A design-specific description of activities at a disposal facility during the construction stage is 
given in Section 6.2.6. 

An emergency response plan for the disposal facility would be developed within the municipal, 
provincial, and federal emergency response infrastructures, in co-operation with the host com- 
munity and appropriate authorities (Section 5.8.7). An emergency response plan for trans- 
portation of nuclear fuel waste would also be developed (Section 5.8.7). 
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Characterization, monitoring, design, assessment of environmental effects, and management of 
environmental effects would continue. Characterization would focus on local conditions in the 
rock mass near the proposed waste emplacement areas. The information would be obtained 
using procedures similar to those applied during exploratory excavation. The observational 
method (Section 5.6.2) would be used, and the design and construction procedures would be 
sufficiently flexible to allow the detailed site data to be used as it was obtained to modify the 
designs for the underground layout, the geometry of the underground excavations, and the waste 
emplacement configurations. The data obtained by characterization and monitoring would also 
be used to evaluate the models used to assess postclosure safety, and, if necessary, to modify the 
assessments of environmental effects and the measures for managing environmental effects. The 
decision to begin operation would be made on the basis of the understanding of site conditions at 
the time. 

THE OPERATION STAGE 

Having obtained all required approvals, including an operating licence from the AECB, the 
implementing organization would proceed to the operation stage. During the operation stage, the 
objective of the implementing organization would be to emplace nuclear fuel waste in the dis- 
posal vault. The operation stage could begin with a demonstration of operation, during which the 
disposal rate or vault size might be limited. A demonstration of operation might also affect the 
construction schedule. During the operation stage, additional approvals would be obtained as 
required (Section 5.3). Assuming that the capacity of the disposal facility was 5 to 10 million 
bundles of used fuel, we estimate that the operation stage would take at least 20 years and 
possibly more than 80 years. 

THE OPERATION STAGE - TRANSPORTATION OF NUCLEAR FUEL WASTE 

During the operation stage, nuclear fuel waste would be transported from storage facilities to the 
disposal facility. The waste would be transported in large transportation casks certified by the 
AECB. The casks could be transported by road, rail, or water, or a combination of these modes. 
There is road and water access to all the nuclear generating stations in Canada, whose locations 
are shown in Figure 2-12 (p. 43). There is rail access to all but Point Lepreau and Bruce. At 
Gentilly, the rail line is about 1 km from the dry storage site. Air transportation, although 
technically achievable, has a number of significant disadvantages, including lack of facilities for 
air transport at the nuclear generating stations, cost, and the weight of the loaded transportation 
casks. Thus air transportation was not considered further. 

Monitoring reports would be provided to the communities along the transportation route, and any 
environmental effects would be reviewed with those communities on an agreed periodic basis. 
The programs for monitoring and managing environmental effects would be reviewed and would 
be modified if necessary. 

In the United Kingdom, France, Japan, Sweden, and the United States, used fuel from nuclear 
reactors is transported on a large scale by road, rail, water, or some combination thereof. In 
Canada, used fuel and other radioactive materials have been transported safely since the late 
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1940s (R-Preclosure), although there has been no large-scale transportation of used fuel. For 
example, 4853 bundles of used fuel were transported from the NPD reactor to AECL’s Chalk 
River Laboratories, and 360 bundles of used fuel were transported from the Douglas Point 
reactor to AECL’s Whiteshell Laboratories (locations shown in Figure 2-12, p. 43). In both 
cases, the used fuel was moved safely by road. Ontario Hydro typically makes over a thousand 
shipments of radioactive material each year and has never had an accident that resulted in any 
release of radioactive material (R-Preclosure). 

A design-specific description of the activities associated with transportation of nuclear fuel waste 
from storage facilities to a disposal facility is given in Section 6.2.1 1. 

THE OPERATION STAGE - ACTIVITIES AT THE DISPOSAL FACILITY 

During the operation stage, the activities at the disposal facility would include removing the 
waste from the transportation casks, putting the waste into long-lasting disposal containers, 
sealing the containers, and emplacing the containers in the vault. Disposal containers would be 
emplaced either in the disposal rooms or in emplacement boreholes drilled from the rooms 
(Section 4.4.2). Buffer would surround each container, and backfill and other vault seals would 
be emplaced in each disposal room (Section 4.5). At the same time, construction of disposal 
rooms would continue. As in the case of the activities during the construction stage, the 
activities would depend on the designs of the disposal facility and transportation system. 

A design-specific description of activities at a disposal facility during the operation stage is given 
in Section 6.2.7 and in more detail in R-Facility. 

Characterization, monitoring, design, assessment of environmental effects, and management of 
environmental effects would continue. As during the construction stage, characterization would 
focus on local conditions in the rock mass near the proposed waste emplacement areas, and the 
information would be obtained using procedures similar to those applied during exploratory 
excavation. The observational method would be used to guide operations (Section 5.6.2). 
Information about the extent and nature of any excavation-induced damage and about the natural 
defects in the rock would be used to determine the location and design of vault seals. The data 
obtained by characterization and monitoring would also be used to evaluate the models used to 
assess postclosure safety, and, if necessary, to modify the assessments of environmental effects 
and the measures for managing environmental effects. 

The operation stage would end when the implementing organization obtained approval to 
decommission the disposal facility or when a predecommissioning extended monitoring stage 
commenced. 

THE DECOMMISSIONING STAGE 

Having obtained all required approvals, including a decommissioning licence from the AECB, 
the implementing organization would proceed to the decommissioning stage. The objective of 
the decommissioning stage would be to complete vault sealing and rehabilitate the site. 
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Additional approvals would be obtained as required (Section 5.3). We estimate that the decom- 
missioning stage would take at least 10 years. The activities during the decommissioning stage 
would include the decontamination, dismantling, and removal of the surface facilities and 
underground ancillary facilities; and the sealing of the tunnels, ancillary-facility areas, and shafts, 
and the exploration boreholes drilled from them. The site would be rehabilitated. Markers could 
be installed to indicate the location of the disposal vault (Section 5.8.10). A design-specific 
description of activities at a disposal facility during the decommissioning stage is given in 
Section 6.2.9. Characterization, monitoring, design, assessment of environmental effects, and 
management of environmental effects would continue throughout the decommissioning stage. 

The decommissioning stage would end when the implementing organization obtained approval to 
close the disposal facility or when a postdecommissioning extended monitoring stage 
commenced. 

THE CLOSURE STAGE 

Having obtained all required approvals, the implementing organization would proceed to the 
closure stage. During the closure stage, the objective would be to return the site to a state such 
that safety would not depend on institutional controls. Additional approvals would be obtained 
as required (Section 5.3). We estimate that the closure stage would take at least 2 years. The 
activities during the closure stage would include the removal of monitoring instruments from any 
exploration boreholes that could, if left unsealed, compromise the safety of the disposal system, 
and then the sealing of those boreholes. A design-specific description of activities at a disposal 
facility during the closure stage is given in Section 6.2.10. Monitoring, assessment of environ- 
mental effects, and management of environmental effects would continue throughout the closure 
stage. 

The closure stage would end when the regulatory agencies, the host community, and the 
implementing organization agreed that the disposal facility was passively safe, that is, that its 
safety no longer depended on institutional controls. However, institutional controls could be 
continued if desired (Section 5.8.10). 

THE EXTENDED MONITORING STAGES 

As discussed in Section 3.6.5, monitoring to determine whether the disposal system was 
performing as expected would be an essential activity during concept implementation. The 
AECB (1985) has stated that 

The performance of the waste repository in the postclosure period will be assessed on the 
basis of predictive modelling. Therefore measurements will be required during the 
preclosure period in order to ensure that input data for the models are sufficiently complete 
and representative of the repository environment. . . . The repository will only be allowed to 
close when sufficient evidence is available to lead to the conclusion, with a sufficient degree 
of certainty, that the facility could be abandoned without the need for postclosure monitoring. 
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If the regulatory agencies, host community, or implementing organization required additional 
data on the performance of the filled, partially sealed disposal vault, decommissioning would be 
delayed to allow for a predecommissioning extended monitoring stage. Similarly, if the regu- 
latory agencies, host community, or implementing organization required additional data on the 
performance of the sealed disposal vault, closure would be delayed to allow for a post- 
decommissioning extended monitoring stage. 

During an extended monitoring stage, not only would monitoring continue, but so would assess- 
ment of environmental effects and design, so that modifications could be made, if necessary, to 
take the new data into account. Management of environmental effects would also continue. 

5.1.6 Overview of Stages and Activities 

The major milestones in each stage and substage are listed in Table 5-2, as are the associated 
activities. 

TABLE 5-2 

OVERVIEW OF CONCEPT IMPLEMENTATION 

Stage and Major Milestones 
Duration 

Activities 

Siting Stage 
(at least 
20 years) 

Site 
Screening regions within each the implementing organization and the regulatory 
Substage siting territory agencies and provincial governments that could be 

affected by concept implementation 
characterize the siting territories by analysis of pre- 
existing data 

Identify any siting develop exclusion criteria through consultation between 

apply exclusion criteria 

Initiate public offer information 
involvement in the 
siting regions 

consult regarding views and concerns about disposal and 
interest in participating in the siting process 

Obtain the participation 
of one or more poten- 
tial host communities host community 
within one or more 
siting regions potential host community 

- seek participation of potential host communities 
develop framework for interaction with each potential 

develop exclusion criteria based on the concerns of each 

continued. .. 
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TABLE 5-2 (continued) 

Stage and Major Milestones 
Duration 

Activities 

- Site 
Screening 
Substage 
(continued) 

Site 
Evaluation 
Substage 

Identify potential 
candidate areas 

Identify a small number 
of candidate areas 

Identify potential vault 
locations within the 
candidate areas 

Identify a preferred 
vault location within 
each candidate area 

Identify candidate sites 

continue public involvement . obtain all required approvals 
characterize a region around each potential host 
community by analysis of pre-existing data and 
reconnaissance 
determine technical suitability 
apply exclusion criteria 

- if necessary, develop and apply a ranking process 
through consultation between the implementing 
organization and the potential host communities 

- continue public involvement 
establish a procedure to seek and address the views of 
communities (other than the potential host communities) 
that could be affected by a disposal facility - obtain all required approvals - characterize each candidate area and any necessary 
surrounding area by analysis of pre-existing data, 
reconnaissance, studies on the surface, and studies in 
boreholes . obtain baseline data and begin monitoring for changes 
develop regional groundwater flow models 
begin developing design options and assessing potential 
effects 
determine technical suitability 
apply exclusion criteria 

. continue public involvement 

continue developing design options and assessing 
continue monitoring 

potential effects 

- continue public involvement 
continue monitoring 

. continue developing design options and assessing 

- identify a candidate site of about 25 km2 around the 
potential effects 

preferred vault location in each candidate area 

continued ... 
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TABLE 5-2 (continued) 

Stage and Major Milestones 
Duration 

Activities 

Site Identify a preferred 
Evaluation candidate site 
Substage 
(continued) 

Select a transportation 
route and mode 

Confirm the suitability 9 

of the preferred 
candidate site 

Obtain approval to con- 
struct a disposal facility 
at the preferred site 

continue public involvement 
obtain all required approvals 
characterize candidate sites (each about 25 km2) by 
detailed studies on the surface and in exploration 
boreholes 
continue monitoring 
develop site-specific engineering conceptual designs for 
a disposal facility 
assess environmental effects of implementing site- 
specific designs at specific sites 
apply exclusion criteria 
select measures for managing environmental effects 
if necessary, develop and apply a ranking process 
through consultation between the implementing 
organization and the potential host communities 

establish a procedure to seek and address the views of 
communities along potential transportation routes 
obtain all required approvals 
characterize relevant conditions along potential 
transportation routes 
select a preferred route and mode for transportation of 
nuclear fuel waste 
prepare detailed designs of the transportation system 
assess environmental effects of the transportation system 
select measures for managing environmental effects 

continue public involvement 
obtain all required approvals 
characterize the preferred vault location (about 5 km2) on 
the preferred candidate site by detailed studies in 
exploratory shafts and tunnels and in boreholes drilled 
from them 
continue monitoring 
prepare detailed designs of the disposal facility 
assess environmental effects of the disposal facility 
review measures for managing environmental effects 

continued.. , 
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TABLE 5-2 (continued) 

Stage and Major Milestones 
Duration 

Activities 

Construction 
Stage 
(at least 
5 years) 

Operation 
Stage 
(at least 
20 years 
and possibly 
more than 
80 years) 

Predecom- 
missioning 
Extended 
Monitoring 
Stage' 

Construct the facilities 
and systems needed to 
emplace waste in the 
vault 

Obtain approval to 
operate the disposal 
facility 

Emplace nuclear fuel 
waste in the disposal 
vault 

Obtain sufficient data 
on the performance of 
the partially sealed dis- 
posal vault to obtain 
approval to decommis- 
sion the disposal 
facility 

Obtain approval to 
decommission the 
disposal facility 

continue public involvement, characterization, 
monitoring, design, assessment, and management of 
environmental effects 

* obtain all required approvals 
construct transportation facilities and equipment, access 

excavate shafts, tunnels, and some of the disposal rooms 
construct underground ancillary facilities - test all systems in preparation for operation 

routes, utilities, and surface facilities 

* continue public involvement, characterization, 
monitoring, design, assessment, and management of 
environmental effects 
obtain all required approvals, including licences 

* excavate more disposal rooms as necessary - transport waste to the disposal facility 
* seal the waste into containers 
* emplace the containers in the disposal vault 

seal the disposal rooms, but leave the tunnels and shafts 
open 
plan extended monitoring if required 

. continue public involvement, design, assessment, and 

obtain all required approvals, including licences . monitor the filled, partially sealed disposal vault 

management of environmental effects 

continued ... 
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TABLE 5-2 (concluded) 

Stage and Major Milestones 
Duration 

Activities 

Decom- 
missioning 
Stage 
(at least 
10 years) 

Postdecom- 
missioning 
Extended 
Monitoring 
Stage* 

Closure 
Stage 
(at least 
2 years) 

Complete vault sealing 
and rehabilitate the site 

Obtain sufficient data 
on the performance of 
the sealed disposal 
vault to obtain approval 
to close the disposal 
facility 

Obtain approval to 
close the disposal 
facility 

Return the site to a 
state such that safety 
would not depend on 
institutional controls 

continue public involvement, design, assessment, and 
management of environmental effects 
obtain all required approvals 
remove the surface facilities and underground ancillary 
facilities 
seal the tunnels and shafts 
seal any exploration boreholes not needed for monitoring 
rehabilitate the site 
plan extended monitoring if required 

continue public involvement, design, assessment, and 
management of environmental effects 
obtain all required approvals 
monitor the sealed disposal vault 

continue public involvement, monitoring, assessment, 
and management of environmental effects 
obtain all required approvals 
seal the remaining exploration boreholes as necessary 

* The need for extended monitoring and its duration would be decided at the time. 

5.2 PUBLIC INVOLVEMENT 

Public involvement in concept implementation would be based on the principles of safety and 
environmental protection, voluntarism, shared decision making, openness, and fairness, which 
are discussed in Section 3.4.2. In Appendix I, we consolidate the information on public involve- 
ment that is dispersed throughout the discussion of the stages of concept implementation in 
Section 5.1. Public involvement in concept implementation is discussed in more detail in 
R-Public. 
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5.3 OBTAINING APPROVALS, INCLUDING LICENCES 

During concept implementation, the implementing organization would obtain all approvals 
required by legislation. These would include licences from the AECB, which makes and 
enforces regulations that cover the development, application, and use of nuclear energy 
(Appendix B). The AECB would regulate a nuclear fuel waste disposal facility, as it does all 
other nuclear facilities in Canada. The major method by which the AECB regulates nuclear 
facilities and the use of radioactive materials is through its licensing process. 

According to proposed amendments to the Atomic Energy Control Regulations (AECB 1986), a 
licence for a nuclear facility would be issued only if the AECB was satisfied that the applicant 
provided adequately for the protection of health and safety of persons, for the protection of the 
environment, for security in respect of all activities conducted under the licence, and for the 
implementation of any applicable safeguards. 

The AECB issues licences for a nuclear facility in stages, and may require that a licence be 
renewed periodically within the stage for which it was issued. The proposed amendments 
(AECB 1986) describe the sequence of licences that would have to be obtained from the AECB 
for a nuclear facility: 

a licence to clear or excavate land or otherwise prepare the site, 

a licence to construct the facility, 

a licence to operate the facility, and 

a licence to decommission the facility. 

The proposed amendments also require that written approval be obtained from the AECB to 
abandon the site of a nuclear facility after decommissioning. To obtain such approval, the 
licensee must have taken adequate measures to limit the environmental effect caused by any 
preparation, construction, or development on the site; the licensee must have removed all 
buildings, machinery, and equipment from the site; and the condition of the site must not be 
inferior to the condition it was in before preparation for construction of the facility. 

After a nuclear facility is licensed, the AECB conducts inspections to ensure compliance with the 
terms and conditions of the licence. 

Concept implementation would also be subject to many other legislative requirements, such as 
those for environmental assessment, environmental protection, occupational protection, and 
transportation of nuclear fuel waste (Appendix B). Approvals, including licences, in addition to 
those from the AECB could be required at several stages throughout concept implementation. 

Site-specific assessments of environmental effects would be carried out, as described in 
Section 5.7. The Canadian Environmental Assessment Act (Appendix B) could apply, and 
provincial legislation, such as the Ontario Environmental Assessment Act (Appendix B), could 
also apply, depending on the identity of the implementing organization and the proposed location 
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of the disposal facility. If Environmental Assessment Acts of the federal and a provincial 
government were both applicable, they could be applied through a jointly agreed process. 

5.4 CHARACTERIZATION 

Characterization would include studies to determine 
the physical, chemical, and biological conditions in the surface environment and in the 
overburden and rock below the surface; 
the socio-economic conditions in communities potentially affected by the disposal facility; 
and 
relevant conditions along potential transportation routes. 

The overall scope of the characterization activities would be decided in consultation with the 
potentially affected communities to take into account the concerns they might have about 
particular components of the environment. Characterization would begin during the siting stage; 
the approach would be to investigate progressively smaller areas in progressively greater detail 
(Sections 5.1.2 to 5.1.4). Characterization would continue at the disposal site during the 
construction, operation, and decommissioning stages. The information obtained would be used 
to identify the siting regions, candidate areas, potential vault locations, candidate sites, and a 
preferred site; it would also be used to obtain approval to construct, operate, decommission, and 
close the disposal facility. In particular, the information would be used in establishing baseline 
conditions, designing monitoring systems, designing the disposal facility, assessing the environ- 
mental effects of disposal, and identifying the potential measures for managing those effects. 

The investigations involved in characterization are discussed in detail in R-Siting and 
R-Preclosure. In Appendix J, we summarize the methods for characterization using pre-existing 
information, reconnaissance studies, detailed studies on the surface and in exploration boreholes, 
and exploratory excavation. We also describe the demonstration of many of the methods at 
AECL’s Underground Research Laboratory. 

5.5 MONITORING 

5.5.1 Introduction 

Monitoring would consist of the continuous or intermittent measurement of environmental 
conditions. Parameters that indicate conditions in the vault, geosphere, biosphere, and 
potentially affected communities would be measured. 

The monitoring results would help to 

establish baseline conditions; 
obtain data to assess potential environmental effects (Section 5.7); 

improve understanding of the disposal system; 
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determine compliance with requirements in legislation, regulatory documents, and guidelines; 

develop the vault design (Section 5.6.2); and 

determine whether methods for monitoring, assessing, or managing environmental effects 
needed to be modified, and if so, how. 

Monitoring would be initiated early in the siting stage. Once study areas were identified for 
evaluation, a monitoring program for each study area would be defined in consultation with 
regulatory agencies and the potentially affected communities. They would be consulted 
regarding what conditions would be monitored, which methods would be used, who would do 
the monitoring, how the results would be reported, what results would require action to be taken, 
and what actions would be taken. Locations for monitoring and the parameters to be monitored 
routinely would be selected. The monitoring program would follow quality assurance pro- 
cedures with complete documentation of the rationale for 

the monitoring locations; 

9 the sampling frequency; 
the parameters to quantify; and 

the procedures for collection, analysis, reporting, and storage of the data, including provisions 
for long-term archival storage using the best technology available at the time. 

Currently available archival media are discussed in a report of the Nordic Nuclear Safety 
Research Project (Jensen 1993). Results from monitoring would be reviewed continuously. In 
addition, a schedule would be developed for review and revision of the monitoring program as 
necessary to respond to new information as it became available. The results from the monitoring 
program would be published on a regular basis. 

Once a preferred candidate site was identified, the monitoring programs at the other areas could 
be maintained as a contingency until approval to construct a disposal facility at the preferred site 
was obtained. The monitoring program at the preferred site would be expanded, in consultation 
with the regulatory agencies and the potentially affected communities. Monitoring would also be 
initiated along the transportation route. 

Analysis of the technical and socio-economic data compiled and collected during the siting stage 
would establish the baseline conditions at the disposal site and along the transportation route. 
For some parameters or conditions, the baseline might be the natural range observed. For others, 
it might be a continuation of a past pattern of variations with time, such as seasonal variations, or 
it might be the continuation of a trend of either increasing or decreasing values. Conditions at 
suitable control locations would be monitored to determine changes that occurred without the 
project. 

Action levels would be defined in consultation with regulatory agencies and the potentially 
affected communities. Monitoring results would be compared with these levels to determine 
whether any action needed to be taken. Each action level would be defined with respect to an 
observable condition or a measurable parameter value. Action levels would be defined on the 
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basis of several factors, including legislative requirements, baseline conditions, and the results of 
assessing potential environmental effects. Action levels would be reviewed on a periodic basis 
and revised as necessary. 

The relative importance of individual components of the disposal system in meeting legislative 
requirements would vary depending on the site conditions and the site-specific designs chosen 
for each of the engineered components. If some aspect of component performance was identified 
as important for safety or overall system performance, component performance criteria for the 
preclosure phase would be established so that performance could be monitored and the results 
evaluated when deciding whether to decommission and close the disposal facility. The perform- 
ance criteria would be stated in terms of measurable parameters, such as temperature, or observ- 
able conditions, such as seepage past a seal. The performance criteria for individual components 
would be both site-specific and design-specific. Each component performance criterion would 
be established such that normal variations in the performance of the disposal system would meet 
the criterion. 

After baseline conditions were determined and action levels were defined, environmental 
conditions would be monitored to determine any changes. Ongoing monitoring would provide 
information about any changes from the baseline or control-location conditions that occurred 
during the construction, operation, decommissioning, and closure stages. In addition, the 
decommissioning stage could be delayed to permit monitoring of the partially sealed vault, and 
the closure stage could be delayed to permit monitoring of the sealed vault. Monitoring could 
also be continued after closure, provided the methods used would not compromise the passive 
safety of the disposal system (AECB 1987a). 

The monitoring results would be compared with the action levels. If a limit was exceeded or an 
unacceptable condition occurred, then specified actions would be required. 

Monitoring of seismicity, of the biosphere, of the geosphere, of the vault, and of potentially 
affected communities is discussed below. The approach to monitoring is discussed in more 
detail by Simmons et al. (in preparation), and monitoring methods are discussed in more detail in 
R-Siting and R-Preclosure. 

5.5.2 Monitoring Seismicity 

Seismicity is monitored currently using seismographs maintained at locations throughout 
Canada. These constitute the Canadian National Seismic Monitoring Network, which includes 
the Northern Ontario Seismograph Network. The latter has been supported by AECL since 1982. 
We believe the information provided by the current regional seismic monitoring network on the 
Canadian Shield, which is used in preparing seismic zoning maps (NRCC 1985, Basham et al. 
1985), is adequate for the purposes of site screening. 

A local seismic monitoring network would be established at study areas during the site evalu- 
ation substage to expand the earthquake database to earthquakes of smaller magnitude. 
Additional monitoring instruments would be installed in boreholes at candidate sites to determine 
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the site-specific relationship between depth and the seismic ground motion measured for earth- 
quakes of various magnitudes. Information from the seismic monitoring would be used in con- 
junction with geological evidence in calculating the seismic hazard for each candidate site 
(Section 4.4.1). 

For the calculation of hazard following closure, geological evidence would become more 
important. 

At the preferred site for the disposal facility, acoustic-emissionlmicro-seismic monitoring 
instruments would be installed underground to record the extremely small seismic events caused 
by stress-induced cracking around the excavations. This monitoring would provide information 
about the rock stress and the thickness and orientation of the damage zones around the 
excavations. 

5.5.3 Monitoring the Natural Environment (Biosphere) 

Monitoring of the biosphere would be an ongoing activity, continuing from the beginning of the 
site evaluation substage through closure and for as long afterward as considered necessary by 
society. This monitoring would include three closely integrated programs focusing on opera- 
tional, effluent, and environmental monitoring. Operational monitoring would concern the moni- 
toring of individual activities and processes associated with the disposal facility; effluent moni- 
toring would concern the monitoring of the atmospheric and aquatic effluent streams leaving the 
disposal facility; and environmental monitoring would concern the monitoring of the human and 
natural environment beyond the disposal facility. 

The aims of the monitoring programs would be to control potential contaminant releases near 
their source, to reduce effluent releases, and to avoid environmental contamination. This would 
ensure a healthy environment for humans and for other biota. The environmental monitoring 
program would also support the biosphere model for the postclosure assessment (Section 5.7, 
Chapter 7) by providing a wealth of site-specific data. 

The operational, effluent, and environmental monitoring programs would be fully integrated 
through an environmental transport model that would specifically reflect monitoring needs and 
the geographic, landscape, environmental, and human settings of the disposal facility. This 
model would be related to the biosphere model for the preclosure assessment (Section 5.7, 
Chapter 6 )  and, to a lesser extent, to the biosphere model for the postclosure assessment. The 
environmental transport model would be developed through comprehensive scenario analysis. 
The model would be designed to predict contaminant concentrations in air, water (surface water 
and shallow groundwater), sediment, and soil resulting from potential releases of contaminants 
from the disposal facility. It would also estimate doses to humans and other biota from these 
potential releases. Thus the model would be used to establish derived release limits for con- 
taminants from the disposal facility to ensure that limits in legislation, regulatory documents, and 
guidelines would not be exceeded. 
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Sensitivity analysis of the model would be carried out to increase the effectiveness of the moni- 
toring programs. This analysis would indicate which contaminants, environmental transport 
pathways, model parameters, and contaminant sources were most important in determining 
environmental concentrations and radiation doses. This information would be used to focus the 
environmental monitoring programs more closely. Moreover, the model would be continuously 
improved by using monitoring data for model validation and for establishing the most 
appropriate parameter values. 

Operational monitoring near the source of contaminants would include levels of radiation, levels 
of heavy metals and other inorganic contaminants, and levels of organic contaminants. 

Effluent monitoring at the boundary of the site would include levels of radiation, levels of 
inorganic contaminants, and levels of organic contaminants. Monitoring of aquatic effluents 
would also include water quality parameters, such as pH, total suspended organic solids, and 
biological oxygen'demand. Moreover, it could also include toxicity testing with waterfleas, 
trout, or other suitable organisms. Monitoring of atmospheric effluents would include levels of 
both volatile and particulate contaminants. 

Environmental monitoring beyond the site would include 
atmospheric deposition rates of contaminants, 

levels of radiation, 

levels of inorganic contaminants, 

levels of organic contaminants, 

water quality parameters, 

atmospheric conditions, and 

water flow rates. 

Levels of all the contaminants would be monitored in air, water, sediment, and soil as well as in 
plants, fish, and wildlife. The program would focus on potential local accumulations of con- 
taminants in the abiotic environment and on bioconcentration, bioaccumulation, and biomag- 
nification in biota. Special effort would be made to monitor drinking water and locally produced 
food for humans. Results from the sensitivity analysis of the environmental transport model 
would guide this effort. In a more general way, the environmental monitoring program would 
include aquatic and terrestrial community structure, including indicator, sensitive, rare, and 
endangered species. 

The environmental monitoring programs would be designed to cover both routine and accidental 
contaminant release situations. Thus the programs would play a key role in emergency response 
planning by helping to decide on the need for evacuation and for restricting consumption of local 
food and water. The monitoring programs would also provide contaminant release data for 
monitoring human health. 
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Along the transportation routes, relevant data would be collected, such as traffic volumes and 
accident rates. 

The data obtained from the monitoring programs would be used 
to detect contaminant releases from the disposal facility, such as radionuclides, toxic chemi- 
cals, and sewage effluents, so that they could be controlled and remedial action could be 
taken, if necessary; 
to determine compliance with authorized limits and legislative requirements during operation 
of the disposal facility and associated transportation system; 

to provide site-specific data for improving and validating the environmental transport model 
for better targeting of the monitoring programs; 
to provide site-specific data for the biosphere and the geosphere models used in the post- 
closure safety assessment and for comparison with later data; and 
to develop, refine, and evaluate the reliability of the models used to assess the safety of the 
disposal facility after closure. 

The monitoring period and frequency of sampling would depend on the specific site and the 
nature of the information required. Intensive sampling would be done in the siting stage to 
establish baseline conditions, including data on the concentrations of potential contaminants in 
air, water, sediment, soil, and biota, as well as information on ecological community structure 
(including sensitive, rare, and endangered plant and animal species). The baseline conditions 
would be used as control values for the environmental monitoring program. However, because 
of the long time spans involved, baseline conditions would be continuously monitored at control 
locations for comparison with disposal facility monitoring data. The monitoring objectives, 
monitoring programs, and sampling schedules would be developed in consul tation with regu- 
latory agencies and the potentially affected communities. 

5.5.4 Monitoring the Rock Mass (Geosphere) 

Although some regional aspects of conditions in the geosphere, such as seismicity 
(Section 5.5.2), would be monitored during site screening, the main monitoring of conditions in 
the geosphere would not begin until study areas were identified for evaluation. Monitoring the 
conditions in the geosphere would provide the data needed to establish baseline conditions, to 
evaluate the reliability of models, and to obtain approvals, including licences. The monitoring 
results would be compared with the action levels to determine whether a limit was exceeded or 
an unacceptable condition occurred. 

Examples of the data that would be collected are 
hydraulic head, groundwater chemistry, and temperature in isolated monitoring intervals in 
boreholes; 
natural concentrations in groundwater of elements that could be released from the disposal 
vault as contaminants; 
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concentrations in groundwater of natural or introduced elements that have the potential to 
indicate the direction or rate of groundwater flow (tracers); and 
hydraulic conductivities, in situ stresses, and temperature near the excavations. 

Monitoring the conditions in the geosphere would need to continue through all stages of the 
project, commencing in the siting stage and extending to closure or even beyond (Figure 5-1 
(p. 147), Table 5-2 (p. 167)). Determination of the appropriate monitoring time span and 
frequency of sampling for each parameter being monitored at each location would be an 
important aspect of the development and ongoing review of the monitoring program. 

Monitoring the groundwater would be done using an array of boreholes penetrating the rock. 
Initially, boreholes would be drilled from the surface during site evaluation; later, they would 
also be drilled from the shafts and from the tunnels excavated at disposal depth. Continual 
observations of groundwater inflow to the shafts, tunnels, and rooms would also be made. At 
appropriate locations in the boreholes, hydraulic head, temperature, and chemistry would be 
determined on a continuous or frequent basis. This monitoring could continue until the bore- 
holes were sealed. Those boreholes accessible only from the vault would have to be sealed 
during decommissioning, but those accessible from the surface could be maintained for extended 
monitoring. However, when the decision was made to place the disposal facility in a passively 
safe state, that is, a state in which safety would not depend on institutional control, the monitor- 
ing instruments in most boreholes would have to be removed and the boreholes sealed to avoid 
compromising the long-term safety of the disposal system. Only monitoring boreholes that did 
not have the potential to compromise the ability of the disposal system to remain passively safe 
could be retained for monitoring following closure if continued monitoring were desired by 
society at the time. 

Monitoring the rock would be done using measuring instruments installed in the exploratory 
excavations during the site evaluation substage and in the shafts, tunnels, and rooms excavated 
during the construction and operation stages, as access to new areas in the rock mass became 
available. These instruments would record the temperature, rock stress, acoustic emissions or 
microseismic events, and deformation of the rock on a continuous or frequent basis. This 
monitoring would be progressively discontinued only when required to allow for the sealing of 
rooms and tunnels. 

Once a decision was made to decommission the disposal vault, all monitoring equipment would 
have to be removed from the underground excavations, and any associated exploration boreholes 
would have to be sealed. The data collected from monitoring conditions around component test 
areas (Section 5.5.5) would likely provide the longest record of near-field conditions from the 
vault. 

A postdecommissioning extended monitoring stage might be required to monitor the initial 
resaturation of the vault and the re-establishment of natural groundwater flow in the geosphere 
around the vault. The monitoring boreholes that were drilled from the surface during the siting 
and construction stages would be used to observe the changes in hydraulic head and groundwater 
chemistry associated with this transient response. Temperature could also be monitored within 
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these boreholes to observe the increase caused by the emplaced waste. The stability of the 
decommissioned facility during this period of transient behaviour could be monitored using non- 
invasive methods, such as microseismic monitoring and ground surface displacement 
measurements. 

The closure stage would follow this extended monitoring stage. All monitoring instrumentation 
would be removed from the surface-drilled boreholes, and the boreholes would be sealed during 
the closure stage. Only boreholes that could not compromise the long-term effectiveness of the 
geosphere barrier could be left unsealed if continued monitoring after closure were desired. 

As well, other non-invasive monitoring methods could continue at the site beyond the closure 
stage. These would include microseismic or acoustic-emission monitoring, or the measurement 
of the thermal expansion uplift of the rock mass directly overlying the disposal vault using high- 
precision levelling and surveying methods. If the longevity of remote telemetry instruments 
improved significantly by the time closure took place, monitoring using battery-operated wire- 
less instruments sealed in boreholes might be possible for some limited period of time following 
closure until the batteries failed. 

5.5.5 Monitoring the Vault 

The disposal vault would comprise all the engineered barriers within the excavated rock bound- 
ary and would include the containers, buffer, backfill, bulkheads, grouts, and other vault seals. 
During the construction and operation stages, monitoring would be designed to provide data to 
determine whether component performance was within the bounds predicted by detailed models 
of component behaviour. The information obtained would also be used to improve the models 
used to predict postclosure performance. 

The ability to monitor in actual disposal rooms would be limited because no methods could be 
used that had the potential to jeopardize the engineered barriers, for example by being attached to 
containers or having wires passing through seals. It might be possible to use miniaturized, 
battery-operated instruments that would transmit data by remote telemetry to monitor parameters 
such as temperature for a limited time until the batteries failed; however, we do not assume that 
such instruments would be available. We believe that the limitation on monitoring in disposal 
rooms would be better addressed by conducting component tests to gather performance data. 

Component testing would be done to measure the performance of elements of the disposal 
system. For example, the performance of the container, the vault seals, and the rock surrounding 
the excavations could be studied in underground test areas, where fully instrumented containers 
could be temporarily emplaced and monitored. In non-active test areas, which could be installed 
during the construction stage, heaters would be used to simulate the heat that would be produced 
by nuclear fuel waste. In active test areas, which could be installed during the operation stage, 
actual nuclear fuel waste would be used. 

Several important parameters could be monitored: temperatures of the containers, the vault seals, 
and the rock; pore-water pressures and swelling pressures in the buffer and backfill; transport of 
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non-radioactive tracers through the vault seals; and hydraulic conductivity of the buffer and 
backfill. 

Test areas could be re-excavated periodically. Containers could be examined for evidence of 
corrosion and material damage or failure. Buffer and backfill could be examined for changes in 
mineral composition, texture, and pore-water chemistry. Microbiological activity and the effects 
of this activity in the vault could be assessed. 

The initial data from non-active test areas would become available during the construction stage, 
thus allowing the disposal vault design to be modified if necessary before any waste was 
emplaced. Data obtained later (from both the non-active and active test areas) would be used to 
help decide when to decommission the disposal facility. Tests of the non-active type have been 
conducted at AECL’ s Underground Research Laboratory, and additional ones are planned 
(Simmons et al. 1992). 

At the beginning of the decommissioning stage, any containers of waste used in the active tests 
would be retrieved and examined, and the containers and waste would be disposed of in an actual 
disposal room in the vault. 

5.5.6 Monitoring Potentially Affected Communities 

MONITORING SOCIO-ECONOMIC CONDITIONS 

Potentially affected communities would be monitored so that changes in socio-economic condi- 
tions could be identified and managed. The socio-economic monitoring program would be based 
on the results of the socio-economic assessment (Section 5.7) and on any agreements with the 
communities (Section 5.8.1). 

Monitoring of the socio-economic conditions could involve collection of data on the social and 
cultural vitality, the economic viability, and the political efficacy of the community 
(Section 6.1 1, R-Preclosure). The appropriate indicators to be monitored would be identified in 
consultation with each potentially affected community. The baseline conditions would be deter- 
mined during the site evaluation substage as part of community characterization and would be 
used in developing the program to manage socio-economic effects (Section 5.8.8). 

MONITORING HUMAN HEALTH 

Programs to monitor the health of disposal facility and transportation workers would be estab- 
lished to ensure compliance with all applicable legislation. Such programs are described in 
Section 5.8.3, R-Facility, and R-Preclosure. 

The operational, effluent, and environmental monitoring (Section 5.5.3), in conjunction with the 
adoption of any remedial measures that may be required, would ensure that any contaminant 
releases would be well below limits in legislation, regulatory documents, and guidelines. 
Although epidemiological data could be collected for the population surrounding the disposal 
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facility, a population of 50 billion people would have to be studied to provide statistically 
defensible conclusions regarding serious health effects for exposures as low as 0.1 mSv (Health 
Physics Society 1988). Given that the estimated dose rates due to a disposal facility are even 
lower (less than 0.001 mSv/a; see Section 6.8), the entire Canadian population would not 
constitute a large enough sample to establish a statistically defensible link between cancer 
incidence and disposal operations. This suggests that epidemiological studies would not be an 
effective means of monitoring public health effects caused by a disposal facility. 

Nevertheless, consultation between the implementing organization and a potential host com- 
munity might indicate that such baseline health studies and subsequent monitoring activities 
were desired. If so, the nature of any monitoring of public health would be developed in con- 
sultation with the community. Participation in the monitoring would have to be voluntary on the 
part of individual members of the public. 

The levels of radiation that the local population might receive from natural sources could be 
estimated by performing surveys to measure background levels of radiation, examining environ- 
mental markers (such as trees, clams, or lake sediments), and measuring radon levels. To deter- 
mine the actual exposures of some individuals to radiation, dosimeters could be either worn by 
willing members of a community or placed in their homes. 

5.6 DESIGN OF THE DISPOSAL FACILITY 

5.6.1 Design Considerations 

If the disposal concept were implemented, site-specific designs would be developed for the 
disposal facility. The objectives of such designs would be 

to meet all applicable legislative requirements, including those for protection of human health 
and the natural environment; 
to keep any radiation doses as low as reasonably achievable, social and economic factors 
being taken into account, as proposed by the AECB (1986) (optimization); and 
to meet the requirements of the potential host community. 

During the siting stage, the data obtained from characterization and monitoring would be used in 
developing designs to meet the objectives listed above; the data and the designs would be used in 
assessing the environmental effects of implementing the designs (Section 5.7); and the designs 
would be modified, if necessary, on the basis of the assessment results. The designs would also 
be modified, if necessary, to meet any new requirements or to incorporate improvements in 
technology. This interactive, integrated process would lead to optimized designs that would be 
used to proceed with construction if the conditions previously negotiated with the potential host 
community were met (Section 5.1.3) and if the necessary approvals were obtained (Section 5.3). 

For activities in the preclosure phase, human factors engineering (the study of the interaction 
between people and their working environment) would be applied in the design process to reduce 
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the potential for human error, to reduce the potential consequences of such error, and to improve 
the safety, efficiency, and comfort of the work environment. This could apply, for example, to 
the design of equipment, procedures, the working environment, training programs, communi- 
cations procedures, and emergency planning. 

Factors such as hydrogeological conditions, in situ stress, seismicity, the effects of heat and 
excavation on the rock, thermal constraints, and the amount of waste requiring disposal would be 
taken into account in designing the disposal vault (Section 4.4.1). Design options such as vault 
capacity, disposal depth, extraction ratio, container emplacement method, container spacing, and 
excavation method would be determined on a site-specific basis (Section 4.4.2). 

As discussed in Chapter 4, each component of the postclosure disposal system (biosphere, 
geosphere, vault seals, container, and waste form) would play a role in achieving the long-term 
safety objectives. Design specifications would be established for individual system components. 
These specifications might be based on performance, fabrication, process, or operational 
requirements. 

The designs of the disposal facility and transportation system would include provisions for 
monitoring (Section 5.5) and for managing environmental effects (Section 5.8). 

In the stages following siting, the observational method (Section 5.6.2) would be applied to 
modify the vault design in response to new information obtained by characterization, monitoring, 
and assessment of environmental effects. 

5.6.2 The Observational Method 

The observational method is a systematic approach to problems encountered in engineering in 
the subsurface where "the results of computations [during design] are not more than working 
hypotheses, subject to confirmation or modification during construction" (Terzaghi 1945, quoted 
in Peck 1969). The application of the method, as summarized by Peck (1969), embodies the 

Exploration sufficient to establish at least the general nature, pattern and properties of 
the [rock], but not necessarily in detail. 

Assessment of the most probable conditions and the most unfavourable conceivable 
deviations from these conditions. In this assessment, geology often plays a major role. 

Establishment of the design based on a working hypothesis of behaviour anticipated 
under the most probable conditions. 

Selection of quantities to be observed as construction proceeds and calculation of their 
anticipated values on the basis of the working hypothesis. 

Calculation of values of the same quantities under the most unfavourable conditions 
compatible with the available data concerning the subsurface conditions. 

Selection in advance of a course of action or modification of design for every 
foreseeable significant deviation of the observational findings from those predicted on 
the basis of the working hypothesis. 
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(8) Measurement of quantities to be observed and evaluation of actual conditions. 

(h) Modification of design to suit actual conditions. 

Thus if the disposal concept were implemented, working hypotheses would be developed on the 
basis of available information to design the disposal vault and assess the performance of the 
disposal system. As implementation proceeded, new information would be obtained through 
characterization and monitoring (the observation of "quantities"), and the working hypotheses 
would be modified to incorporate the new information. The hypotheses would become 
increasingly robust as implementation proceeded, because they would be consistent with both the 
old and the new information. 

During the siting stage, characterization of the conditions at the site would include gathering data 
on the rock mass and groundwater systems at each area and site. However, before excavation it  
would not be possible to identify all the details of local variability important for site-specific 
design and assessment. This initial lack of detail about local variability within a rock mass is 
common in underground construction of such projects as underground powerhouses and storage 
chambers and rail and highway tunnels. Successful construction of such projects has been 
largely the result of a design approach that accommodates observations made as construction 
progresses, that is, a design approach based on the observational method. 

Acres International Limited (1993) concluded that an observational approach was a major con- 
tributor to success in the construction of the major underground civil engineering projects on the 
Canadian Shield. Most aspects of the observational method were demonstrated during the design 
and construction of the Underground Research Laboratory (Appendix J, Section 5.6). We con- 
sider the use of an observational approach to be essential for the design, construction, operation, 
decommissioning, and closure of a disposal vault. Iterative assessments of disposal system 
performance would be integrated with the design process as part of the approach (Sections 5.7 
and 7.15). 

5.7 ASSESSMENT OF ENVIRONMENTAL EFFECTS 

In this EIS, we use the term "assessment of environmental effects'' to mean a critical appraisal or 
evaluation of the environmental effects of a project with respect to environmental criteria, guide- 
lines, and standards, in order to provide a basis for deciding whether, and how, to proceed so as 
to prevent or minimize environmental degradation. The environmental effects of a project 
depend on the characteristics of the project, the characteristics of the environment, and the rela- 
tionship between the project and the environment. As defined in Section 1 S.3, the environment 
includes not only the natural environment, but also humans and the socio-economic environment. 

Any assessments performed to obtain approvals under specific environmental legislation would 
comply with all requirements of that legislation. 

During concept implementation, the assessment of environmental effects would entail estimating 
potential environmental effects, evaluating the significance of potential effects, and identifying 
potential measures for managing those effects. These activities are discussed briefly below and 
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in more detail by Beanlands and Duinker (1983, 1984) and in R-Preclosure, R-Postclosure, 
R-Vault, R-Geosphere, and R-Biosphere. 

During concept implementation, the potential effects of the disposal facility and the system for 
transporting nuclear fuel waste would be estimated on a site-specific basis by 

identifying an initial set of valued ecosystem components and community characteristics to 
provide a focus for subsequent activities; 

identifying indicators and criteria for evaluating the significance of effects on human health, 
on the valued ecosystem components, and on community characteristics; 

defining the temporal and spatial boundaries of the assessment (boundaries could be based on 
the political boundaries of the potentially affected area, on the temporal and spatial extent of 
the project, on the temporal and spatial scales over which natural systems operate (ecological 
boundaries), and on the limitations of the assessment methods); 

establishing baseline values of indicators for the phenomena of concern (Section 5.5. l), 
against which changes caused by the project could be estimated or measured; 

developing and implementing a strategy for estimating the interactions among the project, 
human health, valued ecosystem components, and community characteristics, in order to 
identify the potential effects of the proposed project; 

identifying the effects from past projects or the likely effects from future projects that had 
been approved, and estimating the interactions between the proposed project and the past and 
future projects, to identify the cumulative effects; and 

modifying the estimates, if necessary, as new information was obtained through 
characterization and monitoring. 

The views of potentially affected communities would be addressed when identifying valued 
ecosystem components and community characteristics; when identifying indicators and criteria 
for evaluating the significance of effects on human health, on valued ecosystem components, and 
on community characteristics; when defining the temporal and spatial boundaries of the assess- 
ment; and when establishing baseline values of indicators for community characteristics. 

Estimates of environmental effects would be based on knowledge of the processes involved, 
whether physical or social. A variety of assessment methods, including computer simulations, 
would be used. For this EIS, case studies were performed to estimate the environmental effects 
of both the preclosure and postclosure phases. The methods and results are summarized in 
Chapters 6 and 7 and are described in detail in R-Preclosure and R-Postclosure. 

The significance of a potential effect would depend on factors such as its magnitude, its proba- 
bility of occurrence, its geographical extent, its duration and frequency, the degree to which it is 
reversible or irreversible, the ecological context, and the level of scientific understanding. The 
significance of potential effects could be evaluated by comparisons with requirements in legis- 
lation, regulatory documents, and guidelines; by comparisons with natural background levels; by 
comparisons with industrial standards; and by consultation with the potentially affected 
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communities. As discussed in Section 5.8, a community would be entitled to receive 
compensation to offset adverse effects of the disposal facility that were not avoided or suffi- 
ciently mitigated. 

A wide range of measures is available for managing environmental effects, and the implementing 
organization would consult with potentially affected communities to select those that should be 
implemented (Section 5.8). 

To help identify a preferred candidate site, preclosure and postclosure assessments would be 
performed to determine potential environmental effects. For the preferred candidate site, 
additional preclosure and postclosure assessments would be conducted as the amount of 
information about the site increased. The results would be used to optimize the design of the 
disposal facility (Section 5.6.1) and to determine whether the site was acceptable. To obtain 
approval to construct a disposal facility, site-specific assessments would be required by the 
federal government or provincial government or both (Section 5.3). For the disposal site, 
additional postclosure assessments would be required, because new information would be 
obtained as disposal proceeded. The assessment results would be used to determine whether the 
design needed further modification and, eventually, to obtain permission to close the facility. 

5.8 MANAGEMENT OF' ENVIRONMENTAL EFFECTS 

5.8.1 Overview 

We use the term "environmental effect" to mean a change that the project may cause in the 
environment, whether adverse or beneficial. As defined in Section 1 S.3, the environment 
includes not only the natural environment, but also humans and the socio-economic environment. 

A program for managing environmental effects would be developed on the basis of the principles 
for concept implementation. Thus 

the program for managing environmental effects would be developed in consultation with the 
potentially affected communities, 
protection of human health and the natural environment would not be compromised, 

the preferred measures for managing adverse effects would be avoidance or mitigation, 

an affected community would be entitled to receive compensation to offset adverse effects of 
the disposal facility that were not avoided or sufficiently mitigated, and 
the host community would be entitled to a net benefit to ensure its betterment. 

A formal agreement regarding the management of environmental effects could be made, such as 
the one between Ontario Hydro and the Township of Atikokan for the construction of the 
Atikokan coal-fired generating station. The following are some of the features that could be 
included in such an agreement: 

descriptions of project characteristics, community characteristics, and the full range of 
potential effects and concerns; 
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. 

descriptions of the rights and duties of each party to the agreement; 

a commitment by the implementing organization to provide necessary project information, 
such as construction schedules, employment levels, and projections for the number of people 
who would move to the community; 

provisions for monitoring, including the variables to be monitored and the participation of the 
community; 

provisions for determining environmental effects and selecting measures to manage those 
effects; 

provisions for community liaison; 

an agreement regarding compensation for adverse effects of the disposal facility that were not 
avoided or sufficiently mitigated; 

a description of audit procedures; 

a process for dispute resolution; and 

allowances for extensions to the agreement. 

An agreement with a potential host community would include measures to ensure a net benefit. 

Management of environmental effects would include protecting public health and the natural 
environment (Section 5.8.2), protecting workers (Section 5.8.3), implementing quality assurance 
measures (Section 5.8.4), implementing security measures (Section 5.8.5), providing for the 
implementation of IAEA safeguards (Section 5.8.6), emergency response planning 
(Section 5.8.7), managing socio-economic effects (Section 5.8.8), and making provisions for 
retrieval of emplaced waste (Section 5.8.9). These activities would be the responsibility of the 
implementing organization. The management of environmental effects could also include 
maintaining postclosure institutional controls (Section 5.8.10). These measures are discussed in 
the following sections and in more detail in R-Preclosure and R-Facility. In discussing pro- 
tection of human health, we distinguish between protecting the health of the public and 
protecting the health of workers. 

5.8.2 Protection of Public Health and the Natural Environment 

The implementing organization would be responsible for protecting public health and the natural 
environment against the potential effects of nuclear fuel waste disposal. It would develop an 
environmental policy, such as the ones developed by AECL (1 993) and Ontario Hydro (1984), 
for example. 

The implementing organization would comply with all applicable environmental legislation. 
Examples of federal and provincial legislation that might relate to protection of the public and 
the natural environment are described in Appendix B. In addition, adverse effects on the 
environment would be kept as low as reasonably achievable, social and economic factors being 
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taken into account. The implementing organization would consult with potentially affected 
communities regarding appropriate criteria, guidelines, and standards. 

Environmental protection measures would be implemented during every stage of concept 
implementation. Examples are discussed briefly below; details are given in R-Facility and 
R-Preclosure. 

ENVIRONMENTAL PROTECTION MEASURES FOR THE DISPOSAL FACILITY 

The Atomic Energy Control Regulations (AECB 1974) require the operator of a nuclear facility 
to take all reasonable precautions to protect persons and property from injury and damage, to 
take all reasonable precautions to prevent an escape of radioactive material from the premises, 
and in the event of such an escape, to provide adequate warning to any person who may 
reasonably be affected by such an escape. 

Systems that could be used to limit the release of contaminants to the environment are discussed 
in R-Facility. A protected area bounded by a fence or other barrier would likely be required for 
security (Section 5.8.5). The protected area would likely be surrounded by an area controlled by 
the implementing organization. Potential exposure of the public to radiation would be limited by 
controlling access to the protected area of the disposal facility and preventing habitation near the 
facility. The Atomic Energy Control Regulations (Appendix B) specify limits on radiation doses 
to the public. Those limits would be used to derive release limits for radionuclides, and emis- 
sions would be monitored. 

Adverse effects on endangered, threatened, or rare species could be limited by avoiding their 
habitat and possibly by relocating species to an off-site or protected on-site area. An endangered 
species is an indigenous species of flora or fauna that is threatened with extinction by reason of 
the destruction, drastic modification, or severe curtailment of its habitat; over-exploitation; 
disease; predacity; the use of chemicals; or any other factor considered relevant (Ontario 
Endangered Species Act (Appendix B)). A threatened species is any indigenous species of fauna 
or flora that is likely to become endangered in Canada if the factors affecting its vulnerability do 
not become reversed (Cook and Muir 1984). A rare species is any indigenous species of fauna or 
flora that, because of its biological characteristics, or because it occurs at the fringe of its range, 
or for some other reason, exists in low numbers or in very restricted areas of Canada but is not a 
threatened species (Cook and Muir 1984). 

During the siting stage, the natural environment could be protected by measures such as mini- 
mizing the clearing of vegetation and reclaiming as much land as possible when digging 
trenches. During the construction stage, protective measures could include minimizing the clear- 
ing of vegetation, especially near shorelines, and protecting against forest fires. 

Systems would be designed to control and manage the waterborne, airborne, solid, and liquid 
wastes generated during disposal operations (secondary wastes, as distinct from the primary 
waste shipped lo the facility for disposal). For example, the disposal facility would have 
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filtration systems to treat air discharges and settling ponds to reduce the particulate content of 
waste water; sewage water would be treated and hazardous liquid wastes would be collected in 
approved containers. 

During decommissioning, secondary wastes would be classified and separated for economic and 
safe disposal. Radioactive waste would be disposed of in a facility approved for disposal of such 
waste, either on site or off site. An inventory of chemicals and fuels on site would be prepared to 
identify hazards and determine the potential for recycling. The excavated rock not used for vault 
seals could be used for local needs, such as road construction. 

Emissions and environmental conditions would be monitored to collect data on the performance 
of environmental protection systems. The ongoing information would be used to determine 
compliance with environmental criteria, guidelines, and standards and the need for remedial 
measures. The emission data would be documented and reported to the regulatory authorities 
and the host community. Environmental monitoring would also be conducted to assess the 
effects of the disposal activities and to assess the effects of the disposal vault on the rock mass 
and groundwater systems. Monitoring is discussed in Section 5.5. 

Inspections and audits of the disposal facility would be performed by the appropriate regulatory 
authorities, and, if desired, by the host community. The implementing organization would con- 
duct periodic audits of its environmental protection systems, implementing remedial actions 
where necessary. In addition, it would have to address environmental protection issues identified 
by external audits done by regulatory authorities. 

ENVIRONMENTAL PROTECTION MEASURES FOR TRANSPORTATION OF NUCLEAR 
FUEL WASTE 

Prior to leaving the storage facility, the cask used to transport the nuclear fuel waste to the 
disposal facility would be monitored for contamination and clearly labelled with cards on which 
the contents and activity levels were recorded. The truck, railcars, or barge used to transport the 
casks would also display placards, as required by the Transportation of Dangerous Goods 
Regulations (Appendix B) and the Transport Packaging of Radioactive Materials Regulations 
(Appendix B). The transportation schedule would allow for maintenance of vehicles and equip- 
ment and for weather conditions that made it unsafe to travel. The service life of casks and 
transporters would be limited to avoid significant degradation of performance. The equipment 
for noise and pollution control would be maintained and monitored to help ensure that criteria, 
guidelines, and standards were met. 

Used fuel and other radioactive materials have been transported safely in Canada since the late 
1940s (R-Preclosure). Ontario Hydro has made over 22 000 shipments of radioactive materials 
by road from its nuclear generating stations to facilities licensed by the AECB, where they are 
stored, analyzed, tested, or used for medical or industrial purposes. These radioactive materials 
have been transported over a total distance of more than 4 million kilometres. There have been 
only three transportation accidents, none of which resulted in any fatalities or any release of 
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radioactive materials to the environment. The safety measures taken, which would be similar for 
large-scale transportation of nuclear fuel waste, include 

. 
developing an emergency response plan (Section 5.8.7); 

emergency response drills and exercises that simulate a radioactive materials transportation 
accident; 

training of personnel in legislative requirements, radiological protection, and safety 
procedures; 

monitoring doses to personnel to keep doses as low as reasonably achievable; 

packaging the radioactive materials for transport as specified by regulations; 

inspecting and maintaining transport packaging, trailers, and vehicles in accordance with 
licensing requirements; 

distributing information on the transportation of radioactive materials to communities along 
major transportation routes; 

providing cellular telephones, regional radios, and CB radios in transportation vehicles; 

displaying an emergency telephone number on shipping documentation; and 

recording all radioactive materials shipments in a central log. 

5.8.3 Protection of Workers 

As an employer, the implementing organization would be responsible for ensuring that every 
reasonable precaution was taken to protect employees from occupational disease or injury. The 
implementing organization would comply with all applicable legislation. Examples of federal 
and provincial legislation that might relate to protection of workers from workplace hazards are 
described in Appendix B, and a few are discussed below. 

The Canada Labour Code (Appendix B) specifies duties of employers and duties and rights of 
employees with respect to health and safety. It requires the employer to establish a health and 
safety committee on which at least half the members are employees. The Ontario Occupational 
Health and Safety Act (Appendix B) encourages the employer to establish an occupational health 
and safety policy. Typically, supervisors are responsible for ensuring that machinery and equip- 
ment are safe and that employees observe safe work practices and procedures (Ontario Ministry 
of Labour 1990), and employees are responsible for observing safe work practices and pro- 
cedures (Canada Labour Code (Appendix B), Ontario Ministry of Labour 1990). 

The Atomic Energy Control Regulations (Appendix B) require the operator of a nuclear facility 
to take all reasonable precautions to protect persons and property from injury and damage; to 
provide necessary devices for detecting and measuring radiation at the facility; and to provide 
such devices, articles of clothing, and equipment as are necessary for the protection of any person 
at the nuclear facility. A worker at the facility is required to take all reasonable and necessary 
precautions to ensure his own safety and the safety of his fellow employees, and to use the 
devices, wear the clothing, and use the equipment provided for his protection. 
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Occupational protection measures would be implemented during every stage of concept 
implementation. Examples are discussed briefly below; details are given in R-Facility and 
R-Preclosure. 

OCCUPATIONAL PROTECTION MEASURES FOR THE DISPOSAL FACILITY 

Prior to the start of any work, a safety program would be developed, and on an ongoing basis, all 
workers, including contractors, would be trained in its application. Joint management-employee 
safety committees would be formed. Hazardous and potentially hazardous activities and areas 
would be identified. Safety procedures would be developed and documented in manuals for use 
by workers. Safety audits would be conducted on a regular basis. A system for reporting, inves- 
tigating, and responding to accidents would be developed. 

All employees would receive radiological protection training, based on current practice at 
Canadian nuclear facilities such as those operated by Ontario Hydro and AECL. Any workers 
exposed to hazardous materials on the job would receive training in the labelling and handling of 
hazardous materials. Workers would also be trained in emergency response procedures 
(Section 5.8.7). Designated groups of workers would be assigned specific responsibilities for 
radiological protection; industrial safety; fire protection; underground rescue; emergency 
response; and medical, first aid, and ambulance services. 

The Atomic Energy Control Regulations (Appendix B) specify limits on doses to atomic radia- 
tion workers. Those limits would be used to derive administrative levels for personal exposure, 
and workers would wear radiation monitors. Any exposure above the administrative levels 
would be investigated to determine the cause. The disposal facility design and procedures would 
be developed to keep radiation exposures to workers as low as reasonably achievable, social and 
economic factors being taken into account. Occupational protection practices at existing nuclear 
facilities would be adapted as appropriate. For example, any handling of unshielded nuclear fuel 
waste would be done in shielded facilities by robotic or remote-handling tools. Monitoring and 
administrative measures would be used to prevent doses to workers from exceeding the AECB 
limits and to keep such doses as low as reasonably achievable, social and economic factors being 
taken into account. 

As is currently done at nuclear facilities, the disposal facility would be divided into radiation 
zones according to the internal and external radiation hazard to workers, and access to the zones 
would be restricted. At points of entry and exit there would be signs and radiation monitors. The 
most hazardous zones would have physical barriers and special operating procedures. Ventila- 
tion systems would ensure that air flowed from areas of lower potential contamination to areas of 
higher potential contamination. 

In the disposal vault, excavation activities would be kept separate from waste emplacement 
activities to minimize the working time spent near the waste. Vault ventilation and drainage 
systems would first flow through areas without emplaced waste. AECB inspectors would inspect 
the disposal facility to ensure compliance with the Atomic Energy Control Regulations. 
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Practices for underground safety could be based on those recommended by groups such as the 
Ontario Natural Resources Safety Association (R-Facility). Ground control measures, such as 
the use of rock bolts and wire mesh, would be used where necessary to prevent rock from falling 
from the ceilings of rooms and tunnels in the vault. Ventilation systems would be designed to 
control concentrations of airborne toxic materials, such as hazardous dust, radon, and fumes from 
internal combustion engines. Measures similar to those currently in use in industry would be 
used to control noise and protect hearing. Inspections of the disposal facility would be per- 
formed by the appropriate regulatory agencies. 

OCCUPATIONAL PROTECTION MEASURES FOR THE TRANSPORTATION OF 
NUCLEAR FUEL WASTE 

The cask used to transport nuclear fuel waste from storage facilities to a disposal facility would 
have to provide sufficient shielding to limit radiation doses and would also have to be able to 
withstand severe weather and accident conditions. The cask would be designed and handling 
procedures would be developed to keep radiation exposures to workers as low as reasonably 
achievable, social and economic factors being taken into account. For example, used fuel in a 
storage pool at the nuclear generating station could be loaded into the transportation cask under 
water to limit the exposure of workers. Doses to workers would be prevented from exceeding the 
AECB limits by the use of radiation monitors and administrative measures. 

Design features and operating procedures would be developed to reduce hazards to transportation 
workers. For example, measures would be taken to avoid accidents such as dropping a cask, 
accidentally removing the lid from a full cask, or dropping the lid. In the case of rail transport, 
worker exposure to noise could be limited by using a rail power truck rather than a locomotive to 
move railcars near the storage pools at the generating station. Hazards to workers could also be 
reduced by the use of direct transport routes and dedicated vehicles and drivers. 

Workers would be trained in the procedures to be followed under both normal and accident con- 
ditions. A system for reporting, investigating, and responding to accidents would be developed. 

5.8.4 Quality Assurance 

A quality assurance program would be developed and applied to all safety-related items and 
activities, as required by the AECB (Appendix B, Section B.2.8). Within the overall quality 
assurance program, the AECB requires a detailed program for each of the following stages, 
substages, and activities: site evaluation, design, procurement, manufacture, construction and 
installation, commissioning, operation, and decommissioning. For each of these, the detailed 
quality assurance program would have to be reviewed and accepted by the AECB staff before 
any related activities having a bearing on safety could be undertaken. 

For each detailed program, a quality assurance manual would document the overall requirements, 
which would include defining the organization of the implementing organization; establishing 
responsibilities and capabilities of personnel; planning, controlling, and verifying work; 
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preparing and maintaining documents; keeping records; identifying and correcting noncon- 
formances; and assessing the program through audits and program reviews. Quality assurance 
plans would describe the appropriate application of these requirements to specific projects. 
Written procedures, work instructions, and checklists would be prepared to describe and specify 
administrative and technical work methods. Records would be kept to provide objective 
evidence of compliance with quality assurance program requirements and to allow the 
reconstruction of work history and decision making in a logical time sequence. 

Standards developed by the Canadian Standards Association for nuclear generating stations 
would be cited and applied where appropriate. Such standards apply to design (CSA 1986a), 
procurement (CSA 1984), construction and installation (CSA 1983), commissioning (CSA 
1986b), operation (CSA 1987), and overall quality assurance programs (CSA 1992). However, 
some existing standards are not appropriate for vault design and excavation, which would utilize 
the observational approach (Section 5.6.2). They would also be inadequate or inappropriate for 
activities such as characterization, monitoring, and assessment of environmental effects. Such 
standards should be modified to be more appropriate for a nuclear fuel waste disposal vault. For 
these activities, a research-and-development-oriented quality assurance program would be 
developed and applied in a graded, adaptive manner. AECL has developed such a program 
(Cooper et al. 1990) and applied it at AECL’s Underground Research Laboratory (Dormuth and 
Simmons 1992). 

5.8.5 Security 

SECURITY AT A DISPOSAL FACILITY 

The IAEA (1989b) has recommended physical security measures for nuclear facilities to protect 
against theft of nuclear materials or sabotage that could endanger public health. In Canada, the 
AECB would specify the physical security measures that would be required at a disposal facility, 
as it  does for other nuclear facilities, such as nuclear generating stations. These measures could 
be based on the IAEA recommendations and be similar to those currently required by the AECB 
in its Physical Security Regulations (Appendix B). Security measures include barriers around 
specified areas, surveillance, and use of trained security guards. 

SECURITY FOR TRANSPORTATION OF NUCLEAR FUEL WASTE 

The IAEA (1989b) has recommended physical security measures for transportation to protect 
against theft of nuclear materials or sabotage that could endanger public health. In Canada, the 
AECB would specify the physical security measures that would be required to transport nuclear 
fuel waste to a disposal facility. These measures could be based on the IAEA recommendations 
and might include 

security screening of staff associated with these shipments; 

advising police, fire, health, and transportation regulatory authorities before each shipment; 

preparing, periodically updating, and testing emergency response plans; 
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training drivers/guards respecting emergency measures; 

obtaining, training, and testing emergency response forces along the transportation route; 

equipping the transportation vehicle with radio equipment for communications as described 
below and with equipment to immobilize the vehicle if required; 
fastening a fire-resistant identification plate on each transportation cask; 

maintaining communications between drivedguards, personnel at the shipping and receiving 
facilities, and emergency response forces during transportation; and 
minimizing the possibility of theft or sabotage during transport (for example, by route 
selection). 

5.8.6 IAEA Safeguards for Non-Proliferation of Nuclear Weapons 

IAEA SAFEGUARDS AT A DISPOSAL FACILITY 

As discussed in Section 2.2.6, safeguards are measures for "the timely detection of diversion of 
significant quantities of nuclear material from peaceful nuclear activities to the manufacture of 
nuclear weapons or of other nuclear explosive devices or for purposes unknown, and deterrence 
of such diversion by the risk of early detection" (IAEA 1971). Canada, as a signatory of the 
Treaty on the Non-Proliferation of Nuclear Weapons (IAEA 1970), has agreed that all nuclear 
material in existing Canadian facilities for peaceful nuclear activities is subject to MEA safe- 
guards. Canada has also signed an agreement regarding the application of those safeguards 
(IAEA 1972). The administration of this agreement by the AECB and the main elements of 
current safeguards at Canadian nuclear facilities are described in Section 2.2.6. 

The continuity of safeguards for a nuclear fuel waste disposal facility would depend on the 
ability to detect activities that could lead to diversion of the nuclear material. Although the 
IAEA has not yet developed a model safeguards approach specifically applicable to a disposal 
facility, it has initiated a program to do so. As provided by the IAEA (1972), the design of a 
disposal facility would be reviewed by the IAEA in consultation with the AECB to determine if 
this design would accommodate the application of effective safeguards and, if necessary, agree 
on design changes that would achieve this aim. The IAEA and the AECB would agree on how 
safeguards would be applied at the disposal facility, and safeguards requirements would be part 
of the licences issued by the AECB for the construction and operation of the facility. The IAEA 
would verify compliance by applying agreed safeguards measures, in particular by inspection. 

SAFEGUARDS FOR TRANSPORTATION OF NUCLEAR FUEL WASTE 

The safeguards applied to transporting nuclear fuel waste to a disposal facility would probably be 
similar to those currently used when transporting used fuel. They would conform to IAEA 
requirements for safeguards (IAEA 1971) and to the agreement between Canada and the IAEA 
regarding the application of those safeguards (IAEA 1972). They would also conform to 
reporting requirements stipulated by the AECB (1 988). 
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Currently, Canadian nuclear utilities and other organizations involved in transporting used fuel 
provide for the implementation of IAEA safeguards by 

providing information about the design, fabrication, and operation of the transportation cask 
and system to the AECB and IAEA for review and verification; 
maintaining records of inventories and transfer of used fuel, for inspection by the IAEA; 

submitting reports notifying the AECB and IAEA when used fuel is being transported and 
describing the used fuel; and 
providing access and support to IAEA personnel for performing their inspections and 
servicing their safeguards systems and equipment. 

Currently, the IAEA implements the following safeguards for the transportation of used fuel: 
verifying the design of the transportation cask and system; 

accounting for safeguarded nuclear material, which may involve inspecting records at the 
shipping and receiving facilities and verifying that the specified used-fuel bundles are shipped 
and received; and 
monitoring the loading of used fuel at the shipping facility by optical surveillance, attaching 
safeguards seals to the transportation cask prior to shipping, and inspecting the cask and seals 
at the receiving facility prior to unloading the used fuel to ensure that bundles have not been 
removed during transportation. 

5.8.7 Emergency Response 

EMERGENCY RESPONSE PLAN FOR A DISPOSAL FACILITY 

The AECB's Atomic Energy Control Regulations (Appendix B) require that an application for an 
operating licence include a description of the measures to be taken to control hazards in the event 
of an accident. 

The Ontario Nuclear Emergency Plan (Appendix B) specifies the responsibilities of the operator 
of a nuclear facility in Ontario. These include 

providing dedicated communication links, radiological monitoring, on-site meteorological 
measurements, and emission assessment; 
considering potential off-site effects of nuclear emergencies and the techniques, procedures, 
and measures required to deal with them; 

assisting the province and municipalities in planning, preparing, and maintaining procedures 
for dealing with emergencies, and implementing a public education program for surrounding 
communities; and 

participating in practice drills. 
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Provincial governments have jurisdiction over and responsibility for off-site contingency plan- 
ning for nuclear emergencies within the province. If a nuclear emergency occurred, control of 
off-site operations would rest with provincial emergency authorities. The Ontario Nuclear 
Emergency Plan specifies the responsibilities of the province and of any municipality that is in 
the vicinity of a nuclear facility and that has been designated under the Ontario Emergency Plans 
Act (Appendix B) as one that shall have a nuclear emergency plan. 

The Federal Nuclear Emergency Response Plan (Appendix B) establishes the federal response to 
nuclear emergencies when federal assistance is requested by a province, when more than one 
province may be affected, or when a nuclear emergency originating in Canada may affect other 
countries. 

The implementing organization would develop an emergency response plan to deal with potential 
radiological and non-radiological emergencies at the disposal facility. It would be developed 
within the municipal, provincial, and federal emergency response infrastructures, in co-operation 
with the host community and appropriate authorities. 

Potential accidents would be identified, such as worker injury under normal conditions, fire 
within or outside the disposal facility, and loss of shielding or containment of radioactive 
material (whether due to human error, sabotage, equipment failure, or natural events). For each 
possible accident, the response of workers and local support services would be planned. 

Emergency response teams would be established whose members would receive emergency 
response training in their respective role in the plan. In addition, general emergency response 
training would be provided to the other workers. Local support services would be enhanced if 
necessary. The plan would include provisions for underground rescue and notification of 
authorities off site. Typical levels of responsibility for emergency response are described in 
R-Preclosure. 

EMERGENCY RESPONSE PLAN FOR TRANSPORTATION OF NUCLEAR FUEL WASTE 

The Transportation of Dangerous Goods Regulations (Appendix B) require the development of 
an emergency response plan to 

identify hazards associated with the transportation of the waste materials; 

identify means of dealing with the hazards, whether to people or the natural environment, and 
indicate ways of containing and cleaning up any release; 

identify the emergency response resources, which might be provided by the implementing 
organization, the community, or a contractor; 

provide a technical advisor to handle all informational aspects of an accident; 

provide specialized equipment and materials required to respond to an accident; 

provide assistance in training those who would respond to an accident along the transportation 
routes; 

facilitate co-operation with government or other agencies at the accident scene; and 
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provide for evaluation, with appropriate authorities, of the need for immediate and short-term 
assistance for persons who are evacuated because of a transportation accident. 

For organizations with over 50 employees, the Transportation of Dangerous Goods Regulations 
require practice drills once a year. 

The organization(s) responsible for transportation would develop an emergency response plan to 
deal with potential radiological and non-radiological emergencies along the transportation route. 
The plan would be developed in consultation with the local emergency response authorities along 
the route. 

An emergency response team would be established to assist in emergency rescue and first aid, to 
minimize radiation exposure, to minimize the spread of contaminants, to decontaminate people 
and equipment, and to provide information about the emergency. 

For transportation of radioactive materials by road, Ontario Hydro has an emergency response 
plan that specifies the responsibilities of local police, fire, and ambulance agencies, and of an 
emergency response team from Ontario Hydro (Karmali 199 1). Ontario Hydro provides these 
agencies with emergency response training on several topics, including shipping routes, con- 
tainers and contents, types of accidents, types of radiation, and actions of first responders. 
Emergency drills with local agencies are held on a regular basis. 

Emergency response for transportation of nuclear fuel waste by road, rail, and water is described 
in R-Preclosure. 

5.8.8 Management of Socio-Economic Effects 

Socio-economic effects would be managed by avoiding and mitigating adverse effects, compen- 
sating for adverse effects of the disposal facility that were not avoided or sufficiently mitigated, 
and ensuring a net benefit to the host community. Measures to manage socio-economic effects 
could include 

establishing effective and ongoing communication with the community; 

providing transportation and temporary accommodations for workers; 

developing community housing; 

isolating the disposal facility to avoid nuisance effects such as dust, noise, and visual 
intrusion; 

restricting facility traffic to designated access routes; 

avoiding valued environmental components (Section 4.2.10); 

providing employee support services; 

negotiating co-use of land, such as for fishing and trapping; 

providing assistance to the local community for planning and administration; 
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providing training for specialized emergency response personnel; 

developing a property value protection program to compensate for property devaluation; 

restoring damaged infrastructure such as roads; 

providing in-kind replacement; 

providing direct financial compensation; 

giving preference to local suppliers when purchasing materials and services; 

giving preference to local people when hiring and training; 

providing investment to support economic development projects, such as industrial parks; 

providing services and facilities, such as a research centre, library, or recreation centre; 

enhancing the natural environment, such as stocking lakes with fish; and 

making provisions for joint planning and issues resolution in an agreement for managing 
environmental effects. 

These types of measures have been used for many projects in the past, as illustrated by the 
following examples: 

At the Point Lepreau nuclear generating station in New Brunswick, New Brunswick Power 
has made it a policy to train residents of New Brunswick to enable them to take advantage of 
employment opportunities at Lepreau (Washburn & Gillis Associates Ltd. 1993). 
At uranium mines in northern Saskatchewan, preference is given to northerners when hiring 
employees and contractors. At the Rabbit Lake uranium mine, Gulf Minerals Canada Ltd. 
voluntarily established the policy of giving first priority to applicants from the region’s 
communities. It also established a fly-in commute system that permitted employment without 
relocation. The subsequent owner, Eldorado Ltd., supported pre-employment trades training 
to enhance northern participation. The current owner, Cameco Corporation, has outlined 
programs for awards, scholarships, summer employment, and training, all designed to increase 
northern participation. In addition, it supports community activities, such as fund raising 
projects, hockey schools, cross country skiing, northern games, school tours at its mines, and 
school tours to other destinations (INTERTEC Resource Consultants 1993). 
At the Alberta Special Waste Treatment Centre near the town of Swan Hills, Chem-Security 
(Alberta) Ltd. gives preference to residents of Swan Hills, then regional residents, and then 
other Albertans when hiring. When purchasing materials or services, the company’s first 
inquiry is to suppliers in Swan Hills, then in the region, then in major centres in Alberta, then 
in other locations in Canada, and then outside Canada. Money has been contributed to the 
community through donations, scholarships, and funds for the construction of the golf course, 
and 400 trees were planted in the town (Maureen Payne and Associates 1993). 

Management of socio-economic effects is also discussed briefly in Sections 6.1 1 and 6.12 and in 
more detail in R-Preclosure, in the context of discussing the potential socio-economic effects of 
disposal. 
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5.8.9 Waste Retrieval 

The AECB (1985) requires that the waste be retrievable during the operation stage. In addition, 
small amounts of waste might be temporarily emplaced in one or more special test areas in the 
vault, from which it would later be retrieved for examination and disposal (Section 5.5.5). 

Should retrieval from a sealed disposal room be necessary during the operation stage, the ma- 
terials sealing the room entrance would be removed. The retrieval procedure within the room 
would depend on the type of disposal container and emplacement method. In the case of in-room 
emplacement, the buffer, backfill, and containers could be removed with shielded equipment by 
advancing from the room entrance. If the waste were emplaced in boreholes, the sealing ma- 
terials in the room would be removed first. Then the containers would be removed by drilling 
around them (overcoring) from a shielded platform. For either emplacement option, allowances 
would be made for the weight of the container and the possibility of container damage. A 
design-specific description of retrieval during the operation stage is given in R-Facility. 

After decommissioning, retrieval would be more complex and expensive. New shafts would be 
excavated or the sealed shafts would be reopened. The access tunnels would be re-excavated and 
utilities, services, and operating systems would be installed. Shielded cells would be constructed 
underground, to be used to prepare retrieved containers for their return to the surface. Rooms 
would be excavated for the disposal of vault sealing materials that would be removed from the 
disposal rooms (that is, the materials in the buffer, backfill, and concrete bulkheads). Thereafter, 
retrieval from the sealed disposal room would proceed as discussed above. 

For any retrieval operation, IAEA safeguards would have to be developed and applied. 
Procedures would require the approval of the AECB. 

Although the equipment necessary for retrieval has not been built and demonstrated, our judge- 
ment is that all necessary operations are feasible with current or readily achievable technology 
and could be carried out safely. 

5.8.10 Postclosure Institutional Controls 

Although the AECB (1 987a) requires that disposal options should, to the extent reasonably 
achievable, not rely on long-term institutional controls as a necessary safety feature, the regula- 
tory document also states that this requirement 

. . . is not meant to imply that means to preserve the identity and location of waste disposal 
facilities or to monitor their performance should not be attempted. It is expected that records 
will be kept and that in some cases monitoring will be carried out, but, where reasonably 
possible, safety should not rely on these measures. 

To ensure the maximum capability of future generations to maintain institutional controls, 
information about the location, design, and contents of a disposal vault should be maintained as 
long as institutions are capable of doing so. To protect against loss of knowledge about nuclear 
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fuel waste disposal sites, the international nuclear community is studying methods of 
communicating information over extremely long periods of time, such as archives (Jensen 1993) 
and on-site markers (Ast et al. 1993). Canada participates in these studies, and the implementing 
organization would consider any recommendations developed internationally. 

One way to protect a disposal vault following closure would be to establish a park or wildlife 
preserve on the site. Thus the use of the land would be controlled as specified in the applicable 
legislation, such as the National Parks Act (Appendix B) or the Canada Wildlife Act 
(Appendix B). 

IMPLEMENTATION OF THE DISPOSAL CONCEPT 



-201 - 

6. PRECLOSURE DISPOSAL SYSTEM AND ASSESSMENT 

In this chapter we discuss the assessment, conducted by Ontario Hydro, of the potential envi- 
ronmental effects of used-fuel disposal during the preclosure phase (R-Preclosure). We begin by 
describing the non-site-specific "case study'' approach taken to perform the preclosure 
assessment, because no specific disposal facility design, disposal site, transportation system, or 
transportation route are being proposed at this time. The objectives of the assessment are listed, 
as are the standards used to indicate the significance of estimated environmental effects of 
disposal. 

We  provide a brief description of the hypothetical disposal system specified for the preclosure 
assessment. In particular, we describe the characteristics specified for the waste form, disposal 
container, disposal facility, and transportation systems, as well as the use of environmental data 
ji-om the Ontario portion of the Canadian Shield. Details about the waste form and disposal 
container specified for this case study are given in R-Barriers; details about the disposal facility 
are given in R-Facility; and details about the transportation systems and environment are given 
in R-Preclosure. 

We  describe the potential efsects of the hypothetical disposal facility and transportation systems 
on human health (including radiological and non-radiological effects on workers and the 
public); on the natural environment (including changes in air and water quality, flora and fauna, 
and land and resource use); and on the socio-economic environment (including socio-economic 
efsects at the community and regional levels and economic effects at the provincial and national 
levels). The potential effects under both normal and accident conditions are described, and 
measures that could be used to avoid, mitigate, or compensate for adverse effects are identified. 

6.1 OBJECTIVES AND GENERAL APPROACH 

The preclosure phase would comprise the siting, construction, operation, decommissioning, and 
closure stages of a disposal facility as well as any extended monitoring stages. Transportation of 
nuclear fuel waste from storage facilities to the disposal facility would occur during the operation 
stage. 

In order to assess the potential effects of disposal, Ontario Hydro considered the entire preclosure 
disposal system, which would include a disposal facility (including the activities at the disposal 
facility), a system for transporting nuclear fuel waste from storage facilities to the disposal 
facility (including the transportation activities), and the environment of the disposal facility and 
transportation system. As defined in Section 1 S . 3 ,  the environment includes humans and the 
socio-economic environment as well as the natural environment. 

During implementation of the disposal concept, potential environmental effects would be 
assessed for a proposed facility, site, transportation system, and route. At this time, however, no 
specific facility design, site, transportation system, or route is being proposed. Ontario Hydro 
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has therefore performed a preclosure assessment case study by assessing a hypothetical pre- 
closure disposal system (Section 6.2), which for brevity is referred to in this EIS as the 
PREdisposal-system. The superscript "PPRE" is used to designate the hypothetical disposal system 
specified for the preclosure assessment case study, including the components and other features 
of the system. For example, the disposal container specified for the preclosure assessment case 
study is referred to as the PREdisposal-container. When the meaning is clear from the context, the 
superscript may be eliminated. 

The objectives of the preclosure assessment case study were 
to identify the potential effects of the disposal facility and the transportation system during the 
preclosure phase; 
to indicate the significance of potential effects, to the extent possible without the identification 
of a disposal site and the participation of potentially affected communities; 

to identify practical measures that could be used to avoid or mitigate adverse effects of 
nuclear fuel waste disposal; and 
to suggest guidelines and analytical methods that could be used in a site-specific assessment. 

In this EIS, we use the term "environmental effect" to mean a change that the project may cause 
in the environment, whether adverse or beneficial. For the PREdisposal-system, a broad scope of 
potential environmental effects was assessed: 

employment (Section 6.3); 

resource requirements (Section 6.4); 
costs and economic effects (Section 6.5); 

effects on human health and the natural environment under both normal and accident condi- 
tions during the siting stage (Section 6.6), the construction stage (Section 6.7), the operation 
stage (effects due to both the PREdisposal-facility (Section 6.8) and the transportation of 
nuclear fuel waste to the PREdisposal-facility (Section 6.9)), and the decommissioning stage 
(Section 6.10); and 

socio-economic effects on communities and regions (Section 6.1 1). 

The significance of the estimated effects is indicated in several ways: 

The estimated effects on employment are compared with the total annual employment in 
Ontario (Section 6.3). 
The estimated resource requirements are compared with reserves, which are mineral deposits 
that are recoverable with existing technology and under present economic conditions 
(Section 6.4). 
The estimated contribution to the gross domestic product (GDP) is compared with the total 
annual GDP for Ontario (Section 6.5). 
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The estimated dose rate to a member of the public under normal conditions is compared with 
the current AECB limit of 5 mSv/a, the proposed limit of 1 mSv/a, and the dose rate of about 
3 mSv/a from natural background radiation (Sections 6.8 and 6.9). 

The estimated dose to a member of the public under accident conditions is compared with the 
Protective Action Levels specified in the Ontario Nuclear Emergency Plan and in ICFW 
recommendations to determine which, if any, protective measures would be required 
(Sections 6.8 and 6.9). 

The estimated dose rate to an atomic radiation worker under normal conditions is compared 
with the current AECB limit of 50 mSv/a and the proposed limit of 20 mSv/a (Sections 6.8, 
6.9, and 6.10). 

The estimated dose to an atomic radiation worker under accident conditions is compared with 
the dose of 1000 mSv at which serious deterministic health effects may occur (Sections 6.8 
and 6.9). 

The estimated dose rate to non-human biota is compared with the lower end of the range of 
background dose rate (1 mGy/a), which is below dose rates known to cause harm 
(Sections 6.8 and 6.9). 

The estimated increases in concentration of chemically toxic elements are compared with 
background concentrations and regulatory limits (Section 6.8). 

Because the significance of potential socio-economic effects must be determined by those who 
would be affected, the significance could not be determined during the case study because it is 
not known which communities might be affected. The socio-economic assessment was limited 
to identifying a broad range of potential effects and potential measures for managing those 
effects (Sections 6.11 and 6.12). 

Ontario Hydro also examined how sensitive the estimated effects are to changes in the factors 
considered and the assumptions made (Section 6.13). 

Details of the preclosure assessment are given in R-Preclosure. 

6.2 DISPOSAL SYSTEM SPECIFIED FOR THE PRECLOSURE ASSESSMENT 
CASE STUDY 

6.2.1 Waste Form and Vault Capacity 

The waste form specified for the preclosure assessment case study is the used-fuel bundle 
described in Section 2.1.5 and shown in Figure 2-1 (p. 17). The used-fuel bundle contains both 
radionuclides (Appendix F) and chemically toxic elements (Section 6.8) whose effects were 
assessed. As discussed in Section 2.1.5, the used fuel specified for the case studies has the 
characteristics of used fuel that has been out of the reactor for 10 years. 

The vault capacity specified for the preclosure assessment case study is about 10 million used- 
fuel bundles (about 191 000 Mg U). Such a vault would accommodate the used fuel produced up 
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to the end of 2035 if nuclear generating capacity were increased as described in Section 4.4.1 or 
up to the end of 2073 if the existing nuclear generating capacity were maintained. It is unlikely 
that a disposal facility built in the foreseeable future would have a larger capacity. 

Cost estimates are given for disposal of three different quantities of used-fuel bundles: 5 million, 
7.5 million, and about 10 million (Section 6.5). The smallest of these is closest to what would be 
required for disposal of the used fuel from existing reactors if they were operated for 40 years 
(about 4.3 million bundles). 

If the disposal concept were implemented, a disposal facility would be designed specifically for 
the disposal site. The vault capacity would be specified primarily on the basis of the amount of 
waste requiring disposal (Section 4.4.1). The amount that could be disposed of at a single site 
might be constrained by the geological conditions at the site. 

6.2.2 Disposal Container 

The disposal container specified for the preclosure assessment case study is described in detail in 
R-Barriers. It is a packed-particulate container that employs a 6.35-mm-thick shell of ASTM 
Grade-2 titanium to provide a design lifetime of at least 500 years, based on its corrosion resist- 
ance. The PREcontainer is an enclosed cylindrical vessel of all-welded construction, with a 
maximum outside diameter of 645 mm (over the external container-lifting ring) and an overall 
height of 2246 mm (Figure 4-12, p. 137). 

Inside the container, a basket holds 72 used CANDU fuel bundles in 4 vertically stacked arrays 
of 18 bundles. The PREbasket is constructed of carbon steel tubes arranged in concentric circles. 
(Should the generation of hydrogen gas upon corrosion be of concern (Section 4.6.3), a basket 
could be constructed of a material such as a ceramic or a metal with a lower corrosion rate.) The 
central tube in the basket array contains no bundles; rather, it is used for handling the basket. 

Glass beads are compacted around the fuel bundles inside the container to support the container 
wall and enable the container to withstand the external pressure that would be imposed on it in a 
disposal vault. The lifetime of such a container is discussed in Section 4.6.3. 

Because the capacity of the PREcontainer is 72 bundles of used CANDU fuel, about 140 000 
containers would be required to dispose of about 10 million bundles. 

If the disposal concept were implemented, a disposal container suitable for the waste form and 
site characteristics would be designed (Section 4.6). 

6.2.3 Disposal Facility 

The disposal facility specified for the preclosure assessment case study is described in detail in 
R-Facility. The design of the PREdisposal-facility was developed by consultants under the 
direction of AECL. It is an engineering conceptual design; that is, it contains the elements 
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necessary to understand important aspects of the project, including feasibility and potential 
environmental effects, but is not sufficiently detailed to begin construction. To aid in demon- 
strating the feasibility of implementing the disposal concept, this design was developed to 
include only technology that is available or is readily achievable. 

In accordance with the 198 1 Joint Statement of the governments of Canada and Ontario, no site 
has been selected for a disposal facility. Therefore, AECL specified hypothetical site conditions 
as a basis for the PREdisposal-facility design. These hypothetical site conditions were derived 
from data from field work done on the Canadian Shield, particularly the Whiteshell Research 
Area. AECL also specified several design constraints. These specifications, developed in 1985, 
are described in R-Facility and in more detail by Baumgartner et al. (1993). 

The PREdisposal-facility comprises surface facilities and an underground disposal vault, as shown 
in Figure 6-1. 

EIS 6 1 

FIGURE 6-1: PREDISPOSAL-FACILITY, WITH A CUTAWAY VIEW OF THE VAULT 
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The '%mface-facilities include facilities for fabricating disposal containers, for packaging the 
used fuel in the disposal containers, for crushing rock to be used in backfill and concrete, and for 
mixing concrete for vault seals. They also include headframes for the shaft hoisting equipment 
as well as ancillary facilities, such as a service building, administration building, powerhouse, 
warehouse, fire hall and security building, and facilities for managing both radioactive and non- 
radioactive secondary wastes. Secondary waste would be the waste produced in operating the 
PREdisposal-facility, as distinct from the primary waste shipped to the facility for disposal. The 
dimensions of the PREdisposal-site are 5.2 km by 3.0 km (Figure 6-2). Most of the 15.6 km2 of 
land would not be developed, but public access would be discouraged and land use would be 
controlled by the implementing organization. 
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FIGURE 6-2: PREDISPOSAL-SITE 

The depth of the PREdisposal-rooms is 1000 m, which is the maximum nominal depth in the 
proposed disposal concept. The maximum depth was specified for the preclosure assessment 
case study to give the conditions that would tend to be most unfavourable with respect to in situ 
stress, safety of construction workers, and cost. 

The PREdisposal-vault includes five vertical shafts that connect the surface to underground 
tunnels. The shafts provide for ventilation and for transportation of container casks, materials, 
equipment, and personnel (including emergency escape) (Figure 6-1, p. 205). Underground 
disposal rooms extend over an area of about 4 km2 (2 km by 2 km). Access to the disposal 
rooms is provided by perimeter tunnels and a pair of central access tunnels that divide the 
emplacement area into operationally independent halves, each having four panels (Figure 6-1, 
p. 205). Access to each panel is through a pair of panel tunnels that divide the panel into 
operationally independent halves. Each half comprises 32 disposal rooms; thus the 'Tau l t  has 
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a total of 5 12 rooms. Each room has up to 282 emplacement boreholes drilled into the floor, for 
a total of up to 144 384 boreholes. Only 140 256 boreholes would be required for emplacement 
of disposal containers; thus about 3% of the potential locations for boreholes would not be 
needed. This would allow for rejection of unsuitable areas in the rock or of unsuitable boreholes. 
Room and borehole dimensions are given in Table 6-1. 

TABLE 6-1 

DIMENSIONS OF DISPOSAL ROOMS AND BOREHOLES 
IN THE PREDISPOSAL-FACILITY 

Room length 
Room width 
Room height at wall 
Room height at centre 
Borehole depth 
Borehole diameter 
Distance between borehole centres 

230 m 
8 m  
5 m  
5.5 m 
5.0 m 
1.2 m 
2.1 m 

t 
io 

1 
I 

3.5 

-4 Buffer 

I 
E l S 6 3  

FIGURE 6-3: CROSS SECTION OF A FILLED 
DISPOSAL ROOM IN THE 
PREDISPOSAL-FACILITY 

I 

1 

The cross section of a filled disposal 
room in the pREdisposal-facility is 
shown in Figure 6-3 and the charac- 
teristics specified for the buffer and 
backfill are given in Table 6-2. 

Other vault seals specified for the 
PREdisposal-vault include 

a concrete bulkhead at the entrance 
to each disposal room, 

cement-based grout injected around 
the room entrance into the interface 
between the host rock and the 
concrete bulkhead and into any 
excavation-damaged zone in the rock 
surrounding the bulkhead, 
lower and upper backfill in the 
access tunnels and underground 
ancillary-facility areas, 
concrete plugs and grout at appro- 
priate locations in the tunnels, 
grout injected into fracture zones, 
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TABLE 6-2 

BUFFER AND BACKFILL CHARACTERISTICS SPECIFIED FOR THE PREDISPOSAL-VAULT 

Vault 
Seal 

Composition Dry Hydraulic 
Density Conductivity 
(Mg/m3) (&SI 

Buffer A mixture of 50% by weight sodium bentonite clay 
and 50% by weight silica sand 

Lower 
Backfill 

A mixture of 25% by weight glacial lake clay 
and 75% by weight crushed granite from the 
vault excavation 

1.66 - 1 0 ' 2  

2.1 <lo-10 

Upper A mixture of 50% by weight sodium bentonite clay 1.4 <lo-10 
Backfill and 50% by weight silica sand 

lower backfill and plugs of concrete and clay-based material in the shafts, 

a reinforced concrete plug in the collar of each shaft, and 

cement-based and clay-based sealing materials in the exploration boreholes. 

After the preclosure assessment case study was completed, thermal-mechanical analyses indi- 
cated that with the design described above and the in situ rock stresses assumed at 1000 m, the 
near-field thermal-mechanical specifications would not be met (Appendix G).  If such results 
were obtained in an actual implementation, both the specifications and design would be 
reviewed. Modifications to the specifications could be considered, taking into account the 
requirements for both preclosure and postclosure performance. Modifications to the design, such 
as decreasing the disposal depth, increasing the borehole spacing, or using in-room rather than 
in-borehole emplacement, could be considered. Analysis indicates that with the same vault 
design and the in situ rock stresses assumed at 500 m, in-borehole emplacement would meet the 
near-field specifications (R-Facility). 

If the disposal concept were implemented, a disposal facility, including a vault and vault seals, 
would be designed specifically for the disposal site (Sections 4.4,4.5, and 5.6). 

A disposal facility designed in the future would likely have some features similar to those of the 
PREdisposal-facility, but it would not be exactly the same, for the following reasons: 

The design would depend on conditions, such as rock structure, groundwater chemistry, and 
surface features, at the disposal site. For example, a site-specific vault layout would almost 
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Stage 

Siting 

Construction 

Operation 

Predecommissioning Extended Monitoring* 
Decommissioning 

Postdecommissioning Extended Monitoring* 

Closure 

certainly be more complex than the simple rectangular shape specified for the '%ault. Also, 
site conditions might make in-room emplacement of the waste preferable to in-borehole 
emplacement. 
The design would incorporate features to avoid or mitigate adverse effects identified in site- 
specific assessments of environmental effects. 

I 

! I 

I 
I I 1 I I I 

6.2.4 Schedule for Stages and Ongoing Activities 

In the PREdisposal-facility design, the duration of each stage of the preclosure phase is as shown 
in Figure 6-4. The durations of the major ongoing activities are also shown. These activities are 
described in Chapter 5. Detailed schedules for the PREdisposal-facility are given in R-Facility. 
Each of the stages is described briefly below and in more detail in R-Facility. The activities 
specified are based on practices that are common in the civil engineering, mining, or nuclear 
industries. 

EIS 6 4 

Duration (a) 

0 10 20 30 40 50 60 70 80 90 

Public Involvement 

Obtaining Approvals 
Characterization 

Design 
Assessing Potential Effects 

* Duration undefinea 

FIGURE 6-4: DURATION OF STAGES AND MAJOR ONGOING ACTIVITIES 
AT THE PREDISPOSAL-FACILITY 

6.2.5 Siting Stage 

The siting stage specified for the preclosure assessment case study is 23 years long, of which 
5 years is for site screening and 18 years is for site evaluation (R-Facility). The characterization 
activities include analyzing pre-existing information, reconnaissance, drilling exploration 
boreholes, clearing vegetation for geological and geophysical surveys and for access roads, 
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_- - - -. 

excavating two exploratory shafts and exploratory tunnels, and pumping groundwater from the 
vault to the surface (R-Siting, R-Facility). 

-- --I__ 

6.2.6 Construction Stage 

Vacuum Unit -, ,-q 

The construction stage specified for the preclosure assessment case study is 7 years long and 
includes the following activities (R-Facility): 

constructing the site access routes and the surface facilities, including the used-fuel packaging 
plant; 

enlarging the two exploratory shafts and excavating three additional shafts using drill-and- 
blast sinking methods; 

enlarging the exploratory tunnels and excavating additional tunnels using drill-and-blast 
methods; 

constructing the underground ancillary facilities, including the buffer and backfill preparation 
plant, required to operate the vault; . 

excavating the first panel of disposal rooms and 10 to 12 rooms in each of the second and 
third panels using drill-and-blast methods; 

laying rails in 10 to 12 disposal rooms in the first panel; 

drilling waste emplacement boreholes in the floor of each of those rooms using a borehole 
coring drill on a special platform mounted on rails (Figure 6-5); and 

placing and compacting 3.5 m of buffer material in each borehole of one room in the first 
panel using a buffer emplacement platform mounted on rails (Figure 6-6). 

The last four activities would be required to permit container emplacement to start at the 
beginning of the operation stage. 

- -- r Rock Breaker ' 

Load-Maul-Dump Vehicle 

_. - . _ _  -- -. 
EIS 6 5 

- 

T 
"1 
i - 

5.0 rn 

FIGURE 6-5: DRILLING WASTE EMPLACE- FIGURE 6-6: PLACING AND COMPACTING 
MENT BOREHOLES IN THE 
PREDISPOS AL-F ACILITY 

BUFFER MATERIAL IN EM- 
PLACEMENT BOREHOLES IN 
THE PREDISPOSAL-FACILITY 
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6.2.7 Operation Stage 

The operation stage specified for the preclosure assessment case study is about 41 years long, 
and the disposal rate is 3471 containers per year (equivalent to about 250 000 bundles or 
4730 Mg U per year). In the PREdisposal-facility design, the operation stage includes the 
following activities (R-Facility): 

excavating the remainder of the disposal rooms; 

drilling the remainder of the waste emplacement boreholes; 

placing and compacting buffer material in the remainder of the boreholes; 

fabricating disposal containers and baskets; 

transporting used fuel from the nuclear generating stations to the PREdisposal-facility 
(Section 6.2.1 1); 
packaging used fuel in the packaging plant, which would entail receiving transportation casks 
containing bundles of used fuel, removing the bundles of used fuel from the casks, transfer- 
ring used-fuel bundles into baskets, placing the baskets into disposal containers, placing and 
compacting glass beads around the bundles, sealing and inspecting the containers, and placing 
each container in a shielded container-cask (Figure 6-7); 
transferring the container-casks down a shaft, along the tunnels, and into disposal rooms; 

drilling a hole in the compacted buffer material in each emplacement borehole; 
emplacing the containers into boreholes; 

placing and compacting buffer material above the containers in the boreholes; and 

sealing the disposal rooms with backfill and other materials. 

In the PREdisposal-facility design, a transportation cask would be unloaded from a truck or railcar 
and replaced by an empty cask for the return trip to the nuclear generating station. The used fuel 
in the cask would be in the storage/shipping modules used to hold bundles of used fuel in the 
storage facilities at Ontario Hydro’s nuclear generating stations (Section 6.2.1 1). When the cask 
arrived at the PREdisposal-facility, it would be inspected for damage and any evidence of leakage. 
If no damage or leakage were detected or suspected, the storage/shipping modules containing 
used fuel would be removed from the cask within a shielded module-handling cell (Figure 6-8). 
If damage or leakage were detected or suspected, the cask would be transferred to a special 
shielded cell where the contents would be removed and inspected. Damaged bundles would be 
placed in a damaged-bundle can and undamaged bundles would be placed in a storage/shipping 
module. Empty storage/shipping modules would be placed in the cask and the outside of the 
cask would be decontaminated before the return trip to a nuclear generating station. 

The storage/shipping modules containing used fuel would either be transferred directly from the 
module-handling cell to the used-fuel packaging cell, or they would be stored temporarily in the 
receiving surge-storage pool. In the used-fuel packaging cell, used fuel would be transferred 
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Modules 
Receiving Surge-Storage Pool 

EIS 6.7 

Remove the Storage/Shipping 
Modules from the Cask 

Arrival of a Truck or a Railcar 
with a Transportation Cask 

from the Truck or Railcar 

Dry the Storage/Shipping 
Modules and Bundles 

Record the Serial Number of 
Each Fuel Bundle 

Damaged 
Bundle 1 

Inspect Each Bundle for 
a Damaged-Bundle Can Damage 

1 Undamaged Bundle 

Store Sealed Cans Until 
Enough Have Accumulated 

Departure of the Truck or 
Railcar with a Transportation 
Cask and Empty Modules to 
be Returned to the Nuclear 

Generating Station 

Load the Cask on a Truck 
or Railcar 

t .  

the Cask 

Place the Basket of Bundles 
in a Disposal Container 

Empty Transportation Cask 

Place 3 or 4 Damaged-Bundle 
Cans in a Disposal Container 

Fill the Can with Glass Beads Transfer the Bundles from the I and Compact the Beads 1 I ModuletoaBasket 

Fill the Container with Glass 
Beads and Compact the Beads 

1' 

Inspect the Container Remove the Basket of Fuel from 
an Unacceptable Container 

Join a Lid onto the Container 

c 
Decontaminate the Container 

1 

Waste Shaft Headframe 

FIGURE 6-7: ACTIVITIES IN THE USED-FUEL PACKAGING PLANT 
OF THE PREDISPOSAL-FACILITY 
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EIS 6 8 

FIGURE 6-8: EMPTYING A TRANSPORTATION CASK IN A SHIELDED CELL 
AT THE PREDISPOSAL-FACILITY 

from the storage/shipping module into a basket designed to fit inside the disposal container. Any 
bundle damaged during handling would be placed in a damaged-bundle can. All fuel bundles 
would be identified and the used-fuel inventory and material locations would be controlled and 
recorded to comply with IAEA safeguards requirements. 

The basket containing the fuel bundles would be placed into the disposal container, and glass 
beads would be poured into the container and compacted, by vibration, around the bundles and 
into all void spaces. (In the case of a damaged-bundle can, glass beads would be poured into the 
can and compacted around the damaged bundles and into all void spaces in the can; three or four 
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of these damaged-bundle cans would be placed in a disposal container; and glass beads would be 
poured into the disposal container and compacted around the damaged-bundle cans and into all 
remaining void spaces in the disposal container.) Next, the container’s top end-plate would be 
pressed into place and diffusion-bonded to the container shell. Two inspections would be carried 
out: ultrasonic inspection of the final closure bond and a helium leak test of the entire container. 
When loaded, each container would have a mass of 2833 kg, of which 1710 kg would be the 
mass of the fuel bundles. After each container was sealed, the outer surface would be decon- 
taminated to remove any radioactive material that may have been transferred from the fuel 
bundles to the outside of the container while it was being filled and sealed. 

The used-fuel bundles would be handled and packaged inside shielded cells to protect workers 
from radiation. Inside these cells, radioactive material would be released. Most of this material 
would be either 

small particles of corrosion products from the reactor heat transport system that had become 
attached to the fuel bundles while the fuel bundles were in the reactor, or 
radionuclides released from failed fuel elements. 

Radioactive contaminants would be collected by pool filtration and ion-exchange systems, by a 
ventilation filtration system, and by routine cleaning of floors and walls of the packaging 
facilities. 

After the disposal container was filled and sealed, it would either be placed in a container cask 
and transferred to the headframe, or it would be stored temporarily in the headframe surge- 
storage pool. The PREcontainer-cask has a 330-mm-thick steel shell and a 50-mm-thick liner of 
polythene, both of which would provide radiation shielding. It has a height of 3.5 my a diameter 
of 1.41 m, and a mass (without the container) of about 35 Mg. 

In the headframe, the container cask would be transferred to the cage in the waste shaft, which 
would be dedicated to the handling of these container casks. The container cask would be moved 
to the bottom of the shaft where it would be transferred to an underground transporter, a 
modified mine truck having a capacity of 40 Mg. The underground transporter would travel to 
the disposal room, a distance of up to 3.5 km. At the entrance to the disposal room, an overhead 
crane would transfer the cask from the underground transporter onto a container emplacement 
platform. 

The final preparation of the borehole would be done just before the waste was emplaced. An 
auger platform mounted on rails would be positioned over a borehole in which 3.5 m of buffer 
material had previously been placed and compacted. A hole 740 mm in diameter would be 
drilled to a depth of 2.8 m in the central portion of the buffer (Figure 6-9). A bed of sand about 
100 mm thick would be placed in the bottom of the hole to smooth the depression left by the end 
of the auger. 
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Vacuum Unit, 
Buffer Reprocessor 

- 

Screw Conveyor T 

EIS 6 9 

FIGURE 6-9: DRILLING A HOLE IN THE BUFFER IN AN EMPLACEMENT BOREHOLE 
IN THE PREDISPOSAL-FACILITY 

Next, the container emplacement platform, carrying a container, would be positioned over the 
augered hole. A container-shielding ring would be lowered into the borehole, and platform- 
shielding skirts would be lowered to the floor to protect the operator from radiation. The 
container would be lowered into the augered hole (Figure 6-10). The 50-mm annulus between 
the container and the buffer would be filled with dry sand, which would conduct heat from the 
container to the buffer. The cask grapple would be released and a further quantity of dry sand, 
about 300 mm thick, would be added above the container. 

Container 

- 

t 

FIGURE 6-10: PLACING A DISPOSAL CONTAINER IN AN EMPLACEMENT BOREHOLE 
IN THE PREDISPOSAL-FACILITY 

The shielding ring and skirts would be raised, the container emplacement platform would be 
moved off the borehole, and a final buffer emplacement platform, attached to the container 
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emplacement platform, would be positioned over the borehole. The platform floor structure and 
the shielding skirts would provide radiological protection during this repositioning and the final 
buffer emplacement. Buffer material would be fed into the borehole in layers and compacted to 
the same density as that specified for the initial buffer emplacement (Figure 6-1 1). The sand 
layer above the container would cushion the container from the buffer compaction loads. 

- 

T 

Shielding Skirt Down 

EIS6.11 Completed _] 
Borehole 

FIGURE 6-11: PLACING AND COMPACTING BUFFER ABOVE THE DISPOSAL CONTAINER 
IN AN EMPLACEMENT BOREHOLE IN THE PREDISPOSAL-FACILITY 

Once the borehole was filled, each container would be isolated from the host rock by 250 mm of 
compacted buffer material, and the container emplacement operation would be complete. This 
procedure would be repeated for each borehole in the room, and then the emplacement platforms 
would be moved to another room. 

Immediately after the emplacement platforms were moved to another room, the rails on which 
the platforms were mounted would be removed, and the room would be backfilled. Conventional 
vertical compaction equipment would be used to compact the lower backfill in layers to a depth 
of 3.5 m. Because such equipment could not be used in the remaining 2 m of headroom, the 
upper backfill would be pneumatically spray-compacted in place. Next, a concrete bulkhead 
would be constructed in the room entrance (Figure 4-10, p. 122) and cement-based grout would 
be injected around the room entrance to seal the interface between the host rock and the concrete 
bulkhead and to seal any excavation-damaged zone in the rock surrounding the bulkhead. 

The above sequence would continue until a panel was filled. This would require about 5 years, 
during which a panel on the opposite side of the vault would be excavated and prepared to be 
filled next. The twin central access tunnels would permit the segregation of container traffic 
from other traffic and provide for two separate ventilation flow paths. Thus waste emplacement 
activities would be segregated from excavation activities. 

The operation stage would end when all the waste was ernplaced in the vault and the disposal 
rooms were sealed. The tunnels and shafts would remain open until the decommissioning stage. 
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6.2.8 Extended Monitoring Stages 

Decommissioning would be delayed to allow for extended monitoring after the operation stage if 
the implementing organization, the regulatory agencies, or the host community required addi- 
tional data on the performance of the filled, partially sealed disposal vault. Similarly, closure 
would be delayed to allow for extended monitoring after the decommissioning stage if the 
implementing organization, the regulatory agencies, or the host community required additional 
data on the performance of the sealed disposal vault. 

Neither the need for extended monitoring nor the duration (if it were needed) can be determined 
at this time. Thus costs were estimated on an annual basis (Section 6.5), but the total cost of 
extended monitoring can not be estimated at this time. Because any extended monitoring would 
likely entail a continuation of activities that were already occurring, it is expected that there 
would be no new effects on human health or the natural environment. 

6.2.9 Decommissioning Stage 

The decommissioning stage specified for the preclosure assessment case study is 16 years long 
and includes the following activities (R-Facility): 

decontaminating, dismantling, and removing the surface and subsurface facilities; 

sealing the tunnels, the ancillary-facility areas, and the shafts and the exploration boreholes 
drilled from them; 
disposing of any remaining secondary waste; 

rehabilitating the site while retaining monitoring installations; and 

installing on-site markers. 

According to the PREdisposal-facility design, the operating equipment and surface facilities 
would be decontaminated and dismantled when they were no longer required. The decontami- 
nation program would be determined by the amount, characteristics, and physical state of the 
radioactive contaminants. 

Filtration and cleaning would produce secondary radioactive waste during the operation stage, as 
would decontamination during the decommissioning stage. This secondary waste would not be 
highly radioactive. According to the PREdisposal-facility design, this waste would be packaged 
in boxes or drums and shipped off site to a facility approved for disposal of such waste. The 
non-radioactive secondary waste resulting from decommissioning would be sold for recycling, 
disposed of in an approved disposal area on the site, or disposed of in an approved disposal area 
in the region. 

When the decision was made to seal the disposal vault, the access tunnels would be backfilled 
using the same methods and using materials of the same composition as were used for the 
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disposal rooms. The underground ancillary-facili ty areas would also be backfilled using these 
methods and materials. Concrete plugs and grout would be placed at strategic locations. All 
equipment would be removed from the shafts and a small annulus of rock would be removed 
from around each shaft to expose a sound, clean rock surface for sealing. Fracture zones would 
be grouted. The shafts would be backfilled with material of the same composition as was used 
for the lower backfill in the disposal rooms. Plugs of concrete and clay-based material would be 
placed at strategic locations in the shafts to support the backfill and to control the movement of 
groundwater. The collar of each shaft would be sealed with a reinforced concrete plug. 

Measuring instruments would be removed from the exploration boreholes when they were no 
longer needed to characterize or monitor the site. To control the movement of groundwater, the 
exploration boreholes would be sealed using cement-based and clay-based sealing materials. 

The site surface would be cleaned and checked to ensure that residual contamination, if any, did 
not exceed AECB or other regulatory limits (Section 5.3). The site would be landscaped as 
appropriate and identified with on-site markers to indicate the vault location. 

6.2.10 Closure Stage 

The closure stage specified for the preclosure assessment case study is 2 years long and includes 
the following activities @-Facility): 

removing measurement instruments from any exploration boreholes that could compromise 
the safety of the disposal vault if left unsealed; and 
sealing those boreholes by the methods used in the decommissioning stage. 

Because the scope and duration of activities in the closure stage would be much less than the 
scope and duration of activities in the decommissioning stage, it is expected that the activities 
during the closure stage would have no new effects on human health and the natural environ- 
ment, and that the magnitude of any such effects that might occur would be less than in the 
decommissioning stage. 

6.2.11 Transportation Systems 

The transportation-system designs specified for the preclosure assessment case study are 
engineering conceptual designs for systems to transport used fuel by road, rail, and water. These 
designs, which are described briefly below and in more detail in R-Preclosure, were developed 
by Ontario Hydro to be safe and practicable and to provide a realistic basis for assessing the 
effects of transporting used fuel. All three transportation modes were assessed. The 
PREtransportation-system designs assume the use of two types of casks for transporting used fuel 
from storage facilities to the PREdisposal-facility. These are also described briefly below and in 
more detail in R-Preclosure. 

If the disposal concept were implemented, a transportation system suitable for the waste form 
and disposal site would be designed. 
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TRANSPORTATION CASKS 

The designs of casks for transporting nuclear fuel waste are regulated by the AECB through the 
Transport Packaging of Radioactive Materials Regulations (Appendix B). An Ontario Hydro 
transportation cask design was granted a design approval certificate by the AECB in 1987, and 
one full-scale demonstration cask has been manufactured. Although this cask could be trans- 
ported by any mode, it was designed such that its weight would allow transportation by road. 

The Ontario Hydro demonstration cask was designed to meet the following criteria: 

The cask must qualify for a design approval certificate for a Type B(U) package under the 
AECB Transport Packaging of Radioactive Materials Regulations (Appendix B). 
The cask must be transportable on the highway without a special permit for heavy loads. 

Loading and unloading of used fuel must be easily accomplished. 

Doses to workers must be kept as low as reasonably achievable, social and economic factors 
being taken into account. 

The demonstration cask is a rectangular monolithic stainless steel container with a lid bolted to 
the tops of the four walls to form a sealed enclosure (Figure 6-12). The lid, vent, and drain are 
sealed with O-rings. An impact limiter would be fitted onto the upper end of the cask when it is 
ready for shipment. The cask accommodates two of the storage/shipping modules used to hold 
bundles of used fuel in the storage facilities at Ontario Hydro’s nuclear generating stations. Each 
storage/shipping module holds 96 bundles; thus the capacity of the cask is 192 bundles. The 
mass of the cask is 30 Mg when empty and 35 Mg when full. 

The cask shape, material, and manufacturing techniques were selected on the basis of analysis 
and testing. Details on the selection of cask material, loading procedures, transportation system 
quality control, and a comparison with international cask designs are included in R-Preclosure. 

Mechanisms that could cause weakening or premature aging of cask materials were taken into 
account by Ontario Hydro in the selection of materials. Stainless steel would not melt or lose 
shielding under the test conditions specified by the AECB (800 O C fire for 1/2 h; Appendix B, 
Section B.2.3). Also, stainless steel is resistant to corrosion and resistant to brittle fracture at low 
temperatures. Although the cask would be subject to vibration resulting from uneven surfaces on 
roads or railways, it is expected that the size and strength of the transportation cask would 
prevent any weakening of the cask during the 41 -year operation stage. 

To obtain the design approval certificate from the AECB, the drop tests specified in the 
Transport Packaging of Radioactive Materials Regulations (Appendix B) were carried out on an 
empty half-scale model. Damage to the cask was minimal, and the leakage through the seals was 
below the AECB limits. In addition to the tests required by the AECB, an impact test was 
carried out using one-seventh-scale models of a transportation cask and a locomotive; the speed 
of impact was 104 km/h. Although the locomotive model suffered extensive damage, the cask 
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FIGURE 6-12: CASK FOR TRANSPORTATION OF USED FUEL BY ROAD, RAIL, OR WATER 

model was only superficially scarred, and the bolts maintained their integrity. Testing also 
showed that the cask seals remained intact after a fire of 800 C for 1 h. 

To obtain the design approval certificate, a cask maintenance program was specified. Prior to 
each shipment, the seals would be pressure-tested and would be replaced if necessary. On an 
annual basis, all seals would be replaced; the cask would be leak-tested; components such as 
bolts and plugs would be inspected, and would be replaced if necessary; and the surface finish of 
the cask would be inspected and would be polished, if necessary, to facilitate decontamination. 
Every 5 years, a dye penetration test would be performed on the lid bolts. In the event of a 
severe transportation accident resulting in any physical damage to the cask, the cask would be 
taken out of service permanently. 
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Ontario Hydro has also developed an engineering conceptual design of a larger cask that would 
be suitable for rail and water transportation. It is based on technology similar to that of the 192- 
bundle cask. The larger cask would accommodate six storagehhipping modules (576 bundles) 
and would have a mass of 64 Mg when empty and 79 Mg when full. 

Cask manufacturing could be carried out by commercial contractors. The skills and technology 
required are readily available in the metal fabrication industry (R-Preclosure). 

The design and large-scale manufacturing of transportation casks and cask-handling equipment 
would come under a quality assurance program similar to that applied to the design and 
manufacturing of the demonstration cask. 

Details of cask design, manufacturing, and maintenance programs are given in R-Preclosure. 

Ontario Hydro’s design of the PREroad-transportation-system assumes that used fuel would be 
loaded into a 192-bundle transportation cask (Figure 6-12) at the nuclear generating station and 
transported on a tractor-trailer (Figure 6-1 3) to the PREdisposal-facility. Because most used fuel 
in Canada is currently stored in water-filled pools at the nuclear generating stations 
(Section 2.2. 1)’ the design for road transportation specifies how used fuel would be transferred 
from such a pool. For used fuel in dry storage, only the loading of the transportation cask would 
be different. 

E I S 6 1 3  

FIGURE 6-13: TRACTOR-TRAILER FOR ROAD TRANSPORTATION 
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On arrival at a storage pool, an empty 192-bundle-cask would be washed to remove loose dirt if 
necessary. The impact limiter (Figure 6-12, p. 220) would be removed and, if necessary, washed. 
The tractor-trailer would be inspected for contamination and decontaminated as required. 

The empty cask would be filled with water and the cask lid bolts would be removed. The storage 
pool overhead crane would be used to place the cask in the water of the storage pool. The cask 
lid would be lifted out of the water and set beside the pool to allow the seals to be inspected. A 
module-handling mechanism would be used to remove the two empty storagehhipping modules 
from the cask and set them aside for future use. Two storagehhipping modules filled with used 
fuel would be placed in the cask, and the lid would be repositioned on the cask. The cask would 
be sprayed with water while being lifted out of the storage pool. 

The cask would be placed in the decontaminatiodcask preparation area, where the lid bolts 
would be inserted and tightened. The cask would be decontaminated, monitored for radiation, 
and further decontaminated if required. The water inside the cask would be drained through the 
drain plug (Figure 6-12, p. 220) by setting the cask on a slightly inclined pad. The cask surface 
would be monitored again and decontaminated if necessary. Drain plugs would be inserted and 
leak-tested. IAEA safeguards seals would be attached. The overhead crane would be used to 
place the cask on the trailer, and tiedown connections would be made. 

As shown in Figure 6-13 (p. 221), the trailer would have four axles, each with pairs of dual tires. 
A tiedown system, consisting of steel brackets bolted to the trailer bed, would firmly secure the 
cask to the trailer. Adjustable studs would pass through the brackets and would be tightened to 
force bearing plates against the cask wall to prevent the cask from moving horizontally. In 
addition, tiedowns fastened to the cask trunnions would prevent vertical movement. The tractor 
would be a standard unit used in pulling heavy loads; as illustrated, it would have three axles. 
An adjustable fifth wheel would connect the trailer to the tractor. 

Prior to the tractor-trailer’s departure from the nuclear generating station, the cask and trailer 
would be labelled as required by the Transport Packaging of Radioactive Materials Regulations 
and the Transportation of Dangerous Goods Regulations (Appendix B). 

The tractor-trailer would travel on Class A roads (those on which heavy traffic is allowed). 
These roads are assumed to be available at least 230 days per year without load restriction. The 
maximum vehicle speed would be 100 k d h ,  and the average vehicle speed would be 50 k d h .  
The cask would be inspected by the driver at each rest stop, that is, about every 4 or 5 h. 

The following features would contribute to safety: 

the design, testing, monitoring, maintenance, and decontamination of the transportation cask; 

the design, inspection, and maintenance of the tractor-trailer; 

the use of trained crew and fuel-handling personnel; and 

emergency response measures. 
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Ontario Hydro’s design of the PRErail-transportation-system assumes that used fuel would be 
loaded into a 576-bundle transportation cask at the nuclear generating station and that the cask 
would be placed on a railcar (Figure 6-14). A dedicated train would transport ten casks of used 
fuel to the PREdisposal-facility. Car cushioning couplers would be installed on railcars to reduce 
the forces on the cask resulting from normal train activities such as shunting. The activities 
associated with the PRErail-transportation-system are described by Ulster (1 993a,b). 

FIGURE 6-14: RAILCAR FOR RAIL TRANSPORTATION 

Ontario Hydro’s design of the Pmwater-transportation-system assumes that used fuel would be 
loaded into 192-bundle or 576-bundle transportation casks at the nuclear generating station. 
Either thirty-six 192-bundle casks or twelve 576-bundle casks would be transported on an 
integrated tug-barge (Figure 6- 15) designed to ensure stability under various conditions, 
including damage to the hull, according to regulations under the Canada Shipping Act 
(Appendix B). It would have a double bottom to minimize consequences of grounding and side 
tanks designed to absorb much of the impact from collisions. Day-to-day operation of the 
integrated tug-barge system would also be subjected to regulations under the Canada Shipping 
Act. 
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Ontario Hydro’s design of the ’%ater- 
transportation-system assumes that used 
fuel would be transported by an inte- 
grated tug-barge to a transfer facility on 
the northern shore of Lake Superior. 
The pR%ansfer-facility includes a dock, 
a storage area for transportation casks, a 
crane, and two lifting beams. Security 
measures would be similar to those at a 
disposal facility (Section 5.8.5). 

At the ‘qansfer-facility, the trans- 
portation casks would be stored tempo- 
rarily if necessary and then transferred 
to trucks or trains for the last part of the 
journey to the ‘=disposal-facility. If 
trucks were to be used, the used fuel 
would be shipped in 192-bundle casks; 
if trains were to be used, the used fuel 
would be shipped in 576-bundle casks. 

The activities associated with the 
Pwwater-transportation-system are 
described by Ulster (1993a,b). 
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FIGURE 6-15: INTEGRATED TUG-BARGE FOR 
WATER TRANSPORTATION 

SHIPPING DATA FOR THE PR%tANSPORTATION-SYSTEMS 

The operating capacity for each PREtransportation-system is 250 000 bundles per year. The 
number of round trips per year is 1302 if by truck, 44 if by train, and 37 if by integrated tug- 
barge. 

EMERGENCY RESPONSE PLAN 

Ontario Hydro developed emergency response plans for the PREtransportation-systems 
(R-Preclosure). The emergency response plan for road transportation is based on Ontario 
Hydro’s plan for transportation of radioactive material (Section 5.8.7). The emergency response 
plan for rail transportation was developed in consultation with the Canadian National Railway 
Company, and the plan for water transportation was developed in consultation with the Canadian 
Coast Guard. 

In the event of a transportation accident, the emergency response team, with the help of the 
transportation system design engineers, would assess the situation and take appropriate actions. 
If, as is expected, there were no loss of cask integrity and radiation levels around the cask were 
below the limits established by the AECB, the cask would be sent to the PREdisposal-facility. 
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If there were leakage from the cask, the emergency response team, wearing protective clothing if 
nectssary, would dctcrmine the source of the leak and would seal the leak using an appropriate 
method. For example, if thc leak were located in the lid area, the lid might be welded closed. 
Once the leak was scaled, the cask would be tmmportd, under escort, to either a nuclear 
generating station or to the mdisposd-facility, whichever was closer. It might be necessary to 
replace damaged ticdowns, trunnions, or the transportation vehicle. There are no circumstances 
in which the fucl would have to be rcmovod from the cask at the site of the accident. Thc 
PREdisposal-facility design includes provisions to handle damaged transportation casks and 
damaged fucl. 

6+2,12 Environmenb of the DIspod Fadlity and the Transpartadon Systems 

As discused in Section 6.1, the mdisposal-system includes not only the disposal facility, the 
components of the transportation systems, and the activities associated with each, but also the 
environments of the disposal facility and of the transportation systems. 

To assess the potential effecta of the mdisposal-facility on human health and the natural 
environment, three alternative e n v h e n t s  were specified: the Southern, Central, and Norhem 
Regions of the Ontario portion of the Canadian Shield (Figure 6-16). Environmental data for 

FIGURE 6-16: SOUTHERN, CENTRAL, AND NORTHERN REGIONS OF 
THE ONTARIO PORTION OF THE CANADIAN SHIELD 
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each region were documented by Grondin and Fearn-Duffy (1993). On the basis of the region- 
wide data, parameter values were derived for the safety analyses @-Preclosure). A summary of 
the environmental conditions on the Shield is given in Section 4.2. 

To assess the potential effects of the ’%ansportation-systems on human health and the natural 
environment, ‘%ansportation-environments were specified for eight transportation routes. 
Each of the eight routes originated at the three nuclear generating stations in Ontario 
(Figure 6-16). Three road routes were specified, each leading to a different destination: the 
geometric centre of the Southern, Central, or Northern Region of the Ontario portion of the 
Canadian Shield. Three rail routes were also specified, for the same three destinations. In the 
case of water transportation, it was assumed for the preclosure assessment case study that used 
fuel would be transported by integrated tug-barge on the Great Lakes to a transfer facility on the 
northern shore of Lake Superior, and then continue by road or rail to a disposal facility in the 
Central or Northern Region. Water transportation to a disposal facility in the Southern Region 
was not considered because the road or rail portion of the route would be longer than for road or 
rail transport directly from the nuclear generating stations. 

The PR%ansportation-environments have characteristics based on data from existing road, rail, 
and water routes in Ontario. They incorporate data on population density along existing routes. 
A review of transportation conditions in Quebec and New Brunswick showed that the conditions 
are similar enough to those in Ontario that the Ontario data could be used to represent trans- 
portation in these provinces. 

6.3 EMPLOYMENT 

LABOUR FORCE SIZE AND SKILL REQUIREMENTS 

The number and type of workers required to site, construct, operate, decommission, and close a 
nuclear fuel waste disposal facility would depend on the facility design and the stage of imple- 
mentation. The size of the labour force required to transport nuclear fuel waste to the disposal 
facility would depend primarily on the rate at which the waste was transported, on the distance 
from the nuclear generating station to the disposal facility, and on the mode of transportation. 
Estimates of employment for the PREdisposal-system are given below. 

The skills required from the workers involved in used-fuel transportation are available at present 
in the job market and are expected to remain available until the time when the disposal concept 
might be implemented (R-Reclosure). Workers at nuclear generating stations have experience in 
handling used fuel. Commercial truck, train, or tug/barge workers would already possess most of 
the required skills and could be trained in the handling of radioactive materials and emergency 
response. Truck drivers could also be given additional training to augment their safe driving 
practices. 
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LOCAL AND REGIONAL LABOUR FORCE 

The number of local and regional workers employed would depend on how many such workers 
with appropriate skills were available or could be trained. Local and regional workers could be 
given preference in hiring. The implementing organization might have to negotiate or rene- 
gotiate agreements with unions regarding the hiring of local and regional workers. 

Preference could also be given to local and regional workers by establishing special training 
programs, such as courses at local and regional educational institutions and "hands-on" training 
for specific project work, given under simulated employment conditions. 

TRANSIENT LABOUR FORCE 

The need for transient workers would be greatest during the siting and construction stages. 
During site screening, workers would be required for short terms at several locations and would 
have to move from one location to another as their skills were required. During site evaluation 
and construction, many of the jobs would be short-term. During operation, the labour require- 
ments would be the same for a long period, the duration depending mainly on the vault size; 
permanent workers would be needed. During extended monitoring (if required), decommis- 
sioning, and closure, many of the jobs would again be short-term. 

LIVING ACCOMMODATIONS 

Living accommodations for both short-term and permanent workers would depend on the 
location of the disposal facility relative to population centres and transportation routes, and the 
preferences of workers. Typically, permanent workers are more likely to live close to the 
workplace than short-term workers (Gilmore et al. 1982). Options for living accommodations 
include 

existing accommodations in a community within commuting distance; 

new accommodations in an existing community within commuting distance; 

accommodations for short-term workers or fly-in commuters; 

a new town; or 

some combination of these options. 

There is abundant experience in Canada with all of these alternatives (R-Preclosure). 

EMPLOYMENT FOR THE PREDISPOSAL-SYSTEM 

The estimated labour requirements for the PREdisposal-facility are discussed in detail in 
R-Facility. Estimated annual requirements are shown in Figure 6-17 and the totals for the siting, 
construction, operation, decommissioning, and closure stages are listed in Table 6-3. The 
estimated total employment at the disposal facility is about 62 000 person-years. 
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FIGURE 6-17: ESTIMATED ANNUAL M O U R  BEQUIREMENTS FOR 
?m P R B ~ ~ s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

TABLE 6 3  

ESTIMATED LABOUR REQUIREMENTS FOR THE P B & ~ ~ ~ ~ ~ A L - ~ ~ ~ ~  

stage Duration of Stage 
(years> 

Labour Requirement 
(perm-years) 

Siting 
C ~ t n r ~ t i o n  
-tion 
Decomrnissioniq 
Closure 
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Figure 6- 17 and Table 6-3 do not show any extended monitoring stages because their durations 
are undefined. A predecommissioning extended monitoring stage would require a work force of 
about 110 persons per year, and a postdecommissioning extended monitoring stage would 
require a work force of about 25 persons per year. 

In addition to the direct employment at the PREdisposal-facility, assumed to be in Ontario, 
disposal would also create indirect employment in businesses providing materials and services to 
the disposal facility and induced employment in businesses where household, corporate, and 
government income was respent. The total employment in Ontario and Canada was estimated by 
Ontario Hydro (R-Preclosure) using Ontario Hydro’s interprovincial input-output model (Cheng 
1993). The estimated total employment is 329 000 person-years in Ontario and 42 1 000 person- 
years in all of Canada. In Ontario, the estimated average annual employment resulting from the 
PREdisposal-facility is less than 0.1 % of the total annual employment in the province. 

Estimates of labour requirements for transporting the used fuel from nuclear generating stations 
in Ontario, Quebec, and New Brunswick to the PREdisposal-facility range from 2600 to 
4700 person-years for road transport and from 1200 to 1300 person-years for rail transport, 
depending on the location of the facility. Estimates for water transport are between those for 
road and rail. These estimates are based on the assumption that 9.4 million bundles of used fuel 
would be transported from nuclear generating stations in Ontario, 250 000 would be transported 
from Quebec, and 440 0oO would be transported from New Brunswick (R-Facility). 

For the transportation of used fuel in Ontario, estimates of total employment in Ontario range 
from 4600 person-years (for road transportation to the Southern Region) to 35 700 person-years 
(for rail transportation to the Northern Region) (R-Preclosure). The annual employment is small 
relative to the total employment in Ontario. 

Because the jobs created might be drawn from other sectors of the economy, the net increase in 
employment in Ontario and Canada might be less than the estimates of total employment result- 
ing from disposal. 

Details about estimated employment for the PREdisposal-system are giyen in R-Facility and 
R-Preclosure. 

6.4 RESOURCE REQUIREMENTS FOR THE P R E ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~  

The estimated resource requirements for construction materials, containers, and sealing materials 
for the PREdisposal-facility are summarized in Table 6-4. The availability of titanium is dis- 
cussed in Section 4.6.2, and the availability of bentonite and glacial lake clay is discussed in 
Section 4.5.2. The availability of all materials is discussed in detail in R-Preclosure. It is 
expected that there would be sufficient reserves and production of all these materials in Canada 
or other countries that traditionally supply these materials. 
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TABLE 6-4 

ESTIMATED RESOURCE REQUIREMENTS FOR THE PREDISPOSAL-FACILITY 

Component Quantity Required 

Bituminous Paving (for site construction) 

Cement (for concrete) 

Sand (for concrete) 

Gravel andlor Crushed Stone (for concrete) 

Steel (for surface facilities) 

Aluminum (for ducting and equipment) 

Copper (for pipes) 

Titanium (for containers) 

Carbon Steel (for baskets)’ 

Silica Glass Beads (for container packing) 

Bentonite Clay (for sealing) 

Glacial Lake Clay (for sealing) 

Silica Sand (for sealing) 

Crushed Granite (for sealing) 

Cement (for sealing) 

1.05 x lo5 m3 

8.08 x lo4 m3 

3.12 x lo5 m3 

3.19 x lo5 m3 

1.13 x lo5 Mg 

2.00 x lo2 Mg 

3.00 x 10’ Mg 

2.04 x lo4 Mg 

6.20 x lo4 Mg 

7.90 x lo4 Mg 

2.10 x lo6 Mg 

2.17 x 106Mg 

2.23 x lo6 Mg 

6.92 x lo6 Mg 

1 . 4 0 ~  1 0 5 ~ g  

* For the preclosure assessment case study, a basket of carbon steel was specified in the 
PREcontainer design. Should the generation of hydrogen gas upon corrosion be of concern 
(Section 4.6.3), a basket could be constructed of a material such as a ceramic or a metal 
with a lower corrosion rate. 

The stainless steel for the transportation casks specified for the ‘%ansportation-systems is 
made of iron, chromium, and nickel. The estimated amounts required are smallest for road 
transportation to the Southern or Central Regions and greatest for rail transportation to the 
Northern Region. They constitute a small fraction of the known reserves of these metals. Details 
on estimated resource requirements are given in R-Preclosure. 
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The estimated costs of siting, constructing, operating, decommissioning. and closing the 
AI8disposal-facility an described in R-Facility and summarized in Figure 6- 18 and Table 6-5. 
The estimated total cost (excluding the cost of transporting used fuel, which is given separately 
below) is about $13 billion (in 1991 dollars). Because the estimated cost is based on an 
engineering conceptual design rather than a detailed design, there is considerable uncertainty in 
the estimate. Table 6-5 show B ranges to reflect the uncertainty. These ranges arc related only to 
the mdisposal-facility design, 
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FIGURE 6-18: ESTIMATED ANNUAL COST OF THE m ~ ~ ~ ~ A L ~ ~ C ~ ~ m  

The estimates in Figure 6- 18 and Table 6-5 include the wst of a new town for a population of 
h u t  3000 persons, because the construction of a new town would lead to the highest costs for 
accommdating the work force. (To assess the potentid socio-economic effects of disposal, 
other options for accommodations were also considered.) The estimates also include the cost of 
a construction camp, monitoring, assessment of environmental effects, and research and 
development, as  well as a contingency of 17%. The estimates do not include the costs of 
fmancing, taxes, non-routine activities (such as waste retrieval), or transportation of nuclear fuel 
w ask. 
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TABLE 6-5 

ESTIMATES OF SCHEDULE AND COST FOR THE P R E ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~  

FOR DISPOSAL OF ABOUT 10 MILLION USED-FUEL BUNDLES 

Estimate Estimated Estimate 
Minus 15% Cost Plus 40% 

Stage Duration 
(years) 

(millions of $1991) 

Siting 23 1 850 2 180 3 050 
Construction 7 1 540 1810 2 530 
Operation 41 6 850 8 060 11 280 
Decommissioning 16 1 060 1 250 1 750 
Closure - 2 - 30 30 - 40 

89 11 320 13 320 18 650 

Note: The costs shown for the stages do not necessarily add up to the totals shown 
because of rounding off. 

Figure 6-1 8 and Table 6-5 do not show any extended monitoring stages because their durations 
are undefined. The estimated cost of a predecommissioning extended monitoring stage is about 
$23 million per year, and the estimated cost of a postdecommissioning extended monitoring 
stage is about $9 million per year (R-Facility). 

The direct expenditures on disposal would stimulate further spending and income, and the total 
effect on the economy is measured as the contribution to GDP. Ontario Hydro (R-Preclosure) 
estimated the contribution to GDP using Ontario Hydro's interprovincial input-output model 
(Cheng 1993). To take into account the time-related value of money, the total contribution to 
GDP is expressed as net present value; that is, annual contributions to GDP are discounted such 
that the total contribution is valued as of 1991. The total estimated contribution to the GDP is 
about $4.8 billion in Ontario and $5.8 billion in all of Canada (in 1991 dollars net present value), 
In Ontario, this estimated average annual contribution to GDP is less than 0.1 % of the total 
annual GDP for the province. 

Estimates of the cost of transporting about 10 million bundles of used fuel from nuclear 
generating stations in Ontario, Quebec, and New Brunswick to the PREdisposal-facility range 
from $400 million to $770 million for road transportation and $1 41 0 million to $2140 million for 
rail transportation, depending on the location of the disposal facility. Estimates for water 
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transport are between those for road and rail. By comparison, the additional estimated cost of the 
PREtransportation-system is 3% to 16% of the cost of the PREdisposal-facility, depending on the 
distance and mode. 

For the transportation of about 10 million bundles of used fuel from nuclear generating stations 
in Ontario, Ontario Hydro (R-Preclosure) estimated the contribution to GDP (in 1990 dollars net 
present value). Estimates of the total contribution to GDP range from $44 million (for road 
transportation to the Southern Region) to $33 1 million (for rail transport to the Northern Region). 
The annual contribution is small relative to the total size of Ontario’s GDP. The relative effect 
might be larger on some local economies within the provinces affected. 

For a disposal facility with a smaller capacity than that of the PREdisposal-facility, the duration of 
the construction, operation, and decommissioning stages would be shorter, whereas the duration 
of the siting and closure stages would be about the same. The total cost would be lower, primar- 
ily because of the lower costs of the construction, operation, and decommissioning stages. Cost 
estimates for disposal of 5,7.5, and about 10 million used-fuel bundles are described in 
R-Facility and are summarized in Table 6-6. Like the estimates given in Table 6-5, these 
estimates do not include the cost of transportation. 

TABLE 6-6 

ESTIMATES OF SCHEDULE AND COST FOR THREE SIZES OF DISPOSAL FACILITY 
BASED ON THE DESIGN SPECIFIED FOR THE CASE STUDY 

Stage 
5 Million Bundles 7.5 Million Bundles - 10 Million Bundles 

Duration cost Duration cost Duration cost 
(years) (millions (Years) (millions (years) (millions 

of $1991) of $1991) of $1991) 

Siting 23 2 140 23 2 160 23 2 180 
Construction 5 1 520 6 1630 7 1810 
Operation 20 4 060 30 6 040 41 8 060 
Decommissioning 13 940 15 1 090 16 1 250 
Closure - 2 3 - 2 - 30 - 2 30 

63 8 680 76 10 950 89 13 320 

Note: The costs shown for the stages do not necessarily add up to the totals shown because of rounding off, 

We do not believe that the cost of disposal would be offset by a reduction in risk to the current 
generation. It is the risk to future generations that would be reduced. We know of no accepted 
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relationship that would allow us to compute a monetary benefit resulting from a reduction in risk 
to future generations. 

Details about costs and economic effects of the PREdisposal-system, including the methods used 
to estimate them, are given in R-Facility and R-Preclosure. 

6.6 EFFECTS ON HUMAN HEALTH AND THE NATURAL ENVIRONMENT THAT 
COULD BE CAUSED BY ACTIVITIES ASSOCIATED WITH THE SITING 
STAGE 

Ontario Hydro identified the effects on human health and the natural environment that could be 
caused by activities associated with the siting stage (Section 6.2.5). The assessment methods, 
assumptions, potential effects, and potential mitigation measures are described in R-Preclosure 
and summarized below. 

RADIOLOGICAL EFFECTS 

During the siting stage, radiological hazards could result from the use of radioactive materials for 
characterization activities. For example, sealed radioactive sources would be used in borehole 
geophysical logging instruments to determine the density and porosity of the rock. Radioactive 
materials are routinely licensed by the AECB for characterization during conventional siting and 
exploration activities. Their effects were not evaluated in this assessment. 

NON-RADIOLOGICAL EFFECTS 

Under normal conditions during the siting stage, workers would likely be exposed to extreme 
weather conditions, noise, vibration, and exhaust emitted from diesel-powered equipment. 
Transportation, vegetation cleating, and drilling and blasting could give rise to accidents. 

Given that the activities and potential effects during the siting stage would be common to other 
sectors, such as civil engineering and mining exploration, there are methods to mitigate the 
adverse effects. Training in the handling of hazardous materials and the use of equipment would 
mitigate hazards for workers. It was assumed that access to hazardous areas would be controlled; 
thus the public would not be affected by any accidents. 

Potential non-radiological effects of siting activities on the natural environment were identified. 
The environmental effects caused by both geological exploration and hydraulic dam construction 
were taken into consideration. It was concluded that adverse effects on the natural environment 
would be minimal, provided adequate measures were taken to protect humans and the natural 
environment and provided the potentially affected communities were involved in determining the 
scope of the characterization activities. However, any effects on the natural environment would 
be highly site-specific, and as for all other effects identified in this case study, they would need 
to be estimated in the context of a specific site if the disposal concept were implemented. 
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6.7 EFFECTS ON HUMAN HEALTH AND THE NATURAL ENVIRONMENT THAT 
COULD BE CAUSED BY ACTIVITIES ASSOCIATED WITH THE 
CONSTRUCTION STAGE 

Ontario Hydro identified the effects on human health and the natural environment that could be 
caused by activities associated with the construction stage (Section 6.2.6). The assessment 
methods, assumptions, potential effects, and potential mitigation measures are described in 
R-Preclosure and summarized below. 

RADIOLOGICAL EFFECTS 

The radiological hazards of the construction stage would include those of the siting stage, 
because the characterization activities begun during the siting stage would be continued during 
the construction stage. In addition, naturally occurring radon in the rock would be emitted from 
the underground excavation. The estimated radon emission from the underground excavation is 
7 x 10' ' Bq/a. By comparison, the estimated naturally occurring emission from the soil over the 
area of the PREdisposal-site is 1013 Bq/a (R-Preclosure), over ten times the estimated emission 
from the excavation. Concentrations of radon in outdoor air also depend on the atmospheric 
factors controlling its upward dispersion, and concentrations at a single location can vary widely 
on both a daily and annual basis (NCRP 1987a). 

Within the disposal vault, the radon emitted from the rock would be diluted by the ventilation 
system, and operations would be managed to prevent dose rates from exceeding the AECB limit 
for atomic radiation workers (Appendix B, Section B.2.2). 

NON-RADIOLOGICAL EFFECTS ON THE PUBLIC AND NATURAL ENVIRONMENT 

Potential non-radiological effects of construction activities on the public and the natural environ- 
ment were identified. The environmental effects caused by mining, constructing nuclear 
generating stations, and constructing hydraulic dams were taken into consideration. The poten- 
tial effects on air and water quality, land use, forest fires, the ecosystem, noise, traffic, aesthetics, 
and valued environmental components were identified, as discussed below. 

Air Quality: On the disposal site, sources of atmospheric emissions would include dust and 
particulates from clearing, excavation, grading, filling, and operation of construction vehicles or 
equipment. Off the disposal site, sources of emissions would include airborne particulates from 
the construction of site access routes and service corridors (for example, for power lines), as well 
as dust produced by vehicles transporting construction materials. 

Dust in the presence of dew would form a crust on vegetation. Some sensitive species might 
suffer foliage damage as a result, but the number of plants affected is expected to be small. 
Paving the roads and parking areas, sprinkling water periodically, using covered trucks where 
possible, and keeping the roads near the site free of heavy dust deposits would help to minimize 
dust effects. As well, the Ontario Ministry of Natural Resources (1992) class environmental 
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assessment for access roads concludes that dust emissions from access road construction would 
have a minor effect on air quality. 

Experience from construction of other large-scale projects, such as the Darlington Nuclear 
Generating Station, indicates that air quality is not likely to be altered appreciably by the 
emission of combustion gases from construction equipment. Any changes in air quality that 
might occur would be temporary and localized. 

Incineration and open burning of waste materials would be potential sources of emissions of 
particulates and combustion gases. However, the area affected would usually be localized and 
the duration of these activities would be short. Estimated emissions are small compared with 
existing emissions in the Ontario portion of the Canadian Shield. 

Water Quality: Effects of site preparation on water quality would include sediment deposition 
from runoff into neighbouring water bodies. Turbidity might occasionally be increased by 
surface runoff, but it is not expected to be altered permanently. The construction of ditches and 
storm drainage systems would control erosion on the construction site. 

Legislative requirements protect against contamination of the water supply by oil, chemicals, and 
liquid fuels. Sewage effluents would be treated to meet legislative requirements and therefore 
should not adversely affect the quality of surface water or groundwater. 

To minimize effects on fish spawning, shoreline or offshore construction activities should be 
scheduled to avoid the peak spawning period. Careful planning and review of construction 
procedures to help prevent habitat destruction would be undertaken before the start of 
construction. 

Surface water runoff from the pile of excavated rock, which would be monitored and controlled, 
might increase sediment concentrations in surrounding surface waters, but it is expected to have 
little or no effect on the pH. Neither is it expected to introduce toxic substances in harmful 
amounts, because igneous rock has relatively low concentrations of toxic substances and rela- 
tively high resistance to weathering. During excavation of AECL's Underground Research 
Laboratory, the contribution to turbidity and suspended sediment concentration from runoff was 
greatly reduced by carefully designing the settling pond and discharge path to maximize precipi- 
tation of the suspended solids on site (Lemire and Acres 1990). No significant changes in the 
off-site surface water quality were recorded at the Underground Research Laboratory. 

It is expected that groundwater would not be affected by the construction of the surface facilities. 
However, excavation of the shafts, tunnels, and disposal rooms could affect the hydraulic head 
and the chemistry of the groundwater near the excavation, and possibly beyond the site bound- 
ary. Potential effects would be estimated during site evaluation. Private wells might be affected, 
but mitigative actions could be taken. These might include hauling water, either on a short-term 
or a long-term basis, drilling new wells, or providing a piped-in water supply from another 
source. 
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Land Use: Erosion would be minimized by limiting site-clearing activities that expose soil. 
Solid wastes generated during construction activities (glass, scrap metal, lumber, brush) would 
be disposed of using established procedures. Reduction, re-use, and recycling of material would 
be emphasized. Construction of new roads could increase accessibility to the area, thereby 
increasing the use of the area for purposes such as recreation. 

Forest Fires: The frequency of forest fires could increase during the construction stage because 
of land clearing, road paving, construction of buildings and towers that attract lightning, and 
increased recreational use of the area. Measures to avoid or mitigate the effects of forest fires 
could include installing lightning rods on tall site structures, establishing fire breaks around the 
construction site, training construction staff in fire-prevention and fire-fighting procedures, 
providing fire-fighting equipment, providing funds to establish or improve local fire-fighting 
services, and providing funds for reforestation in the event of a construction-induced fire. 

Ecosystem - Flora and Fauna: Preparation of the site, access route, and service corridors 
would result in the loss or disruption of the natural vegetation cover on the area affected. 
According to the PREdisposal-facility design, the area affected would be very small (no more than 
18 km2), and much of it would not be developed. Existing vegetation would be preserved as 
much as possible, to prevent erosion and for aesthetic and landscaping purposes. The preserva- 
tion of wetland areas would also minimize the effects of a disposal facility on the ecosystem. 

Valued ecosystem components would be either avoided during the siting stage or otherwise 
protected. Nevertheless, wildlife could be affected by heavy-metal emissions from vehicles, by 
increased noise, by traffic, and by vegetation clearing. Some wildlife could be displaced, either 
permanently or temporarily. However, the area affected would be limited to the area covered by 
the surface facilities, excavated rock, and access routes, which would be considerably less than 
the total site area. There might be an increase in some species as a result of either habitat 
diversification (vegetation clearing) or the availability of ecological niches vacated by other 
species. 

Noise: Noise levels would increase but would be monitored and controlled to comply with 
legislative requirements. Noise from construction of the disposal facility is not expected to 
intrude significantly on nearby communities because most of the construction would be more 
than a kilometre within the site boundary. 

Traffic: Delivery of materials to the site during the construction stage is estimated to increase 
traffic by about 32 trucks per day if by road or 22 railcars per day if by rail. 

Aesthetics and Valued Environmental Components: Adverse aesthetic effects could be 
mitigated by appropriate landscaping provisions. Valued environmental components 
(Section 4.2.10) would be either avoided during the siting stage or otherwise protected. Any 
effects of the disposal facility on valued environmental components would occur mainly during 
the construction stage. 
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NON-RADIOLOGICAL EFFECTS ON WORKERS 

Under normal conditions during the construction stage, workers would likely be exposed to dust, 
noise, and exhaust emitted from equipment. 

The non-radiological effects on workers that could be caused by accidents during the construc- 
tion stage were estimated on the basis of injury and fatality data from industries where compar- 
able tasks are carried out using similar types of equipment. For the underground activities, the 
estimates were based on data from the Ontario mining industry: 0.3 worker fatalities and 47 lost- 
time injuries per lo6 person-hours worked. For other activities, the estimates were based on data 
from the construction industry and Ontario Hydro. It was assumed that access to hazardous areas 
would be controlled; thus the public would not be affected by these accidents. For the 7-year 
construction stage, accidents at the '=disposal-facility were estimated to result in 0.4 worker 
fatalities and 77 lost-time injuries. The underground activities were the single largest 
contributor. 

It is expected, however, that the implementing organization would have a better safety record 
than the industry average, because of stringent working procedures, health and safety programs, 
and less emphasis on production targets. For example, during the 1.6 million person-hours 
worked to construct and operate AECL's Underground Research Laboratory, there were no fatal 
accidents and only 6.2 lost-time injuries per lo6 person-hours worked. Also, during the 
50 million person-hours worked to construct the Darlington Nuclear Generating Station, there 
were no fatal accidents. It is expected that the actual injury and fatality rates at a disposal facility 
would also be significantly lower than those assumed for this assessment. 

6.8 EFFECTS ON HUMAN HEALTH AND THE NATURAL ENVIRONMENT THAT 
COULD BE CAUSED BY ACTIVITIES AT THE PREDISPOSAL-FACILITY 
DURING THE OPERATION STAGE 

Ontario Hydro identified the effects on human health and the natural environment that could be 
caused by activities at the PREdisposal-facility during the operation stage (Section 6.2.7). The 
assessment methods, assumptions, potential effects, and potential mitigation measures are 
described in R-Preclosure and summarized below. Collective radiation doses are reported in 
R-Preclosure. 

RADIOLOGICAL EFFECTS ON THE PUBLIC - NORMAL CONDITIONS 

The radiological hazards of normal operation of the PREdisposal-facility would include those of 
the siting and construction stages, because characterization and excavation activities would be 
continued in the operation stage. Additional radiological hazards could result from handling 
waste in the surface facilities and the vault, and from the release of radionuclides from emplaced 
defective containers. Radionuclides could be emitted from the PREdisposal-facility in both air 
and water and could reach humans and non-human biota via a number of routes (pathways). 
Doses could be received by internal radiation (resulting from ingestion and inhalation) and 
external radiation. 
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To estimate the potential dose rate to the public, ten important pathways to humans were iden- 
tified, and the environment was divided into a number of compartments (Figure 6-19). Radio- 
nuclide transfer from one compartment to another was represented by single-valued generic con- 
stants generally representing steady-state or equilibrium values. Dose rates were estimated using 
the computer code PREAC (Russell 1993). 

The individual dose rate was estimated for a member of the critical group, a relatively homoge- 
neous group of people that is expected to receive the greatest dose because of its location, age, 
habits, and diet. The critical group was assumed to reside year-round on a farm at the 
PREdisposal-facility boundary and to consume food grown on that farm and fish and water from a 
nearby water body that receives the liquid discharge from the PREdisposal-facility. The farm was 
assumed to be located where the wind direction would give the largest radionuclide 
concentrations from PREdisposal-facility airborne emissions. 

For a member of the critical group, the estimated dose rate resulting from waste handling in the 
PREdisposal-facility under normal conditions is given in Table 6-7. For both adults and infants in 
all three regions, the estimated dose rate is at least 3 orders of magnitude lower than the current 
AECB limit of 5 mSv/a (Appendix B, Section B.2.2), the proposed limit of 1 mSv/a 
(Appendix B, Section B.2.2), and the dose rate of about 3 mSv/a from natural background 
radiation (Section 2.1.7). 

As shown in Table 6-7, the estimated dose rates are highest in the Northern Region. This is 
because the mean lake volumes and flow rates are lowest in that region, and thus the estimated 
concentrations of contaminants in surface water are highest in that region. Of the airborne 
radionuclides, 137Cs produced the highest dose rate. The pathway that contributed the most to 
this dose was deposition on soil and subsequent external exposure (pathways 5 and 23 in 
Figure 6-19). Of the waterborne radionuclides, 90Sr produced the highest dose rate. The 
pathway that contributed the most to this dose was transfer from water to garden crops and 
subsequent ingestion by humans (pathways 7 and 17 in Figure 6-19). 

The estimated maximum release of radionuclides to air and water during the preclosure phase 
resulting from emplaced defective containers containing used fuel with defects is about 1 order 
of magnitude less than the release resulting from waste handling, which resulted in the doses 
given in Table 6-7. 

TABLE 6-7 

ESTIMATED DOSE RATE TO A MEMBER OF THE CRITICAL GROUP 
FROM NORMAL OPERATION OF THE PREDISPOSAL-FACILITY 

Southern Region Central Region Northern Region 
~~ 

Adult Dose Rate (mSv/a) 2.0 x l o 4  2.2 x 10-4 3~~ 10-4 

Infant Dose Rate (mSv/a) 2.9 10-4 3.1 x 10-4 5.2 
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Radionuclides Emined from the PREDisposal-Facility 

EIS 6.19 

OEmiss ion  of radionuclides from disposal facility to river or lake 

OEmiss ion  of radionuclides from disposal facility to  air 

OTransfer from air to river/lake (deposition) 

OTransfer from rivernake to soil 

mTransfer from air to soil (deposition1 

BTrans fer  from river/lake to fish 

OTransfer from river/lake to garden and field crops (irrigation) 

BTrans fer  from river/lake to beach sediment 

BTrans fer  from soil to garden and field crops (root uptake) 

@Transfer from air to garden and field crops (deposition) 

OTransfer from garden and field crops to animal produce 

OTransfer from riverflake to animal produce 

OTransfer from soil to animal produce 

BTrans fer  from air to animal produce 

BTrans fer  from river/lake to madinfant (ingestion) 

mTransfer from fish to manlinfant (ingestion) 

OTransfer from garden and field crops to manlinfant (ingestion) 

a T r a n s f e r  from air to man/infant (inhalation) 

a T r a n s f e r  from soil to man/infant (ingestion) 

@Transfer from animal produce to manfinfant (ingestion) 

@External exposure of manfinfant to beach sediment 

OExterna l  exposure of manfinfant to river/lake 

@External exposure of maniinfant to soil 

a E x t e r n a l  exposure of manfinfant to air 

FIGURE 6-19: POTENTIAL EXPOSURE PATHWAYS FOR RADIONUCLIDES RELEASED 
FROM THE PREDISPOSAL-FACILITY DURING THE PRECLOSURE PHASE 
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RADIOLOGICAL EFFECTS ON NON-HUMAN BIOTA - NORMAL CONDITIONS 

To estimate potential dose rates to non-human biota resulting from normal operation of the 
PREdisposal-facility, simple generic models were developed for four representative hypothetical 
organisms: a freshwater fish, a plant, a mammal, and a bird (Appendix B, Section B.6.4). The 
dose rate to each of these organisms was estimated using steady-state radionuclide concentrations 
in the environment near the PREdisposal-facility, which were estimated using the computer code 
PREAC (Russell 1993). Because the concentrations were similar for the three regions, the 
estimated dose rates to each hypothetical organism would also be similar. Thus dose rates were 
estimated only for the Northern Region. 

The estimated dose rate to the hypothetical fish, plant, mammal, and bird near the PREdisposal- 
facility is 8.6 x 
radionuclides that produced the largest dose rate were 134Cs and 137Cs, and the pathway that 
contributed the most to this dose rate was internal exposure. For the plant, mammal, and bird, 
the radionuclide that produced the largest dose rate was 90Sr, and the pathway that contributed 
the most to this dose rate was external exposure to soil. 

6.5 x 6.4 x and 6.4 x lom3 mGy/a respectively. For fish, the 

By comparison, the lower end of the range of background dose rate is 1 mGy/a (Section 2.1.8). 
The estimated dose rates resulting from the PREdisposal-facility are less than 1 % of this value; 
that is, they are well below background and even further below dose rates known to cause harm 
(Section 2.1 .S). 

RADIOLOGICAL EFFECTS ON ATOMIC RADIATION WORKERS - NORMAL 
CONDITIONS 

Potential dose rates to atomic radiation workers resulting from normal operation of the 
PREdisposal-facility were estimated on the basis of the dose rate in each working area and the 
exposure time. The estimated maximum dose rate to an individual atomic radiation worker is 
17 mSv/a, which is below the current AECB limit of 50 mSv/a and the proposed limit of 
20 mSv/a (Appendix B, Section B.2.2). If the disposal concept were implemented, the design 
would be optimized, dose rates to atomic radiation workers would be monitored, and admin- 
istrative measures would be taken both to prevent total dose rates from exceeding the AECB 
limit and to keep doses as low as reasonably achievable, social and economic factors being taken 
into account. Within the disposal vault, the radon emitted from the rock would be diluted by the 
ventilation system, and operations would be managed to prevent total dose rates from exceeding 
the AECB limit for atomic radiation workers. 

RADIOLOGICAL EFFECTS ON THE PUBLIC - ACCIDENT CONDITIONS 

Potential scenarios for accidents at the PREdisposal-facility during the operation stage were 
identified by analyzing the PREdisposal-facility design, reviewing safety analyses developed for 
other disposal facility designs, and analyzing the set of external events normally considered in 
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the design of nuclear facilities (Russell and Villagran 1993). It was concluded that 
flooding of the vault could not cause criticality of the used fuel (that is, it could not cause a 
self-sustaining fission chain reaction) (Section 4.4.1); 
no cave-ins serious enough to result in disposal container damage would be expected; 

there would be no substantial damage to the surface facilities from a credible seismic event; 
and 
the probability of a forest fire affecting the facility is small, and effective prevention and 
protection measures could be taken. 

Details of these analyses are given in R-Preclosure. 

Six accident scenarios were selected for further analysis (Table 6-8). For each of these scenarios, 
the potential frequency of occurrence was estimated on the basis of experience with similar 
components, such as cranes. 

TABLE 6-8 

POTENTIAL ACCIDENT SCENARIOS FOR PREDISPOSAL-FACILITY OPERATION 

Scenario Scenario Description Accident 
Frequency 
(per ye=) 

1 Scissors-lift failure: An open transportation cask is dropped before the 
storage/shipping modules are removed within a shielded cell in the used-fuel 
packaging plant (Figure 6-8, p. 213). 2.1 1 0 3  

2 Scissors-lift and ventilation failure: In addition to Scenario 1, the ventilation 
system fails such that airborne radionuclides by-pass the filters. 1.6 x 10-4 

3 Overhead carriage failure: A loaded storagdshipping module is dropped on top of 
another loaded storagehhipping module in a shielded cell in the used-fuel 
packaging plant (Figure 6-8, p. 213). 2.6 x lo-* 

4 Overhead carriage and ventilation failure: In addition to Scenario 3, the ventilation 
system fails such that airborne radionuclides by-pass the filters. 2.0 x 

5 Failure in the shaft and hoisting facilities: A container cask is dropped down the 
shaft. 4.0 x 

6 Failure in the shaft and hoisting facilities with ventilation failure: In addition to 
Scenario 5 ,  the ventilation system fails such that airborne radionuclides by-pass the 
filters. 3.0 10-4 
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To estimate the potential dose to a member of the critical group, Ontario Hydro evaluated only 
the pathways that could result in an immediate public exposure. Pathways considered include 
external exposure from immersion in air, external exposure from radionuclides in the soil, and 
internal exposure from inhalation. 

For each of the accident scenarios listed in Table 6-8, the estimates of dose to a member of the 
critical group are given in Table 6-9. 

TABLE6-9 

ESTIMATED DOSE TO A MEMBER OF THE CRITICAL GROUP 
FROM ACCIDENTS DURING OPERATION 

OF THE PREDISPOSAL-FACILITY 

Scenario Accident Adult Infant 
Frequency Dose Dose 
(per Ye@ (mSv) (mSv) 

1 2.1 x 10-3 2.3 x 10-4 2.0 x 10-4 
2 1.6 x 104 1.3 x lo-' 2.0 x lo-' 
3 2.6 x 7.7 6.7 10m5 

5 4.0 1 0 - ~  2.9 x 104 2.5 1 0 4  
4 2.0 4.4 x 6.5 x 

6 3.0 x 1.6 x 10" 2.5 x 10.' 

The estimated doses are compared with the Protective Action Levels at which protective 
measures should be undertaken (Appendix B, Section B.3.11) to determine which, if any, 
protective measures would be required. Scenario 6 would result in the highest dose, an infant 
dose of 0.25 mSv, whereas the lowest action level is 0.5 mSv. This comparison indicates that no 
protective action would be required, even in the event of a severe accident. If an accident 
occurred, locally grown foods could be monitored to determine whether their consumption would 
need to be banned. 

RADIOLOGICAL EFFECTS ON ATOMIC RADIATION WORKERS - ACCIDENT 
CONDITIONS 

The potential dose to atomic radiation workers from an accident during the operation of the 
PREdisposal-facility was estimated on the basis of a worker's location at the time of the accident 
and on the time required for the worker to evacuate the area. The maximum of the estimated 
doses to an atomic radiation worker resulting from accidents in the surface facilities is 16.5 mSv, 
as a result of Scenario 1, which has an estimated frequency of 2.1 x per year. The maximum 
of the estimated doses to an atomic radiation worker resulting from accidents underground is 
20.5 mSv, as a result of Scenario 5, which has an estimated frequency of 4.0 x per year. 
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By comparison, the dose at which serious deterministic health effects may occur is 1000 mSv 
(ICRJ? 1993), and the estimated doses to atomic radiation workers are well below this level. 
There is no regulatory limit on dose to atomic radiation workers under accident conditions. 

NON-RADIOLOGICAL EFFECTS ON THE PUBLIC AND NATURAL ENVIRONMENT 

The non-radiological hazards of normal operation of the PREdisposal-facility would include the 
potential for release of chemically toxic elements from the used fuel and their emission from the 
facility in both air and water. For several chemically toxic elements in the used fuel (antimony, 
bromine, cadmium, cesium, chromium, molybdenum, samarium, selenium, technetium, and 
uranium), the resulting increases in concentration in air, water, and soil were estimated using the 
same methodology as for the radionuclides that could be emitted from the pREfacility under 
normal conditions. 

Estimated increases in concentration in air are all below 1 O-I3 mg/m3, and they were not con- 
sidered further. Estimated increases in concentration in water and soil were compared with 
background concentrations and regulatory limits (R-Preclosure). Except for technetium in lake 
water, the estimated increases in concentration are a small fraction of the background concentra- 
tions and regulatory limits. The estimated increase in the concentration of technetium in lake 
water is less than lo-" mg/L, which in absolute terms is very small; however, it is large relative 
to background concentrations, which are less than 
concentration is very small, the environmental effect of technetium from a disposal facility is 
expected to be very small. 

mg/L. Because the estimated increase in 

Potential non-radiological effects on the public and the natural environment resulting from 
activities at the disposal facility during the operation stage were identified. The environmental 
effects caused by both mining and nuclear facilities were taken into consideration. The potential 
effects on air and water quality, land use, the ecosystem, noise, traffic, aesthetics, and valued 
environmental components were identified, as discussed below, 

Air Quality: The potential for dust emissions during operation would be reduced by storing 
sand, gravel, and bentonite clay in enclosed spaces, and by crushing and transferring rock in 
enclosed spaces. Dust suppression measures could reduce dust emissions from the pile of 
excavated rock. 

Water Quality: Water treatment provisions and runoff control would prevent degradation of 
existing water quality. 

Land Use: Land cleared during construction could be landscaped and planted with new 
vegetation to reduce erosion. 

Ecosystem - Flora and Fauna: It is expected that vehicle emissions and dust from excavated 
rock would have a minimal effect on vegetation growth. Some of the wildlife species displaced 
during construction would return, whereas others might be disturbed by the noise and still avoid 
the site. It is expected that new species would take up residence on the site, occupying 
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ecological niches vacated by other species or created by vegetation clearing. Given that valued 
ecosystem components would be avoided or otherwise protected and that the area disturbed 
would be minimized, the overall effect on the ecosystem would be minimized. It is expected that 
most of the effects could be reversed during decommissioning. 

Noise: The major source of noise that would be heard off site would be the vehicles travelling to 
and from the site. Equipment used for crushing and screening rock would be noisy, but the noise 
would not likely affect any people living nearby because the surface facilities would be more 
than a kilometre within the site boundary. 

Traffic: Delivery of container and sealing materials to the PREdisposal-facility during the opera- 
tion stage is estimated to increase traffic by about 60 trucks per day if by road or 30 railcars per 
day if by rail. 

Aesthetics and Valued Environmental Components: Adverse aesthetic effects could be miti- 
gated with appropriate landscaping provisions. Protective measures could be used during the 
operation stage to reduce effects on valued environmental components (Section 4.2.10). 

NON-RADIOLOGICAL EFFECTS ON WORKERS 

Under normal conditions at the PREdisposal-facility during the operation stage, workers would 
likely be exposed to dust, noise, and exhaust emitted from equipment. 

The non-radiological effects on workers that could be caused by accidents at the PREdisposal- 
facility during the operation stage were estimated on the basis of injury and fatality data from 
industries where comparable tasks are carried out using similar types of equipment. For the 
underground activities, the estimates were based on data from the Ontario mining industry 
(Section 6.7). For other activities, the estimates were based on data from the forestry, con- 
struction, and light manufacturing industries and from Ontario Hydro. It was assumed that 
access to hazardous areas would be controlled; thus the public would not be affected by these 
accidents. For the 41 -year operation stage, accidents at the PREdisposal-facility were estimated to 
result in 10.3 worker fatalities and 2433 lost-time injuries. 

As for the construction stage, the underground activities were the single largest contributor. It is 
expected that the implementing organization would have a better safety record for underground 
activities than the industry average for mining activities, and that the actual injury and fatality 
rates at a disposal facility would be significantly lower than those assumed for this assessment. 

6.9 EFFECTS ON HUMAN HEALTH AND THE NATURAL ENVIRONMENT THAT 
COULD BE CAUSED BY TRANSPORTING USED FUEL TO THE 
PREDISPOS AL-FACILITY 

Ontario Hydro identified the effects on human health and the natural environment that could be 
caused by transporting used fuel to the PREdisposal-facility (Section 6.2.1 1). The assessment 
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methods, assumptions, potential effects, and potential mitigation measures are described in 
R-Preclosure and summarized below. Collective radiation doses are reported in R-Preclosure. 

RADIOLOGICAL EFFECTS ON THE PUBLIC - NORMAL CONDITIONS 

During normal transportation of used fuel, the public could be exposed to low levels of radiation 
around the cask. Potential dose rates were estimated using the computer code INlTRTRAN 
(Ericsson and Elert 1983). Potential dose rates were estimated for people residing near the 
transportation route, people at a rest stop while transportation casks were there, and people 
travelling in another vehicle along the route. The maximum estimate for each mode is given in 
Table 6- 10. 

TABLE 6-10 

MAXIMUM ESTIMATE OF DOSE RATE FOR EACH MODE OF TRANSPORTATION 
UNDER NORMAL CONDITIONS 

Mode Maximum Estimate 
of Dose Rate 

(mSvla) 

Critical Group Corresponding to the Maximum Estimate for Each Mode 

Road 0.09 People at a truck stop (It was assumed that one-third of the trucks carrying 
used fuel would stop at a given truck stop, and that the members of the 
critical group would be present for half the stops and would be 25 m from the 
cask for the hour that each truck was at the truck stop.) 

Rail 0.0004 People living beside the railway 

Water 0.05 People who follow one shipment of used fuel through a canal at a distance of 
25 m from the nearest casks 

These dose rates are well below the current AECB limit of 5 mSv/a (Appendix B, Section B.2.2), 
the proposed limit of 1 mSv/a (Appendix B, Section B.2.2), and the dose rate of about 3 mSvla 
from natural background radiation (Section 2.1.7). 

RADIOLOGICAL EFFECTS ON NON-HUMAN BIOTA - NORMAL CONDITIONS 

For transportation of used fuel under normal conditions, it was assumed that non-human biota in 
the vicinity of the critical group would be exposed to the same dose rate as a member of the 
public. Because the maximum estimate of dose-equivalent rate to a member of the public is 
0.09 mSv/a and the dose would be caused by gamma radiation, the estimated absorbed-dose rate 
to non-human biota is 0.09 mGy/a. By comparison, the lower end of the range of background 
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dose rate is 1 mGy/a. Thus the estimated dose rate resulting from transportation of used fuel is 
well below background and even further below dose rates known to cause harm (Section 2.1 A). 

RADIOLOGICAL EFFECTS ON ATOMIC RADIATION WORKERS - NORMAL 
CONDITIONS 

Potential radiological hazards to atomic radiation workers resulting from transportation of used 
fuel under normal conditions were identified by analyzing the PR%ansportation-systems on the 
basis of Ontario Hydro’s experience in handling used fuel, Ontario Hydro’s experience in 
designing the demonstration transportation cask, and the experience of Ontario Hydro and other 
agencies in transporting radioactive materials. During cask loading at the nuclear generating 
station, potential hazards would include external radiation from the used fuel in the storage pool, 
external radiation from the fuel in the loaded cask, and internal radiation resulting from inhala- 
tion of airborne radionuclides released from the cask surface during decontamination. During 
cask transport, the potential hazard would be external radiation from the used fuel in the loaded 
cask. Potential dose rates to atomic radiation workers were estimated on the basis of exposure 
time and on the basis of dose rate for each task. 

For road transportation under normal conditions, the estimated dose rate in the cab of the truck is 
0.0015 mSv/h, which is well below the IAEA guideline of 0.02 mSv/h (Appendix B, 
Section B.5). The estimated dose rates in the rail caboose and in the occupied portions of the 
integrated tug-barge are also well below the IAEA guideline for truck crews. No limits have 
been specified for rail and ship crews. 

For a member of a transport crew, the estimated maximum dose rate under normal conditions is 
2.4 mSv/a for road transportation, 1.2 mSv/a for rail transportation, and 10 mSv/a for water 
transportation. For a worker loading casks at a nuclear generating station, the estimated maxi- 
mum dose rate is 10.6 mSv/a. These estimates are below the current AECB limit of 50 mSv/a 
and the proposed limit of 20 mSv/a (Appendix B, Section B.2.2). If the disposal concept were 
implemented, dose rates to atomic radiation workers would be monitored and administrative 
measures would be taken to prevent dose rates from exceeding the AECB limit and to keep doses 
as low as reasonably achievable, social and economic factors being taken into account. 

RADIOLOGICAL EFFECTS ON THE PUBLIC - ACCIDENT CONDITIONS 

To assess the potential effects of accidents during used-fuel transportation, the range of potential 
accident conditions was divided into ten categories, which are characterized by the speed of 
impact with an unyielding surface and the duration of an engulfing fire at a temperature of 
800 C (Figure 6-20). For each category, the frequency of occurrence was estimated using fault 
tree analysis, and the potential dose to the public was estimated as described below. 

It was assumed that the used fuel inside the transportation cask would be damaged as a result of a 
transportation accident, and potential releases of radionuclides from the damaged fuel were 
estimated using models developed for reactor accident analysis. Releases from the cask that 
resulted in dose rates exceeding 10 mSv/h at 1 m from the cask (Appendix B, Section B.2.3) 
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could occur by two modes: loss of integrity 
of the seals for the lid, vent, or drain, 
resulting from thermal degradation at high 
temperatures; and loss of lid bolt tension, 
resulting from a severe impact. These 
modes were identified from tests and analy- 
ses carried out to obtain a design approval 
certificate for a transportation cask. 

The potential dose to the public was 
estimated using the computer code TADS 
(Kempe 1989). The TADS model includes 
the potential pathways for exposure of the 
public that are shown in Figure 6-21. For 
releases that remained at ground level, the 
critical group was assumed to reside 50 to 
100 m from the accident. For releases that 
were dispersed by the updraft of a fire, the 
critical group was assumed to reside at the 
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FIGURE 6-20: CATEGORIES OF POTENTIAL 
ACCIDENT CONDITIONS USED 
TO ASSESS THE POTENTIAL 
EFFECTS OF ACCIDENTS 

TRANSPORTATION 
DURING USED-FUEL 

long term only 9 
term only 

short 
term 

Radionuclides Released from the Transportation Cask 

EIS 6 21 

D o i s p e r s i o n  in air 
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FIGURE 6-21: POTENTIAL EXPOSURE PATHWAYS (INCLUDED IN THE TADS MODEL) 
FOR RADIONUCLIDES RELEASED FROM A TRANSPORTATION CASK 
DURING AN ACCIDENT 
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location where the radionuclide concentration was highest. The TADS model assumes that all 
radioactive material released from the cask could be inhaled. It includes the effects of radio- 
active decay and of atmospheric conditions ranging from unstable (highly dispersive) to stable 
(not very dispersive). Doses are estimated for the short term, about 24 h after the accident, and 
for the long term, up to 50 years after the accident, when cleanup and weathering would 
influence the doses received. 

It is unlikely that an accident would result in any release of radioactive material. The estimated 
frequency of such an accident is less than per year, for all transportation modes and desti- 
nations. If an accident resulted in a release of radioactive material, the short-term dose would 
depend on factors such as the accident conditions and the weather conditions. The estimated 
frequency of an accident resulting in a dose exceeding 10 mSv is very low: 4 x per year. 
The maximum dose estimated is 40 mSv. 

Radioactive material deposited on the ground in the short term could lead to long-term external 
exposures. It could also be resuspended into the air and inhaled, which could lead to long-term 
internal exposures. Even with cleanup, the dose is estimated to increase in the long term (up to 
50 years after the accident) to a total of 1.6 times the short-term dose. Long-term doses could be 
higher if contaminated food were consumed. 

The protective measures that could be taken following an accidental release of radioactive 
material include advising people to remain indoors, evacuation, and restricting the consumption 
of local food and water supplies. The Ontario Nuclear Emergency Plan (Appendix B) specifies 
the measures to be taken following an accidental release from a nuclear generating station, 
depending on the projected radiation doses. Although the Plan does not apply to a transportation 
accident, the estimated doses under unlikely accident and weather conditions can be compared 
with the action levels specified in the Plan. For example, the Plan specifies that the level at 
which evacuation should be undertaken, unless valid reasons exist for deferring action, is 
10 mSv, although the ICRP expects that the optimized level of dose to be averted by evacuation 
would be at least 50 mSv. 

Potential pathways not included in the TADS model were also assessed, and the results are 
outlined below: 

Loss of shielding is not expected to occur because of the monolithic stainless steel construc- 
tion of the transportation cask and the large margin of safety in shielding thickness 
(R-Preclosure). 

External exposure to radioactive material in the air is estimated to be small compared with 
exposure via other pathways (R-Preclosure). 

The estimated maximum short-term dose resulting from a barge sinking and subsequent 
internal exposure via drinking water is 60 mSv, and the estimated frequency associated with 
this dose is less than 10-?a (Kempe 1993). 
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RADIOLOGICAL EFFECTS ON ATOMIC RADIATION WORKERS - ACCIDENT 
CONDITIONS 

To estimate the potential dose to the transport crew from an accident associated with the 
P%ansportation-systems, it was assumed that the crew would remain within 50 m of the release 
point and would inhale radioactive material only during the first part of the release, because later 
the buoyancy associated with the heat from the assumed fire would cause the airborne radio- 
nuclides to rise from the release point. 

The estimated maximum dose to an atomic radiation worker under such conditions is 190 mSv. 
The estimated frequency of such an accident is less than lo-’ per year. By comparison, the dose 
at which serious deterministic health effects may occur is 1000 mSv (ICRP 1993); the estimated 
doses to atomic radiation workers are below this level. There is no regulatory limit on dose to 
atomic radiation workers under accident conditions. 

NON-RADIOLOGICAL EFFECTS 

The estimated average increase in traffic resulting from transportation of used fuel to the 
Pmdisposal-facility is about 12 trucks per day if by road, about 1 train every 3 days if by rail, and 
about 1 integrated tug-barge every 3 days if by water (over an operating season of 230 days per 
year). Atmospheric emissions from used-fuel transportation were estimated to have minimal 
effects on air quality along the transportation routes. The estimated increases in noise and traffic 
are within the normal day-to-day variations of existing traffic. The estimated commitment of 
natural resources to used-fuel transportation, including cask materials, is small compared with 
reserves. 

Road transportation of about 10 million used-fuel bundles would entail a total of about 53 000 
shipments. By comparison, Ontario Hydro has made over 22 000 shipments of radioactive 
materials by road, with only three accidents, no fatalities, and no release of radioactive materials 
to the environment (R-Preclosure). 

Potential non-radiological hazards of a transportation accident would include interruption of the 
normal flow of road, rail, and water traffic; disruption of the surrounding land and water uses; 
release of non-radioactive contaminants, such as diesel fuel or radiator contents, to the water and 
air; and burning of the diesel fuel. These potential non-radiological hazards would be of the 
same nature as for standard transportation activities, and the amount of non-radioactive contam- 
inants available for release would be small. The Ontario Environmental Protection Act 
(Appendix B) makes the owner of a hazardous material responsible for cleaning up any spill and 
restoring the environment as much as possible to its former state. It is expected that emergency 
response measures would minimize any effects. 
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6.10 EFFECTS ON HUMAN HEALTH AND THE NATURAL ENVIRONMENT THAT 
COULD BE CAUSED BY ACTIVITIES ASSOCIATED WITH THE 
DECOMMISSIONING STAGE 

Ontario Hydro identified the effects on human health and the natural environment that could be 
caused by activities associated with the decommissioning stage (Section 6.2.9). The assessment 
methods, assumptions, potential effects, and potential mitigation measures are described in 
R-Preclosure and summarized below. 

RADIOLOGICAL EFFECTS 

During the decommissioning stage, radiological hazards could result from radon emitted from 
the underground excavation and from decontamination and dismantling of the surface facilities. 

The emissions of radionuclides from the PREdisposal-facility during the decommissioning stage 
would be small compared with emissions during the operation stage, because used fuel would no 
longer be stored or handled there: it would all have been emplaced in the disposal vault. The 
radiological effects on the public were not analyzed because it is expected that they would be 
much smaller than dose rates estimated for the operation stage, which are very low (Section 6.8). 

Potential dose rates to atomic radiation workers were estimated on the basis of radiation levels 
and exposure times. Exposure times were based on experience gained in decommissioning the 
Gentilly- 1 nuclear reactor in Quebec. The estimated maximum dose rate to an atomic radiation 
worker is 0.2 mSv/a. This estimate is well below the current AECB limit of 50 mSv/a and the 
proposed limit of 20 mSv/a (Appendix B, Section B.2.2). If the disposal concept were imple- 
mented, dose rates to atomic radiation workers would be monitored and administrative measures 
would be taken to prevent dose rates from exceeding the AECB limit and to keep doses as low as 
reasonably achievable, social and economic factors being taken into account. Within the disposal 
vault, the radon emitted from the rock would be diluted by the ventilation system and operations 
would be managed to prevent dose rates from exceeding the AECB limit for atomic radiation 
workers. 

Potential doses from decommissioning accidents would be lower than estimated doses from 
accidents during the operation stage (Section 6.8). 

Experience to date indicates that the decommissioning of nuclear reactors can meet stringent 
criteria, guidelines, and standards for protection of human health and the natural environment 
(Unsworth 1979, USNRC 1981). It is reasonable to assume that the PREdisposal-facility could 
also be safely decommissioned. 
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NON-RADIOLOGICAL EFFECTS 

For the decommissioning stage, the effects on the natural environment were identified on the 
basis of experience in decommissioning nuclear reactors. Potential non-radiological hazards of 
decommissioning would include dust emissions resulting from demolition of the site buildings 
and use of heavy equipment; increased site runoff and sedimentation of nearby water bodies 
resulting from changes in site topography; disturbance of aquatic life near the shore resulting 
from increased water turbidity and sediment concentrations during demolition of the water intake 
and discharge structures; changes in water quality resulting from waste water from decontami- 
nation activities; and disturbance of local wildlife resulting from increased traffic and noise from 
blasting and other demolition activities. In general, the potential effects on the natural environ- 
ment during the decommissioning stage would be less than those during the construction or 
operation stages. 

Potential non-radiological hazards to workers were identified on the basis of experience with 
large demolition projects. Potential hazards would include airborne pollutants (dust and exhaust 
emitted from engines), noise, and vibration. 

Potential non-radiological effects on workers resulting from accidents during the decommission- 
ing stage were estimated on the basis of injury and fatality data from the construction, forestry, 
mining, and light manufacturing industries (for example, metal cutting) and from Ontario Hydro. 
It was assumed that access to hazardous areas would be controlled; thus the public would not be 
affected by these accidents. For the 16-year decommissioning stage, accidents at the 
PREdisposal-facility were estimated to result in less than 1 worker fatality and about 81 lost-time 
injuries. 

6.11 POTENTIAL SOCIO-ECONOMIC EFFECTS OF THE 'REDISPOSAL- 
FACILITY AND PRETRANSPORTATION-SYSTEMS ON COMMUNITIES AND 
REGIONS 

6.1 1.1 Assessment Framework 

Ontario Hydro assessed the potential socio-economic effects of the PREdisposal-facility and the 
PREtransportation-systems on communities and regions. The assessment methods, assumptions, 
potential socio-economic effects, and potential measures for managing socio-economic effects 
are described in R-Preclosure and summarized below. 

The socio-economic effects would depend on the characteristics of the project and on the 
characteristics of the community. Also, the relationship established between the implementing 
organization and a potentially affected community during the siting stage would be a major 
factor influencing the management of socio-economic effects throughout the preclosure phase. 

The PREdisposal-facility and the PR%ansportation-systems have characteristics comparable to 
those that have led to socio-economic effects in other projects. From a socio-economic point of 
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view, the most important general features of the PREdisposal-facility are that it would be a 
nuclear facility; it would be a waste management facility; it would be a large-scale, complex 
technological project; and construction and operation would be of long duration (7 and 41 years 
respectively). Any of the three modes of transportation under study (road, rail, or water) would 
traverse a variety of settings, and those who could be affected would include people using and 
living near the route and people near the transfer facility (if one were required). Because the 
project characteristics would vary with each project stage, the socio-economic effects could also 
v"y. 

The three main characteristics of a community that determine its capacity for evaluating and 
managing environmental effects (including socio-economic effects) are social and cultural 
vitality, economic viability, and political efficacy (Section 6.1 1.2). The interrelationship of the 
three community characteristics would be important in determining the potential effects. 

Many measures have been used in the past to avoid, mitigate, or compensate for adverse effects 
(R-Preclosure). Ontario Hydro has focused on identifying a range of potential measures for 
managing effects (Section 6.1 1.2). Such measures could be considered by the implementing 
organization and the potentially affected communities when jointly developing programs for 
managing effects (Section 5.8.1). 

Without the identification of a disposal site and the participation of potentially affected commu- 
nities, it has not been possible to determine the significance of potential socio-economic effects 
resulting from the PREdisposal-facility and the PR%ansportation-systems (Section 5.7), or to 
determine what measures would be implemented to manage socio-economic effects 
(Section 5.8.8). If the disposal concept were implemented, this determination would be done 
during the siting stage, with the participation of the potentially affected communities 
(Section 5.1.4). 

Thus the assessment performed for this EIS was limited to identifying a broad range of potential 
effects and potential measures for managing those effects (Section 6.1 1.2). Many of the assump- 
tions made were pessimistic; that is, they tend to overestimate adverse effects. 

The assessment of potential socio-economic effects (R-Preclosure) is based generally on socio- 
economic assessment theory and specifically on 

a literature review of studies of comparable large-scale projects, their socio-economic effects, 
and measures for managing effects; 
studies of public opinion regarding large-scale projects, and nuclear facilities in particular; 
and 
community dynamics and the social processes that determine the nature and significance of 
effects at any location. 

Examples of the comparable projects reviewed are given in Table 6-1 1.  A complete listing is 
given in R-Preclosure. 
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TABLE 6-11 

EXAMPLES OF COMPARABLE LARGE-SCALE PROJECTS REVIEWED BY ONTARIO HYDRO 
FOR THE SOCIO-ECONOMIC ASSESSMENT 

Category Project 

Nuclear generating stations 

Thermal generating stations 

Hydro-electric generating stations 

Power lines 

Mining 

Forestry 

Oil and gas development 

Nuclear accidentdincidents 

Nuclear waste facilities 

Hazardous waste facilities 

Municipal solid waste facilities 

Airport facilities 

Transportation accidents 

Bruce Nuclear Power Development 

Two Ontario Hydro thermal generating stations 

B.C. Hydro Revelstoke Dam project 

Little Jackfish River hydro-electric project, Armstrong, Ontario 

Hemlo Gold Mine project 

Effects of decline in forestry industry on secondary employment in 
Thunder Bay 

Norman Wells Pipeline project 

Three Mile Island 1 

Low-level radioactive waste facilities in the United States and Ontario 

Ontario Waste Management Corporation 

Proposed sanitary landfill in Windsor, Ontario 

Federal airport facilities 

Mississauga derailment 

6.11.2 Potential Socio-Economic Effects and Measures for Managing Effects 

As mentioned above, the three main characteristics of a community that determine its capacity 
for evaluating and managing environmental effects (including socio-economic effects) are social 
and cultural vitality, economic viability, and political efficacy (R-Preclosure). In this section we 
summarize how these community characteristics could be affected by the PREdisposal-facili ty and 
the '%ansportation-systems, and give brief discussions of some of the potential socio- 
economic effects. 

Potential measures for managing socio-economic effects are given for each of the three main 
community characteristics. However, because of the interrelated nature of the community 
characteristics and the interrelated nature of the potential effects on those characteristics, the 
potential measures listed for managing effects on one characteristic might also be effective for 
managing effects on the other characteristics. 
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Potential effects and management measures are for both the PREdisposal-facility and the 
PREtransportation-systems, unless stated otherwise. 

POTENTIAL EFFECTS ON THE SOCIAL AND CULTURAL VITALITY OF THE 
COMMUNITY UNDER NORMAL CONDITIONS 

Social and cultural vitality refers to the ability of individuals in a community to share knowledge, 
obtain resources, and resolve mutual problems through bonding in relationships of trust and 
obligation. The PREdisposal-facility could affect social and cultural vitality by leading to either 
adverse or beneficial effects on 

the health of individuals, including levels of stress; 

residents who are displaced; 

family relationships; 

demographic composition; 
availability and adequacy of housing; 

residents’ day-to-day activities and their use and enjoyment of property; 

community satisfaction; 

community cohesion and conflict; 

educational facilities and services; 
recreational activities, facilities, and services; and 

aboriginal culture and traditional pursuits. 

The PREtransportation-systems could affect social and cultural vitality by leading to the same 
types of effects as the PREdisposal-facility, except that it is not expected that transportation would 
affect educational facilities and services. 

Indicators of social and cultural vitality include local views on the potential effects of the dis- 
posal facility, case loads of social service agencies, police and hospital statistics, the turnover of 
residents, the divorce rate, demographic statistics, the supply and adequacy of housing, local 
activities, uses of property, the extent of social interaction, the curriculum and size of classes at 
educational facilities, the student drop-out rate, characteristics and users of recreational facilities, 
traditional aboriginal activities, and the knowledge of aboriginal languages. 

Despite the low radiological risk estimated by the safety assessment, public concern over radio- 
logical risk could increase stress and could affect the well-being of people, communities, and 
regions. Public concern over risk could affect not only the social and cultural vitality of a 
community, but also its economic viability and political efficacy. As discussed in Section 3.4.1, 
people tend to consider a risk more acceptable if they are familiar with the activity, if they 
believe they have some ability to control the risk, if they trust the organization responsible for the 
activity, if they benefit from the activity, and if they accept the activity voluntarily. As 
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discussed in Section 3.4.3, the implementing organization’s adherence to the principles of safety 
and environmental protection, voluntarism, shared decision making, openness, and fairness, 
described in Section 3.4.2, should help to reduce the concern over radiological risk. In addition, 
the jointly developed program for managing environmental effects (Section 5.8.1) would help to 
mitigate such concern. 

The immigration of disposal facility workers and their families could cause rapid social change 
within a community, changing the demographic composition with respect to population size, 
ethnicity, income, and age. Evidence from other large-scale projects indicates that new residents 
tend to be younger, better educated, and more highly skilled; they generally have higher incomes 
and different lifestyles, and prefer different social and leisure activities than the local population 
(Thompson et al. 1982, Ontario Hydro 1983, Vautier 1977, Cluett et al. 1979, Gilmore et al. 
1982, Murdock et al. 1986). In-migration could have long-term implications for a community 
and region with respect to the adaptability or vulnerability to future change. 

It is expected that the effects of in-migration would be most pronounced in an area of distinctive 
ethnic or cultural differences (such as aboriginal or French-speaking communities), where the 
new population represents the challenge, as well as the opportunity, of cross-cultural interaction. 
Many aspects of a disposal facility could affect aboriginal culture. Increased training and 
employment opportunities for aboriginal people and the increased presence of non-aboriginal 
people could affect the value that aboriginal people, particularly the youth, place on maintaining 
their language and practising other cultural activities. Thus it is important that a potentially 
affected community participate in assessing potential effects (Section 5.7) and in developing the 
program for managing those effects (Section 5.8.1), so that measures for managing effects are 
culturally appropriate. 

Recreational activities and facilities could suffer from transportation activities owing to factors 
such as nuisance effects, negative perceptions of the area, or displacement or disruption of 
wildlife. Some residents could become dissatisfied with their community and choose to 
withdraw from local activities. Recreational activities could become less enjoyable. Outdoor 
and environmentally based activities would be more sensitive to these types of changes. 

A program for managing environmental effects would be developed jointly by the implementing 
organization and the potentially affected communities (Section 5.8.1). Several measures to 
avoid, mitigate, or compensate for adverse socio-economic effects on social and cultural vitality 
could be considered. These include 

providing temporary accommodations for construction workers; 

. providing long-distance transportation and workforce scheduling to reduce the in-migration of 
permanent residents; 

isolating the disposal facility; 
restricting facility traffic to designated access routes; and 

avoiding valued environmental components (Section 4.2.10) when siting the disposal facility, 
access road or railway, and transfer facility (if one were required). 
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POTENTIAL EFFECTS ON THE ECONOMIC VIABILITY OF THE COMMUNITY UNDER 
NORMAL CONDITIONS 

Economic viability refers to the ability of a community to create and maintain some measure of 
local control of material security through its economic activities and to maintain a satisfactory 
balance between local and external economic factors. The PREdisposal-facility and the 
PREtransportation-systems could affect economic viability by leading to either adverse or bene- 
ficial effects on 

the regional economy, 

employment and labour supply, 

environmental quality , 
business activity, 

housing and property values, 

local taxes, and 

aboriginal business and economy. 

Indicators of economic viability include the number of businesses, level of sales, number of 
bankruptcies, planned investment, local wage rates, per capita income, income distribution, 
employment levels, tourism-related employment, perceptions of visitors, property values, and 
local tax rates. 

The materials, services, and workforce required for the disposal facility and for transporting used 
fuel (Sections 6.3 to 6.5) could change the volume of business sales, introduce new customers, 
diversify local and regional markets, and affect the viability and development of businesses, 
including tourism. The materials, services, and workforce required for a transfer facility (if one 
were required), access road, or access railway could also increase business activity, but to a much 
smaller extent. The influx of new money being spent by workers could stimulate the local 
economy, and the new demand in the market place could increase opportunities for business and 
workers. 

The extent of benefits to local businesses would depend on their ability to provide the materials 
and services required. Beneficial socio-economic development could occur if community needs 
and goals, such as employment, were met and if the community’s capacity for managing change 
was not exceeded. 

An advantage of the PREdisposal-facility over most resource-based large-scale projects is the long 
duration of the construction and operation stages. This means there would be the potential for 
long-term employment and for the community to plan economic diversification in preparation for 
the end of the operation stage. To realize this potential, it would be important for the program 
for managing socio-economic effects to include a regional outlook and for community objectives 
to include sustainable development. 

PRECLOSURE DISPOSAL SYSTEM AND ASSESSMENT 



- 258 - 

Depending on the characteristics of the local economy, northern and aboriginal communities 
might be particularly sensitive to the economic consequences of the '=disposal-facility, whether 
adverse or beneficial. The aboriginal economy is a dual economy: it still includes traditional 
activities, such as hunting, fishing, trapping, and gathering, but participation in the market-and- 
wage economy is increasing. The PREdisposal-facility could affect aboriginal food harvesting 
activities as well as aboriginal land use. 

Improved access to previously isolated areas created by the access road or railway could disrupt 
existing tourist enterprises by increasing local angling and hunting pressures, but improved 
access could also increase the opportunity for tourism-related development. If the community or 
region acquired a negative image (stigma) as a result of concerns about health risks, there could 
be a short-term adverse effect on tourism. Effects would likely be greatest during the siting and 
construction of the access route, as a result of the public and media attention these activities 
would likely generate. 

A program for managing environmental effects would be developed jointly by the implementing 
organization and the potentially affected communities (Section 5.8.1). Several measures to 
avoid, mitigate, or compensate for adverse socio-economic effects on economic viability could 
be considered. These include 

providing employee support services; 
providing transportation and temporary accommodations for workers; 

providing assistance to the local community for planning and administration; 

a property value protection program to compensate for property devaluation, if it occurred; 

developing community housing; and 

avoiding valued environmental components (Section 4.2.10) when siting the disposal facility, 
access road or railway, and transfer facility (if one were required). 

POTENTIAL EFFECTS ON THE POLITICAL EFFICACY OF THE COMMUNITY UNDER 
NORMAL CONDITIONS 

Political efficacy refers to the ability of a community to reach relevant collective decisions, 
maintain order, and mobilize and control the use of resources. The PREdisposal-facility and the 
PREtransportation-systems could affect political efficacy by leading to either adverse or beneficial 
effects on 

municipal facilities and services, 

municipal finances and administration, 

political activity, 

labour unions, and 
the political life of aboriginal people. 
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Indicators of political efficacy include municipal structure; capacity and users of facilities and 
services (including health, police, fire-fighting, and social services); complaints about facilities 
and services; transportation infrastructure; union membership; land-use plans and policies; 
aboriginal land claims; and municipal revenues, funds, and expenditures. 

If the increased demands on transportation infrastructure and services were not met, the infra- 
structure and services could deteriorate. The need for off-site services such as waste disposal and 
utilities could have an effect on municipal services and land use. Changes in demand for 
services, such as water and sewage systems, could change the levels of service in a community or 
create a need for additional services. Demands on health and social services could increase 
because of stress and related health effects, perhaps to the extent that expansion of services 
would be required. The need to restrict land use on the disposal site might affect the legal and 
traditional land base of aboriginal communities. This could place demands on the aboriginal 
political leadership to exercise control over their land. 

A program for managing environmental effects would be developed jointly by the implementing 
organization and the potentially affected communities (Section 5.8.1). Several measures to 
avoid, mitigate, or compensate for adverse socio-economic effects on political efficacy could be 
considered. These include 

providing assistance to the local community for planning and administration; 

avoiding valued environmental components (Section 4.2.10) when siting the disposal facility, 
access road or railway, and transfer facility (if one were required); 

negotiating co-use of land; 
compensating for adverse effects that were not avoided or sufficiently mitigated (for example, 
restoration of damaged infrastructure such as roads, in-kind replacement, and direct financial 
compensation); and 
including provisions for joint planning and issue resolution in an agreement for managing 
environmental effects (Section 5.8.1). 

Health care, fire protection, educational services, roads, and recreational facilities might be 
improved to expand and upgrade existing services or to provide new services. This could benefit 
users by increasing the quality and levels of service. 

POTENTIAL SOCIO-ECONOMIC EFFECTS UNDER ACCIDENT CONDITIONS 

The estimated radiation dose to a member of the public from potential accidents at the 
PREdisposal-facility is less than 10% of the annual dose due to natural background radiation, and 
even the most severe accident analyzed would not warrant an evacuation (Sections 6.8 and 6.10). 
The likelihood of a transportation accident that would require an evacuation is extremely low 
(Section 6.9). However, any accident that affected the well-being of workers at the disposal 
facility, workers in the transportation system, or other members of a community could have 
adverse socio-economic effects on the community. Moreover, concerns about the possibility of 
such an accident could themselves have adverse effects. 
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Abnormal operating conditions or an accident at a disposal facility could result in economic 
effects if concerns led to the departure of residents or to stigma effects. A stigma could be 
attributed to the local area or a particular product, resulting in declines in prices of local agri- 
cultural products and manufactured goods. A stigma could also affect aboriginal harvesting of 
food, whether for their own consumption or for commercial markets. An accident could also 
cause decreased tourist visitation in the short term. 

In communities along transportation routes, concern about risk could lead to decreased property 
values due to stigma or to increased property values due to new or improved infrastructure such 
as by-passes. If there were a used-fuel transportation accident, there could be economic effects 
even if the accident was minor and did not involve a release of radiation. If there were a severe 
accident or evacuation, businesses could experience production and sales losses. Closure of the 
transportation route could also affect businesses. However, a severe accident is estimated to be 
extremely unlikely (Section 6.9). Used fuel and other radioactive materials have been trans- 
ported safely in Canada for over 40 years (R-Preclosure). 

Abnormal operating conditions or an accident would likely increase the intensity of political 
activity. Service disruption could occur if local facilities were affected. Departure of residents, 
although unlikely, could result in long-term service disruption. Effects on municipal finance, 
planning, and administrative services would likely be limited primarily to the disruption of 
routine activities and the financial burdens associated with participation in emergency response, 
overtime wages for service workers, equipment rental, and, in the extremely unlikely case of a 
severe transportation accident, accommodations during evacuation. 

Measures to avoid or mitigate the effects of accidents would focus on safety by design. The 
implementing organization and potentially affected communities would jointly develop programs 
for monitoring (Section 5.5.1) and for managing environmental effects (Section 5.8.1). Protec- 
tion of the public, the workers, and the natural environment would be emphasized (Sections 5.8.2 
and 5.8.3). A quality assurance program would be developed and applied to all safety-related 
items and activities (Section 5.8.4). Provisions would be made for security and for IAEA safe- 
guards (Sections 5.8.5 and 5.8.6). Emergency response plans would be established 
(Section 5.8.7), and compensation would be provided to offset adverse effects of the disposal 
facility that were not avoided or sufficiently mitigated (Section 5.8.1). Moreover, a notification 
procedure in case of abnormal conditions or an accident could be established prior to the begin- 
ning of the operation stage, in order to minimize speculation, uncertainty, and associated stress in 
the potentially affected communities. 

6.12 MANAGEMENT OF ENVIRONMENTAL EFFECTS 

In managing environmental effects, the implementing organization would adhere to the prin- 
ciples for concept implementation (Section 3.4.2). In conjunction with assessing environmental 
effects (Section 5.7), the implementing organization would consult with potentially affected 
communities to develop a program for managing environmental effects (Section 5.8). A formal 
agreement could be made. 
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Because the disposal technology includes options for many engineered components of a disposal 
facility, it would be adaptable to a wide range of physical conditions and societal requirements 
and to potential changes in criteria, guidelines, and standards. There would be significant scope 
for dealing with community concerns. Many adverse effects could be avoided or mitigated. Any 
residual effects would likely be compensable. An affected community would receive compensa- 
tion for adverse effects of the disposal facility that were not avoided or sufficiently mitigated. 
Moreover, a net benefit to the host community would be ensured (Section 5.8). 

The management of any unexpected effects would require a flexible approach. The implement- 
ing organization and the governments (municipal, provincial, and federal) would need to be open 
to the identification of new effects and be creative in finding and implementing appropriate 
mitigation measures. It would be important that the potential recipients of such effects, that is, 
the potentially affected communities, participate in monitoring and managing any effects on 
human health, the natural environment, and the socio-economic environment. It would also be 
important that programs for managing effects be reviewed periodically. 

One source of residual effects might be an ongoing public concern over radiological risk. How- 
ever, the implementing organization's adherence to the principles of safety and environmental 
protection, voluntarism, shared decision making, openness, and fairness should help to reduce 
that concern, as would the jointly developed program for managing environmental effects. In the 
final analysis, however, it would be up to a potential host community whether or not it accepted a 
disposal facility. 

6.13 SENSITIVITY ANALYSIS AND DISCUSSION OF SCENARIOS 

6.13.1 Sensitivity Analysis 

Ontario Hydro (R-Preclosure) conducted a sensitivity analysis of the PREdisposal-system. Some 
of the PREenvironment-parameters, PREdesign-parameters, and analysis assumptions used in the 
base case assessed in the previous sections of this chapter were varied in order to determine the 
effects of the changes on the preclosure assessment results. None of the results of this sensitivity 
analysis was unexpected; that is, the results confirmed Ontario Hydro's understanding of the 
systems assessed. This sensitivity analysis could be used to identify topics on which more 
detailed investigations might be warranted. It could also be used as the initial basis of an 
"ALARA" analysis, an analysis to determine what measures could be taken to reduce radiation 
doses to levels as low as reasonably achievable, social and economic factors being taken into 
account. 

The sensitivity analysis of the PREdisposal-facility showed that, for normal operating conditions, 
the estimated dose to a member of the critical group (that is, the public) was most sensitive to 
changes in the parameters that affect estimates of radionuclide emissions to the environment, 
concentration of radionuclides in lake water, transfer of radionuclides to fish, and the rate at 
which humans ingest fish and vegetables. The design parameter identified as having the largest 
effect on estimated dose to a member of the critical group was the efficiency of the filters and 
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ion-exchange columns for water-borne emissions. Increasing the filter efficiency from 0.999 to 
0.9999 reduces the estimated dose rate from 3.4 x 
the filter efficiency to 0.99 increases the estimated dose rate to 3.0 x 

mSv/a to 6.5 x lo-’ mSv/a. Decreasing 
mSv/a. 

For accident conditions at the PREdisposal-facility, inhalation was the pathway that contributed 
the most to the dose to a member of the critical group. Therefore, estimated doses were sensitive 
to parameters affecting this pathway, such as weather conditions and efficiency of filters for 
airborne effluents. These doses were also highly dependent on parameters affecting the amounts 
of radionuclides released, such as the number of fuel elements that fail in an accident. In a 
bounding case in which the failure of a scissors lift results in failure of all the fuel elements in a 
576-bundle transportation cask, and at the same time the ventilation system fails, the estimated 
dose to a member of the critical group increases from 0.20 mSv to 2.0 mSv. 

The estimated doses to atomic radiation workers under both normal and accident conditions at 
the PREdisposal-facility could be reduced by increasing the distance from the source, increasing 
the shielding thickness, or decreasing the exposure time. Also, increasing the out-of-reactor time 
for the used fuel from 10 to 40 years would reduce the estimated external dose from cask hand- 
ling by a factor of two. 

6.13.2 Discussion of Potential Scenarios 

Ontario Hydro (R-Preclosure) examined several alternatives to the base case, as discussed below. 

URBAN SCENARIO 

An urban setting was defined as a town with a population density of 1000 persons/km2. For a 
PEdisposal-facility located in an urban setting, it was estimated that its most important environ- 
mental effect would be its effect on land use. Such a populated area would not likely have very 
many natural features left, and most of the effects would be on residential, commercial, indus- 
trial, and recreational land uses. The increase in traffic from transporting used fuel, construction 
material, and buffer and backfill materials could cause congestion problems if the existing 
transportation infrastructure were operating close to capacity. 

For used-fuel transportation to an urban location, the radiological effect was estimated to be of 
the same order of magnitude as for the base case, which considers transportation through rural, 
suburban, and urban settings. 

WILDERNESS AREA SCENARIOS 

For an aboriginal community on the Shield, fish ingestion could be the pathway that contributed 
the most to the dose, and the fish ingestion rate could be substantially higher than for a member 
of the critical group assumed in the base case. If the fish ingestion rate is increased from the 
base-case value of 5.5 kg/a to 100 kg/a (Grondin and Fern-Duffy 1993), the estimated dose rate 
to a member of the critical group increases from the base-case value of 3.4 x 
2.8 x mSvla. 

mSv/a to 
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WETLAND SCENARIO 

Wetlands are sensitive to disruption by human activities. Construction activities can destroy 
habitat, primarily by drainage impairment, vegetation removal, and soil erosion and compaction 
resulting from the use of heavy equipment. Experience at Ontario Hydro’s Wesleyville Thermal 
Generating Station and Bruce Nuclear Power Development (Sears and Chubbuck 1989), how- 
ever, has shown that wetlands can be effectively protected by mitigation measures. 

ENDANGERED OR THREATENED SPECIES HABITAT SCENARIO 

Measures would be taken to protect the habitat of any endangered or threatened species at the 
site. For example, the location of surface facilities and shafts could be designed to avoid or 
mitigate adverse effects. Special provisions could be developed with staff from the provincial 
ministry responsible for natural resources to ensure that the habitat was preserved. An example 
of a mitigation measure endorsed by the Ontario Ministry of Natural Resources was the reloca- 
tion of the nest of a bald eagle, an endangered species (Ontario Hydro 1988). 

SOCIAL ENVIRONMENT SCENARIOS 

Stevenson (1983) studied the social effects of locating a disposal facility in four hypothetical 
communities modelled after unidentified real communities: a county, a town, a township, and an 
area of unorganized territory within which a new town would be located. The analysis was based 
on social and economic data gathered from each community type. The types of effects identified 
for the hypothetical communities were similar to the ones identified through the generic analysis 
performed for this assessment (Section 6.1 1). In R-Preclosure, Ontario Hydro discusses the 
study process used by Stevenson, the results, and the limitations of the study. 

NUCLEAR POWER PRODUCTION SCENARIOS 

Four scenarios for nuclear power production were described in Section 4.4.1: expansion of 
nuclear power after 1994, maintaining existing capacity after 1993, no new construction after 
1993, and no nuclear power generation after 1994. The effects on the cumulative amounts of 
used fuel are shown in Figure 4-7 (p. 114). Given that the base case was for an expansion of 
nuclear power, the results of the base-case analysis are considered to be an upper bound for the 
potential effects. 

6.14 PRECLOSURE ASSESSMENT DURING CONCEPT IMPLEMENTATION 

The preclosure assessment strategy during concept implementation (Section 5.7; R-Preclosure) 
would be different from the approach used for this study in three main ways: 

the assessment would be based on data from characterization and monitoring of the proposed 
site and transportation route; 
the assessment would be based on a detailed site-specific design of the proposed disposal 
facility and a detailed route-specific design of the proposed transportation system; and 
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the assessment would be done in co-operation with the potentially affected communities, in 
order to take their views and concerns into account. 

6.15 CONCLUSIONS OF THE PRECLOSURE ASSESSMENT CASE STUDY 

Under normal conditions at the PREdisposal-facility or in the PREtransportation-systems, the 
estimated dose rates to atomic radiation workers and the public are lower than the limits 
specified by the AECB. The estimated dose rates to a member of the public are well below the 
dose rate resulting from natural background radiation. The estimated dose rates to non-human 
biota are well below background and even further below dose rates known to cause harm. 

Even the most severe accidents analyzed for the PREdisposal-facility would not require an 
evacuation, and the likelihood of a transportation accident that would require an evacuation is 
extremely low. The need for an evacuation was assessed on the basis of Ontario’s Nuclear 
Emergency Plan, which requires an evacuation at a lower level of predicted dose than that 
recommended by the ICRP (Appendix B, Section B.3.11). The estimated doses to atomic 
radiation workers under accident conditions are lower than the dose at which serious deter- 
ministic effects may occur. 

Valued environmental components could be avoided when siting a disposal facility, access route, 
or transfer facility (if one were required), or they could be otherwise protected. There would be 
sufficient reserves and production of all the materials that would be required for the PREdisposal- 
facility and the PREtransportation-systems, either in Canada or in other countries that traditionally 
supply these materials. Although land use would be controlled over about 16 km2, only about 3 
to 4 km2 would be developed. The environmental effect of any chemically toxic contaminants 
released from a disposal facility is expected to be very small. 

The quantity of rock excavated would be large but not unprecedented at mining sites. It is not 
expected that the surface water runoff from the pile of excavated rock would be toxic. Use of the 
waste rock as aggregate for off-site construction projects would reduce possible effects. 

The beneficial effects of a disposal facility would include reducing the risk to future generations 
and minimizing the burden of caring for the nuclear fuel waste that our generation has produced. 
A net benefit to the host community would be ensured (Section 5.8). Careful management of 
potential effects, with community participation, would likely lead to 

an increase in employment opportunities; 

an influx of new money being spent by workers, which could stimulate the local economy; 

9 a new demand in the market place, which could increase opportunities for businesses and 
workers; and 

improved health care, fire protection, educational services, roads, and recreational facilities. 
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The long construction and operation stages of the PREdisposal-facility would allow workers to 
obtain long-term employment and would allow the community to plan economic diversification 
in preparation for the end of the operation stage. 

The potential for radiological effects on human health and the natural environment might be of 
concern to people living near a disposal facility and along the transportation route. Such a 
concern would have to be addressed as an integral part of assessing and managing the effects of 
disposal. 

Northern communities and aboriginal communities might be particularly susceptible to adverse 
effects from a disposal facility and from the transportation of used fuel; thus they would require 
special attention during concept implementation. 

The economic cost of nuclear fuel waste disposal would be substantial, but the utilities with 
nuclear generating stations are including the cost of managing used fuel in the rates currently 
being charged to electricity consumers. 

The assessment of the potential effects of nuclear fuel waste disposal during the preclosure phase 
was limited by its generic nature. Without an actual site, transportation route, natural environ- 
ment, or socio-economic environment (communities), it was not possible to precisely determine 
the potential effects. Neither was it possible to evaluate the significance of socio-economic 
effects without knowledge of the values, opinions, and concerns of the people who would be 
affected. If the disposal concept were implemented, potential environmental effects would be 
assessed for a proposed facility, site, transportation system, and route. 

The types of potential effects identified are not unique. Those identified for the PREdisposal- 
facility are similar to effects encountered at large civil engineering projects, mining develop- 
ments, nuclear generating stations, waste management facilities, and other large-scale projects. 
There is a considerable body of experience in assessing and managing these types of effects in a 
variety of locations and under a variety of conditions. There is also a considerable body of 
experience in handling and transporting nuclear materials in Canada and in other countries. 

A disposal facility and transportation system similar to those assessed could be implemented 
while protecting the public, the workers, and the natural environment. If the disposal concept 
were implemented, the system designs and work procedures could be optimized such that the 
radiological exposures of workers and the public under normal conditions would be indistin- 
guishable from normal variations in exposure to natural background radiation. 
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7. POSTCLOSURE ASSESSMENT 

In this chapter we briefly describe AECL’s assessment of the potential effects of a disposal facil- 
ity on human health and the natural environment following closure of the facility. 

W e  discuss in qualitative terms the features, events, and processes that could affect the perform- 
ance of a disposal system, and the roles of the multiple barriers employed to protect the environ- 
ment. We then present a quantitative treatment of performance during the first IO 000 years 
following closure by describing a case study that uses geological information from a research 
area, biosphere information from across the Canadian Shield, specific designs of engineered 
barriers, and a speci;fic vault layout and configuration. The case study is extended to the period 
following 10 000 years by presenting qualitative discussions of the expected performance of a 
disposal system in that period. 

We  describe the studies carried out to determine which features, events, and processes could be 
important to disposal system performance. The de;finition and analysis of signij?cant scenarios is 
discussed and the probabilistic treatment of uncertainties in the analysis is described. The esti- 
mated potential efsects on human health and the natural environment from both radiological and 
non-radiological hazards are given. The results are used to evaluate the safety of the disposal 
system speci3edfor the case study by comparing them with various criteria, guidelines, and 
standards, including those of the AECB. 

We describe the sensitivity of the estimates of efsects to changes in the features, events, and pro- 
cesses considered. We also discuss how the results of a postclosure assessment can be used to 
constrain the design of the disposal vault. 

The use of postclosure assessment in afuture implementation of the disposal concept is dis- 
cussed, including its use to influence siting and design decisions. 

7.1 INTRODUCTION 

7.1.1 General Considerations Regarding the Postclosure Assessment 

AECL conducted the postclosure assessment to evaluate the performance of the disposal system 
in terms of criteria, guidelines, and standards for protection of human health and the natural 
environment. This assessment integrates all the relevant information from site investigations, 
laboratory studies, informed judgment, and simulations of the disposal system. The intention is 
not to provide a prediction of future effects; rather, the intention is to overestimate the magnitude 
of potential adverse effects, in order to assist in judging whether the adverse effects would be 
lower than the limits established to protect human health and the natural environment. In this 
chapter, we describe the general approach to the postclosure assessment, demonstrate its appli- 
cation, and address issues related to the assessment that are important to this review of the 
disposal concept. 
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When discussing the postclosure assessment, we use the term "disposal system" to include the 
underground vault, with its containers of waste and sealed rooms and tunnels; the geosphere, 
consisting of the rock and associated groundwater system that surrounds the vault; and the 
biosphere, consisting of the potentially affected near-surface and surface environment, including 
humans and non-human biota. 

7.1.2 Qualitative Discussion of the Postclosure Disposal System 

A quantitative assessment of the long-term performance of a disposal facility in plutonic rock is 
described in Sections 7.2 to 7.1 1. A quantitative assessment must be case-specific; that is, it 
requires knowledge of site-specific and design-specific characteristics. In this section and the 
following one, we present qualitative discussions of the postclosure disposal system and its long- 
term performance. The aim of these qualitative discussions is to put the case-specific assessment 
in perspective and provide an understanding of the broad applicability of the disposal concept 
and the adaptability of the disposal technology. The discussion in this section focuses on five 
statements related to the major assumptions used in assessing disposal system performance. The 
conditions discussed are particularly significant for the long-term performance of the disposal 
system. 

1. Groundwater would eventually saturate the disposal vault. 

Throughout most of the Canadian Shield, groundwater saturates the rock and sediment to very 
near the surface. Water moves through open fractures in the rock under the influence of gravity. 
Even rock that has no visible fractures has minute interconnected pore spaces through which 
water can move, albeit very slowly. 

Following excavation of a disposal vault, the rock adjacent to the tunnels and rooms would 
become unsaturated as water flowed into the excavation and was pumped to the surface. The 
pores and open fractures in the unsaturated rock would contain a mixture of water and air. When 
a portion of the disposal vault was sealed, the pressure gradients would tend to move ground- 
water from the saturated rock into the unsaturated areas. Air would be driven out along open 
pathways and/or dissolved in the water. The time required for the more permeable parts of the 
rock to resaturate would likely be a few months to a few years, whereas it could take thousands 
of years for very low-permeability, sparsely fractured rock to resaturate. 

The buffer and backfill in the vault would have very low permeability (Section 4.5.2); thus it 
would take several years to thousands of years for the buffer and backfill to become completely 
saturated, depending on the hydraulic properties of the surrounding rock as well as on the 
geometry and permeability of the buffer, backfill, and other vault seals (R-Vault). 

Contaminants from a disposal vault could move through the groundwater either by being carried 
along with the mass movement of water (advection) or by diffusing through the water. During 
the period of resaturation, while the net movement of water was toward the vault, advection 
would tend to prevent movement of contaminants toward the surface. Because of the wide range 
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in estimated resaturation times, and because the movement of contaminants away from the vault 
as a result of advection and diffusion would be slower during the resaturation period than after, 
in assessing disposal system performance we make the general assumption that the entire system 
would be saturated immediately upon closure of the disposal facility. We believe that this 
assumption of immediate resaturation results in the overestimation of potential adverse effects. 

2.  The water in the vicinity of the waste would be depleted offree oxygen. 

The amount of free oxygen in the water would affect container corrosion and waste-form 
dissolution. 

The rock contains large amounts of iron-bearing minerals that would take up oxygen in the water 
coming from the surface. The slow passage of water through the rock would allow a great deal 
of time for oxidation of these minerals to take place. This oxidation would almost certainly 
deplete the groundwater of oxygen before it could reach the depth of the disposal vault, resulting 
in reducing chemical conditions in the groundwater in the vault. Site investigations would need 
to confirm this expectation at any specific site being considered. 

A further consideration is that the backfill in the vault would contain large amounts of iron- 
bearing minerals that would deplete the water of free oxygen through oxidation. The backfill 
would have low permeability and high porosity, which would allow a long time for the oxidation 
and a large surface area to facilitate such reaction. 

Although predictions over long times are often uncertain, the deficiency of free oxygen in the 
water near the disposal containers can be assumed with confidence. The validity of this assump- 
tion is supported by chemical sampling of Canadian Shield groundwaters, by studies of the 
chemical processes that have taken place in the rock, and by observations made at the Cigar Lake 
uranium deposit in northern Saskatchewan (R-Vault). It is also consistent with assumptions 
made in other countries (see for example SKB 1992a). 

In oxygen-free water, the corrosion of titanium or copper disposal containers would be extremely 
slow. Containers could be designed such that, in an environment depleted of free oxygen, they 
would not fail as a result of corrosion for tens of thousands of years, and possibly much longer 
(R-Barriers). 

Gamma radiation from the waste would create free oxygen in the water near the container; 
however, laboratory studies have shown that this gamma radiolysis has a negligible effect on 
container corrosion, even at early times when the level of gamma radiation is the highest 
(R-Vault). In any event, the radiation becomes negligible after a few hundred years. 

Should a container fail, groundwater would enter the container and begin to react with the waste. 
Under reducing conditions, the dissolution of the waste would be extremely slow. In used fuel, 
for example, materials that are retained in the UO, grains would be released only as these grains 
dissolved or, possibly, by extremely slow solid-state diffusion. The stability of the UO, grains 
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under reducing conditions is well established on thermodynamic grounds. It is also confirmed by 
observations at the Cigar Lake uranium deposit, where grains of uranium oxide exposed to water 
low in free oxygen have remained undissolved for hundreds of millions of years. 

Alpha radiation from the waste could create oxygen in the vicinity of the waste; however, 
laboratory studies have shown that the effect of such alpha radiolysis on the dissolution of used 
fuel is negligible (Section 4.7.2). 

3. Minerals in the bufer, backj?ll, and rock would react strongly with many of the radionuclides 
in the waste. 

Many of the radionuclides from the waste would strongly sorb onto minerals in the buffer, 
backfill, and rock. This sorption would have the effect of greatly slowing the movement of a 
given mass of the radionuclide through these materials. A few radionuclides would not sorb 
significantly and would move more freely through the system. 

The retarding influence of sorption could be diminished if the radionuclides became attached to 
colloids in the water. A radionuclide attached to a colloid would move with the speed of the 
colloid. However, the tiny pore spaces in the buffer and in sparsely fractured rock would tend to 
filter colloids (Section 4.5.4), and thus few if any would move far from the disposal containers. 
Moreover, studies at two field research areas on the Canadian Shield have indicated that the 
concentrations of colloids in these areas are low (Section 4.3.4). Vilks et al. (1991) concluded 
that the effects of colloids on contaminant transport would be negligible at the low concentra- 
tions observed. However, the importance of colloids would need to be determined on a site- 
specific basis. 

4. Large volumes of low-permeability rock occur in the Canadian Shield. A few metres of such 
rock would be an efective barrier to the movement of water and contaminants. 

Below depths of 200 to 500 m at field research areas on the Canadian Shield, the rock contains 
very few permeable fractures aside from the widely spaced fracture zones (R-Siting). We have 
observed long sections of core from exploration boreholes that contain no visible, natural open 
fractures. These sections were up to 200 m long at the East Bull Lake Research Area, 500 m at 
the Atikokan Research Area, and 1100 m at the Whiteshell Research Area. 

Investigations at the Whiteshell Research Area have revealed that below about 300 m in the 
Lac du Bonnet batholith, large volumes of the rock are very sparsely fractured. The shaft and 
tunnel walls below the 300-m depth at the Underground Research Laboratory, which are over 
600 m long in total, are not intersected by a single visible, natural open fracture. This rock has 
extremely low hydraulic conductivity (<lo-” d s ) ,  and groundwater movement is negligible 
under the hydraulic gradients normally encountered in the Canadian Shield. This rock has 
remained sparsely fractured even though it has been about the same distance from the erosional 
surface on the Precambrian rocks for several hundred million years and even though it has 
undergone several cycles of depression and rebound in that time (Section 4.3.7). It is reasonable 
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to assume that, undisturbed, it will remain sparsely fractured and have very low hydraulic 
conductivity for hundreds of thousands of years. 

The fracture zones that bound volumes of sparsely fractured rock at depth at the Underground 
Research Laboratory (two of which are known to be faults) were formed about 2.3 billion years 
ago, when the rock was cooling under a regional compressive stress field. Geochemical changes 
have led to the subsequent formation of new minerals in some of the fractures associated with 
these fracture zones. The new minerals whose age has been determined were formed during 
periods of loading and unloading caused by the deposition and erosion of overlying sedimentary 
sequences and the advance and retreat of continental glaciers. Nevertheless, erosion associated 
with these events removed no more than about 100 m of plutonic rock from the surface of the 
batholith. 

Investigations at the Underground Research Laboratory indicate that low-dipping sheeting frac- 
tures, probably caused by the advance and retreat of the glaciers, occur only to depths of about 
20 m below the surface; at greater depths, open, water-bearing fractures are only known to occur 
in association with the pre-existing fracture zones and faults. Despite the changes in stress 
caused by the loading and unloading of the rock mass that have occurred during the last 
500 million years, vertical fracture sets observed in outcrop do not extend downward from the 
surface more than about 200 m. Therefore, it is reasonable to expect that, in the next few 
hundred thousand years, further fracturing would not jeopardize the effectiveness of a barrier of 
sparsely fractured rock at disposal depth. 

1 

Experience at the Underground Research Laboratory has shown that the mechanical disturbance 
caused by the excavation does not extend beyond about 2 m from the excavation surface (Everitt 
et al. 1989). Moreover, the rock is in compression a very short distance from the excavation 
surface, and on the basis of the mechanical properties of the rock, we do not expect that fractures 
associated with the excavation would propagate through rock under compression without a 
substantial change in stress (Martin et al., in preparation). 

Thus, low-permeability rock could be used as an important barrier to the movement of contam- 
inants from a disposal vault. A few metres of such rock would be an effective barrier to the 
movement of water and contaminants (R-Postclosure). 

5 .  Groundwater movement through rock is driven by the topographic relief of the surface. The 
flow systems developed are influenced by the contrasting permeabilities caused by the struc- 
ture of the rock, that is, by the relationship of high-, medium-, and low-permeability rock. 

The major structural features controlling groundwater movement in plutonic rock bodies are 
fracture zones, such as those that have been observed at AECL’s field research areas. Fracture 
zones can be interconnected and of relatively high permeability. Where they are permeable, they 
could be pathways for the relatively rapid movement of contaminants with the groundwater. A 
disposal vault would be designed such that waste emplacement areas were separated from frac- 
ture zones by low-permeability, sparsely or moderately fractured rock. 
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The Canadian Shield is generally characterized by low regional topographic gradients (on the 
order of 1 m/km over distances of tens to hundreds of kilometres). Local gradients over 
distances of up to a kilometre, however, can be greater than the average gradient across a region. 
This can have a significant influence on the groundwater flow, and can result in the formation of 
local flow systems, even to proposed disposal depths of 500 to 1000 m. Studies, particularly at 
the Whiteshell Research Area, have demonstrated that the important influences on groundwater 
flow can be identified and measured, which allows a conceptual model of groundwater flow to be 
developed. It would be important to develop and use such a model to site and design a disposal 
vault such that the flow and chemical characteristics of the groundwater regime were used to best 
advantage. Moreover, the degree to which the flow system could be used to enhance long-term 
safety would be an important technical consideration when identifying and comparing potential 
vault locations. 

7.1.3 Qualitative Discussion of Disposal System Performance 

In view of the factors discussed in Section 7.1.2, we can draw some generic conclusions about 
the long-term performance of the multiple barriers in the disposal system. 

The waste form would have very low solubility under the reducing conditions expected in a 
disposal vault. Over a period of 100 000 years, used fuel, for example, would release less than 
1 % of the mass of the radionuclides formed in the reactor, even if there were no containers. The 
radionuclides that would be released the soonest and be potentially significant would primarily 
be those located at the gaps between the UO, pellets and the fuel sheath (Sections 2.1.5 and 
4.7.2). 

The containers could be designed such that, in an environment depleted of free oxygen, corrosion 
would not cause them to fail for at least tens of thousands of years. (Considerations relevant to 
container design are discussed in Section 4.6.) The load imposed on the containers would result 
from both the hydrostatic pressure and the buffer swelling pressure. The containers would be 
designed to ensure satisfactory structural performance under the imposed load until failure result- 
ing from corrosion eventually occurred. This confidence in the performance of containers under 
reducing conditions is shared by the nuclear waste management organizations of other countries, 
such as Sweden (SKB 1992a) and Finland (TVO 1992). Thus, in the first tens of thousands of 
years, any release would be limited to that from containers that were defective upon emplace- 
ment. On the basis of current manufacturing data, we expect this would be less than 0.1 % of the 
containers in the vault. Thus, in the first tens of thousands of years, we would expect releases 
from only a very small fraction of the containers, and from those containers only a very small 
fraction of radionuclides would be released. 

The buffer, because it is of very low permeability, would inhibit groundwater movement. Any 
contaminant movement through the groundwater in the buffer would be dominated by diffusion 
and thus would be slow. Moreover, the buffer and backfill would react strongly with most of the 
contaminants from the waste. Thus many of the radionuclides would decay while still in the 
buffer and backfill. 
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A few metres of low-permeability rock would be an effective barrier between the waste and 
pathways for groundwater movement in the rock. The minerals in the rock would react strongly 
with many of the contaminants from the waste. For those contaminants that do not react strongly 
with geological materials, the low-permeability rock would provide resistance to movement, 
delaying many of the radionuclides until they decayed and dispersing others. 

The disposal vault would be sited and designed such that the flow and chemical characteristics of 
the groundwater regime were used to best advantage. This could result in very long transit times, 
even if contaminants passed through all the barriers and entered the active part of the flow 
system. 

Thus we expect that the waste form, the container, the buffer, and the backfill would function 
effectively as barriers to the movement of contaminants at any site within the range of conditions 
expected for a well-selected plutonic rock site on the Canadian Shield. For many Contaminants, 
one or more of these barriers would be redundant. In addition to these barriers, it is expected that 
low-permeability rock, which would be an excellent barrier for many contaminants, could be 
found at many sites. At any site, the waste would be situated so as to allow the flow and chemi- 
cal characteristics of the groundwater regime to enhance the safety of the disposal system. 

7.2 INTRODUCTION TO THE POSTCLOSURE ASSESSMENT CASE STUDY 

One of the potential adverse effects in the postclosure phase would be the exposure of humans to 
harmful levels of radiation. The AECB and regulatory agencies in other countries have defined a 
measure of effect called "radiological risk." As used by the AECB in its Regulatory Document 
R-104 (Appendix B), the radiological risk is the probability that a health effect (a fatal cancer or 
serious genetic effect) will occur to an individual or to his or her descendants. R-104 requires 
that quantitative estimates of risk be prepared for the first 10 000 years following closure and that 
reasoned arguments be made regarding potential effects for times beyond 10 000 years. 

In R-104, the AECB requires that the predicted radiological risk from a waste disposal facility 
shall not exceed 
controls as a safety feature. R-104 specifies that risk is to be calculated as 

per year, calculated without taking advantage of long-term institutional 

. . . the sum over all significant scenarios of the products of the probability of the scenario, 
the magnitude of the resultant dose, and the probability of the health effect per unit dose. 

Additional excerpts from R-104 are given in Appendix B; a discussion of the AECB criterion, 
along with a discussion of probability and risk as they apply to the postclosure assessment, can 
be found in Appendix H. The regulatory criteria adopted by Canada and other countries are 
described in the proceedings of an OECD/NEA workshop on radiation protection and safety 
criteria for disposal of nuclear fuel waste (OECD/NEA 1991). 

In order to produce quantitative estimates of risk, site-specific and design-specific information is 
required. As no disposal site and no specific facility design are being proposed at this time, we 
performed a case study by applying the postclosure assessment methodology to a hypothetical 
disposal system. For brevity, the hypothetical disposal system specified for the postclosure 
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assessment case study is referred to in this EIS as the 'OSTdisposal-system. The superscript 
"POST" is also used to designate the components of the 'OSTdisposal-system and the models 
developed for the case study. When the meaning is clear from context, the superscript is omitted. 

We present this case study for two main reasons. First, we wish to demonstrate the postclosure 
assessment methodology by applying it to a realistic system, in order to illustrate that the meth- 
odology is effective and could be applied to a future real disposal system. Second, we wish to 
illustrate that implementation of the disposal concept can provide safe disposal of nuclear fuel 
waste using currently available or readily achievable technology. 

The 'OSTdisposal-system was defined in terms of those characteristics important to analyzing 
postclosure safety. We identified factors (features, events, and processes) that could affect long- 
term safety. We screened those factors on the basis of their probability of occurrence and the 
consequence if they occurred. Then the factors were grouped on the basis of how they would be 
subsequently analyzed. The process for identifying, screening, and grouping the factors is 
described in Section 7.4. 

A quantitative postclosure assessment of the disposal system was made using mathematical 
models to estimate potential effects on human health and the natural environment. The models 
are based on scientific principles and use current information. They vary in level of detail and 
scope, representing anything from a single feature, event, or process to the entire disposal 
system. A primary system-model, hereafter referred to as the PoSTsystem-model, incorporates as 
many of the significant scenarios as practical and appropriate (Section 7.6). Those that are not 
incorporated in the PoSTsystem-model were analyzed separately (Section 7.1 1). 

The models and expert analysis were used to estimate effects on human health and the natural 
environment (Sections 7.8 and 7.1 1). The purpose of the models is not to provide estimates of 
the expected effects, but rather to overestimate the magnitude of potential adverse effects. The 
data, the interpretations of data, and the assumptions made in performing the analyses are docu- 
mented; for example, R-Vault, R-Geosphere, and R-Biosphere provide thorough discussions of 
the assumptions and data of the PoSTsystem-model. 

As required by the AECB in R-l04-(Appendix B), quantitative estimates of risk were prepared 
for the first 10 000 years following closure. Although we realize that the reliability and use- 
fulness of model estimates decrease as the period being modelled (simulation time) increases, we 
extended the simulation time to 100 000 years, because we consider that useful information is 
provided by doing so. Because extensive glaciation of the Canadian Shield is not expected 
within the next 10 000 years, glaciation is not included in the PoSTsystem-model developed for 
the case study. However, we expect glaciation to occur within the next 100 000 years, so any 
results for times beyond 10 000 years must be viewed in this context and interpreted with 
caution. 

As required by the AECB in R-104 (Appendix B), reasoned arguments are made regarding 
potential effects for times beyond 10 000 years (Section 7.12). These arguments include the 
factors considered relevant in the very long term. 
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An important feature of the postclosure assessment methodology described here is that the 
disposal system is treated as a whole. The performance of individual components, such as 
disposal containers, is viewed in the context of the system. This contrasts with a design and 
safety philosophy that would impose performance standards on each component and analyze 
each component independently. The total system approach can lead to dramatically different 
design decisions than the discrete component approach. For example, with the total system 
approach, the costs and benefits of improving a container design would be evaluated on the basis 
of the effect the improvement would have on overall system safety. We believe that this 
approach helps avoid overemphasis on system characteristics that would have little influence on 
safety and, conversely, helps avoid underemphasis on characteristics important to safety. 

A second important feature is that the analysis employs a probabilistic approach. Probabilities 
are taken account of in the PoSTsystem-model in two principal ways. First, the estimates of 
effects that would arise in a particular scenario are weighted by the probability that the scenario 
would occur. (For example, the effect on an individual from using contaminated well water is 
weighted by the probability that the individual would use well water.) Second, the values of 
many of the parameters used in the system model are selected from probability distributions; that 
is, there is some assigned probability that the parameter will have a particular value chosen from 
within a range of values. The result from the system model is a distribution of estimates of 
effects that reflects the variability in the parameter values. The distribution allows the expected 
value of the estimated effect and its variability to be calculated for comparison with the AECB 
criterion in R-104 (Appendix B). 

7.3 DISPOSAL SYSTEM SPECIFIED FOR THE POSTCLOSURE ASSESSMENT 
CASE STUDY 

The disposal system specified for the postclosure assessment case study comprises a 
PoSTbiosphere, 'OSTgeosphere, and 'OSTvault, as described below. Unlike the PREdisposal- 
system, the 'OSTdisposal-system does not include the transportation system, because there is no 
transportation taking place in the postclosure phase; nor does it include surface facilities, which 
would have been decontaminated and removed. It should be noted that an actual disposal system 
would not be identical to the disposal system specified for the case study. The disposal concept 
permits a choice of methods, materials, site locations, and designs, and if the concept were 
implemented, a disposal facility would be designed specifically for the disposal site. 

THE POSTBIOSPHERE 

The 'OSTbiosphere consists of the lower part of the atmosphere, the land down to the water table, 
the surface water, the shallow lake sediments, plants, and animals (including humans). 

Characteristics of the 'OSTbiosphere were derived from data from the Whiteshell Research Area 
and elsewhere on the Canadian Shield. The general characteristics are typical of the Canadian 
Shield: rocky outcrops; bottom lands with pockets of soil, marshes, bogs, and lakes; and uplands 
with meadows, bush, and forests. Characteristics such as the specific location of water bodies 
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and discharge of groundwater that could have passed through or near the hypothetical disposal 
vault were derived using information from the Whiteshell Research Area. 

The limit on estimated radiological risk specified by the AECB in R-104 (Appendix B) is to be 
applied to an individual of the critical group. The critical group is a hypothetical group of people 
assumed to live at a time and place and in such a way that its risks from the disposal facility 
would likely be the greatest. For the postclosure assessment case study, we have assumed that 
the critical group is a rural household of variable size, located in the immediate groundwater 
discharge area associated with the vault (R-Biosphere). Members of the critical group are 
assumed to spend their entire lives in the same area, obtaining all their food, water, fuel, and 
building materials from local sources. The food includes plants grown in a garden, wild berries, 
domesticated animals, venison, upland birds, water fowl, dairy and poultry products, and fish 
from the lake. The domestic and irrigation water come either from a nearby lake or from a well 
located above the disposal vault. We believe that this definition of the critical group results in 
higher estimates of effects than would be made for any actual group of people. 

For the purpose of the assessment, we assume that four representative hypothetical organisms 
(a plant, a mammal, a bird, and a fish) occupy the same area as the critical group and thereby 
receive the highest estimated radiation doses of any non-human biota (R-Postclosure, 
R-Biosphere). 

THE P o S T ~ ~ ~ ~ ~ ~ ~ ~  

The 'OSTgeosphere consists of the rock, its groundwater flow system, the materials used to seal 
the shafts and exploration boreholes, and a water well (R-Geosphere). 

The characteristics of the 'OsTgeosphere were derived from site-specific surface and subsurface 
geological observations of the plutonic rock research area most thoroughly investigated in the 
Nuclear Fuel Waste Management Program, the Whiteshell Research Area. It is located near Lac 
du Bonnet, Manitoba. The Whiteshell Research Area includes a large portion of the Lac du 
Bonnet batholith, a large granite rock body several kilometres deep with an exposed surface over 
60 km long and 20 km wide at its broadest part. Geologists estimate that the rock body was 
intruded over 2.5 billion years ago into the rocks existing at the time. The batholith, the rocks 
surrounding it, and the interfaces between them have been the subject of extensive field inves- 
tigation for 15 years. 

Most of the detailed information about the rock, such as the orientation of fracture zones, is 
based on detailed studies of the Whiteshell Research Area available at the time the engineering 
conceptual design was developed in 1985; these studies include the detailed investigations 
necessary to locate and construct the Underground Research Laboratory to a depth of 450 m. For 
geological structures outside the areas where detailed borehole information was available, 
assumptions have been made on the basis of information obtained from geological mapping and 
geophysical surveys from surface. 
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The 'OSTvault was assumed to be situated in the region that includes the well-characterized rock 
mass near the Underground Research Laboratory. The case study does not demonstrate how the 
waste would be situated so as to allow the flow and chemical characteristics of the groundwater 
to enhance the safety of the disposal system. 

Figure 7-1 shows the location of the vault in relation to the major structural features in the geo- 
sphere. The rock immediately surrounding the underground rooms is sparsely fractured rock 
with very low hydraulic conductivity, on the order of 
POSTgeosphere the lower rock zone. The rock closer to the surface is moderately fractured rock 
with an overall higher hydraulic conductivity, on the order of lo-* m/s. 

m/s .  We call this portion of the 
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FIGURE 7-1: LOCATION OF THE POSTDISPOSAL-VAULT IN RELATION TO THE 
ROCK STRUCTURE 

Within the sparsely and moderately fractured rock are embedded planar zones of intensely frac- 
tured rock, such as the low-dipping fracture zones labelled LDO to LD3 in Figure 7-1. The zones 
of intensely fractured rock provide the primary conduits for groundwater flow through the rock. 
They have hydraulic conductivities on the order of m/s, although the hydraulic conductivity 
can span a wide range of values to lo-" d s )  and channel-like pathways can form within a 
zone. R-Geosphere provides more details on the known and assumed characteristics of the rock 
surrounding the 'OSTdisposal-vault and extending to the surface. 
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Fracture zone LDl , which intersects the level of the disposal rooms, is particularly important in 
the case study. It is assumed that fracture zone LD1 extends from the ground surface to a depth 
of 1000 m, interconnects with a network of other low-dipping and vertical fracture zones, 
extends right across the 2-km expanse of the vault, and is permeable throughout. Moreover, it is 
assumed that it may feed a well that provides domestic water. 

As discussed in Section 7.1, we assume that the vault and geosphere become saturated with 
groundwater immediately upon closure of the disposal facility. 

THE P o S T ~ ~ ~ ~  

The PosTvault comprises the engineered barriers: the waste form; the container; the buffer sur- 
rounding the container; and the seals, including the backfill, used to seal the rooms and tunnels 
(R-Vault). 

The waste form specified for the postclosure assessment case study is the used-fuel bundle 
described in Section 2.1.5 and shown in Figure 2-1 (p. 17). The used-fuel bundle contains 
radionuclides (Appendix F) and chemically toxic elements (Section 2.1.5) whose effects were 
assessed. 

The disposal container specified for the postclosure assessment case study is the same as the 
titanium-shell packed-particulate container specified for the preclosure assessment case study 
(described in Section 6.2.2 and shown in Figure 4-12 (p. 137)), except that the basket is made of 
a material that does not generate significant quantities of hydrogen gas upon corrosion. It would 
be feasible to make such a basket from a ceramic material, for example. 

The vault design specified for the postclosure assessment case study is the same as the vault 
design specified for the preclosure assessment case study (described in Section 6.2.3 and shown 
in Figures 6-1 (p. 205) and 6-3 (p. 207)), except for the modifications described below. 

The depth of the PREdisposal-rooms is 1000 m, which is the maximum nominal depth in the 
proposed disposal concept. The maximum depth was specified for the preclosure assessment 
case study to give the conditions that would tend to be most unfavourable with respect to in situ 
stress, safety of construction workers, and cost. The depth of the PoSTdisposal-rooms is 500 m, 
which is the minimum nominal depth in the proposed disposal concept. The minimum depth was 
specified for the postclosure assessment case study because it tends to provide the shortest path 
for movement of contaminants from the waste to the surface, and thus tends to give earlier 
estimated times for arrival of contaminants in the biosphere and greater estimated effects in the 
postclosure assessment. 

To study the effect of a fracture zone intersecting the vault and to overestimate the potential 
adverse effects of disposal, we assumed that fracture zone LD1 intersects the PoSTvault. After 
studying the placement of the waste relative to the fracture zone, we decided to eliminate that 
portion of the vault near LD1, such that the thickness of low-permeability rock separating the 
fracture zone from the nearest disposal containers (the waste exclusion distance) would be about 

POSTCLOSURE ASSESSMENT 



- 278 - 

50 m, and such that all disposal rooms would be below LD1. The methods for finding and 
characterizing low-permeability rock are discussed in R-Siting. 

This derived constraint on waste emplacement resulted in a PoSTvault that is smaller in size than 
the PR%ault (Section 6.2.3). The PREvault is about 4 km2 and contains about 10 million used- 
fuel bundles (191 000 Mg U). Following application of the derived constraint, the PoSTvault is 
about 3.2 km2 and contains about 8.6 million used-fuel bundles ( 1  62 000 Mg U). This smaller 
amount of used fuel is a consequence of the assumed location of the PoSTvault with respect to 
LD1 and the properties of the geosphere chosen for the case study; it does not imply that the 
larger capacity vault would be impractical. 

It must be noted that the constraint described here is very dependent on the particular geological 
conditions specified for the case study, and should not be interpreted as having general applica- 
bility. On the other hand, the analysis and the specification of the constraint demonstrate how 
postclosure assessment could be used to influence the design of a disposal facility and to ensure a 
large margin of safety. The waste exclusion distance of 50 m resulted in an estimated risk that is 
6 orders of magnitude below the AECB criterion (Section 7.8.2). 

7.4 IDENTIFICATION OF THE SIGNIFICANT SCENARIOS FOR THE CASE 
STUDY 

In its Regulatory Document R-104 (Appendix B), the AECB requires that the risk be summed 
over "all significant scenarios" and that the total estimated risk be less than l 0-6 per year. A 
discussion of the AECB criterion, along with a discussion of probability and risk as they apply to 
the identification of significant scenarios, can be found in Appendix H. To identify the signifi- 
cant scenarios, we followed the process shown in Figure 7-2. Expert judgment played a major 
role. The identification of significant scenarios is described in R-Postclosure and in more detail 
by Goodwin et al. (in preparation). 

Several studies have been performed to identify and evaluate factors that are potentially impor- 
tant to the safety of the PoSTdisposal-system. Merritt and Gillespie (1983) described events that 
may be initiated by disruptive actions of humans, by vault-related processes, and by natural phe- 
nomena. Heinrich (1984) documented results of a workshop dealing with long-term stability of 
the geosphere. Davis (1 986) described time-dependent processes that could affect the biosphere. 
To minimize the possibility that important factors were overlooked, groups of AECL researchers 
in many disciplines participated in sessions to develop and analyze lists of factors (Goodwin et 
al., in preparation). In addition, AECL participated in international meetings to identify and 
describe potentially important factors. 

To evaluate the potentially important factors, both qualitative and quantitative analyses were 
performed by scientists and engineers involved in the assessment. A factor was not included in 
the significant scenarios if either 

the estimated probability of an individual incurring a health effect if the factor occurred is less 
than per year, or 
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FIGURE 7-2: PROCESS FOR IDENTIFYING AND EVALUATING SIGNIFICANT SCENARIOS 

the estimated probability of the factor occurring is less than 

it was judged by AECL researchers that the factor would not contribute significantly to the 
risk. 

per year, or 

All other factors were combined to create the significant scenarios. Many of the significant 
scenarios were incorporated in the PoSTsystem-model (Section 7.6); the exceptions were four 
human intrusion scenarios that were analyzed separately (Section 7.1 1). 

7.5 FACTORS NOT EXPLICITLY INCLUDED IN THE SIGNIFICANT SCENARIOS 

The evaluation and screening of the potentially important factors indicated that many factors 
need not be explicitly included in the significant scenarios. In this section we discuss what we 
consider to be the most important of these factors: criticality, microbial action, gas generation, 
glaciation, topographic change, biosphere evolution and climate change, open exploration bore- 
holes, earthquakes, and meteorites. Details concerning the treatment of potentially important 
factors are provided in R-Vault, R-Geosphere, and R-Biosphere. 
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POTENTIAL FOR CRITICALITY IN THE VAULT 

As discussed in Section 4.4.1, an analysis of used fuel in a disposal container showed that 
criticality would not occur, whether the used fuel remained intact or was uniformly distributed 
throughout the container (McCamis 1992). The low porosity of material surrounding the 
container would help to ensure that fissile material could not accumulate outside the container in 
a critical configuration. Moreover, the dissolution rate of the he1 is expected to be so low that 
the 2 3 9 ~  present in the fuel would have decayed long before any such accumulation would be 
possible (R-Vault). Thus criticality would not occur because non-fissile materials in the fuel and 
its surroundings would prevent it. The potential effects of criticality, therefore, were not 
included in the significant scenarios. 

POTENTIAL MICROBIAL ACTION 

Microbes are known to occur in used-fuel storage pools. However, deleterious microbial effects 
are not expected during the transportation and packaging of used fuel because of high tempera- 
tures and radiation levels and the lack of water and nutrients. 

As discussed in Section 4.3.5, even deep subsurface environments may contain microbial popu- 
lations. However, the geosphere is nutrient-poor; thus microbial activity would be limited. 
Those microbes present would likely form biofilms in open fractures, which would tend to sorb 
radionuclides and thereby retard their movement. Biofilms may also compete with colloids for 
the sorption of radionuclides, which would further reduce the effect that colloids are likely to 
have. 

As discussed in Section 4.5.4, microbial activity in the vault would be controlled by factors such 
as a limited nutrient and energy supply, elevated temperature, high levels of radiation, and 
limited pore size of the buffer and backfill. Moreover, any microbial growth in the buffer and 
backfill would likely reduce the porosity in these barriers, thereby adding to their effectiveness in 
retarding radionuclide migration from breached containers. The movement of any microbes 
toward the container would be constrained by the small pore size of the buffer. The rate of gas 
production resulting from microbial degradation of organic material in the vault is expected to be 
very low. 

Although titanium appears to be immune to rnicrobially induced corrosion, crevice initiation, 
which might occur as a result of microbially induced corrosion under a biofilm growing on the 
container surface, has been assumed for every container. Also, projections of the long lifetimes 
of copper containers are based on data gathered from studies in which microbes were naturally 
present (Stroes-Gascoyne and West 1994). 

As discussed in Section 4.7.2, microbially mediated dissolution of used fuel is not expected to 
occur in a disposal vault. 

Microbial activity in the vault and geosphere is therefore expected to be of limited consequence 
and was not explicitly included in the system model (R-Vault, R-Geosphere). 
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Microbes are an integral part of the nutrient-rich biosphere, and their effects on radionuclide 
movement and dispersion in the biosphere have been implicitly included in the system model. 
The model is based on field and laboratory studies performed under natural conditions where 
microbes are allowed to thrive and function naturally. Microbes capable of methylation require a 
source of organic carbon for their metabolism and, hence, methylation is expected to be of 
significance only in the biosphere. This process has been implicitly included in the system 
model (R-Biosphere). 

We expect that the ranges of parameter values used in the system model encompass any potential 
microbial effects (Stroes-Gascoyne and West 1994). 

POTENTIAL GAS GENERATION IN THE VAULT 

Chemical and biological processes could produce gases in a disposal vault. As discussed in 
Section 4.5.4, microbial degradation of organic material in the buffer and backfill would 
ultimately lead to the formation of CO,, CH,, and H,S, but production rates are expected to be 
very low (Stroes-Gascoyne and West 1994). Hydrogen would be produced by container cor- 
rosion (Section 4.6.3) and radiolysis (Section 4.7.4), but the production rates would be very low. 
The inert gases xenon, krypton, and helium, all in the form of stable nuclides, would have been 
produced by nuclear processes in the reactor, but the release rates in the vault would be low 
(Section 4.7.4). For hydrogen and the inert gases, the production or release rates in the vault are 
expected to be low enough that the gases would dissolve in the groundwater and would not lead 
to the formation of a gaseous phase within 10 000 years (R-Vault). 

Note that the basket in the PoSTdisposal-container (Section 7.3) is made of a material that does 
not generate significant quantities of hydrogen gas upon corrosion. 

On the basis of the above considerations, gas generation was not included in the significant 
scenarios. 

GLACIATION 

As discussed in Section 4.2.9, extensive glaciation of the Canadian Shield is not expected within 
the next 10 000 years. Since the Whiteshell Research Area, on which the characteristics of the 
PoSTgeosphere were based, is not expected to be influenced by glaciation in the next 
10 000 years, glaciation was not included in the significant scenarios. The potential effects of 
glaciation in the period after 10 000 years are discussed in Section 7.12. 

TOPOGRAPHIC CHANGE 

As discussed in Section 4.2.9, major changes in topography are not expected within the next 
10 000 years. Thus topographic change was not included in the significant scenarios. The 
potential for topographic change in the period after 10 000 years is discussed in Section 7.12. 
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BIOSPHERE EVOLUTION AND CLIMATE CHANGE 

As discussed in Section 4.2.9, changes in climate, surface-water flow patterns, soils, and vege- 
tation types within the next 10 000 years are expected to be within the ranges currently observed 
on the Canadian Shield (R-Biosphere). These ranges were included in the analysis of the 
POSTdisposal-system; thus the quantitative estimates produced by the postclosure assessment case 
study implicitly include these natural changes. 

Human activities continually alter the biosphere locally, and some activities, such as those that 
result in the discharge of gases into the atmosphere, could also have global effects. To the extent 
that acid rain, the destruction of the ozone layer, and global warming resulting from greenhouse 
gases have already affected the biosphere, they are implicitly reflected in the system model and 
the data used in the model. In addition, the wide ranges of values used for climate parameters 
cover a wide variety of possible outcomes from the buildup of greenhouse gases. Future inter- 
actions of humans with the biosphere are unpredictable. We have assumed that they will not 
alter the biosphere in any fundamental way over long periods of time, and we have not explicitly 
included them in the significant scenarios. 

The effects of biosphere evolution and climate change in the period after 10 000 years are dis- 
cussed in Section 7.12. 

OPEN EXPLORATION BOREHOLES 

In order to characterize and monitor the site of a disposal facility, it would be necessary to drill 
deep (>500 m) exploration boreholes. The number of these deep boreholes would depend on 
site-specific requirements, but would possibly be of the order of 20 or fewer in the area occupied 
by the vault. These boreholes would be sealed prior to or during the closure of the disposal 
facility. Once sealed, they would not significantly affect the potential movement of material 
from the vault to the surface (R-Vault). 

The drilling of exploration boreholes at a candidate area would be strictly controlled by the 
implementing organization to ensure that the location, depth, and orientation of all boreholes 
were well known. The placing of boreholes and disposal rooms would be controlled to ensure 
that no exploration borehole would be closer than a minimum exclusion distance (for example, 
30 m) from a disposal room. Detailed records would be kept to ensure that knowledge of the 
boreholes was not lost. When a borehole was no longer to be used for monitoring, it would be 
sealed immediately. Drilling and sealing records would be compared to ensure that no explora- 
tion boreholes were left unsealed. Also, the rock surrounding all disposal rooms would be sub- 
jected to geophysical scanning (such as the radar and seismic methods described in R-Siting) to 
detect the presence of any open exploration boreholes within 5 m of a disposal room. Thus, an 
exploration borehole could be inadvertently left open only if procedures were violated by 

abandoning the borehole without sealing it and, in addition, 

by failing to either (1) control the drilling or (2) keep adequate records or (3) compare the 
drilling and sealing records. 
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Quality assurance procedures would be in place to prevent these occurrences. 

If a borehole were left open some tens of metres from a disposal room, its effect as a pathway for 
material from the vault would be much less than that of fracture zone LD1. Thus it would not 
increase the risk significantly (R-Postclosure). If a borehole were left open 5 m from a disposal 
room, the resulting dose would be less than 10% of the dose associated with the risk criterion 
specified by the AECB in R-104 (R-Postclosure). 

The existence of a borehole that was previously drilled is not considered a factor, because the 
area of the vault in the case study has never been of interest for exploration. 

On the basis of the above considerations, an exploration borehole left open at the time of facility 
closure was not included in the significant scenarios. Human intrusion by drilling subsequent to 
facility closure was included in the significant scenarios (Section 7.1 1). 

DISRUPTION OF THE DISPOSAL VAULT BY AN EARTHQUAKE 

Earthquakes of significant magnitude are associated with faults, which are linear fracture systems 
along which shear movement takes place. Large faults often have small branching faults 
(splays). The shear movement along a fault is associated with fracturing of the rock. The frac- 
turing is generally most intense adjacent to the shear surface, with a halo of discrete fractures 
(secondary fractures) extending outward from the zone of shear into the adjacent rock. The mag- 
nitude of an earthquake (the amount of energy released) is related to the area over which move- 
ment takes place. 

The potential significant effects of an earthquake on the disposal system are 
disruption of the engineered barriers such that the safety of the disposal system is compro- 
mised; and 
disruption of the rock surrounding the disposal vault such that the permeability of the rock 
increases, enhancing groundwater flow and contaminant movement through the geosphere. 

To assess the risk associated with disruption by an earthquake, we consider the following poten- 
tial manifestations of an earthquake: 

the formation of a new fault, 

movement of a pre-existing fault with extension of splays and secondary fracturing into the 
surrounding rock, and 
seismic waves (mechanical vibrations) travelling through the rock from the earthquake centre 
and impinging on the disposal vault. 

The Canadian Shield is the least seismically active portion of the North American continent and 
one of the least seismically active regions on earth. Moreover, almost all earthquakes on the 
Shield of magnitude greater than four occur near rifted areas, near Shield margins, or along very 
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large faults. We would exclude all such locations from consideration when locating a disposal 
vault (Sections 5.1.3 and 5.1.4). 

At the Whiteshell Research Area, from which the geological characteristics of the postclosure 
assessment case study are drawn, studies of existing faults have been conducted in the vicinity of 
the Underground Research Laboratory. The studies conclude that these faults were formed about 
2 billion years ago during the cooling of the Lac du Bonnet batholith. No new faults have 
formed since then. We believe, therefore, that the formation of a new fault at disposal depth in 
the Whiteshell Research Area in the next tens of thousands of years would not be a credible 
event. 

Atkinson and McGuire (1993) estimated the probability that fractures caused by earthquakes 
would reach the disposal vault as a result of movement on an existing fault or ground motions 
caused by seismic waves from a nearby earthquake. The estimates indicate that this probability 
is less than per year provided the vault is 

not within 1 km of an active fault more than 2 km long, 

not within 200 m of an active fault more than 500 m long, and 

not within 50 m of any active fault. 

We believe that the above conditions are met in the vicinity of the Underground Research 
Laboratory, placing the probability of a disruptive earthquake at less than 1 0-8 per year. 

On the basis of the above considerations, earthquakes were not included in the significant 
scenarios. 

DISRUPTION OF THE DISPOSAL VAULT BY A METEORITE 

A meteorite impact at a disposal site could affect the geosphere in several ways (Grieve and 
Robertson 1984). Material could be excavated and ejected from the crater, material could be 
redistributed and displaced within the crater, the rock beneath the crater could be fractured, and 
an elastic seismic wave moving outward from the impact could add a transient stress to the rock 
beneath the crater. 

We estimated the probability of meteorite impacts for which these effects could disrupt a closed 
disposal vault with an area of 4 km2 at a depth of 500 m. We used the relationships between 
probability of impact, crater diameter, and depth of the effect given by Grieve and Robertson 
(1984). The estimated probabilities were less than lo-* per year for each of these effects. 
Consequently, meteorite impacts were not included in the significant scenarios. 
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7.6 ASSESSMENT MODELS FOR THE CASE STUDY 

7.6.1 The 'OSTSystern-Model 

The PoSTsystem-model is used to analyze the performance of the entire system and to help pro- 
vide an understanding of the relationship between the performance of system components and 
risk. More details on the content of the system model are given in R-Postclosure. 

The system model and data are specific to the 'OSTdisposal-system. Although many of the 
features, events, and processes would be similar, a different system model and data would be 
required for another disposal system. 

The system model contains linked mathematical models of the 'OSTvault, 'OSTgeosphere, and 
PoSTbiosphere. A brief description of the factors treated by these models follows, and more 
detailed descriptions of the constituent models and their associated data are provided in R-Vault, 
R-Geosphere, and R-Biosphere. 

In general, these models contain simplified representations of the processes that would affect the 
release and movement of contaminants. Detailed models of some of the processes, such as 
groundwater flow, are also used to complement, calibrate, and verify the analysis done using the 
system model. For example, in the PoSTvault-model, the corrosion and mechanical failure of the 
containers are expressed by a function that gives the number of containers that have failed at any 
particular time. This failure function is determined by detailed modelling of the corrosion and 
failure processes (R-Vault). In the 'OSTgeosphere-model, the movement of contaminants 
through segments of the rock (Section 7.6.3) is treated using one-dimensional diffusion- 
advection equations. The segments and equations are based on the pathways for groundwater 
movement and the velocities calculated by three-dimensional modelling of the geosphere sur- 
rounding the vault using the MOTIF computer program (R-Geosphere). In the 'OSTbiosphere- 
model, movement of contaminants in the soil is modelled as a statistical representation of the 
estimates made with SCEMR, a computer program used to model the transport mechanisms in 
detail (R-Biosphere). 

Data flows occur in both forward and reverse directions at the vault-geosphere and the 
geosphere-biosphere interfaces. These data flows ensure that the three models provide a con- 
sistent and integrated representation of the disposal system. Data feedbacks propagate through- 
out the models such that processes in the biosphere can influence contaminant movement in the 
vault. For example, parameters that represent the lifestyle of the critical group determine the 
demand on a bedrock well, which affects the groundwater flow field within the geosphere, which 
in turn influences the rate of contaminant movement out of the vault. 

POSTCLOSURE ASSESSMENT 



- 286 - 

7.6.2 The PoSTVault-Model 

The PoSTvault-model (R-Vault) is used to estimate the rate of movement of contaminants out of 
the vault into the geosphere. 

Figure 7-3 illustrates the way in which the geometry of the features of the PoSTvault (Section 7.3) 
is simplified. These features include the engineered barriers: the waste form; the container; the 
buffer surrounding the container; and the seals, including the backfill, used to seal the rooms and 
tunnels. The vault occupies an area of about 3.2 km2 (following the application of the derived 
constraint described in Section 7.3). On this scale, the surrounding rock exhibits significant 
variations in its hydrogeological properties, and consequently there would be variations in 
groundwater flow through and around different regions of the vault. To estimate the rate of 
movement of contaminants out of vault regions affected by different geosphere properties, the 
vault layout was divided into 12 sectors (Figure 7-4), each adjacent to rock having relatively 
uniform groundwater flow. Section 7.6.3 provides a discussion of contaminant movement from 
the 12 vault sectors. 

Host Rock ,/-------- 

Cross Section of 
a Disposal Room 

Conceptual Model of 
a Disposal Vault 

FIGURE 7-3: MODELLING OF FEATURES OF THE ‘OSTVAULT 

The PoSTvault-model simulates the following processes: 

The change with time, caused by radioactive decay, of the inventory of radionuclides from the 
used fuel. 
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Release of contaminants from the used-fuel pellets and the zirconium alloy fuel sheath that 
surrounds the pellets-The release of radionuclides (Appendix F) and chemically toxic 
elements (Section 2.1.5) from the used-fuel bundle was modelled. On the basis of experi- 
mental evidence and theoretical considerations, contaminant release from UO, is modelled in 
two ways, depending on the location of the element in the fuel pellet (Sections 2.1.5 and 
4.7.2). A fraction of the total inventory of some elements (the fraction located in cracks in the 
pellets, between the pellets and the zirconium alloy fuel sheath, and at grain boundaries) is 
assumed to be released instantly upon container failure; that is, it enters the water in the 
container instantly. The remaining inventories of these elements and the inventories of all 
other elements are released congruently with dissolution of the UO, matrix; that is, the 
contaminants are released as the UO, matrix dissolves and in proportion to their abundance in 
the UO, matrix. Contaminant release from zirconium alloy is modelled as being congruent 
with the dissolution of the zirconium alloy. Solubility limits for some low-solubility species 
are included in the mathematical models of the release processes. 
Movement of contaminants through and out of the vault-Movement of contaminants through 
the buffer is dominated by diffusion, whereas movement through the backfill in the rooms and 
tunnels is by diffusion and advection. The transport calculations take into account how con- 
taminant movement in the geosphere affects contaminant movement in the vault. They also 
take into account sorption of contaminants onto the buffer and backfill, precipitation of solids 
in the vault, and radioactive decay and buildup. 

Many of the assumptions in the PoSTvault-model are pessimistic, to ensure that the potential 
adverse effects are not underestimated. Following are examples of such assumptions: 

It is assumed that crevice corrosion would initiate on all containers. This is a pessimistic 
assumption because there is extensive evidence to the contrary. This pessimistic assumption 
takes account of the possibility of crevice initiation and the improbable process of 
biocorrosion. 

It is assumed that corrosion would continue at the initial rate. This is a pessimistic 
assumption because we expect that the consumption of oxygen would cause the rate to 
decrease and eventually crevice corrosion would stop (Section 4.6.3). 

It is assumed that a container would fail by hydrogen-induced cracking when its temperature 
fell below 30 O C. This is a pessimistic assumption because it is extremely unlikely that 
hydrogen pickup would be sufficient for this mechanism to occur. Hydrogen-induced crack- 
ing has not been observed in Grade-2 titanium, and the titanium alloy in which it was 
observed is susceptible only at temperatures below 20 O C  (Section 4.6.3). 

It is assumed that the fuel sheath of zirconium alloy would offer no protection. This is a 
pessimistic assumption because it is likely that the sheath would provide some protection. 

It is assumed that elements located at grain boundaries in the fuel pellets would be released 
instantly upon container failure. This is a pessimistic assumption because experiments 
indicate they would actually be released more slowly (Section 4.7.2). 
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It is assumed that, on average, 13% of the inventory of 14C would be located in cracks in the 
fuel pellets, in gaps between the pellets and the fuel sheath, and at the grain boundaries and 
would thus be instantly released. This is a pessimistic assumption because it is now known 
that much less than 0.1 % would be in those locations (R-Barriers). Although the higher value 
was used in the case study, the effects of using the lower value are discussed in Section 7.13. 

As discussed in R-Vault, some of the assumptions in the PoSTvault-model could individually 
result in small underestimates of the potential adverse effects. We believe that the overall effect 
of the assumptions is to overestimate potential adverse effects. 

The linkages between the vault and geosphere models ensure that groundwater flow near and 
inside each vault sector and the rate of contaminant movement out of each sector are consistent 
with the hydrogeological conditions in the adjacent rock. 

7.6.3 The PoSTGeosphere-Model 

The 'OSTgeosphere-model (R-Geosphere) is used to estimate the rate of movement of contami- 
nants out of the geosphere to the biosphere. 

Figure 7-4 (p. 287) illustrates features of the 'OSTgeosphere (Section 7.3) that are incorporated in 
the geosphere model. Important features of the model include the mass of rock that separates the 
vault from the biosphere, fracture zone LD1, the location of the vault relative to nearby geologi- 
cal features, the location of the vault relative to the surrounding groundwater flow regime, and a 
well that provides domestic water. 

The PoSTgeosphere-model simulates the following processes: 
. Movement of groundwater from the vault to discharge locations at the surface-Each vault 

sector is associated with an adjoining geosphere segment, which receives contaminants only 
from that sector. Geosphere segments are linked together to form contaminant transport 
pathways extending from each vault sector to locations of discharge in the biosphere, which 
are either surface water bodies or a domestic water supply well (Figure 7-4, p. 287). 

Movement of contaminants in groundwater-Advection, dispersion, diffusion, sorption, and 
radioactive decay and buildup are modelled. Each geosphere segment has a different set of 
parameter values, reflecting the variation in contaminant transport properties that occurs from 
place to place in the geosphere. 

Discharge of contaminants at different locations in the biosphere-Discharge occurs in areas 
lying lower than their surroundings, such as swamps and lakes. Contaminants can also be 
discharged into a well that provides domestic water. Depending on its depth, the well may 
intersect the permeable fracture zone, LD1, which is near the disposal rooms. 

Many of the assumptions in the 'OSTgeosphere-model are pessimistic, to ensure that the potential 
adverse effects are not underestimated. For example, it is assumed that fracture zone LDI 
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extends from the ground surface to a depth of 1000 m, interconnects with a network of other low- 
dipping and vertical fracture zones, extends right across the 2-km expanse of the vault, and is 
permeable throughout. Current information from the Whiteshell Research Area shows that the 
fracture zone corresponding to LD1 is not a continuous permeable feature below about 400 m, 
and it is not well connected to other fracture zones (R-Geosphere). 

We believe that the overall effect of the assumptions in the ‘OSTgeosphere-model is to over- 
estimate potential adverse effects (R-Geosphere). 

7.6.4 The ’OSTBiosphere-Model 

The ’OSTbiosphere-model (R-Biosphere) is used to estimate contaminant concentrations in water 
(Bird et al. 1992), soil (Sheppard 1992), and air (Amiro 1992a) in the biosphere, as well as radio- 
logical doses to humans and other biota (Zach and Sheppard 1992). Both radioactive contami- 
nants and contaminants that may be chemically toxic are considered. 

Figure 7-5 illustrates how features of the ‘OSTbiosphere (Section 7.3) are incorporated into the 
biosphere model. The biosphere, occupied by the critical group and other biota, is situated above 
the vault. It is linked to the geosphere at locations where deep groundwater discharges at the 
surface, where contaminated water may enter the biosphere. 

The PoSTbiosphere-model simulates the following processes: 
Movement of contaminants in surface waters, sediments, soils, and the atmosphere-Dilution, 
dispersion, sorption, degassing, and radioactive decay and buildup are all considered. 
Movement of contaminants through human and non-human food chains-Several processes 
are taken into consideration in a variety of terrestrial and aquatic exposure pathways. These 
processes include root uptake; leaf deposition; bioconcentration; radioactive decay; ingestion 
of food, water, and soil; and inhalation. Special models are used for radionuclides such as I2’I 
and 14C because of the unique properties and roles of iodine and carbon in the biosphere and 
because of their potential contribution to the estimated dose. 
Exposure to internal radiation-Uptake, retention, and distribution of radionuclides in the 
body, and the radioactive decay and absorption of radiation by tissues and organs are taken 
into consideration. 
Exposure to external radiation-Exposure to external radiation from water, soil, and air is 
taken into consideration. 

Many of the assumptions in the PoSTbiosphere-model are pessimistic, to ensure that the potential 
adverse effects are not underestimated. Following are examples of such assumptions: 

It is assumed that members of a critical group and four representative hypothetical organisms 
(a plant, a mammal, a bird, and a fish) are the dose receptors and that they live in and obtain 
all their resources from the area where contaminants would discharge from the vault, where 
contamination would be highest. 
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FIGURE 7-5: COMPARTMENTS AND PATHWAYS IN THE PoSTBIOSPHERE-MODEL 

It is assumed that all the contaminants that reach the biosphere discharge to a lake, and that 
some also discharge to a well and to terrestrial areas; thus a small amount of contaminant 
mass is created in the model. 

It is assumed that a well deep enough to extend into the bedrock intersects fracture zone LD1 
and that it is in the centre of the contaminant plume in LDl . 

As discussed in R-Biosphere some of the assumptions in the PoSTbiosphere-model could indi- 
vidually result in small underestimates of the potential adverse effects. We believe that the 
overall effect of the assumptions is to overestimate potential adverse effects. 
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7.6.5 Quality Assurance of Models, Computer Programs, and Data 

If the disposal concept were implemented, quality assurance of the models, computer programs, 
and data used for postclosure assessment would be implemented as described below. In the 
postclosure assessment case study, we have demonstrated all aspects of this approach. 

Quality assurance of the computer models used in the postclosure assessment would have three 
aspects: validation of the underlying models; control of the process for developing a computer 
program, including verification of the accurate implementation of the model in the computer 
program; and control and verification of input data and test output. 

VALIDATION OF THE UNDERLYING MODELS 

Model validation might be better understood as model evaluation (Dormuth 1993), because 
direct observation of the behaviour of a disposal vault for thousands of years is not possible. 
Model evaluation would consist of comparing hypotheses and predictions of models of system 
components with observations of real systems and comparing model predictions with predictions 
of independently developed models. 

Underlying hypotheses and predictions of models used directly or indirectly in the assessment 
have been compared with observations of real systems made in the field and laboratory (R-Vault, 
R-Geosphere, R-Biosphere). For example, the hypothesis about the oxidation state of UO, in 
deep groundwater and the model predictions of the dissolution of UO, are consistent with 
observations of the uranium ore deposit at Cigar Lake, which is about 1.3 billion years old 
(R-Vault); model predictions of groundwater drawdown caused by excavation of the 
Underground Research Laboratory were consistent with the observed trend of seepage with time, 
but overestimated the inflow to the shaft (R-Geosphere); and model predictions of phosphorus 
concentrations in Canadian Shield lakes having a range of flushing rates were generally within a 
factor of two of the observed concentrations (R-Biosphere). 

Model predictions have also been compared with predictions of independently developed 
models. For example, comparisons have been made between the predictions of 

the PoSTvault-model and the AREST model developed by Battelle Pacific Northwest 
Laboratories (Engel et al. 1989); 

Transport Code Intercomparison (INTRACOIN 1984); and 

Validation Study (BIOMOVS), involving movement and bioconcentration of radionuclides in 
the natural environment (Haegg and Johansson 1988). 

the PoSTgeosphere-model and a number of models considered in the International Nuclide 

components of the PoSTbiosphere-model and tests conducted under the Biosphere Model 

Intercomparisons of computer programs have also been made by the OECD/NEA Probabilistic 
System Assessment Code User Group. We have participated in these intercomparisons to 
evaluate the function of the overall system model (PSAC 1987, 1989, 1990, 1993). 
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CONTROL OF THE PROCESS FOR DEVELOPING A COMPUTER PROGRAM 

The process for developing computer programs would include defining functional specifications 
and constructing data flow diagrams, data dependency diagrams, and data dictionaries (Cooper et 
al. 1990, DeMarco 1979). From functional specifications, design specifications would be 
developed (Yourdon 1979), and then the computer program itself would be written. The 
program would be visually inspected and then tested, and records of the results would be kept. 
Computer program modules would be tested with typical, extreme, and sometimes unrealistic 
data in such a way that every line of the program would be executed. Inspection and testing 
would be carried out by personnel other than those who prepared the computer program, in order 
to avoid oversight caused by familiarity with the program (Kersch and Oliver 1994). 

Functionally related modules would be integrated to form major parts of the computer program. 
These parts would be tested to ensure that the modules worked properly together. Finally, the 
parts would be assembled to make up the complete program, which would be tested as a whole to 
ensure that the whole program worked as expected. When the correct operation of the whole 
program had been verified, the program would be frozen as a reference version and released for 
use. 

Identification and protection of computer programs, input data, and test results would be ensured 
by configuration control. Configuration control is a procedure designed to track all changes and 
the results of the changes; it typically includes information on why a change was requested, how 
and by whom it was implemented, and an evaluation of the results. Responsibility for maintain- 
ing reference versions of the computer programs and input data sets and for storing the results of 
all tests would be assigned, so that the entire configuration could be reconstructed and rerun, if 
necessary. 

CONTROL AND VERIFICATION OF INPUT DATA AND TEST OUTPUT 

The assembly and justification of input data sets is an important aspect of quality assurance in 
computer models. Data would be collected on forms that contained all relevant information 
needed to describe the data and establish its origin. These data would be approved before being 
incorporated into data sets, which would be maintained and protected in electronic form. Expert 
groups would establish guidelines for constructing and justifying the data sets. Guidelines that 
describe methods for selecting probability distributions for the data used in the postclosure 
assessment case study have been published (Stephens et al. 1989,1993). 

Records justifying the selection of parameters and any changes to the data set would be kept. 
Combined with records from the development and testing of computer programs, these would 
form an audit trail that traced the history of all important activities in carrying out the computer 
analysis. 

As noted above, all aspects of this approach have been demonstrated in the postclosure assess- 
ment case study. 
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7.7 USE OF THE SYVAC3-CC3 COMPUTER PROGRAM TO ESTIMATE 
EFFECTS 

The PoSTsystem-model is implemented using the computer program SYVAC (Systems 
Variability Analysis Code) (Domuth and Quick 1980, Dormuth and Sherman 1981). SYVAC 
is an executive program developed to quantify the effect of variability in the parameter values. 
For each parameter, the computer program accepts a distribution of values that the parameter 
may have. SYVAC has undergone significant development and refinement over the past decade, 
and we are currently using the third generation, SYVAC3 (R-Postclosure). To simulate the 
behaviour of the disposal system, SYVAC3 uses the computer programs representing the 
POSTvault, PoSTgeosphere, and 'OSTbiosphere models described above. The combined computer 
program is designated SYVAC3-CC3 (R-Postclosure). 

For each simulation, SYVAC3-CC3 selects a value for each parameter by sampling from its 
distribution. The resulting set of parameter values is then used in the vault, geosphere, and 
biosphere models. The principal output from the vault model is the estimated time-dependent 
rate of movement of contaminants out of the 12 vault sectors. These rates are passed to the 
geosphere model. The principal output from the geosphere model is the estimated time- 
dependent rate of movement of contaminants that reach the discharge areas in the biosphere. 
These rates are passed to the biosphere model. The principal outputs from the biosphere model 
are the concentrations of contaminants in water, soil, and air, and the radiation dose to an 
individual of the critical group and to non-human biota. 

To quantify the effects of uncertainty represented by the parameter-value distributions 
(Section 7.1 4), SYVAC3-CC3 repeats the selection and simulation steps, typically many 
thousands of times; it thus makes many estimates of dose versus time (Figure 7-6). The 
distribution of these estimates reflects the variability associated with modelling the disposal 
system. As required by the AECB in R-104 (Appendix B), the arithmetic average of the 
estimates of dose to an individual of the critical group is calculated for comparison with the 
AECB criterion for protection of human health and the environment. 

For every parameter in SYVAC3-CC3, a group of AECL researchers in the relevant disciplines 
has evaluated and reviewed pertinent information to determine the appropriate probability 
distribution. The distribution for each parameter takes one of several forms (Stephens et al. 
1989, 1993), such as the normal, lognormal, or uniform distributions. Some parameters have 
fixed values; that is, their values do not vary from one simulation to the next. Such parameters 
are called constants in the following text. The distribution chosen for each parameter in the 
postclosure assessment case study is discussed in detail and is justified in R-Vault, R-Geosphere, 
and R-Biosphere. 

Some model parameters, called ''switches," are used to select from among two or more alter- 
native physical situations. For example, the critical group may obtain its drinking water from 
either a lake or a well. A "water-source" parameter in the model, which can take on one of two 
values whose probabilities are based on information on well usage by inhabitants of the Canadian 
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Shield, &tennines which of the two sources is assumed for a given simulation. As a second 
example, the system made1 permits the garden soil of the critical group to be any one of four 
possible types: sand, loam, clay, or organic. This is achieved by defining a "soil-type" 
parameter, which can take on one of these four values with a probability based on information on 
soil types on the Canadian Shield, 

The system m&l deals with a very large number of different physical situations. The two 
examples above cover eight alternatives, four possible soil types each matched with two possible 
water sources. Additional switches determine, for example, whether lakc sediments arc used as 
garden soil, whether or not the garden is irrigated (and whether the irrigation water is taken from 
surface water or the well), whether the critical group uses wood or peat as a source of fuel, and 
whether the critical group uses local organic or inorganic building materials. We may regard the 
alternative situations determined by the switch settings as scenarios within the system model. 
The probability that a scenario would occur in a simulation would be determined by the corn- 
bined probabilities for the switches to take their particular settings. Thus the probabilities of the 
scenarios occuming are automatically taken into account in the probabilistic analysis using 
SYVAC3-CC3. 

SY VAC3-CC3 was used to produce many thousands of estimates of the radiological dose rate to 
an individual of the critical group as a function of time after closure of the disposal facility 
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(Section 7.8.2). The arithmetic averages of these estimates (the estimated mean dose rate), for 
times ranging from 0 to 100 000 years, was then used to calculate the radiological risk for times 
to 100 000 years. To indicate the significance of the estimated effects, the resultant risk curve 
was compared with the risk criterion specified by the AECB in R-104 for times up to 
10 000 years (Appendix B). 

SYVAC3-CC3 was also used to determine the potential effects on the natural environment 
(Section 7.8.3). Mean concentrations of contaminants in water, soil, and air were calculated, as 
were the mean dose rates to four representative hypothetical organisms (Appendix B, 
Section B.6.4). To indicate the significance of the estimated effects, concentrations in water and 
soil were compared with available criteria, guidelines, and standards and with adopted guidelines 
(Appendix B, Section B.6.3), and doses were compared with background levels and with doses 
known to cause harm (Section 2.1 3).  

In addition to the probabilistic analysis, use was made of individual simulations, each with a 
single set of preselected parameter values. Such individual simulations were used to study 
details of the system model, such as the details of contaminant movement through the system. 
They were also used to study details of how changes in a single parameter affect the results 
(Section 7.9). 

7.8 ESTIMATED EFFECTS OF SCENARIOS INCLUDED IN THE 'OSTSYSTEM- 
MODEL 

7.8.1 General 

The postclosure assessment of the 'OSTdisposal-system estimated potential effects from radio- 
nuclides and chemically toxic elements found in used fuel. The estimated effects resulting from 
the significant scenarios included in the PoSTsystem-model are given in Sections 7.8.2 and 7.8.3. 
These effects were estimated using the models described in Section 7.6. The estimated effects of 
using new information obtained since the models were developed are given in Section 7.13. The 
estimated effects of the other significant scenarios, which were analyzed separately, are discussed 
in Section 7. I 1. R-Postclosure provides more detailed results. 

7.8.2 Estimated Radiological Effects on Human Health 

SYVAC3-CC3 was used to produce many thousands of estimates of the radiological dose rate to 
an individual of the critical group. The dose rate is given as the sum, over one year, of the 
effective dose equivalent resulting from external exposure and the 50-year committed effective 
dose equivalent from that year's intake of radionuclides (Section 2.1.7, R-Biosphere, 
R-Postclosure). 

The dose rate to an individual of the critical group was estimated for times ranging from the time 
of closure of the disposal facility to 100 000 years thereafter. Figure 7-7 shows the arithmetic 
average of these estimates (estimated mean dose rate) as a function of time. The vertical scale on 
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FIGURE 7-7: ESTIMATED MEAN DOSE RATE AND RISK AS A FUNCTION OF TIME 

the right side of Figure 7-7 shows the corresponding risk, calculated as specified by the AECB in 
R-104 (Appendix B), using 0.02 as the probability of a health effect (fatal cancer or serious 
genetic effect) per sievert. Part (a) of Figure 7-7 uses logarithmic vertical scales, whereas 
Part (b) uses linear vertical scales. Two types of scales were used to more completely illustrate 
the trend in estimated mean dose rate. 

For comparison, Figure 7-7 shows the risk criterion 
R-104 (Appendix B). This criterion is applicable for times up to 10 000 years. At 10 000 years, 
the estimated mean dose rate is only lo-' mSv/a, which is 6 orders of magnitude below the 
AECB criterion. At times preceding 10 000 years, it is smaller still. For all times up to 
100 000 years, the estimated mean dose rate is less than 3% of the AECB risk criterion and less 
than 0.05% of the dose rate from natural background radiation (about 3 mSv/a). 

per year) specified by the AECB in 
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Figure 7-8 shows the distribution of 40 000 estimates of dose rate at 10 000 years. There is a 
break in the vertical axis of the plot to allow the bar representing the lowest dose estimates to be 
shown on the same plot as the bar representing the highest estimate. The distribution is highly 
skewed: 99.8% of the estimated dose rates are less than 9 x 
3.7 x mSv/a. 

mSv/a, and all are less than 
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FIGURE 7-8: ESTIMATED DOSE RATES AT 10 000 YEARS 

Throughout the 100 000-year simulation time, I2’I gives the largest mean dose rate, 
1.4 x 
other radionuclide is less than 1 0-7 mSv/a. 

mSv/a, followed by I4C with 1.4 x mSv/a. The mean dose rate attributable to any 

Figure 7-9 shows the contributions to the estimated mean dose rate and risk from ‘*’I and I4C as 
functions of time. The mean dose rate from 14C, which has a half-life of 5730 years, reaches a 
maximum near 40 000 years, because radioactive decay is effective in reducing the amount of 
l %  that could arrive at the biosphere at longer times. The mean dose rate from 12’1, which has a 
half-life of 1.57 x lo7 years, would reach its maximum value after 100 000 years. Effects for 
times beyond 10 000 years are discussed in Section 7.12. 

7.8.3 Estimated Effects on the Natural Environment 

We have estimated the potential contaminant concentrations in water, soil, and air and the 
potential radiation doses to non-human biota due to contaminants from a disposal vault, as 
discussed below. 
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FIGURE 7-9: CONTRIBUTIONS OF lZ9I AND 14C TO THE ESTIMATED MEAN DOSE RATE 
AND RISK 

CONTAMINANT CONCENTRATIONS IN THE BIOSPHERE 

For each of the radionuclides and chemically toxic elements released from the ‘OSTdisposal- 
vault, we used the SYVAC3-CC3 results to identify the maximum concentrations in water, soil, 
and air over 100 000 years for each simulation. We then calculated the arithmetic mean of these 
maximum concentrations. 

These estimated contaminant concentrations apply to the small region of the biosphere occupied 
by the critical group and other biota. To evaluate the potential for the chemically toxic elements 
to cause environmental effects, we compared their concentrations in water and soil with the 
available criteria, guidelines, and standards and found that none were exceeded (R-Postclosure). 
However, quantitative criteria, guidelines, or standards for protection of the natural environment 
have not been established for all the radionuclides and chemically toxic elements in the used fuel. 
Therefore, in some cases we established our own guidelines for indicating the significance of 
estimated effects on the natural environment (Appendix B, Section B.6; Amiro 1992b, 1993; 
Amiro and Zach 1993). 

One of these guidelines, the environmental increment, was developed by Amiro (1992b, 1993). 
It is defined (Amiro 1992b) as 

. . . the additional amount of nuclide that can be added to the background level without 
exceeding the natural, local, spatial variation in concentration. This value is sufficiently 
stringent so that if the additional contribution from a vault is less than this, the presence of an 
underground vault would not likely cause detectable environmental effects. 

Amiro (1 992b, 1993) has determined baseline concentrations and environmental increments for 
the radionuclides and chemically toxic elements in the used fuel. When available, data from the 
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Canadian Shield were used. For most naturally occurring radionuclides, the environmental 
increment is based on one standard deviation of the mean of the existing concentration. For 
example, concentrations of bromine in soils on the Canadian Shield typically vary between 5 and 
40 mg/kg, with an average background concentration of about 10 mg/kg and a standard deviation 
of 2 mgkg. On the basis of these data, we take its environmental increment to be 2 mgkg 
(Amiro 1992b). 

We believe that environmental increments can be used in a rigorous and demanding test to 
identify contaminants that could have significant effects. If an increase in concentration of a 
nuclide is less than the environmental increment, the stresses imposed should be within the 
natural variability of stresses, provided natural concentrations are not at a toxicological threshold. 
If an increase is much less than the environmental increment, then any effect is unlikely to be 
significant compared with the existing effects. Even if an increase exceeds the environmental 
increment, there may still be no significant effect on the ecosystem, or on individuals of species 
within the ecosystem. However, if the estimated increase in environmental concentration of a 
nuclide exceeds its environmental increment, the radiological doses to representative hypo- 
thetical organisms are estimated, as described below. 

The estimated mean concentrations of contaminants exceed the environmental increments only 
for 1291 and 14C. For all other contaminants, the estimated mean concentrations are much less 
than the environmental increments. Table 7-1 lists the mean concentrations of '*'I and 14C in 
soil and water, along with their environmental increments. 

TABLE 7-1 

ESTIMATED MEAN CONCENTRATIONS OF CONTAMINANTS IN SOIL AND WATER 

Contaminant Medium Mean of the Environmental Units 
Maximum Estimated Increment' 

Concentrations 

1291 Soil 2 1 10-5 Bq/kg in dry soil 
Water 3 x 10-~  4 x 10-8 Bq/L in water 

4c Soil 9 x 1 0 . ~  
Water 5 x 10-4 

9~ Bqkg in dry soil 
2 x  1 0 5  B q L  in water 

* Environmental increments are defined in the text. Those for 14C depend on the stable carbon 
content in the environment (Amiro 1993), and the values reported here use typical values for 
stable carbon in soil and water (R-Postclosure). 
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Chemical toxicity effects from 1291 are expected to be insignificant, because the estimated con- 
centration of 1291 from the PoSTdisposal-vault is negligible when compared with existing con- 
centrations of iodine in the environment. Iodine (principally as the stable isotope 1271) is a 
common element in the biosphere; Bowen (1979) cites a median concentration of 4 x 
in dry soil, which is about 5 orders of magnitude greater than the maximum estimated concen- 
tration of 1291 from the vault (Table 7-1). 

moVkg 

Chemical toxicity effects from 14C are also expected to be insignificant. Carbon is generally not 
regarded as a chemically toxic element. Moreover, carbon (principally as the stable isotope 12C) 
is much more abundant in the environment than 14C from the PoSTdisposal-vault would be. 

We conclude that there would be no significant chemical toxicity effects on the natural environ- 
ment from the small increases in concentration of 129~, 14c, or any other contaminant potentially 
released from the 'OSTdisposa1-vault over 100 000 years. Because the estimated increases in the 
environmental concentrations of 1291 and 14C exceed their environmental increments, we esti- 
mated the radiological doses to representative hypothetical organisms, as described below. We 
conclude that no other radionuclides would cause significant radiological effects on the natural 
environment over 100 000 years, because the estimated increases in their concentrations are 
much less than their environmental increments. 

RADIATION DOSES TO NON-HUMAN BIOTA 

We used SYVAC3-CC3 to estimate the dose rates to four representative hypothetical organisms: 
a plant, a mammal, a bird, and a fish (Appendix B, Section B.6.4). The characteristics, habitat, 
and lifestyles of these biota are expected to represent a wide range of organisms (R-Biosphere). 
From 1000 randomly sampled simulations, we calculated the mean dose rates to these organisms 
arising from 1291 and 14C. 

Table 7-2 summarizes the results. All estimated mean dose rates are less than 0.1 mGy/a. For 
comparison, the lower end of the range of dose rate resulting from natural background radiation 
is 1 mGy/a. Thus the estimated dose rates for times up to 100 000 years are at least 1 order of 
magnitude below the dose rates to biota from background radiation in the environment, and even 
further below doses known to cause harm (Section 2.1 3). Moreover, our estimates of doses to 
these four hypothetical organisms are based on many pessimistic assumptions (R-Biosphere). 
Therefore, we have concluded that there would be no significant radiological effects to non- 
human biota. 

7.9 SENSITIVITY ANALYSES OF THE P o S T ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~  RESULTS 

7.9.1 General 

Sensitivity analysis involves changing the values of parameters in the PoSTsystem-model and 
determining the effects of these changes on the model estimates. Such analysis increases our 
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TABLE7-2 

ARITHMETIC MEAN OF THE MAXIMUM DOSES 
TO FOUR HYPOTHETICAL ORGANISMS 

ESTIMATED IN 1000 SIMULATIONS 
FOR A 100 000-YEAR SIMULATION TIME 

Mean of the Maximum Dose Rates to an Organism 
(mGy/a) 

Nuclide 

Plant Fish Mammal Bird 

1291 4 x 1 0 3  3 10-3 1 x 5 x 1 0 - 2  

J4C 2 x  1 0 4  2 x  10-2 5 1 0 4  5 x 1 0 - 4  

Total 4 x  l o 3  2 x 1 x l o 2  5 x 

understanding of the assessment results and provides insight into the factors that are most impor- 
tant to the safety of the disposal system. 

We summarize here the results of sensitivity analysis on the system model. Details on the 
methods employed and more detailed results are provided in R-Postclosure. Sensitivity analyses 
were also performed on the individual vault, geosphere, and biosphere models, and details of 
these analyses are provided in R-Vault, R-Geosphere, and R-Biosphere respectively. 

The results from the system model discussed in Section 7.8 show that 1291 is the major contribu- 
tor to risk for times up to 100 000 years. The following discussion therefore deals with this 
radionuclide. R-Postclosure describes sensitivity analyses performed for other contaminants. 

7.9.2 Sensitivity in the Median-Value Calculations 

To examine the sensitivity of the system-model results to the values of its parameters, a two- 
stage process was adopted. First, we screened the many parameters in the model, selecting for 
further study those that had the largest influence on estimated dose from I2’I. Next, we studied 
the effect of varying each of these influential parameters independently over its entire range of 
feasible values, while all other parameter values were fixed. Switch settings were based on 
judgment, taking into account the probability of the switch setting as well as the effect of the 
switch setting on the results (R-Postclosure). Other variable parameters were fixed at their 
median values. This median-value sensitivity analysis does not consider simultaneously the full 
range of uncertainty of all parameter values. However, it does provide in-depth information on 
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many subtle effects and interactions that are frequently less apparent in the sensitivity analysis of 
the randomly sampled simulations (R-Postclosure). 

The tortuosity of the lower rock zone had the largest effect on the maximum dose rate over 
100 000 years. Tortuosity in rock is a measure of the winding nature of the interconnected 
water-saturated pathway within the rock (R-Geosphere). Larger values of tortuosity correspond 
to longer distances a contaminant must diffuse over when moving between two points in the 
rock. Changing its value from the minimum to the maximum of its range (2 to 8) caused the 
estimated maximum dose rate to decrease by a factor of 3600. All other parameters had less 
significant effects. 

The switch that most influenced the estimated dose rate to an individual in the critical group was 
the well-usage parameter, which specifies whether the domestic water used by the critical group 
is well or lake water. Estimated doses were about 100 times larger when well water was used 
than when lake water was used (R-Postclosure). Other switches, for example the switch specify- 
ing whether or not the garden is irrigated, were less influential; estimated doses are only about 
three times larger when the garden is irrigated than when it is not. 

7.9.3 Sensitivity in the Probabilistic Calculations 

In this section, we focus on sensitivity analysis of the results from the probabilistic calculations 
of the postclosure assessment case study. As for the median-value analysis, parameters were 
screened to select for further study those that have the largest influence on the estimated mean 
dose rate. The screening method used, iterated fractional factorial design (Andres and Hajas 
1993, Saltelli et al. 1993, R-Postclosure), permits examination of the effects of each parameter 
over its range of feasible values. Once the most influential parameters were identified, the 
sensitivity of the model results to changes in the values of these parameters was studied. 

The tortuosity of the lower rock zone was once again identified as the most important parameter. 
Results discussed in R-Postclosure show that larger values of tortuosity generally yield smaller 
estimates of dose, the same trend as in the median-value simulation. 

Other parameters also had a significant influence on the estimated mean dose rate, although their 
effects were much less significant than the effects of tortuosity. For example, the well-usage 
switch was again an influential parameter, but its relative effects were a fraction of the effects of 
tortuosity (R-Postclosure). 

7.9.4 Supporting Studies 

Studies were carried out to support the conclusions of the sensitivity analysis and to confirm that 
all of the influential parameters (including the switch parameters) had been identified in the 
sensitivity analysis. These studies are described in R-Postclosure. 

One of the supporting studies examined high-dose and low-dose simulations. The high-dose and 
low-dose simulations are those yielding the largest and smallest estimates of maximum dose rate 
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for times up to 100 000 years. From the first 9000 randomly sampled simulations, we selected 
for study the 20 simulations with the largest and the 20 simulations with the smallest estimates of 
maximum dose rate. We then examined the values used in these simulations for influential 
parameters (R-Postclosure). 

There is a strong correlation between the values of the tortuosity of the lower rock zone and the 
estimated dose rate to a member of the critical group. The values of tortuosity in the high-dose 
simulations were all small, generally less than its 0.10 quantile value, whereas its values in the 
low-dose simulations were all large, greater than its 0.90 quantile value. These trends conform 
with the sensitivity analyses on the effects of the tortuosity of the lower rock zone. Similar 
strong correlations were also observed for the other influential parameters, such as the the well- 
usage switch; for example, the well was selected as the source of domestic water used by the 
critical group in 19 of the 20 high-dose simulations. 

7.9.5 Use of Sensitivity Analysis Studies 

The information provided by these analyses could be very valuable to the siting and design of a 
waste disposal facility. There are some parameters, such as disposal depth and the distance of 
waste from fracture zones, over which the implementing organization would have some degree 
of control, and some parameters, such as those defining the diet of the critical group, over which 
the implementing organization would have little or no control. The information from these 
analyses about which controllable parameters are important could be used to modify the location 
and design of the vault to improve safety margins. The information could also help determine 
whether further studies on a parameter would help reduce the uncertainty of the assessment 
results. 

7.10 ANALYSIS OF POTENTIAL BARRIER EFFECTIVENESS 

The vault, geosphere, and biosphere models were used to examine the potential effectiveness of 
the engineered and natural barriers that contribute to the safety of the PoSTdisposal-system. We 
refer to "potential" effectiveness, because we analyzed the effectiveness independently of the 
behaviour of other barriers in the system. The actual effectiveness of a particular barrier would 
depend on the performance of all components of the system. In the analysis, we assumed the 
values of all relevant inputs were set at the values they had in the median-value sensitivity 
analysis (Section 7.9.2). 

We examined the potential effectiveness of the used fuel, the titanium container, the buffer/ 
backfill, and the rock in the waste exclusion distance (about 50 m of low-permeability rock 
between fracture zone LDI and the nearest vault room containing waste). For each of these 
barriers, we calculated the percentage of each nuclide released over 100 000 years. The smaller 
the percentage released, the more effective the barrier. For selected nuclides, Table 7-3 illus- 
trates the potential effectiveness of the individual barriers. The cumulative fraction released over 
100 000 years (Figure 7-10) is given by multiplying the fractions released by each of the barriers 
over 100 000 years, and is thus an overestimate. 
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TABLE 7-3 

PERCENTAGE OF A NUCLIDE RELEASED BY A BARRIER OVER 100 000 YEARS 

Percentage Released by Each Barrier in the Case Study 
Nuclide Half-Life 

(a> 
Used Fuel Titanium Clay-Based LQW- 

Container Buffer and Permeability 
Backfill Rock 

3H 

%Sr 

39Ar 

l4C 

2 3 9 h  

wTc 

1291 

Br 

Sb 

~ 

1.24 x 10' 

2.91 x 10' 

2.69 x lo2 

5.73 io3 

2.41 io4 

2.13 x Id 

1.57 107 

stable 

stable 

30 

0.05 

8 

6 

<<0.001 

6 

6 

6 

<<0.001 

<<0.001 

<<0.001 

0.08 

60 

100 

100 

100 

100 

100 

<<0.001 

1 

<<o.oo 1 

0.8 

<<0.001 

<<0.001 

10 

10 

0.003 

<<0.001 

<<0.001 

<<0.001 

0.007 

<<0.001 

0.1 

5 

5 

5 

The labels on the left-hand side of the figure identify different nuclides, and the labels in the 
shaded boxes identify the barriers. The width of each shaded bar on the left, containing the 
symbol for the nuclide, represents unit mass of the nuclide. The width of each shaded bar to the 
right of a barrier represents the fraction of the original unit mass that is released from that barrier, 
as indicated by the number over the shaded bar. The widths of the bars are scaled such that a 
decrease to 1/2 of the width from one side of the barrier to the other represents a release of 1/10 
of the mass of the nuclide. 

Table 7-3 and Figure 7-10 illustrate that the potential effectiveness of a barrier depends on the 
nuclide being considered. For example, the used fuel is a very effective barrier for 239Pu and Sb, 
because they are located in the UO, matrix and are only released slowly during dissolution of the 
UO, matrix (R-Vault). The used fuel releases very much less than 0.001 % of the mass of these 
nuclides over 100 000 years. On the other hand, the used fuel is a less effective barrier for 3H, 
90Sr, 39Ar, I4C, 99Tc, 1291, and Br, because a significant proportion of these nuclides is located in 
cracks in the fuel pellets, in gaps between the pellets and the fuel sheath, and at the grain 
boundaries and is assumed to be released instantly upon contact with groundwater (R-Vault). 
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FIGURE 7-10: CUMULATIVE FRACTION OF A NUCLIDE RELEASED BY THE BARRIERS 
OVER 100 000 YEARS 

Table 7-3 and Figure 7-10 also illustrate that more than one barrier may be effective in limiting 
the release of a particular nuclide. For example, there are three very effective barriers for 239pU: 
the used fuel, the buffedbackfill, and the low-permeability rock within the exclusion distance. 
Each of these barriers releases very much less than 0.001 95 of the mass of this nuclide over 
100 000 years. Similarly, there are three very effective barriers for 3H and two for 90Sr and 39Ar. 
For 14C, 99Tc, '291, Br, and Sb, there are three barriers that are either effective (release no more 
than 10% of the mass of these nuclides over 100 000 years) or very effective: the used fuel, the 
buffedbackfill, and the low-permeability rock. 

EIS 7.10 

The container is an effective barrier only for radionuclides with half-lives that are short in com- 
parison with the container lifetime. The examples given in the table are 3H, 90Sr, and 39Ar. 
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In Figure 7-10, the numbers at the far right give a high estimate of the fraction of the mass of the 
nuclide that would pass all these barriers in 100 000 years. The estimates range from effectively 
zero (for 3 ~ ,  9 0 ~ r ,  and 2 3 9 ~ ~ )  to 0.03% for 1 2 9 ~  and Br. Thus the combination of barriers is very 
effective for all the nuclides. 

7.11 HUMAN INTRUSION SCENARIOS 

Inadvertent human intrusion could be initiated by drilling a water supply well; this event was 
included in the POSTsystem-model. Inadvertent human intrusion could also be initiated by a 
drilling operation that penetrated the waste in a sealed disposal vault and brought it to the 
surface; this event was included in four significant scenarios that were not incorporated in the 
POSTsystem-model, but whose risk was estimated as described below. Deliberate human 
intrusion was not analyzed. We believe that it should be considered the responsibility of any 
society that takes this action. 

The four significant scenarios that were not incorporated in the POSTsystem-model were defined 
and analyzed as described by Wuschke (1991, 1992). Each scenario is generally representative 
of a set of similar scenarios with lower probability or consequence. The four scenarios analyzed 
are as follows: 

a member of a drilling crew is exposed to undispersed waste extracted in a drilling operation 
(drilling scenario), 

a laboratory technician examining drill core is exposed to undispersed waste extracted with 
the core (core examination scenario), 

a construction worker is exposed to waste that was previously brought up in a drilling 
operation and dispersed at the construction site (construction scenario), and 

* a resident is exposed to waste that was previously brought up in a drilling operation and 
dispersed at the site where the resident now lives (resident scenario). 

An event tree methodology was used as a framework for defining probabilities of occurrence for 
each of these inadvertent human intrusion scenarios (Wuschke 1991, 1992). Each scenario 
implies a series of events, such as selecting a drilling site, missing controls or warnings about the 
vault, and drilling to disposal depth. The events and their associated probabilities were based on 
the judgements of experts in relevant technologies and social sciences (Wuschke 1992). For 
example, the drilling and core examination scenarios include events such as the following: 

a proposal is made to drill a borehole on the disposal site to the disposal depth; 

institutional controls, such as surveillance for safeguards continuing after closure of the 
facility, do not stop the drilling (institutional controls are assumed to gradually become 
ineffective over a period of 500 years); 

passive measures, such as long-lasting site markers, records, and archives, and societal 
memory do not stop the drilling (passive measures and societal memory are assumed to 
gradually become ineffective over a period of 2000 years); 
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* detection of the disposal vault during predrilling investigations does not stop the drilling; and 

* the borehole intersects a container. 

The probability of occurrence of an inadvertent human intrusion scenario is given by the product 
of the probabilities of its constituent events. The construction and resident scenarios take into 
consideration the cumulative probability that waste may have been extracted by drilling in prior 
years. 

Estimated doses are largest at earlier times, when the waste is most radioactive. The important 
pathways and radionuclides vary with time and the scenario considered (Wuschke 1992). 

Using the doses and probabilities estimated by Wuschke, we estimate the risk as follows 
(R-Postclosure): 

For dose rates up to 1 Svla, the risk associated with each of these scenarios is estimated as 
specified by the AECB in R-104 (Appendix B): the product of the probability of the scenario, 
the magnitude of the resultant radiological dose, and the probability of a health effect per unit 
dose (0.02 per sieved). 

For higher dose rates, it is assumed that a deterministic health effect would occur; that is, the 
risk is numerically equal to the probability of the scenario. 

Immediately after facility closure, when it is assumed that institutional controls, passive mea- 
sures, and societal memory would almost certainly prevent intrusion, the estimated risk is very 

I 

small. Thereafter, the estimated risk increases to a maximum and then decreases. The maximum 
estimated risk and the time of its occurrence depend on the scenario, as shown in Table 7-4. The 
risks calculated for these scenarios are 3 to 6 orders of magnitude below the risk criterion 
(1 o - ~  per year) specified by the AECB in R- 104 (Appendix B). 

TABLE 7-4 

ESTIMATED RISKS FROM FOUR HUMAN INTRUSION SCENARIOS 

Scenario Maximum Time of Occurrence of 
Estimated Risk Maximum Estimated Risk 

(per year) (years after closure) 

Drilling 3 x 10-lo 

Core Examination 9 x 10'" 

Construction 4 10-l3 

Resident 3 x 10-lo 
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7.12 DISCUSSION OF VERY LONG-TERM EFFECTS 

7.12.1 General 

In R-104 (Appendix B), the AECB states that, where the predicted risk to an individual does not 
peak before 10 000 years, 

There must be reasoned argument leading to the conclusion that beyond 10 000 years sudden 
and dramatic increases in the rate of release to the environment will not occur, acute doses 
will not be encountered by individuals and that major impacts will not be imposed on the 
biosphere. 

We interpret acute dose to mean the dose at which serious deterministic health effects may occur, 
which according to the ICRP (1993) is 1 Sv. We use 1 Sv/a for comparison. 

For the postclosure assessment case study, it can be seen from Figure 7-7 (p. 297) that the esti- 
mated dose rate does not peak before 10 000 years and is still increasing at 100 000 years. 
Therefore, reasoned argument is required regarding potential effects in the very long term. The 
discussion here is amplified in R-Vault, R-Geosphere, R-Biosphere, and R-Postclosure. 

7.12.2 Projected Trends from the PoSTSystem-Model Analysis 

The estimates of the PoSTsystem-model covering the first 100 000 years after closure exhibit 
trends that are reasonable from what we know about the very long-term processes likely to affect 
the vault and geosphere, provided the vault, geosphere, and biosphere do not experience major 
changes that disrupt the barriers to contaminant movement or render the natural environment 
unusually sensitive to the effects of the contaminants. In the next few paragraphs, we discuss 
inferences that may be drawn from these trends. 

The only radionuclides that contribute significantly to the estimated dose within the first 
100 000 years are 12’1 and 14C. The estimated mean dose rate resulting from 14C peaks prior to 
100 000 years, and is always many orders of magnitude below the acute dose rate of 1 Sv/a. The 
mean dose rate from 1291, which has a half-life of 1.57 x lo7 years, would reach its maximum 
value after 100 000 years. Iodine-129 cannot, however, lead to an acute internal dose to an 
individual. Because of the way that iodine behaves in the human body, 12’1 can give an internal 
dose that is at most about 39 mSv/a (Zach and Sheppard 1992). This figure would, in general, be 
reduced by isotopic dilution with stable iodine occurring naturally in the environment (typically 
by a factor of about 100 on the Canadian Shield). 

Radionuclides such as 135Cs (with a half-life of 2.3 x lo6 years), 79Se (6.5 x lo4 years), and’’Tc 
(2.13 x lo5 years), although they do not contribute significantly to the estimated dose over 
100 000 years, have the potential to continue reaching the biosphere at times greater than 
100 000 years. However, these radionuclides interact strongly with one or more of the media 
between the containers and biosphere, which retards their movement and disperses them. This is 
why they do not have an earlier effect. This media-waste interaction would be expected to con- 
tinue retarding and dispersing the radionuclides at times beyond 100 000 years. 
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From these considerations of an undisturbed disposal system beyond 10 000 years after closure, 
we conclude that any radionuclide releases would be gradual (rather than sudden and dramatic), 
that radiation doses would be of the level now present in nature (far below acute doses), and that 
major effects would not be imposed on the biosphere (R-Postclosure). 

7.12.3 Analogy to a Uranium Ore Deposit 

Mehta et al. (1991) compared the potential health hazards of used fuel and uranium ore. The 
comparison indicates that 10 000 years after used fuel is removed from a reactor, it represents a 
health hazard (if ingested) similar to that from a rich uranium ore deposit containing the same 
amount of uranium. The hazards will continue to be comparable thereafter. 

At very long times, the principal constituents of the used fuel will be 238U and other long-lived 
heavy radionuclides, which, if the chemical environment of the vault remained similar to that 
assumed in the system model, would be released to the groundwater only very slowly as the UO, 
matrix dissolved. An analogy for the very low solubility of the UO, matrix is found in the low 
solubility of uraninite ore in the 1.3-billion-year-old deposit at Cigar Lake. Uraninite ore is 
essentially UO, and is similar to the composition of used fuel. 

There is no direct evidence at the surface above the Cigar Lake deposit that a high-grade ore 
deposit exists at a depth of about 450 m (Cramer 1994). Studies of this deposit have focused on 
the reasons for these and related observations. The results, from the Cigar Lake and other studies 
(Cramer 1994), show that uraninite undergoes extremely slow dissolution under reducing con- 
ditions and retains most of its radionuclides with no significant movement for millions of years. 
The chemical conditions in the deposit are reducing, as expected in a disposal vault based on the 
proposed disposal concept. 

The contribution to environmental radiation by 238U in old uranium ore deposits arises mostly 
through the effects of its radioactive decay products, such as radioactive isotopes of radium and 
radon, which can contribute significantly to natural background radiation, particularly indoors. 
Similar effects would be expected from the relatively large amount of 238U in the undisturbed 
PosTdisposal-vault at very long times after closure. The presence of the disposal vault might 
cause a fractional increase in local groundwater radioactivity, through the slow dissolution of the 
used-fuel matrix, and thereby the release of heavy radionuclides and their decay products. 

The analogy with a rich uranium ore deposit suggests that any effect of a disposal vault would be 
gradual, rather than sudden and dramatic, and would fall within the range of current background 
radiation, well below levels that could produce acute doses. 

7.12.4 Biosphere Processes 

As discussed in Section 4.2.9, significant climatic changes are expected within the next million 
years, including a number of periods of glaciation. Depression and uplift of the ground surface 
are expected with each glaciation, as well as erosion, redistribution, and deposition of sediments. 
However, the potential to amplify the relief by glacial erosion is limited because most of the 
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easily erodible rock has already been removed (Elson and Webber 1991). We expect that, 
following future glaciations, the landscape would be similar to the present landscape, although 
the detailed distribution of rock, sediments, and water bodies would change. This could change 
the number and locations of groundwater discharges from a disposal vault (R-Geosphere). There 
might also be substantial changes in biotic communities. 

During glaciation, there could be a buildup of contaminants from a disposal vault in the more 
permeable rock and overburden because they would not be flushed to the surface while the. 
glacier covered the discharge locations. The extent of this buildup might depend on permafrost 
conditions under the ice sheet. Trapped Contaminants could be released when the glacier 
retreated and groundwater flow to the surface was re-established. The potential effect of this 
pulse of water containing a higher concentration of contaminants would likely be offset by the 
large volumes of glacial meltwater and proglacial lake water available at the surface for dilution 
during the first few hundred years after glacial retreat. In addition, it would be unlikely that 
humans could permanently resettle in the vicinity of the locations of contaminant discharge from 
the disposal vault until the proglacial lakes drained (R-Geosphere). 

Davis (1986) concluded that the changes with the most potential for altering the biosphere in a 
way that would affect exposures of humans to contaminants from the vault were likely to be 
caused by human activities and glaciation. Elson and Webber (1991) have evaluated changes in 
climatic conditions and the effects on the Canadian Shield biosphere caused by the glacial cycle. 
The implications of these effects are discussed in R-Biosphere. Evaluation of movement of 
contaminants through the biosphere for discrete glacial states did not indicate significant 
increases in exposures over those obtained for the interglacial conditions included in the system 
model (R-Biosphere). 

As discussed in Section 7.5, the local and global effects of human activities, including ozone 
depletion and global warming, are uncertain; however, we expect that these effects are reflected 
in the wide ranges of biosphere parameter values used in the system model. Provided the 
geosphere does not experience major changes that disrupt the barriers to contaminant movement, 
we do not expect future changes in the biosphere to lead to sudden and dramatic increases in 
releases of contaminants, to acute doses, or to major effects on the natural environment as a 
result of a disposal vault. 

7.12.5 Geosphere Processes 

Changes could take place in the geosphere in the future because of glaciation or the occurrence of 
earthquakes. For times beyond 10 000 years, glaciation is very likely to occur. Moreover, we 
expect it is the process that has the greatest potential to change conditions in the rock in a way 
that could affect the movement of contaminants that had been released from a sealed disposal 
vault (R-Geosphere). 

Estimates of the effects of glaciation on the rock barrier, at a depth of several hundred metres, 
suggest that the weight of the ice might change the general stress state in the rock below a depth 
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of 500 m, but that the glacial cycles would be unlikely to change the rock permeability signifi- 
cantly (R-Geosphere). 

Each glaciation would be accompanied by a number of erosion processes, tending to remove the 
rock over which the glaciers and associated melt waters moved. However, even over tens of 
millions of years, the glacial cycles are not expected to remove enough rock to endanger the 
integrity of the rock barrier if the initial disposal depth were a few hundred metres or more 
(R-Geosphere). 

Glaciation could have a significant effect on hydraulic heads and the groundwater flow regime 
between the surface and the disposal depth (R-Geosphere); hence, the detailed model of the 
geosphere for the Whiteshell Research Area used in the PoSTsystem-model would not be 
expected to apply beyond the onset of the next glaciation. If a uniform layer of glacial ice were 
above the disposal site, it would tend to eliminate local hydraulic gradients. At any time when 
the glacial ice margin was in the immediate vicinity of the vault, it could affect gradients in ways 
that could change the flow of groundwater in the major permeable pathways and that could 
change the location of the local groundwater discharge (Elson and Webber 1991). During a 
glacial advance, these effects would be a relatively short-lived transient between present day 
groundwater flow conditions and conditions that would prevail during the period of glacial cover 
(R-Geosphere). The potential effects on retreat were discussed in Section 7.12.4. We conclude 
that, whether the glacier is advancing or retreating, it would not lead to a sudden and dramatic 
increase in effects due to the vault. 

Earthquakes are discussed in Section 7.5. The probability of an earthquake large enough and 
close enough to the disposal vault to have any significant effect on the vault is less than 1 0-8 per 
year, provided the vault is neither within 1 km of an active fault more than 2 km long, nor within 
200 m of an active fault more than 500 m long, nor within 50 m of any active fault (Atkinson and 
McGuire 1993). Even in the rifted portions of the Shield, the seismic stresses from a large- 
magnitude earthquake would not, in all likelihood, be high enough to damage rock that was not 
already fractured (R-Geosphere). The major potential effect would be movement along existing 
faults in the vicinity. These features are already assigned a high permeability in the system 
model. It is unlikely that even a large-magnitude earthquake would lead to higher permeabilities 
and thus to sustained increases in the rate of release of contaminants, to acute doses, or to major 
effects on the natural environment. Transient surges in discharges of groundwater at the surface, 
which are sometimes associated with earthquakes, might occur. 

The presence of glaciers tends to suppress seismic activity (Johnston 1987); thus it is likely that 
during each period of glacial cover there would be even less seismic activity than at present, and 
that with each deglaciation there would be a period of increased seismic activity as the stored 
stresses were released. This process would probably be accentuated by the process of postglacial 
rebound. These variations are not expected to increase significantly the potential for damage to a 
sealed disposal vault (R-Geosphere). 

Increases in stress in the rock mass as a result of glacial loading or seismic loading would not be 
sufficient to cause significant fracturing in sparsely fractured plutonic rock. Moreover, we do not 
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expect existing fractures in the volumes of moderately fractured rock to extend significantly into 
volumes of sparsely fractured rock for tens of millions of years, on the basis of the evidence of 
the extent of open fractures resulting from changes in stress during the past 500 million years. 
Nor do we expect open fractures caused by stress relief in the immediate vicinity of a disposal 
vault to progress outward from the excavations following sealing of the vault. 

With the possible exception of the short-term transients identified above (changes in groundwater 
flow and discharge locations caused by glaciation and surges in discharge of groundwater caused 
by earthquakes), we do not expect any of these potential changes in the geosphere to lead to 
sudden and dramatic increases in the rate of release of contaminants to the biosphere. We do not 
expect even the short-term transients to lead to acute doses or to impose major effects on the 
natural environment. The potential changes in the geosphere are discussed in more detail in 
R-Geosphere. 

There has not been volcanic activity on the Canadian Shield for the past 500 million years. We 
would not expect volcanism on the Shield before there were either new plate collisions on the 
eastern or Arctic continental margins or renewed rifting on the continent. Neither new plate 
collisions nor renewed rifting are expected within tens of millions of years (R-Geosphere). 

7.12.6 Processes near and in the Vault 

We expect that beyond about 10 000 years, the radionuclides remaining in the used fuel would be 
located within the UO, grains, because those radionuclides outside the grains would have been 
released earlier to the groundwater. The release of radionuclides located within the grains would 
be controlled by the dissolution of the UO, matrix. Laboratory and field research indicates that 
the solubility of the used-fuel pellets would be low under the chemical and physical conditions, 
including electrochemical potentials, expected in the disposal vault (R-Vault). It is reasonable to 
expect the solubility of the pellets to be of the order of the observed solubility for uranium oxide 
in the Cigar Lake uranium deposit. At this deeply buried deposit, the concentration of uranium 
in the groundwater within the ore zones is less than 0.03 mg/L (Cramer 1986, Goodwin et al. 
1989). 

Although the buffer and backfill properties are expected to change very slowly with time, the 
changes are not expected to alter significantly the mass transport properties of these materials 
(R-Vault). Contaminants are expected to continue to move very slowly by diffusion in the pore 
water of the buffer and backfill. Changes to the surrounding rock should occur very slowly also 
(R-Geosphere), and they are not expected to alter significantly the rate of movement of contami- 
nants away from the vault. More details on the evolutionary chemical and physical processes 
occurring in and near the disposal vault are documented in R-Postclosure, R-Vault, R-Geosphere, 
and R-Biosphere. 

7.12.7 Human Intrusion 

We assume that if human intrusion were deliberate, the proper precautions would be taken to 
keep adverse effects within acceptable limits. 
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The estimated risks associated with inadvertent human intrusion by drilling directly into the 
waste are far below the regulatory limit for times up to 10 000 years (Section 7.1 1). Factors 
contributing to the low risk include the disposal depth; the avoidance of areas of economic 
mineralization and existing mines during siting; the very small total area occupied by the 
disposal containers; and, for the first few hundreds of years (while the radioactivity of the waste 
is high), the high probability that knowledge of the vault would be retained by either records, 
archives, databases, on-site markers, or collective societal memory, or a combination of these 
things. Considering the decreasing toxicity of the used fuel with time, we find no reason to 
expect that the risk from inadvertent human intrusion would increase significantly in the period 
beyond 10 000 years. 

7.12.8 Meteorite Impact 

As discussed in Section 7.5, the probability that the PoSTdisposal-vault would be affected by a 
meteorite impact is less than per year. As a result, meteorite impacts were not included in 
the significant scenarios for estimating risk for comparison with the risk criterion per year) 
specified by the AECB in R-104 (Appendix B) for the first 10 000 years. However, as time goes 
on, it becomes increasingly likely that a large meteorite will have hit the site (about a 1 in 10 000 
chance within a million years). After 10 000 years, the radiological hazard of a disposal vault is 
about the same as that from a rich uranium ore deposit (Section 7.12.3); thus a meteorite impact 
on a disposal vault would have about the same effect as a meteorite impact on a rich uranium ore 
deposit. 

7.13 IMPLICATIONS OF NEW INFORMATION 

After the SYVAC3-CC3 system model was developed, new information was obtained regarding 
the characteristics of fracture zone LDl , the inventory of 14C available for instant release from 
used fuel, and the dose from 36Cl. In this section we discuss the implications of the new 
information. 

CHARACTENSTICS OF FRACTURE ZONE LD1 

In the SYVAC3-CC3 system model, it is assumed that fracture zone LDl extends from the 
ground surface to a depth of 1000 m, interconnects with a network of other low-dipping and 
vertical fracture zones, extends right across the 2-km expanse of the vault, and is permeable 
throughout. This very pessimistic assumption was based on the information available at the 
time. Current information from the Whiteshell Research Area shows that the fracture zone 
corresponding to LDl is not a continuous permeable feature below about 400 m, and it is not 
well-connected to other fracture zones (R-Geosphere). Thus some of the assumed characteristics 
of LD1 are overly pessimistic. In an implementation of the disposal concept, the models and 
assessment would be modified to reflect this new information. In this particular case, such a 
modification would lead to a greater estimated safety margin. 
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INVENTORY OF 14C AVAILABLE FOR INSTANT RELEASE FROM USED FUEL 

In the SYVAC3-CC3 system model, it is assumed that, on average, 13% of the inventory of 14C 
would be located in cracks in the fuel pellets, in gaps between the pellets and the fuel sheath, and 
at the grain boundaries and would thus be instantly released. It is now known that much less 
than 0.1 % would be in those locations (R-Barriers). As discussed in R-Postclosure, using the 
new data would significantly reduce the estimated mean dose rate attributed to 14C 
(Section 7.8.2). It would also significantly reduce the estimated concentrations of 14C in soil and 
water (Section 7.8.3), such that the environmental increments would not be exceeded. 

DOSE FROM 3 6 ~ 1  

New information indicates that there could be a small contribution to dose from 36Cl that was not 
taken into account in the postclosure assessment case study. Analyses done after the case study 
was completed indicate that the contribution from 36Cl could be comparable to that from 1291 
(R-Postclosure). 

7.14 TREATMENT OF UNCERTAINTY IN POSTCLOSURE ASSESSMENT 

There are a number of sources of uncertainty in estimating effects in the postclosure phase using 
mathematical models (Dormuth 1992): 

Unsystematic variations in system characteristics-Many characteristics of materials and pro- 
cesses are not constant; they depend on factors such as location, time, and temperature. If a 
characteristic varies in a known, systematic way, the variation can often be modelled ex- 
plicitly. For example, we modelled the decay of radionuclides to take into account the 
changes in inventory and activity with time. In many cases, however, characteristics do not 
vary in a systematic way, or at least not in a way that can be modelled explicitly using our 
assessment models. Examples of this are characteristics that vary with time or location, such 
as annual precipitation, soil depth, and rock permeability and porosity. This unsystematic 
variation is a source of uncertainty in our mathematical models. To deal with it, 
SYVAC3-CC3 allows parameter input v,dues to be entered as probability distributions rather 
than single values (Dormuth and Quick 1980). The model produces a corresponding distri- 
bution of results, thereby quantifying the effect of the parameter variability. 

Unknown processes-Processes may exist that could have a significant effect on the behaviour 
of the disposal system, but that are not included in the models because we are unaware of 
them. Because the processes are by definition unknown, this uncertainty cannot be quantified. 
However, teams of scientists in many countries have been investigating processes important to 
waste disposal, and the investigations have included detailed studies of natural systems that 
have evolved over times that are very long compared with the time for which the performance 
of the disposal system must be assessed. The information developed through this extensive 
international research is incorporated in the identification of significant scenarios 
(Section 7.4). We believe, therefore, that it is unlikely any important processes have been 
overlooked. 
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Evolution-Even if we are aware of all the processes that could be important, we may not 
know with certainty how some of the important characteristics of a disposal system would 
change with time. Evolution that can be expressed as a change of model parameter values 
with time is sometimes treated by varying parameter values in SYVAC3-CC3. Major poten- 
tial changes to the disposal system are treated by defining significant scenarios, estimating the 
probability of occurrence for each scenario, and weighting consequence estimates for each 
scenario with its estimated probability. In the PoSTsystem-model, many scenarios are treated 
by incorporating "switches," which change important factors. An example is the water supply 
(well or lake) used by the critical group. Use of appropriate probabilities to select the switch 
values automatically weights the results for the many scenarios by their estimated probability 
of occurrence. To the extent possible, the probabilities are determined from frequencies of 
observed phenomena. However, the information on frequency is not always available, and 
informed judgment must be relied on to specify some scenario probabilities. Although this 
use of informed judgment is consistent with the AECB's Regulatory Document R-104 
(Appendix B), the subjectivity involved is a matter of concern, because there will be some 
unquantifiable uncertainty in the probability estimates. However, assuming that the rationale 
for estimating each scenario probability is well documented and subject to general review and 
criticism, it is more meaningful to use subjective probabilities than to use estimated 
consequences without regard to their probability of occurrence. 
Measurement error-Error in field and laboratory measurement leads to uncertainty in the 
measured values. Systematic experimental error is reduced by quality control of experimental 
procedures and thorough peer review. It is not usually quantified. Random error in measure- 
ment is quantified and reflected as uncertainty in the values of model parameters. Thus to the 
extent that uncertainty arising from measurement error can be quantified, it can be included in 
the variation in system-model parameter values. 
Assumption-To the extent that a model contains assumptions and approximations made to 
represent important processes in the form of mathematical equations, the correspondence of 
the model to reality is limited. Also, some factors we intentionally disregarded in the models. 
To reduce the resulting uncertainty, it is important that models be applied to analyze labora- 
tory and field experiments and that the model results be compared with observations. Where 
such comparison is not possible, the results from using several independently developed 
models to analyze test cases can be compared. When the models are used to establish an 
upper limit on risk, any doubtful assumptions should be pessimistic, that is, they should cause 
the risk estimate to be high; the uncertainty then would be in how much below the estimate 
the risk might be. Caution is required, however, because it is not always obvious whether a 
given assumption is pessimistic. Moreover, when the models are used to optimize a design 
for safety, rather than to establish an upper limit on risk, pessimistic assumptions may not be 
appropriate; they may lead to designs that do not provide the safest system in the sense of 
lowest expected risk. The uncertainty arising from assumption is sometimes included in the 
variation in system model parameters. 

Programming and data error-The implementation of the mathematical equations on a com- 
puter may contain errors that cause the program to solve the equations incorrectly. Also, the 
data fed to the program to define the specific problems to be solved may be specified or 
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entered incorrectly. Formal programming and data-handling procedures are used to reduce 
this source of uncertainty. It is further reduced through scrutiny of results to detect incon- 
sistencies and irregularities, through intercomparison of independently developed programs, 
and through use of the program to analyze cases in which the model equations give known 
results. 

In some safety analyses, uncertainty and systematic variability are dealt with by attempting to 
identify and analyze a "worst case" or "worst credible case" or "worst reasonable case." We do 
not subscribe to that approach. A worst case would be defined as none of the disposal system 
components operating effectively, and definitions of worst credible and worst reasonable cases 
are highly subjective. Very unlikely situations tend to dominate such an analysis, because 
estimated effects are not put in context with the probability of their occurrence. Moreover, it 
does not provide useful information with which to assess and enhance safety. 

As indicated above, our approach in the postclosure assessment is to minimize the effects of 
unknown processes, systematic measurement error, assumption, and programming and data 
error; and to quantify the effects of unsystematic variability, evolution, and random measurement 
error. However, uncertainty cannot be entirely eliminated, and in its Regulatory Document 
R-104 (Appendix B), the AECB allowed for this by setting a limit on predicted risk that is 
"sufficiently low so as to allow for uncertainties in exposure scenarios and their consequences." 

7.15 POSTCLOSURE ASSESSMENT DURING IMPLEMENTATION 

Postclosure assessment would be an integral part of all stages of implementation of a disposal 
facility based on the disposal concept. Information would be gathered throughout all stages, and 
an iterative procedure of model calibration, evaluation, and prediction would be implemented: 
model outputs would be compared with observations, models would be revised and adjusted to 
compensate for differences between observed and calculated results, and more calculations and 
observations would be made. In addition, the models and methods would be revised to reflect 
changes in regulatory policy and practice and. to determine the resulting requirements for changes 
in the implementation activities. 

During the siting stage, conceptual models based on reconnaissance information would be used 
for rough evaluation of some of the more promising areas. The postclosure assessment would 
use information from the engineering conceptual design of the facility for each candidate site 
being evaluated and would contribute information, including potential derived constraints, that 
could in turn affect the design. The iterative, integrated process of assessing and modifying the 
design would be repeated until it was determined that the estimated effects were as low as 
reasonably achievable, social and economic factors being taking into account. It is expected that 
the estimates of postclosure risk and effects, as well as the associated sensitivity analyses, would 
provide important information to support the decision on whether to proceed with the exploratory 
excavation at a given site. The sensitivity analyses would identify features that were likely to 
have strong influences on long-term safety, and this information would be used to help define 
what data should be collected. 
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During the construction stage, when significant underground excavation would occur, model 
predictions would be compared with the transients observed, and the models would be modified 
if necessary. As more detailed underground information became available, performance assess- 
ments would be continued to refine the facility design and evaluate the technical suitability of the 
site and design. 

During the operation stage, postclosure assessments would be used to evaluate and, if necessary, 
to modify the operating and design constraints developed earlier. The additional monitoring 
during the operation stage would provide additional information to incorporate in the models. 
Eventually the postclosure assessment would provide information vital to the decision on 
whether to decommission and later close the facility. 

The postclosure assessment of the PoSTdisposal-system is approximately what could be done 
during implementation at a time when there was substantial information from studies on the 
surface and in exploration boreholes, but no exploratory excavation had been done. Thus it 
demonstrates how the postclosure assessment methodology could be used when deciding 
whether or not to begin exploratory excavation at a preferred disposal site. 

Before exploratory excavation, details of the underground conditions would be somewhat 
limited. Some of the assumptions in the models used when deciding to begin exploratory 
excavation might be inconsistent with information obtained later. For example, information 
from the Underground Research Laboratory that became available after the SYVAC3-CC3 
system model was developed indicates that stresses at a depth of 500 m would be higher than 
previously anticipated. In an implementation of the disposal concept, such new information 
could well lead to a revision of the vault design, with containers being placed in a layer of buffer 
within the rooms rather than in emplacement boreholes. The models and assessment would be 
modified to reflect the change, and the results would be fed into the decision-making process. 
Other types of new information were also obtained during the case study (Section 7.13). 

Therefore, it should be expected that the models and subsequent results from the postclosure 
assessment would change as new information became available from exploration and exper- 
iment. At any time, however, the results from the postclosure assessment would provide valu- 
able information to aid decisions that must be made on whether and how to proceed with 
implementation. 

7.16 SUMMARY AND CONCLUSION OF THE POSTCLOSURE ASSESSMENT 

We expect that the materials near the waste emplaced in the disposal vault would be saturated 
with water having reducing chemical conditions. Under these conditions, the waste form would 
have very low solubility. Used fuel, for example, would take millions of years to dissolve. Most 
of the fission products and activation products would decay while still retained in the UO, grains. 
However, some material, particularly that in the gaps between the fuel pellets and fuel sheath and 
in cracks in the fuel pellets, could be released to water should it contact the used fuel. Most 
material released to the water would be retained by the materials in the vault and the minerals in 
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the rock and would not reach the surface. The small amount of material that reached the surface 
would be dispersed and diluted, and we do not expect it would result in significant adverse 
effects. 

In order to quantitatively assess the safety of the disposal system such that estimated effects can 
be compared with applicable criteria, guidelines, and standards, we have developed a method- 
ology for assessing the postclosure safety of a nuclear fuel waste disposal system. To demon- 
strate our approach to postclosure assessment, we have performed a postclosure assessment case 
study using site-specific information from a research area in plutonic rock and design-specific 
information from an engineering conceptual design. We believe this case study shows that we 
have a methodology capable of assessing the safety of an actual disposal system as part of a 
future implementation of disposal. Because the 'OSTdisposal-system has the complexity and the 
basic features, events, and processes expected to be important to an actual disposal system, the 
methodology is expected to be applicable. 

The results generated using the PoSTsystem-model provide evidence that a disposal system based 
on the proposed concept can provide safe disposal of nuclear fuel waste. The maximum esti- 
mated mean dose rate to an individual over 10 000 years is 1 x lo-' mSv/a. This is 8 orders of 
magnitude below the dose rate from natural background radiation (about 3 mSv/a). The cor- 
responding risk (calculated as specified by the AECB in R-104 (Appendix B), using 0.02 as the 
probability of a health effect per sievert) is 2 x per year. This is 6 orders of magnitude 
below the risk criterion specified by the AECB in R-104 per year). Inadvertent human 
intrusion could increase the risk by no more than about 3 x lo-'' per year, which is 3 orders of 
magnitude below the risk criterion. 

Potential effects on the natural environment were also examined. For all contaminants from the 
used fuel, estimates were made of their concentrations in the water, soil, and air in that part of the 
environment receiving discharges of groundwater that had passed through or near the 'OSTvault 
(the small region of the biosphere occupied by the critical group and other biota). These esti- 
mates of concentration were evaluated, taking into account naturally occurring concentrations 
and variations in these concentrations from place to place, in order to identify contaminants that 
could potentially have significant effects on the environment. Only two contaminants, the radio- 
nuclides 12'1 and 14C, were so identified; their estimated concentrations in soil and water could 
exceed their environmental increments. However, chemical toxicity effects from these contam- 
inants are expected to be insignificant, because iodine and carbon occur in much larger concen- 
trations in the natural environment, mostly in the form of the stable isotopes 1271 and 12C 
(Section 7.8.3). Radiation effects on the natural environment are also expected to be insignifi- 
cant, because estimated dose rates to individuals of the critical group are many orders of magni- 
tude lower than the dose rate from natural background radiation, and because the estimated dose 
rates to four representative hypothetical organisms (a plant, a mammal, a bird, and a fish) are sig- 
nificantly lower than dose rates from natural background radiation and even further below doses 
known to cause harm. 

Reasoned arguments have been presented showing that, at times beyond 10 000 years, sudden 
and dramatic increases in releases from the disposal facility would not be expected, individuals 
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would not be subjected to acute doses due to the disposal facility, and major effects on the bio- 
sphere would not be expected. 

On the basis of expected conditions in a nuclear fuel waste disposal system resulting from imple- 
mentation of the proposed disposal concept, it is reasonable to expect that the system would 
remain safe indefinitely into the future without the need for institutional controls. Also, the case 
study shows that the system assessed would meet applicable criteria, guidelines, and standards 
for protection of human health and the natural environment. Because the design used for the case 
study was not optimized for safety, and many of the assumptions made in the assessment tend to 
overestimate adverse effects, we believe that an optimized, well-engineered facility would pro- 
vide an even greater margin of safety. Thus the postclosure assessment case study indicates that 
implementation of the disposal concept can provide safe disposal of nuclear fuel waste using 
currently available or readily achievable technology and without relying on institutional controls 
to maintain safety in the long term. 
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8. ALTERNATIVES FOR THE DISPOSAL OF NUCLEAR FUEL WASTE 

In this chapter we discuss alternatives for the disposal of nuclear fuel waste, including transport 
into space, transmutation, geological disposal in formations other than formations on land 
(disposal in an ice sheet and disposal under the deep seabed), and geological disposal in rock 
other than plutonic rock of the Canadian Shield (salt and shale). 

Possible options for the number and location of disposal sites and for centralized underground 
storage at a disposal site are also discussed. 

The preference for disposal based on the proposed concept is discussed and related to opinions 
of national and international organizations regarding methods of long-term management of 
nuclear fuel waste. 

8.1 INTRODUCTION 

Storage of used fuel, while an effective interim measure, is not a permanent measure for its long- 
term management. As discussed in Section 1 . l ,  disposal is needed to manage nuclear fuel waste 
in a way that does not depend on institutional controls to maintain safety in the long term. It is 
also needed to minimize any burden placed on future generations as a result of the nuclear fuel 
waste produced by the present generation. 

Three types of disposal have been considered internationally by researchers investigating alter- 
natives for the disposal of nuclear fuel waste: 

removal of the waste from the earth by transporting it into space; 

transmutation, which would entail changing some of the radionuclides in the waste to differ- 
ent nuclides by nuclear methods to reduce the radiotoxicity of the waste; and 

geological disposal, which would entail isolating the waste in a geological medium (an ice 
sheet, sediment or rock beneath the deep seabed, or sediment or rock on land) in such a way 
that maintenance and administrative controls would not be required in the long term. 

Although transmutation may not, strictly speaking, be a type of disposal, we include it in this 
discussion because it has the potential to eliminate some of the radionuclides in the waste. 

8.2 DISPOSAL IN SPACE 

Disposal of nuclear fuel waste by sending it into space has the potential to provide permanent 
isolation of the waste from the human environment. Rice and Priest (1981) provide an overview 
of the potential for nuclear waste disposal in space. They conclude that 

With technology that is likely to be available within the next 20 yr, disposal of all nuclear 
waste (e.g., entire spent fuel rods) in space is impractical because of the high launch rate 
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required, resulting environmental impacts, high energy requirements, and high costs. Thus 
some waste separation is necessary. . . . Although it appears feasible to dispose o f .  . . Purex 
wastes [Section 2.1.61, the mass of waste for space disposal is still large, and consideration 
needs to be given to additional processes that will selectively separate only the most hazard- 
ous radionuclides for disposal in space. 

Thus even if space disposal were implemented, some reprocessing waste would still have to be 
disposed of on earth. 

The concept described by Rice and Priest (1981) would involve placing the waste into permanent 
solar orbit between Earth and Venus. Initially, a modified space shuttle would carry a small 
rocket containing the waste into Earth orbit. Then the rocket would boost the waste into solar 
orbit. The frequency of shuttle launches assumed (60 5-Mg payloads per year) would seem to be 
unrealistic in view of subsequent developments in the space program. Also, the Challenger 
disaster of 1986 demonstrated that launch failures with catastrophic vehicle loss would likely 
have too high a probability, of the order of 0.01 per flight (Feynman 1986). This suggests that 
the radiological risk would be higher for disposal in space than for geological disposal. 

Aikin et al. (1977, p. 38) dismissed disposal in space as an alternative for Canada because ''the 
possibility of accidents is much too high" and because the costs were "likely to be excessively 
high for the dubious advantage." 

In addition to the above considerations, there are also legal and ethical concerns associated with 
space disposal. Space is not within the national jurisdiction of Canada, nor does Canada have the 
required launch capability. Therefore, Canada would need international acquiescence, if not 
approval, for the use of space for disposal; it would also need approval of a nation with launch 
capability, both for transport of waste to the launch site and for the launches. 

To the best of our knowledge, no country is currently planning disposal of nuclear fuel waste in 
space. 

8.3 TRANSMUTATION 

Transmutation, a nuclear process, transforms one nuclide into another. It is possible to transform 
some radionuclides with long half-lives into either stable nuclides or nuclides with shorter half- 
lives. This can be achieved by bombarding them with subatomic particles in either nuclear 
reactors or particle accelerators designed for this purpose. Disposing of nuclear fuel waste by 
transmu tation would first require reprocessing the used fuel and separating the resulting species 
according to the different nuclear methods required to transmute the different species. 

A 3-year evaluation of the early proposals for transmutation (Croff et al. 1980) concluded that it 
was theoretically possible, following reprocessing, to separate and transmute some, but not all, of 
the hazardous fission products and activation products with long half-lives. It also concluded 
that there were no safety or cost incentives for pursuing transmutation as a waste management 
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strategy, The IAEA (1982) reached similar conclusions on the basis of European studies, but it 
placed more emphasis on the immense magnitude of the technical effort and the cost that would 
be associated with transmutation in comparison with the small and uncertain potential benefit in 
terms of reducing the long-term radiological hazard. 

Because of these negative conclusions, research on transmutation during the 1980s was limited. 
However, during the last 10 years commercial reprocessing has become a reality in both the 
United Kingdom and France, and plutonium is being recycled for use in commercial reactors. 
These developments, along with advances in reactor design and robotics and changes in the 
regulatory and public environment, have recently led to renewed interest in transmutation 
(Ramspott et al. 1992). 

In response to this new interest, American researchers (Ramspott et al. 1992) conducted a new 
evaluation of the inclusion of separation and transmutation in the disposal strategy for the United 
States. They concluded that transmutation is not an alternative to the geological disposal pro- 
gram in the United States, and that there are no cost or safety incentives to introduce transmuta- 
tion into the management system for highly radioactive waste. They based this conclusion in 
part on their judgement that the risk from radioactivity from a disposal vault is very low, and the 
activation products that would be removed or reduced by transmutation do not contribute 
significantly to that risk. 

Ramspott et al. (1992) analyzed a transmutation fuel cycle using advanced liquid metal reactors. 
They concluded that it would require 100 years of operation of the transmutation fuel cycle to 
reduce the inventory of the activation products in used fuel from existing American light-water 
reactors by 90%. 

Ramspott et al. (1992) also concluded that, at current prices for reprocessing, the price of 
uranium would have to increase by a factor of about 15 for once-through fuelling of light-water 
reactors in the United States to be as expensive as a reprocessing fuel cycle. 

There is currently a significant amount of research being done on transmutation, primarily in the 
United States, Japan, and France (Ramspott et al. 1992, Bowman et al. 1992, Lefevre et al. 
1993). 

If the fuel is to be reprocessed for the purpose of recycling, and if transmutation of some long- 
lived radioactive species can be effectively incorporated in the fuel cycle, there may be merit in 
transmutation for some radionuclides. However, neither the separation process nor the advanced 
nuclear reactors that would be required have been developed, and the required efficiency of 
separation is well beyond current technology. Moreover, the need would still remain for another 
disposal method suitable for waste containing long-lived radioactive species. Thus, transmuta- 
tion is not an alternative to geological disposal of used fuel using currently available or readily 
achievable technology. 
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8.4 GEOLOGICAL DISPOSAL 

8.4.1 Introduction 

Geological disposal of nuclear fuel waste would entail placing the waste, surrounded by addi- 
tional engineered barriers, in a geological medium to isolate the waste from humans and the 
natural environment. The natural geological conditions and processes at a disposal site would be 
depended on to 

maintain an environment that would inhibit release of contaminants from the waste form, 

inhibit movement of released contaminants away from the waste form, and 

disperse and dilute any released contaminants that did move away from the waste form. 

Three main classifications of geological disposal have been considered internationally by 
researchers investigating the disposal of nuclear fuel waste: 

disposal in an ice sheet, 
disposal under the deep seabed, and 

disposal in formations on land. 

8.4.2 Ice Sheet Disposal 

Three main concepts for disposal of nuclear fuel waste in the very thick ice sheets of Antarctica 
and Greenland have been considered: meltdown, anchored emplacement, and surface storage 
(USDOE 1980). In the meltdown concept, the heat-generating containers of waste would be 
placed in shallow boreholes in the ice and allowed to melt their way down to the base of the ice 
sheet over a period of about a decade. In anchored emplacement, the containers would be 
attached by cables to a surface anchor that would limit their penetration into the ice to a depth of 
200 to 500 m. This concept was designed to provide waste retrievability for a period of a few 
hundred years before additional accumulation of ice covered up the anchors. In surface storage, 
containers would be placed in a storage facility constructed above the ice surface on piers. As 
the piers sank, the facility could be jacked up to remain above the ice for perhaps a few hundred 
years. Then the entire facility would be allowed to slowly sink into the ice sheet. 

Emplacement of waste in the ice using these concepts appears to be feasible, but there has been 
little research on ice sheet disposal. Moreover, ice sheet disposal would involve locations that 
are under international jurisdiction (except for the Greenland ice sheet, which is under Danish 
jurisdiction). Canada interprets its legal obligations under the Antarctic Treaty and the Madrid 
Protocol as precluding the disposal of nuclear fuel waste in the Antarctic ice sheet. Therefore, 
even though ice sheet disposal may be feasible, it is not currently a viable alternative for Canada. 

Aikin et al. (1977, p. 38) dismissed ice sheet disposal as an alternative for Canada because the 
Antarctic and the Greenland ice sheets were not available for either disposal or research on 
disposal, and Canada does not have large thick ice sheets on its own territory. 
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8.4.3 Seabed Disposal 

Seabed disposal of nuclear fuel waste would involve putting containers of waste tens to hundreds 
of metres deep in sediments or rock beneath several thousand metres of ocean water. Most 
proposals for this type of disposal are for areas far from continental margins and the edges of 
tectonic plates. These areas would be preferred because they are where geological conditions are 
expected to be stable and predictable and where important biological and mineral resources are 
expected to be absent. 

Two main waste emplacement options for seabed disposal have been investigated: emplacement 
by free-falling penetrators and emplacement in boreholes. In the penetrator option (Hickerson et 
al. 1988), a missile-shaped penetrator containing titanium or steel containers of waste would be 
dropped from a disposal ship with the intention that it would embed itself up to 70 m deep in the 
seabed sediments. Field trials of close to 100 penetrators have demonstrated that this method of 
emplacement is feasible. In the trials, the holes closed behind the penetrators to the extent that 
no significant differences between the properties of the disturbed and undisturbed sediments on 
the seabed could be detected. In the borehole option (Bury 1985), strings of containers would be 
lowered from a ship into predrilled boreholes several hundred metres deep. For this option, the 
drilling technology is considered to have been demonstrated by the Deep Sea and Ocean Drilling 
Projects of the United States National Science Foundation, although sealing of seabed boreholes 
has not been demonstrated. 

In contrast to ice sheet disposal, there has been a substantial amount of research on seabed 
disposal. Since 1977, countries conducting research on seabed disposal of nuclear fuel waste 
have exchanged information as members of the Seabed Working Group (SWG), established by 
the OECD/NEA. Belgium, Canada, France, the Federal Republic of Germany, Italy, Japan, the 
Netherlands, Switzerland, the United Kingdom, the United States, and the Commission of 
European Communities were members of the SWG. The objective of the SWG was to provide 
scientific and technical information to enable national and international authorities to assess the 
feasibility and safety of seabed disposal. In 1988-89, the SWG published an eight-volume report 
(OECD/NEA SWG 1988) summarizing the results of the research carried out by the SWG and its 
member countries over the previous 10 years. 

The SWG conducted geotechnical studies to varying levels of detail in 15 study areas in the 
North Atlantic and North Pacific Oceans (Figure 8-1). Detailed studies were carried out in the 
Great Meteor East and the Southern Nares Abyssal Plain areas in the North Atlantic and in an 
area in the North Pacific designated E2. These studies concluded that both the Great Meteor East 
study area and the E2 study area probably contain sites that would satisfy the geotechnical 
requirements for a disposal site as specified by the SWG guidelines for site assessment. It was 
also concluded that the complexities in the geological environments encountered were difficult to 
incorporate into the assessment models used by the SWG to calculate the potential radiological 
consequence of seabed disposal. Consequently, a thorough site-specific geotechnical character- 
ization program would be essential to demonstrate feasibility (Shephard et al. 1988). 
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FIGURE 8-1: SEABED DISPOSAL STUDY AREAS 

On the basis of engineering studies, the SWG concluded that emplacement by penetrators or in 
boreholes was feasible, but that further tests were required both to confirm the results obtained so 
far and to demonstrate that the seabed sediments would be an effective barrier to transport of 
contaminants from boreholes. 

The S WG estimated potential radiological consequences of seabed disposal of reprocessing 
waste using penetrator emplacement for hypothetical sites in the Great Meteor East and South 
Nares Abyssal Plain study areas. For the particular sets of assumptions used, the calculations 
showed that only transportation accidents were likely to cause adverse effects, and then only if 
containers of waste could not be recovered. 

Although the work of the SWG suggests that seabed disposal is potentially both feasible and 
safe, its implementation would depend on international acceptance and the development of an 
appropriate international regulatory framework. Neither of these prerequisites exist, nor are they 
likely to in the foreseeable future. 

We have kept abreast of developments in seabed disposal research, as Aikin et al. (1 977, p. 39) 
recommended. AECL and the Atlantic Geoscience Centre of the Geological Survey of Canada 
participated in the studies of the SWG. However, seabed disposal would involve locations that 
are under international jurisdiction, and Canada interprets its legal obligations under the London 
Dumping Convention (1972) as precluding the disposal of nuclear fuel waste under the seabed. 
Therefore, even though seabed disposal may be feasible, it is not currently a viable alternative for 
Canada. 

Disposal in subduction zones, a possible variation on seabed disposal, has also been proposed 
(Fyfe et al. 1984). Subduction zones are areas of the earth along some continental margins where 
the continent (one tectonic plate) is moving over the adjacent ocean floor (another tectonic plate). 
One such area is the Pacific coast of North America. The intent of this disposal concept is that 
the emplaced waste would be carried deeper into the earth with time as the ocean plate was 
overridden by the continental plate (Figure 8-2). 
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FIGURE 8-2: DISPOSAL IN A SUBDUCTION ZONE 

The same adverse international considerations might apply to disposal in a subduction zone as 
apply to deep seabed disposal. Moreover, the characteristics of the deep seabed that are com- 
monly considered most favourable (stable tectonic conditions and absence of important biologi- 
cal resources) are not shared by subduction zones. Subduction zones are associated with the 
most unstable regions of Earth, where earthquakes and volcanoes are common. They are also 
commonly associated with coastal areas where biological resources are concentrated. 

If land-based access to a subduction zone were to be used rather than the technology proposed 
for seabed disposal, a major research and development effort would be required to establish the 
feasibility of identifying and penetrating the plate boundary at suitable depths and to determine 
what depths would be suitable in the plate boundary environment. The engineering for disposal 
in a subduction zone has not been investigated. 

8.4.4 Land-Based Geological Disposal 

Land-based geological disposal would involve placing containers of waste in sediment or rock 
hundreds of metres deep with access from the land surface. Advantages of land-based geological 
disposal are that most nations have within their borders geological media potentially suitable for 
disposal, and land-based disposal concepts can be based on existing mining and engineering 
technology. Of the potential emplacement options, room-and-pillar disposal vault designs have 
an advantage over alternatives in that waste retrieval or other remedial action would be compar- 
atively easy, particularly for the period when the vault was open and operating. 

During the past two decades, extensive research and development has taken place throughout the 
world on land-based geological disposal. Research has concentrated on disposal media having 
one or more of the characteristics commonly considered favourable in a disposal medium 
(Section 4.3.4). The decision to focus on a particular rock type or types is made in each country 
on the basis of the geological conditions within that country and a variety of other relevant 
factors. International research on land-based geological disposal of radioactive waste has con- 
centrated on five disposal media; these are commonly called crystalline rock (usually meaning 
the equivalent of what we call plutonic rock), salt, clay (or shale), tuff, and basalt. 
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In land-based geological disposal, containers of waste could be placed either 
in boreholes drilled from the surface, 

in boreholes drilled from a network of mined tunnels or rooms (a disposal vault), or 

in the mined tunnels or rooms. 

The engineering alternatives that we have considered for waste emplacement in a disposal vault 
based on room-and-pillar designs are summarized in Appendix G and discussed in more detail in 
R-Fac i li ty . 

Disposal in very deep boreholes drilled from the surface could permit waste to be emplaced at a 
greater depth than would be possible with a mined disposal vault using the room-and-pillar 
method as envisioned in AECL’s proposed disposal concept. Swedish researchers considered 
disposal in boreholes 4000 to 5500 m deep (Juhlin and Sandstedt 1989). Containers of waste 
would be stacked to within 2000 m of the surface, with each container surrounded by compacted 
bentonite clay. Above the containers would be a seal zone consisting of 1500 m of bentonite 
clay, 500 m of asphalt, and a concrete cap. Juhlin and Sandstedt ( I  989) concluded that this 
approach would cost substantially more than the room-and-pillar approach being studied in 
Sweden and would require a much more extensive research program to demonstrate that it was 
practical. The Commission of European Communities ranked the deep borehole approach below 
eleven room-and-pillar approaches, on the basis of construction and operation factors (CEC 
1982). 

A more complex design for a mined disposal vault is the WP-Cave design (Svemar 1985). In the 
WP-Cave design, the waste would be placed in channels radiating outward from a central shaft 
on several levels. The entire array of disposal channels would be completely surrounded by a 
clay-based barrier, which would, in turn, be surrounded by an array of tunnels and boreholes 
through which groundwater could readily flow. The objective would be to minimize ground- 
water flow through the vault by channeling the flow around the vault. A Swedish evaluation of 
this design concluded that implementing it would be feasible, but that it would be limited in 
waste capacity, it would require significant research and development, and it would offer no 
substantial safety advantages over the Swedish room-and-pillar design (SKB 1989~). 

8.5 ALTERNATIVES TO PLUTONIC ROCK FOR DISPOSAL IN CANADA 

8.5.1 Candidate Geological Disposal Media for Canada 

Most of the land-based media for geological disposal that have been proposed internationally can 
be found in Canada. However, only three can be supported as serious candidates in the Canadian 
context: plutonic rock of the Canadian Shield, bedded salt deposits of the interior sedimentary 
basins, and shales of the interior sedimentary basins (Figure 8-3). Other rock types, such as salt 
domes and unmetamorphosed tuff and basalt, can be found in Canada; however, selection of any 
of them would severely limit flexibility in siting, and they do not occur in Ontario. Moreover, 
these media occur in regions that are relatively unstable in comparison with the bulk of the 
Canadian Shield and the interior sedimentary basins. Metamorphosed tuff and basalt do occur on 
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the Canadian Shield, but they commonly occur in areas of significant economic mineralization, 
Consequently, on the Shield, deposits of tuff and basalt would be avoided rather than sought after 
as potential disposal sites (the siting implications of the AECB regulatory guideline concerning 
economic resources are discussed in Section 4.3.4). 

I Canadian Shield 
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FIGURE 8-3: SOME GEOLOGICAL FORMATIONS IN CANADA 

The rationale for Canada's selection of plutonic rack of the Canadian Shield as the disposal 
medium on which to fccus our rcscurch is given in Section 1.2, and the favourable characteristics 
of thc Canadian Shield and plutonic rock are discussed in Sections 4.3.3 and 4.3.4 respectively. 
We have investigated both granitic and gabbroic plutons as well as the smunding plutonic and 
metamorphic rocks intruded by the plutons. Figure 8-3 shows the extent of the Canadian Shield. 
Plutonic rock is also present beneath the sedimentary rocks of the interior sedimentary basins, at 
increasingly greater depths as the distance from the Canadian Shield margin increases. Although 
we have not conducted field investigations at research m a s  with pIutonic rock under thick 
sedimentary cover, Switzerland has investigated sites in such a geological setting. The Swiss 
(Nagra 1985) have concluded that disposal in crystalline rock beneath sediments in northern 
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Switzerland is feasible with existing technology and would meet the long-term safety require- 
ments of the Swiss regulatory authorities. 

In the Nuclear Fuel Waste Management Program, we have addressed geological alternatives to 
disposal in plutonic rock by monitoring the research in other countries that have investigated 
disposal in other geological media and by reviewing existing information on the occurrence and 
characteristics of the two candidate alternative media in Canada. Reviews have been done for 
bedded salt (Meijer-Drees 1985; Howie 1986a,b) and for shale (Russell and Gale 1982, Heystee 
1989). No field investigations on these media have been undertaken in the Nuclear Fuel Waste 
Man agemen t Program. 

8.5.2 Bedded Salt 

Salt formations are composed primarily of sodium chloride or calcium sulphate deposited on the 
beds of ancient water bodies. The extensive salt deposits in the interior of Canada (Elk Point 
Basin, Michigan Basin, and Hudson Bay Basin; Figure 8-3, p. 329) are categorized as bedded 
salts. The extensive occurrence of salt domes (caused by plastic deformation of the salt beds and 
intrusion into the overlying ruptured sediments) is limited to the salt basins of the Arctic islands 
and the Atlantic coast (both onshore and offshore). 

In the provinces that generate nuclear power, the distribution of salt formations is limited in 
comparison with the distribution of plutonic rock bodies. Moreover, most of the area of the salt 
basins coincides with areas of petroleum and/or potash production in Canada. This would further 
limit the geographic area available for siting a disposal vault because of the increased probability 
of inadvertent intrusion resulting From future economic mineral exploration. 

The characteristics of salt that are favourable for disposal are its low water content, low perme- 
ability, and high thermal conductivity. Excavation in salt is also relatively easy and inexpensive 
with existing mining technology. Unfavourable characteristics are the value of salt as a resource, 
its common association with other valuable resources (potash and hydrocarbons), its low sorption 
capacity, and its high solubility. The ability of salt to undergo plastic deformation may be 
viewed as either favourable or unfavourable. Plastic deformation might tend to prevent the 
development of open fractures in the salt or to heal them if they did develop. However, it might 
also make maintenance of the access tunnels and drifts more complex during the long operation 
stage of a disposal vault, and deformation in the salt might create fracturing in less plastic 
overlying formations and in shale beds within the salt. 

Exploration methodology for salt formations is well developed, and an extensive database 
(primarily borehole geophysical logs and surface reflection seismic survey results) exists for 
many of the bedded salt formations in Canada. We believe that our proposed approach to site 
evaluation and safety assessment for plutonic rock sites would be appropriate for bedded salt 
sites. However, because there are major differences in the geological setting and the geological 
processes that must be understood, a period of methodology demonstration comparable to that 
completed so far for plutonic rock would probably be required. 
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Natural dissolution of salt by groundwater can create and enlarge openings in the rock, which 
could provide pathways for groundwater flow and allow collapse of the overlying formations. 
Such collapse structures can provide groundwater conduits to permeable formations overlying 
the salt. The geological factors controlling the natural development and distribution of collapse 
structures in bedded salt have not been investigated in detail in field situations. If such a feature 
were encountered during excavation of a disposal vault, the vault could be flooded. 

It would be particularly important to be able to demonstrate that the conditions that have led to 
substantial groundwater inflows to operating potash mines in Canada were understood suffi- 
ciently well to ensure that such conditions could be identified during site evaluation and either 
avoided or remedied. 

The choice of salt as a disposal medium for Canada would be inconsistent with the AECB 
regulatory guideline concerning economic resources (Section 4.3.4), because salt is an economic 
resource itself and it commonly occurs in the same areas as economic petroleum resources. 

8.5.3 Shale 

Shale formations occur over a somewhat larger portion of the interior sedimentary basins of 
Canada than do the bedded salt formations (Figure 8-3, p. 329). However, with the exception of 
more potential for siting in southern Ontario, the same sort of geographic limitations in the 
Canadian context apply to shale as to salt. 

The properties of shale relevant to disposal are more variable than the properties of salt. 
Generally, shale is a relatively soft fine-grained sedimentary rock with either significant clay 
mineral content or clay-size particle content and a laminated structure. However, there is great 
variation in the texture, mineralogy, degree of lamination, and degree of compaction (or hard- 
ness) of different shale formations. These compositional variations in shale cause much greater 
variations in the mechanical and thermomechanical properties (particularly strength and 
deformability) of shale than do the compositional variations commonly found in salt and plutonic 
rock. 

The characteristics of shale that are favourable for disposal are its generally low permeability and 
high sorption capacity. Unfavourable characteristics are its low strength and the fact that its 
physical properties change with changes in moisture content and temperature. As with salt, the 
ability of shale to undergo plastic deformation may be viewed as either favourable (self-healing 
of open fractures) or unfavourable (deformation of the rock). Shale is not usually as plastic as 
salt, and there can be considerably more variation in how plastic it is, depending on its age and 
composition. This is related to the degree of consolidation and alteration of the clay minerals 
after the sediment was originally deposited. The physical properties of shale can undergo sig- 
nificant irreversible alteration with low or moderate changes in moisture, temperature, or stress. 
Moreover, the nature of these changes would be different for shales of different composition; 
thus results from research done on shales that are not very similar to the shale formation at a 
potential disposal site might not be relevant. 
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The general comments already made for salt, regarding exploration methodology, site evaluation, 
and safety assessment, apply as well for shale. Shales often occur in sedimentary sequences that 
contain oil, gas, or coal deposits. Therefore, the likelihood of inadvertent intrusion into a dis- 
posal vault in shale by future exploratory drilling would be much greater than for most plutonic 
rock. It would also be important to demonstrate in the field that open fractures in the shale could 
be identified during site evaluation, and that the properties controlling groundwater flow and 
contaminant transport in fractured shale could be determined. It would also be necessary to 
demonstrate the methods of ground control required to maintain stability during excavation and 
operation of a disposal vault for the specific shale formation involved. 

8.6 OPTIONS FOR NUMBER AND LOCATION OF DISPOSAL SITES AND FOR 
CENTRALIZED STORAGE AT A DISPOSAL SITE 

8.6.1 Multiple Disposal Facilities 

If nuclear fuel waste were disposed of in two or more separate facilities instead of one centralized 
facility, factors such as the total number of containers and total volume of rock excavated for dis- 
posal rooms might be about the same. However, the number and cost of detailed site investiga- 
tions would increase, surface facilities would be duplicated, and the total amount of rock exca- 
vated would increase. Thus the cost per unit of waste would increase. For example, the cost of 
two 5-million-bundle facilities would be about 30% higher than the cost of one 10-million- 
bundle facility for disposal of used fuel (Section 6.5). The cost of transporting the waste might 
be lower, however, depending on the transportation mode and the distances between storage and 
disposal facilities (Section 6.5). 

The duration of the siting, construction, decommissioning, and closure stages would be about the 
same for a 5-million-bundle facility as for a 10-million-bundle facility. Only the duration of the 
operation stage could be significantly decreased for a smaller facility. 

8.6.2 Disposal Facility at a Nuclear Generating Station 

None of the sites of the nuclear generating stations are located on the Canadian Shield and none 
have been investigated for technical suitability as a potential disposal site. 

At the nuclear generating stations in Ontario, plutonic rock of the same age as that exposed on 
the Canadian Shield is present beneath younger sedimentary rock at depths less than 1000 m. 
The nuclear generating station in Quebec is located near the edge of the Shield, at a site where 
plutonic rock of the same age as that exposed on the Shield is present beneath younger sedi- 
mentary rock at depths that could range from a few hundred metres to about three thousand 
metres. Thus it might be possible to implement a variation of the disposal concept at the sites of 
the nuclear generating stations in Ontario and Quebec by excavating shafts through a different 
medium into plutonic rock. The technical suitability of those sites would depend on the char- 
acteristics of both the plutonic rock and the overlying sedimentary rock. 
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At the nuclear generating station in New Brunswick, there is plutonic rock nearby that is much 
younger than the plutonic rock of the Canadian Shield. The geology at potential disposal depth 
beneath the site is not known. 

8.6.3 Centralized Underground Storage and the Possible Transition to Disposal 

Unlike disposal, after which retrieval would be possible but not intended, storage is done with 
the intention of retrieval. 

Several storage options have been studied by Ontario Hydro. One study (Rao et al. 1979) 
concluded that "No clear advantage can be seen at present for the centralized storage option, 
either in terms of engineering feasibility, safety, or economics." A study of long-term storage 
options (Dalziel 1982) concluded that underground storage of used fuel was not a favourable 
prospect: although it would increase the isolation of used fuel from surface hazards and the 
biosphere, it would also increase fuel handling, construction hazards, and costs. 

Centralized underground storage of used fuel has subsequently been demonstrated in Sweden, 
where the CLAB facility has been in operation since 1985 (SKB 1992b). 

Centralized underground storage at a site approved for disposal would increase the options 
available to future generations. A site would be chosen and would be available for disposal 
whenever the decision to dispose was made. The technology for disposal could be demonstrated 
at whatever scale was considered appropriate. The decision on the timing of the transition from 
storage to disposal could be made without being constrained by the storage capacity at the 
nuclear generating stations. Centralized underground storage at a site approved for disposal 
would, however, require comparable expenditures for siting, construction, and transportation of 
used fuel to the centralized facility as would be required by proceeding directly with disposal. 

If centralized underground storage and disposal at the same site were considered desirable for 
Canada, it would be important to establish, before the siting stage, why the used fuel was being 
stored, that is, why retrieval of the used fuel was intended. If retrieval was intended to provide 
used fuel for future reprocessing and recycling, it would be desirable to select a site for central- 
ized storage and disposal that was also suitable for a reprocessing facility. The alternative would 
be to transport the used fuel to another location for reprocessing and to transport the solidified 
high-level reprocessing waste from that location back to the centralized storage and disposal site. 
In either case, the transition from storage to disposal would entail retrieving the used fuel, 
reprocessing it, immobilizing the resulting high-level waste, and disposing of the immobilized 
waste. If retrieval was intended for some other reason, the site requirements might be less 
restrictive and the transition from storage to disposal might be simpler. 

8.7 NATIONAL AND INTERNATIONAL VIEWS REGARDING GEOLOGICAL 
DISPOSAL 

Deep geological disposal has been advocated for the long-term management of nuclear fuel 
waste in many countries since the mid-l950s, when nuclear fuel waste began to accumulate 
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(Hess et al. 1957, Lewis 1972, Flowers 1976, Boulton 1978). The existing measures and plans 
for nuclear fuel waste management in several countries are summarized in Appendix C .  There 
now exists a consensus among most countries producing nuclear fuel waste that the objectives 
for long-term radioactive waste management can best be met by disposal into deep, stable 
geological formations. An exception is the Netherlands, which has not opted for disposal 
(Appendix C). 

Several national and international organizations also consider geological disposal to be safe and 
feasible, as indicated by the following examples. 

UNSCEAR (1977) concluded that "Deep burial of solid wastes carried out under control at suit- 
able sites is expected to give rise to no public exposure." 

The Nuclear Energy Policy Study Group sponsored by the Ford Foundation (Nuclear Energy 
Policy Study Group 1977, p. 245) stated that 

We believe that nuclear wastes can be disposed of permanently in geological formations in 
such a way that there is very little prospect of material escaping into the environment. 
Moreover, even unlikely failures of repositories in the distant future would not have large 
consequences to human populations. 

The American Physical Society (1 978, p. S6) stated that 

Effective long-term isolation for spent fuel . . . can be achieved by geologic emplacement. A 
waste repository can be developed in accord with appropriate site selection criteria that 
would ensure low probability that erosion, volcanism, meteorite impact, and other natural 
events could breach the repository. The possibility of inadvertent human intrusion also can 
be made remote and limited in consequences. 

Early economic studies in the United States by the Atomic Energy Commission (OECD/NEA 
and IAEA 1973, p. 36) concluded that long-term disposal options for highly radioactive waste 
"will account for a small part of the total fuel cycle costs and a very small cost when prorated 
against the useful power." 

The World Health Organization (1982) stated that 

The technology required for the safe disposal of radioactive waste is considered to be already 
available. Although none of the options has yet been used or proven, conservative engineer- 
ing practices and the use of multibarriers (combinations of man-made or natural barriers 
between the waste and the environment) may be expected to make up for the lack of knowl- 
edge and degree of uncertainty in predicting what may actually be required of a repository. 

The International Council of Scientific Unions (IAEA 1988b) has also endorsed the basic plan 
for geological disposal of nuclear fuel waste. 
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8.8 CONCLUSION 

As Appendix C shows, most countries with large nuclear power programs are planning for land- 
based geological disposal. AECL concurs with the broadly held view that land-based geological 
disposal is an appropriate and practical means of safely disposing of nuclear fuel waste. 

Of the alternatives to land-based geological disposal that have been considered internationally, 
only seabed disposal appears to be potentially feasible for Canada with available or readily 
achievable technology. Canada, however, considers its legal obligations under the London 
Dumping Convention to preclude disposal of its nuclear fuel waste under the seabed. 

Of the alternative media for land-based geological disposal, both salt and shale are potentially 
suitable alternatives to plutonic rock for disposal of nuclear fuel waste in Canada. However, 
both place greater limitations on flexibility of siting and are less compatible with the objectives 
of the AECB regulatory guideline concerning economic resources. Both also have some signif- 
icant technical issues associated with them in the Canadian context that would require field 
research (of the sort carried out for plutonic rock at our field research areas and in our 
Underground Research Laboratory) before a disposal concept based on them could be assessed to 
the same level as the proposed concept. 

We believe that the choice of plutonic rock of the Canadian Shield as the preferred disposal 
medium, made in the late 1970s, was appropriate, and that plutonic rock should remain the 
preferred disposal medium for Canada. 
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9. CONCLUSIONS AND RECOMMENDATIONS 

This chapter begins with a discussion of AECL's conclusion regarding the need for disposal. 

In Sections 9.2 to 9.5, we discuss how the disposal concept proposed by AECL satisfies the 
general requirements set out in Section I .4.1 and discussed in Sections 3.2 to 3.5. 

In Sections 9.6 to 9.8, we discuss how the Nuclear Fuel Waste Management Program has met the 
technical objectives set out in Section I S . 1  and discussed in Sections 3.6 to 3.8. 

The chapter ends with AECL's recommendations regarding the strategy for long-term manage- 
ment of Canada's nuclearfuel waste. 

9.1 THE NEED FOR DISPOSAL, 

A significant quantity of used fuel currently exists in Canada (Section 2.2.1) and the quantity is 
increasing as nuclear power generation continues (Section 4.4.1). Nuclear fuel waste is a 
hazardous material. Human health and the natural environment must be protected from its 
potential adverse effects. Such protection can be achieved either actively, by storage, or 
passively, by disposal. 

Protection of human health and the natural environment is currently achieved by storage, which 
has an excellent safety record (Section 2.2). However, the safety of storage depends on insti- 
tutional controls such as security measures, monitoring, and maintenance. The continuity of 
such controls is the only limitation that has been identified on the period for which storage could 
remain safe. According to the AECB (1 987a), "Methods of ensuring the continuity of controls 
are not considered very reliable beyond a few hundred years." Thus storage cannot be relied on 
to protect human health and the environment in the long term. Moreover, as long as storage 
continues, it will impose on future generations the burden of caring for the hazardous waste that 
we have left behind. Therefore, current storage practice is a safe interim measure, but not a 
permanent solution. 

An objective of disposal is passive long-term safety; that is, safety should not depend on 
institutional controls beyond a reasonable period of time. This is not to say that institutional 
controls could not be continued as long as desired, but only that safety should not depend on 
them. 

We conclude that although current storage practice is a safe interim measure, nuclear fuel waste 
must be disposed of eventually. 
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9.2 PROTECTION OF HUMAN HEALTH AND THE NATURAL ENVIRONMENT 

Implementation of the disposal concept would provide long-term protection of human health and 
the natural environment by preventing materials from the nuclear fuel waste from reaching the 
surface in harmful amounts. This would be achieved by a system of multiple natural and 
engineered barriers. The basis for protection without the need for institutional controls is the 
long-term stability of the geological environment in which the waste would be placed. This 
stability offers reasonable assurance of the physical and chemical conditions that will prevail far 
into the future. Protection would be provided by locating the waste such that processes of 
contaminant transport would be extremely slow, paths for the movement of contaminants to the 
surface would be very long, and significant disruptions from natural events or human intrusion 
would be unlikely (Section 4.1.2). The vault seals would inhibit the corrosion of the containers, 
the dissolution of the waste form, and the movement of contaminants (Section 4.5). The 
containers would, while they lasted, prevent water from contacting the waste and prevent any 
release of contaminants into the groundwater (Section 4.6). The waste form would inhibit the 
release of contaminants to the groundwater (Section 4.7). 

An indication of the ability of the facility to perform effectively in the long term without 
institutional controls is given by the postclosure assessment case study (Chapter 7). Although 
the disposal facility design specified for the postclosure assessment case study was not optimized 
for safety and many of the assumptions made in the assessment tend to overestimate adverse 
effects, the estimates indicate that the disposal system specified for the case study would meet 
applicable criteria, guidelines, and standards for protection of human health and the natural 
environment with a large margin of safety. We believe that an optimized, well-engineered 
facility would provide an even greater margin of safety. 

While the disposal concept was being implemented, human health and the natural environment 
would be protected by institutional controls and other measures. An indication of the effec- 
tiveness of this protection is given by the preclosure assessment case study (Chapter 6). 
Although the transportation system, disposal facility design, and activities specified for the 
preclosure assessment case study were not optimized, the case study indicates that applicable 
criteria, guidelines, and standards could be readily met in implementing the disposal concept. 

Thus the preclosure and postclosure assessment case studies of hypothetical disposal systems 
indicate that current criteria, guidelines, and standards would be satisfied if the disposal concept 
were implemented. 

We conclude that implementation of the disposal concept would protect human health and the 
natural environment from the potential adverse effects of nuclear fuel waste far into the future. 
In addition, human health and the natural environment would be protected while the disposal 
concept was being implemented. 
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9.3 MINIMIZING THE BURDEN ON FUTURE GENERATIONS 

The AECB (1987a) requires that 

The burden on future generations shall be minimized by: 

(a) selecting disposal options for radioactive wastes which to the extent reasonably achievable do not 
rely on long-term institutional controls as a necessary safety feature; 

(b) implementing these disposal options at an appropriate time, technical, social and economic factors 
being taken into account; and 

(c) ensuring that there are no predicted future risks to human health and the environment that would not 
be currently accepted. 

A disposal facility would rely on institutional controls to maintain safety until it was closed, but 
thereafter the facility would be passively safe (Section 9.2). Institutional controls such as moni- 
toring and land use restrictions could be continued, but would not be necessary to maintain 
safety . 

The cost of nuclear fuel waste disposal is included in the rates charged for nuclear-generated 
electricity (Section 2.3). Thus the present generation bears the financial burden associated with 
the implementation of the disposal concept. However, concept implementation could take 
60 years or more (Section 1.8), so the burden of attention and care will be passed on to at least 
the next few generations, even if concept implementation begins immediately. We believe there 
is no technical impediment to beginning concept implementation immediately, because the 
necessary disposal technology and assessment methodologies have been developed and 
demonstrated (Sections 9.6 and 9.7). Thus the disposal concept could be implemented at an 
appropriate time, technical, social, and economic factors being taken into account. 

The preclosure and postclosure assessment case studies of hypothetical disposal systems indicate 
that current criteria, guidelines, and standards would be satisfied if the disposal concept were 
implemented (Section 9.2). Thus there are no predicted risks to human health and the natural 
environment that would not be currently accepted. 

We conclude that the disposal concept provides a means of minimizing the burden on future 
generations. 

9.4 PROVIDING SCOPE FOR PUBLIC INVOLVEMENT DURING CONCEPT 
IMPLEMENTATION 

A decision was made by the governments of Canada and Ontario in the late 1970s to focus on 
plutonic rock of the Canadian Shield as the preferred medium for disposal of Canada’s nuclear 
fuel waste (Section 1.3). As discussed in Section 8.5, plutonic rock of the Canadian Shield offers 
the largest geographic scope for siting of any of the potentially viable geological disposal media. 
Thus plutonic rock offers the best chance for the success of a siting process based on 
voluntarism. 
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In addition to specifying the disposal medium, we have at this time specified only those 
exclusion criteria that in our opinion are clearly justified on the basis of safety or feasibility 
(Section 5.1). Thus there is scope for as many potential host communities as possible to 
participate in siting, and there is scope for each potential host community to specify additional 
exclusion criteria that must be met in order to obtain local consent. 

The disposal technology includes options for the waste form, container design, vault design, 
container emplacement method, vault seals, and monitoring (Chapters 4 and 5); thus there is 
scope for a potential host community to be involved in decisions regarding concept imple- 
mentation (Section 3.4). 

We conclude that the disposal concept provides scope for public involvement during 
implementation. 

9.5 A DISPOSAL CONCEPT APPROPRIATE FOR CANADA 

Three types of disposal have been considered internationally by researchers investigating alter- 
natives for the disposal of nuclear fuel waste: geological disposal, transmutation, and transport 
into space. Although some do not consider transmutation to be a type of disposal, we include it 
in this discussion because it has the potential to eliminate some of the radioactive elements in the 
waste. There now exists a large body of opinion internationally that the objectives for long-term 
radioactive waste management can be met by disposal in stable geological formations 
(Section 8.7). Neither transmutation (Section 8.3) nor transport into space (Section 8.2) is 
currently (or for the foreseeable future) a viable alternative for the disposal of Canada’s nuclear 
fuel waste. Both would require fuel reprocessing. Neither would dispose of all the radioactive 
waste, so another type of disposal would still be needed. The technology for using transmutation 
for disposal is not readily achievable. In the future, if Canada adopts a fuel cycle that incorpo- 
rates reprocessing, and if transmutation technology is demonstrated, then transmutation might be 
considered for reducing the amount of long-lived radionuclides in the waste from reprocessing. 
In the case of transport into space, the cost would be very high, and analysis suggests that the 
radiological risk would be higher than for geological disposal. 

Three main classifications of geological disposal have been considered internationally by 
researchers investigating the disposal of nuclear fuel waste: disposal in formations on land, 
disposal in an ice sheet, and disposal under the deep seabed. Land-based disposal is feasible with 
existing or readily achievable technology, and Canada has potentially suitable geological media 
within its jurisdiction (Section 8.5). Although disposal in an ice sheet is potentially feasible, the 
Greenland ice sheet is under the jurisdiction of Denmark, and Canada interprets its legal obliga- 
tions under the Antarctic Treaty and the Madrid Protocol as precluding the disposal of nuclear 
fuel waste in the Antarctic ice sheet (Section 8.4.2). Although disposal under the deep seabed is 
also potentially feasible, Canada interprets its legal obligations under the London Dumping 
Convention as precluding the disposal of nuclear fuel waste under the seabed (Section 8.4.3). Of 
the three main classifications of geological disposal, only land-based disposal is a viable 
alternative for the disposal of Canada’s nuclear fuel waste. 
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Three land-based geological media warrant serious consideration for the disposal of Canada’s 
nuclear fuel waste: salt, shale, and plutonic rock (Section 8.5). Plutonic rock of the Canadian 
Shield has the characteristics considered by the AECB and the NEA Co-ordinating Group on 
Geological Disposal to be favourable in a disposal medium (Section 4.3.4). Moreover, plutonic 
rock of the Canadian Shield offers the greatest flexibility for siting because of its wide geo- 
graphic distribution. 

We conclude that of the three types of disposal that have been considered internationally, only 
geological disposal is a viable alternative for the disposal of Canada’s nuclear fuel waste using 
currently available or readily achievable technology. The choice of plutonic rock of the 
Canadian Shield as the preferred disposal medium, made in the late I970s, was appropriate, and 
plutonic rock should remain the preferred disposal medium for Canada. 

9.6 DISPOSAL TECHNOLOGY 

The technology for disposal includes the knowledge, skills, methods, designs, and materials 
required for the siting, construction, operation, decommissioning, and closure of a disposal 
facility. 

The technology to characterize a potential disposal site with respect to the natural features, 
events, and processes important to safety and feasibility is currently available. We have 
demonstrated this technology at research areas on the Canadian Shield and in university and 
government laboratories, including AECL’s Underground Research Laboratory (Appendix J). 
We have demonstrated the characterization technology by using it to provide information for the 
design, construction, and experimental program of the Underground Research Laboratory; for the 
development of engineering conceptual designs for a disposal vault; and for safety assessment 
case studies. In particular, we have demonstrated the ability to identify and characterize prin- 
cipal transport pathways in the geosphere and biosphere. 

The technology to design and construct the engineered components of a disposal system is 
available or judged by AECL to be readily achievable. Used fuel is itself an excellent waste 
form; it would retain the vast majority of radionuclides for a very long time under conditions 
expected in a disposal vault (Section 7.10). If the used fuel is to be recycled, the high-level waste 
from reprocessing would be solidified to create a durable waste form (Sections 2.1.6 and 4.7.3). 
Containers could be designed so that most would last for at least tens of thousands of years under 
the conditions expected in a disposal vault (Section 4.6.3, R-Barriers). Clay-based vault sealing 
materials have been shown to be effective for inhibiting groundwater flow and contaminant 
transport near the containers in a disposal vault (Section 7.10). Methods for using clay-based 
and cement-based sealing materials to seal rooms, tunnels, shafts, exploration boreholes, and 
open fractures in the rock have been identified and tested (Section 4.5). 

Concept implementation is feasible with technology that is currently available or judged by 
AECL to be readily achievable. We have developed and analyzed disposal facility designs 
(Sections 6.2 and 7.3, Appendix G). The initial design of the disposal facility could be changed 
in response to information that became available as siting, construction, and operation proceeded, 
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By locating the Underground Research Laboratory to achieve specific technical objectives 
(Appendix J), we have demonstrated many aspects of the technology required to optimize the 
location of a disposal vault and the design of a disposal facility with respect to the hydrogeo- 
logical and other geotechnical conditions. By deriving constraints on the placement of waste in 
the disposal vault specified for the postclosure assessment case study (Section 7.3), we have 
demonstrated how the results of a site-specific postclosure assessment could be used to modify 
the initial design of a disposal facility to provide a margin of safety with respect to criteria, 
guidelines, or standards. Monitoring methods have been demonstrated and monitoring of the 
disposal site and facility would be an integral part of all stages of concept implementation 
(Section 5.5). A description of the equipment and procedures for waste retrieval has been 
produced, and we expect there would be no feasibility problems in carrying out retrieval 
(Section 5.8.9). 

Because the disposal technology includes options for the waste form, container design, vault 
design, container emplacement method, vault seals, and monitoring, it is adaptable to a wide 
range of physical conditions and societal requirements and to potential changes in criteria, 
guidelines, and standards. 

We believe that it would be an inappropriate use of resources to demonstrate all options for the 
disposal technology in a generic research program. During the siting stage, choices from among 
the options would be based on site-specific conditions, and it would be most efficient and 
effective to demonstrate only the chosen options. 

As established in Section 9.2, implementation of the disposal concept would protect human 
health and the natural environment in the long term without the need for institutional controls. 

We conclude that the disposal concept could be implemented with available or readily achiev- 
able technology. This disposal technology does not rely on institutional controls as a necessary 
safety feature; it is adaptable to a wide range of physical conditions and societal requirements 
and to potential changes in criteria, guidelines, and standards; and it includes monitoring and 
retrievability. The disposal technology has been developed and demonstrated to the extent 
reasonably achievable in a generic research program. The technology to begin implementation 
is available and has been demonstrated. 

9.7 SAFETY ASSESSMENT METHODOLOGY 

A methodology for assessing preclosure effects on human health and the natural environment of 
a disposal system based on the proposed concept has been demonstrated (Chapter 6). The 
preclosure assessment case study, uses environmental data from the Ontario portion of the 
Canadian Shield. The methodology is based on proven techniques used to assess other facilities 
and transportation systems with characteristics similar to those of the disposal system in the 
preclosure phase. The comparison of the results of the case study with safety criteria, guidelines, 
and standards demonstrates that the assessment methodology is compatible with regulatory 
policies and guidelines and that it can produce the estimates required for such comparisons. 
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A methodology for assessing postclosure effects on human health and the natural environment 
over thousands of years following the closure of a disposal facility has been demonstrated 
(Chapter 7). The methodology was applied to a hypothetical disposal system defined using site- 
specific information from a plutonic rock research area. This demonstrated how field and 
laboratory information could be incorporated in the assessment and how models and parameter 
values could be modified to reflect new data. Because this hypothetical system has the com- 
plexity and the basic features, events, and processes expected to be important in an actual system, 
the methodology is expected to be applicable to an actual system. The comparison of the results 
of the case study with safety criteria, guidelines, and standards demonstrates that the assessment 
methodology is compatible with regulatory policies and guidelines and that it can produce the 
estimates required for such comparisons. 

We conclude that the methodology to evaluate the safety of a disposal system against established 
safety criteria, guidelines, and standards has been developed and demonstrated to the extent 
reasonably achievable in a generic research program. 

9.8 TECHNICALLY SUITABLE SITES 

A technically suitable site would be one at which it could be demonstrated that nuclear fuel waste 
disposal would meet all applicable criteria, guidelines, and standards for protecting human health 
and the natural environment. Potentially applicable criteria, guidelines, and standards are dis- 
cussed in Appendix B. 

Plutonic rock, which has the characteristics considered favourable in a disposal medium 
(Section 4.3.4), is widely distributed geographically on the Canadian Shield. The Shield covers 
about half of Canada, and over 1000 plutonic rock bodies have been identified in the Ontario 
portion of the Canadian Shield alone (Section 4.3.3). Thus plutonic rock with potentially 
suitable geological characteristics is present in abundance. 

Case studies of hypothetical disposal systems indicate that applicable criteria, guidelines, and 
standards would be satisfied if the disposal concept were implemented (Section 9.2). 

Information from the Whiteshell Research Area was used to develop a case study for postclosure 
assessment (Chapter 7). The estimated effects on the environment were below regulatory and 
adopted limits by a large margin of safety, in spite of the following: 

The research area and the location of the hypothetical vault with respect to the hydrogeo- 
logical and other geotechnical characteristics of the area were not selected to be especially 
favorable for disposal. Rather, the area was selected because it was the most thoroughly 
investigated of the research areas, and the location of the hypothetical vault was selected to 
make use of the data from the thoroughly characterized volume of rock at the Underground 
Research Laboratory. 
When modelling the area for the postclosure assessment case study, we assumed a particularly 
unfavourable condition: the direct connection of the vault horizon to the surface by a major 
fracture zone from which the critical group could draw water using a well. The location of an 
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actual disposal vault would be optimized with respect to the hydrogeological and other 
geotechnical characteristics of the area. 

Moreover, the features and processes of importance for groundwater flow and contaminant 
transport and the range of conditions (such as permeability, porosity, and groundwater chemistry) 
at the Whiteshell Research Area are not unusual. They are similar to those encountered at our 
other field research areas. They are also similar to those encountered at plutonic rock sites on the 
Fennoscandian Shield investigated by the Swedish and Finnish nuclear fuel waste management 
programs. Consequently, we are confident that the features and processes of importance for 
groundwater flow and contaminant transport and the range of conditions to be expected at any 
plutonic rock site on the Canadian Shield would be similar, even though the specific geometry 
and characteristics of the pathways for groundwater flow and contaminant transport would be 
unique to each site. 

We conclude that technically suitable disposal sites are likely to exist in Canada. 

9.9 SUMMARY OF CONCLUSIONS 

In Section 9.1, we concluded that 
Although current storage practice is a safe interim measure, nuclear fuel waste must be 
disposed of eventually. 

In Sections 9.2 to 9.5, we established that the disposal concept proposed by AECL satisfies the 
general requirements set out in Section 1.4.1 and discussed in Sections 3.2 to 3.5. In particular, 
we concluded that 

Implementation of the disposal concept would protect human health and the natural envi- 
ronment from the potential adverse effects of nuclear fuel waste far into the future. In 
addition, human health and the natural environment would be protected while the disposal 
concept was being implemented. 
The disposal concept provides a means of minimizing the burden on future generations. 

* The disposal concept provides scope for public involvement during implementation. 

Of the three types of disposal that have been considered internationally, only geological 
disposal is a viable alternative for the disposal of Canada’s nuclear fuel waste using currently 
available or readily achievable technology. The choice of plutonic rock of the Canadian 
Shield as the preferred disposal medium, made in the late 1970s, was appropriate, and 
plutonic rock should remain the preferred disposal medium for Canada. 

In Sections 9.6 to 9.8, we established that the Nuclear Fuel Waste Management Program has met 
the technical objectives set out in Section 1.5.1 and discussed in Sections 3.6 to 3.8. 
Specifically, we concluded that 

The disposal concept could be implemented with available or readily achievable technology. 
This disposal technology does not rely on institutional controls as a necessary safety feature; it 
is adaptable to a wide range of physical conditions and societal requirements and to potential 
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changes in criteria, guidelines, and standards; and it includes monitoring and retrievability. 
The disposal technology has been developed and demonstrated to the extent reasonably 
achievable in a generic research program. The technology to begin implementation is 
available and has been demonstrated. 
The methodology to evaluate the safety of a disposal system against established safety 
criteria, guidelines, and standards has been developed and demonstrated to the extent 
reasonably achievable in a generic research program. 
Technically suitable disposal sites are likely to exist in Canada. 

We are confident that implementation of this concept would represent a means by which Canada 
could safely dispose of its nuclear fuel waste. 

9.10 RECOMMENDATIONS 

1. We recommend that the strategy for long-term management of Canada's nuclear fuel waste 
be based on the concept of disposal in plutonic rock of the Canadian Shield. 

We have concluded that of the three types of disposal that have been considered internationally 
(geological disposal, transmutation, and transport into space), only geological disposal is a viable 
alternative for the disposal of Canada's nuclear fuel waste using currently available or readily 
achievable technology (Section 9.5). Reprocessing would not eliminate the need for geological 
disposal (Section 2.1.6). We have also concluded that the choice of plutonic rock of the 
Canadian Shield as the preferred disposal medium, made in the late 1970s' was appropriate, and 
plutonic rock should remain the preferred disposal medium for Canada (Section 9.5). 

We believe that disposal of nuclear fuel waste in plutonic rock would protect human health and 
the natural environment during both the preclosure and postclosure phases of a disposal facility 
(Section 9.2). For example, we believe that disposal in plutonic rock would meet the AECB risk 
criterion for postclosure protection of human health by a large margin of safety (Section 9.2). 
This risk criterion is at a level "that is considered to be insignificant by individuals in their daily 
lives" (AECB 1987a). 

From 1978 to 1992, Canada and Ontario invested more than $400 million to develop and assess 
the concept for disposal in plutonic rock. Pursuing technology for a different medium would not 
likely result in any significant improvement in protection of human health and the natural 
environment. 

2. We recommend that those who have responsibility for the safe management of usedfuel-the 
federal government and the owners of the used fiel-also have responsibility for implementing 
the disposal concept. i n  addition to addressing their requirements, the plan for implementa- 
tion should address the requirements of any provincial government that could be afected by 
implementation, and those resulting from the present environmental review. 
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The federal government has legislative jurisdiction over matters relating to atomic energy, 
including nuclear fuel waste management and disposal, and it exercises its authority primarily 
through the Atomic Energy Control Act (Appendix B). This Act establishes the AECB as the 
regulator of nuclear activities in Canada. 

The federal government has the responsibility to ensure that the owners of the used fuel meet 
their obligation to manage the waste safely until it is disposed of. The utilities who own used 
fuel are collecting funds from their ratepayers for its disposal and have a responsibility for the 
management of those funds. 

All activities undertaken in connection with the implementation of the disposal concept, 
including the transportation of nuclear fuel waste to a disposal facility, would have to comply 
with applicable legislative requirements. Such requirements may derive from either federal or 
provincial acts and regulations. Municipalities, which receive their authority from provincial 
legislation, may also have relevant requirements. In addition, directives, policies, or procedures 
of the governments or their agencies might have to be considered. 

The current review of the disposal concept is expected to result in additional requirements that 
would need to be addressed, including requirements based on the views of the public. 

Those who have responsibility for implementing disposal should ensure that the organizational 
framework is in place to follow through in the long term on commitments made during the early 
stages of implementation. 

3. We recommend that those responsible for implementing the disposal concept be committed to 
the principles of safety and environmental protection, voluntarism, shared decision making, 
openness, and fairness. 

To ensure safety and environmental protection, in addition to complying with all applicable 
legislation, those responsible for implementing the disposal concept should keep adverse effects 
as low as reasonably achievable, social and economic factors being taken into account. Potential 
environmental effects should be identified, and measures should be taken (1) to avoid adverse 
effects, (2) to mitigate unavoidable adverse effects, and (3) to compensate for adverse effects of 
the disposal facility that were not avoided or sufficiently mitigated (Section 3.4.2). 

By voluntarism we mean that a community would have the right to determine whether or not it 
was willing to be a host community. Because a community would have the power to veto the 
selection of a site within its jurisdiction, it could ensure that local concerns were addressed and 
that local criteria for acceptance were met (Section 3.4.2). 

Concept implementation would occur in stages and would entail a series of decisions about 
whether and how to proceed. Each potential host community, and later the host community, 
should share in decision making as negotiated. In addition, those responsible for concept 
implementation should seek and address the views of other communities that could be affected 
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by concept implementation and the views of provincial governments that could be affected 
(Section 3.4.2). 

Openness should entail offering information to the general public about the plans, procedures, 
activities, and progress of those responsible for concept implementation, beginning early in the 
siting stage and continuing thereafter (Table 5-2, p. 167). In addition, potentially affected com- 
munities should have access to all available information required to make a judgement about 
safety. Open communication on the part of those responsible for concept implementation would 
be necessary in order for a community to participate effectively in shared decision making. 
Moreover, openness would be necessary to demonstrate the commitment of those responsible for 
concept implementation to safety and environmental protection (Section 3.4.2). 

The host community would provide a significant service to the consumers of nuclear-generated 
electricity and to the public at large. In fairness, the net benefit to the host community should be 
correspondingly significant. As part of the negotiated program for managing environmental 
effects, measures should be taken to avoid, mitigate, or compensate for adverse effects; such 
measures should be enhanced or additional measures taken to ensure the betterment of the host 
community (Section 3.4.2). 

4. We recommend that Canada progress toward disposal of its nuclear fie1 waste by 
undertaking the first stage of concept implementation-siting. 

Current storage methods have an excellent safety record. There is no urgency to dispose of waste 
because of a need to correct an unsafe situation. The safety and cost-effectiveness of current 
storage practices allow Canada to proceed without hurry to implement disposal, that is, at a pace 
that allows for full public involvement integrated with a thorough technical program. Implemen- 
tation would proceed in stages during which flexibility would be maintained to address changing 
requirements. Implementation would entail a number of decision points regarding whether and 
how to proceed (Section 5.1). 

The first stage of implementation is siting. Taking into account the time required to obtain 
geological information regarding a potential disposal site and the need for public involvement as 
outlined in Chapter 5, we estimate that siting would take at least 20 years following a decision to 
begin the process (Section 1.8). 

We believe that progressing toward disposal would help to minimize the burden on future 
generations by taking the next logical step toward a method of waste management that would 
eliminate the dependence on long-term institutional controls. Taking this step would allow site- 
specific and design-specific issues to be addressed in the most effective and efficient way 
(Section 9.6). It would maintain the disposal technology that has been developed, would protect 
the investment of Canada and Ontario in developing this technology, and would increase public 
confidence in Canada’s ability to dispose of nuclear fuel waste (Section 3.10). 
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The Environmental Assessment Panel appointed to review the proposed disposal concept along 
with a broad range of nuclear fuel waste management issues has issued guidelines for the 
preparation of this Environmental Impact Statement (EIS) (Federal Environmental Assessment 
Review Panel 1992). Because the structure of the EIS is different from the structure of the 
guidelines, we prepared this cross-reference to indicate where items in the guidelines are 
addressed in the EIS. 
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B.l INTRODUCTION 

All activities undertaken in connection with the implementation of the disposal concept, includ- 
ing the transportation of nuclear fuel waste to a disposal facility, would have to comply with 
applicable legislative requirements. Such requirements may derive from either federal or provin- 
cial acts and regulations. Municipalities, which receive their authority from provincial legisla- 
tion, may also have relevant requirements. 

In addition, directives, policies, or procedures of the governments or government agencies might 
have to be considered. These could be found, for example, in regulatory documents issued by 
the Atomic Energy Control Board (AECB), in the Federal Nuclear Emergency Response Plan 
prepared by Health Canada, or in the Guidelines for the Decommissioning and Cleanup of Sites 
in Ontario issued by the Ontario Ministry of the Environment. 

Sections B.2 to B.4 summarize the more significant legislation, regulatory documents, guide- 
lines, and plans that could apply to the implementation of the disposal concept. Those sum- 
marized are not meant to constitute an exhaustive list, but are illustrative only. Additional 
information is contained in R-Reclosure. 

Although it is recognized that new or amended legislation, regulatory documents, guidelines, and 
plans may apply in the future when a disposal facility might be built, AECL and Ontario Hydro 
have used current requirements to develop the disposal concept and to indicate the significance 
of some of the environmental effects that were estimated in the preclosure and postclosure 
assessment case studies. For provincial legislative requirements, only those of Ontario were 
considered, except with respect to the transportation of used fuel, for which the legislative 
requirements of Quebec and New Brunswick were also considered. To indicate the significance 
of estimated effects for which there are no criteria in legislation, AECL and Ontario Hydro 
adopted the guidelines that are described in Sections B.5 and B.6, some of which are based on 
current practice. 

B.2 FEDERAL LEGISLATION, REGULATORY DOCUMENTS, AND PLANS 

If the implementation of the disposal concept were determined to be governed by federal 
legislation, we expect that the legislation, regulatory documents, and plans summarized below 
would be relevant. 

B.2.1 Atomic Energy Control Act 

The Atomic Energy Control Act (Government of Canada 1985a) is the legislative basis for the 
regulatory aspects of nuclear activities in Canada. The Act establishes the AECB as the regulator 
of nuclear activities and empowers the AECB to make regulations with respect to a wide variety 
of issues in connection with the use of atomic energy. 

The regulations and regulatory documents issued by the AECB are based partly on the standards 
and guidelines established by international agencies such as the International Commission on 
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Radiological Protection (ICRP) and the International Atomic Energy Agency (IAEA) (for 
example, ICRP 1977,199 1 ; IAEA 1989). 

B.2.2 Atomic Energy Control Regulations 

The Atomic Energy Control Regulations (AECB 1974) have the broadest scope of all the AECB 
regulations. They specify requirements that generally apply to all activities for the development, 
application, and use of nuclear energy in Canada. The Regulations include the following 
requirements: 

A nuclear facility must be operated in accordance with a licence issued by the AECB. The 
licence may specify measures to be taken to ensure the safety of workers and the public. It 
may limit the quantity and concentration of radioactive or other hazardous material that may 
be discharged. Release limits for radionuclides are derived from the dose limits for members 
of the public. 
The radiation dose rate must be controlled so as not to exceed the limits specified for mem- 
bers of the public and for persons who in the course of their work are likely to receive doses 
higher than the limits specified for the public (atomic radiation workers). The limit on dose 
rate is currently 50 mSv/a for an atomic radiation worker and 5 mSv/a for other individuals. 
Amendments to the Regulations have been proposed (AECB 199 1 a) to address the recent 
recommendations of the ICRP (1991). The AECB proposes that the limit on dose rate be 
reduced to 20 mSv/a for an atomic radiation worker and to 1 mSv/a for other individuals. 
Records regarding radioactive materials and the operation of the facility must be kept. 

A prescribed substance cannot be abandoned or disposed of except in accordance with either 
the conditions in a licence applicable to the prescribed substance or written instructions from 
the AECB. 

Amendments to the Regulations have been proposed (AECB 1986) to formally incorporate 
requirements for international safeguards (Appendix D), emergency response planning, and the 
protection of the environment. These Amendments also propose a sequential licensing process, 
such that a nuclear facility would require 

a licence to clear or excavate land, or otherwise prepare the site; 

a licence to construct the facility; 

a licence to operate the facility; and 

a licence to decommission the facility. 

In addition, written approval from the AECB would be required to abandon a site after decom- 
missioning a nuclear facility. To obtain such approval, the licensee must have taken adequate 
measures to limit the environmental effect caused by any preparation, construction, or devel- 
opment on the site; the licensee must have removed all buildings, machinery, and equipment 
from the site; and the condition of the site must not be inferior to the condition it was in before 
preparation for construction of the facility. 
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According to proposed amendments to the Atomic Energy Control Regulations (AECB 1986), a 
licence for a nuclear facility would be issued only if the AECB was satisfied that the applicant 
provided adequately for the protection of health and safety of persons, for the protection of the 
environment, for security in respect of all activities conducted under the licence, and for the 
implementation of any applicable safeguards. 

B.2.3 Transport Packaging of Radioactive Materials Regulations 

The Transport Packaging of Radioactive Materials Regulations (AECB 1983a) are intended to 
reduce hazards to both transport workers and the general public to a safe level. With respect to 
transportation of used fuel, they include requirements for 

the packaging and safety marking of radioactive materials prior to transport; 

the receipt of these materials; 

the labelling of both loaded and empty transportation casks; 

cask performance under normal conditions, including limits on external radiation levels, 
external surface contamination, and leakage of radioactivity; and 
cask performance under rough handling and severe accident conditions. 

Cask performance may be demonstrated by analysis, by testing an appropriately scaled model, or 
by testing a full-scale prototype. The following four tests represent rough handling conditions: 

The cask is sprayed with water equivalent to a rainfall of 50 mm/h over a period of at least 
1 h. This test precedes each of the following tests. 
The cask is dropped at least 0.3 m onto a flat, essentially unyielding surface, striking the 
surface in a manner that results in maximum damage to the cask. 
The cask is subjected for a continuous period of 24 h to a compressive load applied uniformly 
against the top and bottom of the cask in the position in which the cask would normally be 
transported. 
While the cask is appropriately positioned on a flat, essentially unyielding surface, a steel bar 
having a mass of 6 kg is dropped from a height of 1 m onto the exposed surface of the cask 
that is the most vulnerable to puncture. 

The following four tests represent accident conditions: 

The cask is dropped 9 m onto a flat, essentially unyielding surface. This results in an impact 
speed of about 50 W h .  Because the surface is essentially unyielding, most of the impact 
energy is absorbed by the cask, whereas in a real-life situation, much of the impact energy 
would be absorbed by the object struck, such as another vehicle or concrete or masonry. 
The cask is dropped 1 m onto the top end of a steel bar 15 cm in diameter. 

Following the drop tests, the entire cask is subjected to a fire of 800 O C for 30 min. 

The cask is immersed in water at a depth of 15 m for 8 h. 
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Following the tests representing accident conditions, the cask must retain sufficient radiation 
shielding to ensure that the radiation level at 1 m from the surface of the cask does not exceed 
10 mSv/h. The Regulations also include nuclide-specific limits on the release rate of radioactive 
material following the tests representing rough handling and accident conditions. 

Prior to transport, a design approval certificate must be obtained from the AECB, certifying that 
the cask meets the requirements. 

The Transport Packaging of Radioactive Materials Regulations are based on IAEA recommenda- 
tions and are being revised to reflect revisions in those recommendations (IAEA 1985). 

B.2.4 Physical Security Regulations 

The AECB (1 983b) has issued "Regulations Respecting Physical Security at Certain Nuclear 
Facilities." The Regulations specify physical security measures to protect against theft of nuclear 
material or sabotage that could endanger public health. These include 

barriers, such as fences or walls, around specified areas (called protected areas) and 
surveillance to detect and prevent unauthorized individuals from entering these areas; 
the identification of persons permitted to be in the facility, by badges or other means; 

a security-related review of persons authorized to work at the facility; 

the monitoring of persons, packages, and vehicles entering and leaving the facility; 

the use of trained security guards; 

the provision of a protected security monitoring room with alarm and communication 
equipment; and 
arrangements for a response force, such as a police force detachment or Canadian armed 
forces unit, to provide assistance at the facility if it is required. 

B.2.5 AECB Regulatory Document R-71 

The AECB Regulatory Document R-71 (AECB 1985) is entitled "Regulatory Policy Statement - 
Deep Geological Disposal of Nuclear Fuel Waste: Background Information and Regulatory 
Requirements Regarding the Concept Assessment Phase." It gives eight requirements for deep 
geological disposal of nuclear fuel waste: 

1. In the pre-closure period, the disposal system must meet applicable regulations 
regarding: 

(a) radiological health and safety; 

(b) conventional health and safety; 

(c) environmental protection; 

(d) safeguards and security; and 

(e) transportation of radioactive material. 
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2. Following closure, the performance of the waste repository must be such that the 
probability of radiation doses to members of the public, attributable to the existence of 
the repository, exceeding a small fraction of doses received from natural background 
radiation will be small. . . . [A quantitative criterion for risk was later specified in 

3. The waste repository must be designed in such a way that no dependence on intervention 
or maintenance by future generations is necessary to ensure continued safety in the post- 
closure period. 

4. A disposal system must be based upon the use of multiple barriers which incorporate 
both engineered and natural components. 

5 .  A disposal system must be subject to a quality assurance program at all stages up to and 
including closure. 

6. A disposal system must be able to accommodate natural disturbances likely to occur, 
such that any increase in risk to members of the public as a result of these disturbances 
will be insignificant. . . . 

7. The effectiveness of the disposal system must not be compromised by any provision that 
may be made for 

(a) pre-closure measurements. . . . 
(b) post-closure retrieval. . . . 
(c) post-closure measurements. . . . 

8. For the pre-closure operational period, the concept must, as a contingency measure, 
incorporate methods for waste retrieval. 

R- 104.1 

R-7 1 also gives requirements regarding the concept assessment and its documentation, including 
the requirement that "The chosen concept must be shown to be technically feasible with available 
technology or with reasonably achievable developments." 

B.2.6 AECB Regulatory Document R-72 

The AECB Regulatory Document R-72 (AECB 1987a) is entitled "Regulatory Guide - 
Geological Considerations in Siting a Repository for Underground Disposal of High-Level 
Radioactive Waste." It gives five geological criteria for a disposal site: 

The host rock and geological system should have properties such that their combined effect 
significantly retards the movement or release of radioactive material. . . . 
There should be little likelihood that the host rock will be exploited as a natural resource. . . . 
The repository site should be located in a region that is geologically stable and likely to 
remain stable. . . . 
Both the host rock and geological system should be capable of withstanding stresses without 
significant structural deformation, fracturing or breach of the natural barriers. . . . 
The dimensions of the host rock should be such that the repository can be deep underground 
and well removed from geological discontinuities. 
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The AECB Regulatory Document R-104 (AECB 1987b) is entitled "Regulatory Policy Statement 
- Regulatory Objectives, Requirements and Guidelines for the Disposal of Radioactive Wastes - 
Long-Term Aspects." It states that 

The objectives of radioactive waste disposal are to: 

protect the environment, 

protect human health, 

taking into account social and economic factors. 

minimize any burden placed on future generations, 

R- 104 gives requirements related to each of these objectives. 

Burden on Future Generatias 
The burden on future generations shall be minimized by: 

(a) selecting disposal options for radioactive wastes which to the extent reasonably achievable do not 
rely on long-term institutional controls as a necessary safety feature; 

(b) implementing these disposal options at an appropriate time, technical, social and economic factors 
being taken into account; and 

(c) ensuring that there are no predicted future risks to human health and the environment that would not 
be currently accepted. . . . 

Protection of the Environment 

Radioactive waste disposal options shall be implemented in a manner such that there are no predicted 
future impacts on the environment that would not be currently accepted and such that the future use of 
natural resources is not prevented by either radioactive or non-radioactive contaminants. . . . 
Protection of Human HealQ 

. . . The predicted radiological risk to individuals from a waste disposal facility shall not exceed 
cancers and serious genetic effects in a year, calculated without taking advantage of long-term 
institutional controls as a safety feature. . . . 
Risk . . . is the sum over all significant scenarios of the products of the probability of the scenario, the 
magnitude of the resultant dose, and the probability of the health effect per unit dose. 

fatal 

R- 104 also gives guidelines for applying the basic radiological requirements. 

The individual risk requirements in the long term should be applied to a group of people that is assumed 
to be located at a time and place where the risks are likely to be the greatest, irrespective of national 
boundaries.. . . 
The probabilities of exposure scenarios should be assigned numerical values either on the basis of 
relative frequency of occurrence or through best estimates and engineering judgements. . . . 
The period for demonstrating compliance with the individual risk requirements using predictive 
mathematical models need not exceed 10,OOO years. Where predicted risks do not peak before 
10,OOO years, there must be reasoned arguments that beyond 10,OOO years the rate of radionuclide release 
to the environment will not suddenly and dramatically increase, and acute radiological risks will not be 
encountered by individuals. . . . 
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Calculations of individual risk should be made by using the risk conversion factor of 2 x l o 2  per sievert 
and the probability of the exposure scenario with either: 

(a) the annual individual dose calculated as the output from deterministic pathways analysis; or 

(b) the arithmetic mean value of annual individual dose from the distribution of individual doses in a 
year calculated as the output from probabilistic analysis. . . . 

By calculating the arithmetic mean of the frequency distribution of dose, the significance of the extreme 
values may be overlooked. . . . An additional criterion appears to be needed to help judge the accept- 
ability of an option for which probabilistic environmental pathways analysis calculates high doses, albeit 
with a low relative frequency. It is judged acceptable to allow 5% of the estimated doses to exceed a 
dose of 1 mSv per year to take account of normal statistical variations which are inherent in the 
probabilistic assessment process. However the choice of the general risk requirement takes account of 
this since a 5% occurrence of a dose of 1 mSv corresponds to an average dose of 0.05 mSv. If more than 
a 5% level of occurrence is predicted at 1 mSv or higher doses, then the criterion for the arithmetic 
average itself cannot be met. Thus for the numbers chosen in this regulatory policy statement, a 
secondary requirement is not specifically needed but is implied and needs to be specifically addressed in 
proposals. 

B.2.8 AECB Consultative Document C-22 

A proposed regulatory policy statement on quality assurance programs for nuclear facilities 
(AECB 199 1 b) requires that an effective quality assurance program be established and 
implemented for certain nuclear facilities, including facilities for the disposal of radioactive 
waste. The program is to be applied to the safety-related items and activities associated with the 
facility. Within the overall quality assurance program, a detailed program is required for each of 
the following stages, substages, and activities: site evaluation, design, procurement, manufacture, 
construction and installation, commissioning, operation, and decommissioning. For each of 
these, the detailed quality assurance program must be reviewed and accepted by the AECB staff 
before any related activities having a bearing on safety can be undertaken. 

B.2.9 Canada Labour Code 

Part I1 of the Canada Labour Code (Government of Canada 1985b) deals with prevention of 
accidents and injury to health resulting from specified types of employment. It outlines duties of 
employers, such as 

ensuring that buildings meet prescribed standards; 

providing each employee with the training and supervision necessary to ensure the safety and 
health at work of that employee; 
ensuring that hazardous substances in the work place are controlled in accordance with 
prescribed standards; and 

establishing a safety and health committee on which at least half the members are employees. 

The Canada Labour Code also outlines the duties and rights of employees with respect to 
occupational safety and health. 

Under the Canada Labour Code, Occupational Safety and Health Regulations have been issued. 
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B.2.10 Canada Shipping Act 

The Canada Shipping Act (Government of Canada 1985)  could apply to the water mode of 
transporting nuclear fuel waste. The Act is administered by Transport Canada through the 
Canadian Coast Guard. The Act empowers the Governor in Council to impound damaged and 
polluting vessels, as well as their cargo. The vessel must be so designed that, even with hull 
damage, the vessel would not sink or capsize. Regulations issued under the Act require that the 
discharge of specified pollutants from a ship in Canadian waters must be reported. Regulations 
also address topics such as type of cargo, instrumentation of the equipment on board the ship, 
personnel (number and level of expertise), loading procedures, equipment maintenance, air 
pollution, and traffic noises. 

B.2.11 Canada Water Act 

Under the Canada Water Act (Government of Canada 1985d), any waters may be designated as 
water quality management areas through a federal-provincial agreement. Waste may not be 
deposited into a water quality management area or in such a manner that it may eventually enter 
such an area. 

Under the Canada Water Act, the Guidelines for Canadian Drinking Water Quality have been 
issued to establish maximum acceptable concentrations for substances known to cause, or 
suspected of causing, adverse health effects. They have been derived to safeguard health on the 
basis of lifelong consumption and the use of water for all domestic purposes. These Guidelines 
are not legally enforceable standards unless promulgated by an appropriate Canadian federal, 
provincial, or municipal agency. This has been done, for example, in the Occupational Safety 
and Health Regulations issued under the Canada Labour Code. These Guidelines may be used to 
help determine the acceptability of estimated concentrations of non-radioactive contaminants in 
water, for both the preclosure and postclosure phases of a disposal facility for nuclear fuel waste. 

Water quality guidelines have also been issued by the Canadian Council of Ministers of the 
Environment (CCME 1991). 

B.2.12 Canada Wildlife Act 

Under the Canada Wildlife Act (Government of Canada 1985e), any land can be acquired at any 
time for the purpose of preserving the habitat or otherwise protecting wildlife or migratory birds. 
Within any area protected by the Act, none of the following activities may take place unless it 
can be shown that it will not interfere with wildlife conservation: 

removal or damage to vegetation; 

commercial or industrial activities; 

disturbance of soil, sand, gravel, or other material; and 

dumping or depositing of any substance. 
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The Act also empowers the Minister of the Environment, in conjunction with provincial govern- 
ments having an interest, to take the necessary measures to protect wildlife in danger of 
extinction. 

B.2.13 Canadian Environmental Assessment Act 

The federal environmental assessment process is currently carried out under the Environmental 
Assessment and Review Process Guidelines Order (Government of Canada 1984), which will 
remain in effect until the recently passed Canadian Environmental Assessment Act (Government 
of Canada 1992a) is proclaimed to be in force. The Act establishes a federal environmental 
assessment process. The purpose of the Act is to ensure that an environmental assessment of a 
project is conducted as early as is practicable in the planning stages of the project and before 
irrevocable decisions are made. The current review is being and will continue to be conducted 
under the Guidelines Order, but it is expected that the Act would be in effect by the time a 
disposal facility would be proposed. 

B.2.14 Canadian Environmental Protection Act 

The Canadian Environmental Protection Act (Government of Canada 19850 controls the hand- 
ling and regulates the quantities of toxic substances during research and development, produc- 
tion, marketing, use, and disposal. Highly radioactive waste is defined as a toxic substance under 
the Act. The Act consolidates the environmental protection provisions contained in certain other 
acts and regulations, including the Canada Water Act. The Act is administered by Environment 
Canada. 

B.2.15 Constitution Act, 1982 

The Constitution Act, 1982 (Government of Canada 1982) includes two sections that refer to the 
aboriginal peoples of Canada. 

In Part I of the Act (the Charter of Rights and Freedoms), Section 25 states 

25. The guarantee in this Charter of certain rights and freedoms shall not be construed so as to 
abrogate or derogate from any aboriginal, treaty or other rights or freedoms that pertain to the 
aboriginal peoples of Canada including 

(a) any rights or freedoms that have been recognized by the Royal Proclamation of October 7, 
1763; and 

(b) any rights or freedoms that may be acquired by the aboriginal peoples of Canada by way of 
land claims. 

Part I1 of the Act, Section 35 states 

35. (1) The existing aboriginal and treaty rights of the aboriginal peoples of Canada are hereby 
recognized and affirmed. 

(2) In this Act, "aboriginal peoples of Canada" includes the Indian, Inuit and Metis peoples of 
Canada. 
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(3) For greater certainty, in subsection (1) "treaty rights" includes rights that now exist by way of 
land claims agreements or may be so acquired. 

(4) Notwithstanding any other provision of this Act, the aboriginal and treaty rights referred to in 
subsection (1) are guaranteed equally to male and female persons. 

35.1 The government of Canada and the provincial governments are committed to the principle that, 
before any amendment is made to Class 24 of section 91 of the "Constitution Act, 1876", to 
section 25 of this Act or to this Part, 
(a) a constitutional conference that includes in its agenda an item relating to the proposed 

amendment, composed of the Prime Minister of Canada and the first ministers of the 
provinces, will be convened by the Prime Minister of Canada; and 

(b) the h ime  Minister of Canada will invite representatives of the aboriginal peoples of Canada 
to participate in the discussions on that item. 

B.2.16 Fisheries Act 

Under the Fisheries Act (Government of Canada 1985g), no destruction of fish is allowed other 
than by fishing. No one is allowed to introduce a fish-destroying substance into either a body of 
water inhabited by fish or a body of water leading into one which fish inhabit, except as provided 
for within the regulations. Spills of deleterious substances must be reported, and anyone 
responsible for a spill is also responsible for the cleanup. A permit is required from Environment 
Canada to discharge substances deleterious to fish or to remove fish habitat. 

The Metal Mining Liquid Effluent Regulations, issued under this Act, specify maximum accept- 
able concentrations of some contaminants in mine effluents. These Regulations could apply to 
effluents from a disposal facility. 

B.2.17 Indian Act 

The Indian Act (Government of Canada 1985h) preserves the paramountcy of treaty rights over 
provincial law. Section 88 states 

Subject to the terms of any treaty and any other Act of Parliament, all laws of general 
application from time to time in force in any province are applicable to and in respect of 
Indians in the province, except to the extent that those laws are inconsistent with this Act or 
any order, rule, regulation or by-law made thereunder, and except to the extent that those 
laws make provision for any matter for which provision is made by or under this Act. 

B.2.18 Migratory Birds Convention Act 

The Migratory Birds Convention Act (Government of Canada 19851) addresses the protection of 
all migratory birds that inhabit Canada during any part of any year. No one is allowed to deposit 
any harmful substances into any waters or habitat of any migratory birds, except as outlined in 
the regulations issued under the Act. Within the bounds of a sanctuary, permits are required to 
hunt; to disturb or destroy nests; or to be in possession of a bird carcass, nest, or egg. 
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B.2.19 National Parks Act 

The National Parks Act (Government of Canada 1985j) addresses the use of lands designated as 
national parks. Regulations issued under the act specify that within a national park approval is 
required to remove trees, rocks, minerals, or fossils; pollute or use water; use explosives; con- 
struct buildings; establish a business; and operate a vehicle off the roadway. 

B.2.20 Navigable Waters Protection Act 

The Navigable Waters Protection Act (Government of Canada 1985k) could apply to the con- 
struction of a water supply system for a disposal facility, the construction of an access road or 
railway if it crossed a navigable waterway, or the construction of a transfer facility for the water 
mode of transporting nuclear fuel waste. The Act is administered by Transport Canada through 
the Canadian Coast Guard. The Act is designed to protect the public right of navigation in 
navigable waters by requiring approval from the Minister of Transport for specified activities. 
For example, approval is required to dredge and pump for shoreline excavation and construction, 
dredge and construct intake and discharge channels, or undertake shoreline construction if the 
basin is to be emptied for navigational safety. 

B.2.21 Nuclear Liability Act 

The Nuclear Liability Act (Government of Canada 19851), administered by the AECB, prescribes 
the amount of insurance to be maintained by the operator of a nuclear installation and establishes 
liability for third-party damage resulting from a nuclear incident. 

B.2.22 Railway Act 

The Railway Act (Government of Canada 1985m) could apply to the rail mode of transporting 
nuclear fuel waste. The Act, administered by the National Transportation Agency, could apply 
to the design, operation, and maintenance of the flat cars designed to carry transportation casks. 

B.2.23 St. Lawrence Seaway Authority Act 

The St. Lawrence Seaway Authority, created under the St. Lawrence Seaway Authority Act 
(Government of Canada 1985n), and the St. Lawrence Seaway Development Corporation, the 
equivalent U.S. body, administer the Seaway Regulations. These Regulations apply to any 
vessel using the locks or any section of the Seaway system on a regular basis. They could apply 
to the water mode of transporting nuclear fuel waste. Various design requirements are specified, 
and vessels are subjected to regular inspections by the Seaway inspectors. Special requirements 
for vessels carrying any quantity of radioactive material include displaying a special flag at the 
mast head and reporting the issue date of the AECB certificate for the transportation cask. 
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B.2.24 Transportation of Dangerous Goods Act 

The Transportation of Dangerous Goods Act (Government of Canada 1992b) and Regulations 
could apply to the transportation of nuclear fuel waste. The Act and Regulations provide an 
integrated set of requirements applicable throughout Canada to the transport of different 
categories of hazardous materials, including radioactive materials, by all modes of transport. 
Requirements are defined for packaging; safety marking; shipping; physical security; training of 
personnel; handling of accidents; and other transport, pre-transport, and post-transport activities. 
Under the Transportation of Dangerous Goods Act, dangerous goods shipments must be 
registered with the Department of Transport. 

The Transportation of Dangerous Goods Regulations make reference to the AECB Transport 
Packaging of Radioactive Materials Regulations (Section B.2.3), and Transport Canada and the 
AECB have agreed on the division of responsibilities for administration of the two sets of 
Regulations (Gummer 1982). 

B.2.25 National Safety Code 

The National Safety Code (Government of Canada 1989) establishes uniform safety standards to 
serve as models for federal and provincial governments to implement in legislation. The Code 
applies to commercial trucks over 4500 kg gross vehicle weight, or, in Quebec, 3000 kg net 
vehicle weight. The standards apply to practices such as driver hiring and training, vehicle 
maintenance and inspections, and hours of service for drivers. The federal government has 
implemented the standard regarding hours of service for drivers. All provinces have imple- 
mented some of the other standards. These standards are enforced by provincial authorities. 

B.2.26 Federal Nuclear Emergency Response Plan 

The Federal Nuclear Emergency Response Plan (Government of Canada 1991) establishes the 
federal response to nuclear emergencies under specified circumstances, including those in which 

federal assistance is requested by a province, 

more than one province may be affected, and 

a nuclear emergency originating in Canada may affect other countries. 

Health Canada is the designated lead federal agency for preparing and implementing the Plan. 
The Plan is designed to ensure compatibility with provincial plans and to provide an interface 
between federal and provincial governments. 

B.3 ONTARIO LEGISLATION, GUIDELINES, AND PLANS 

If a disposal facility were located in Ontario, and if the implementation of the disposal concept 
were determined to be governed by provincial legislation, we expect that the legislation, 
guidelines, and plans summarized below would be relevant. In addition, municipalities, which 
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derive their authority from provincial legislation, may also have requirements that may be 
relevant. 

B.3.1 Ontario Dangerous Goods Transportation Act 

The Dangerous Goods Transportation Act (Government of Ontario 1990a) could apply to the 
transportation of nuclear fuel waste by road in Ontario. The scope of the Act is limited to the 
transportation of dangerous goods in a vehicle on a highway. Within that scope, the Act adopts 
the regulations under the federal Transportation of Dangerous Goods Act for application in 
Ontario. The authority of the AECB’s Transport Packaging of Radioactive Materials 
Regulations is incorporated by reference. 

B.3.2 Ontario Emergency Plans Act 

The Ontario Emergency Plans Act (Government of Ontario 1990b) requires that the province 
formulate an emergency plan for use in connection with nuclear facilities. The Act also requires 
that municipal emergency plans conform to the provincial plan and receive the approval of the 
Ontario Solicitor General. 

B.3.3 Ontario Endangered Species Act 

The Endangered Species Act (Government of Ontario 199Oc) might apply to a disposal facility in 
Ontario. The Act applies to flora or fauna threatened with extinction by reason of the destruc- 
tion, drastic modification, or severe curtailment of its habitat; over-exploitation; disease; 
predacity; the use of chemicals; or any other factor considered relevant. For any species 
threatened with extinction, the Act prohibits killing, injuring, taking, or interfering with the 
species or destroying or interfering with its habitat. 

B.3.4 Ontario Environmental Assessment Act 

The Ontario Environmental Assessment Act (Government of Ontario 1990d) applies to enter- 
prises or activities, or to proposals, plans, or programs in respect of enterprises or activities, by 
the province, public bodies, and municipalities. The Act specifies the requirements for preparing 
an environmental assessment, which is intended to assess the potential effects on the environ- 
ment of an undertaking before irrevocable decisions are made. An environmental assessment 
must describe and provide the rationale for an undertaking and its alternatives; the potential 
environmental effects of an undertaking and its alternatives; the means to prevent, change, 
mitigate, or remedy such effects; and an evaluation of the advantages and disadvantages to the 
environment of the undertaking and its alternatives. 

B.3.5 Ontario Environmental Protection Act 

Under the Environmental Protection Act (Government of Ontario 1990e), regulations are issued 
to provide for protection of the environment, reporting and cleanup of spills, and licensing 
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of waste disposal sites. If a spill of hazardous material occurs, the Ministry of the Environment 
must be informed. The owner of the pollutant has the responsibility (financially and otherwise) 
to clean up the spill and restore the environment as much as possible to its former state. Sound 
and vibration are defined as contaminants under the Act. The regulations could apply to the 
implementation of the disposal concept. Some of the regulations most relevant to a disposal 
facility are discussed below. 

The General Regulation on Waste Management requires that approval be obtained from the 
Ontario Ministry of the Environment for all hazardous waste storage and disposal sites. It also 
provides regulations for cleanup of spills of hazardous materials and restoration of the 
environment. 

The General Regulation on Air Pollution and the Ambient Air Quality Criteria establish limits on 
the concentrations of contaminants in air and specify that no person shall allow or cause the 
emission of any air pollutant that may damage the environment, cause discomfort to anyone, or 
cause loss of enjoyment of the environment. This includes improper storage of material leading 
to a release of a contaminant. 

If the Environmental Protection Act were applicable, approval could be required from the 
Ministry of the Environment for 

disposal of domestic and construction garbage, dredge spoil, and soil; 

construction of sewage facilities; 
potential sources of noise and vibrations; 

open fires; 

diesel generator operation; 
liquid effluent from the facility; and 

airborne emissions from the facility. 

B.3.6 Ontario Heritage Act 

The Ontario Heritage Act (Government of Ontario 19900 could apply to a disposal facility in 
Ontario. The Act requires that a permit be obtained from the Ministry of Citizenship and Culture 
for excavation or alteration of archaeological and historical sites. 

B.3.7 Ontario Labour Relations Act 

The Ontario Labour Relations Act (Government of Ontario 1990g) was established to provide for 
harmonious relations between employers and employees. This is to be done by encouraging col- 
lective bargaining between employers and trade unions, as the freely designated representatives 
of the employees. The Act pertains to such matters as membership, the establishment of bargain- 
ing rights by certification, negotiation of collective agreements, contents of such agreements, 
operation of these agreements, termination of rights, and unfair practices. 
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B.3.8 Ontario Occupational Health and Safety Act 

The Occupational Health and Safety Act (Government of Ontario 1990h) could apply to a 
disposal facility in Ontario. Under the Act, regulations are issued to provide for occupational 
safety throughout each stage of a project. Specific regulations have been issued for various 
industries, and some of these could apply to a nuclear fuel waste disposal facility in Ontario: 

. 

The Regulations for Mines and Mining Plants could apply to any underground and rock 
disposal operations. 

The Regulations for Construction Projects could apply to the construction of a disposal 
facility. 

The Regulations for Industrial Establishments could apply to the operation of surface facil- 
ities. These Regulations specify the sound levels for which no measures need be taken, 
exposure duration must be regulated, and hearing protection must be worn. 

The Workplace Hazardous Materials Information System (WHMIS) could apply to all stages 
of concept implementation. Workers exposed to a hazardous material on the job must receive 
training in hazardous material labelling, material safety data sheets, and the hazards indicated 
by the symbols used on labels. 

The Regulations for Construction Projects and the Regulations for Industrial Establishments, 
which could apply during construction and operation of a disposal facility, limit worker expo- 
sure to air pollution, including particulates, sulphur dioxide, carbon monoxide, hydrocarbons, 
and nitrogen oxides. 

B.3.9 Ontario Water Resources Act 

The Ontario Water Resources Act (Government of Ontario 199Oi) could apply to a disposal 
facility in Ontario. The Act specifies objectives and authorizes the making of regulations for the 
preservation of the quality and quantity of surface waters and ground waters in Ontario, so that 
they are satisfactory for aquatic life, drinking water, agriculture, and recreation. It establishes 
maximum permissible concentrations for metals and other substances in water. These include 
water quality objectives for a few radionuclides. These objectives are based on drinking water 
requirements for humans. The Act also specifies requirements for a "Permit to Take Water" from 
a waterbody for construction and operation of a facility. 

B.3.10 Guidelines for the Decommissioning and Cleanup of Sites in Ontario 

The Guidelines for the Decommissioning and Cleanup of Sites in Ontario (Government of 
Ontario 1989) could apply during the decommissioning and closure stages of a disposal facility 
in Ontario. In these Guidelines, the Ontario Ministry of the Environment has recommended a 
process for decommissioning facilities and cleaning up the environment. The Guidelines also 
specify limits on residual contaminants in soil, groundwater, surface water, and air. 

LEGISLATION, REGULATORY DOCUMENTS, GUIDELINES, AND PLANS 



- 410 - 

B.3.11 Ontario Nuclear Emergency Plan 

The Nuclear Emergency Plan (Government of Ontario 1986) could apply to a disposal facility for 
nuclear fuel waste in Ontario. The Plan has been developed by the Ontario Government, Ontario 
Hydro, AECL, and municipalities where nuclear facilities are located. The Plan provides the 
basis upon which nuclear emergency planning, preparation, and implementation are undertaken 
to safeguard the health, safety, and well-being of Ontario residents, and to protect their property. 

The Ontario Nuclear Emergency Plan specifies the responsibilities of the owner of a nuclear 
facility. These include 

providing dedicated communication links, radiological monitoring, on-site meteorological 
measurements, and emission assessment; 

9 studying the off-site effects of nuclear emergencies and the techniques, procedures, and 
measures required to deal with them; 
assisting the province and municipalities in their planning and preparation, in maintaining 
their technical and operating procedures for dealing with emergencies, and in implementing a 
public education program for surrounding communities; and 

participating in practice drills. 

Protective Action Levels provide guidance as to whether there is a need to take special protective 
measures following an accidental release and what type of measure should be taken (Table B-1). 

TABLE B-1 

ONTARIO PROTECTIVE ACTION LEVELS* 

Measure Lower Protective Upper Protective 
Action Level Action Level 

(mSv) (mSv) 

Banning food and water consumption 0.5 5 

Sheltering 1 10 

Evacuation 10 100 

* The intervention levels recommended by the ICRP (1993) are higher. For example, the 
ICRP recommends that evacuation is almost always justified to avert a dose of 500 mSv, 
and expects that the optimized level of dose to be averted by evacuation would be at least 
50 mSv. 
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The levels are expressed in terms of the highest projected dose likely to be received by the most 
exposed individual in the relevant critical group. There are two guideline levels for each protec- 
tive measure, a lower and an upper. For projected doses below the lower level, the protective 
measure would not normally be justified. For projected doses at or above the lower level, the 
protective measure should be applied unless valid reasons exist for deferring action. For pro- 
jected doses at or above the upper level, the protective measure must be implemented, unless 
implementation entails demonstrably greater risks for the people involved. 

B.4 QUEBEC AND NEW BRUNSWICK LEGISLATION RELEVANT TO 
TRANSPORTATION OF USED FUEL 

In Quebec, the transportation of used fuel could be subject to the Highway Safety Code 
(Government of Quebec 1986), which adopts the procedures and requirements of the federal 
Transportation of Dangerous Goods Act and Regulations (Section B.2.24). 

In New Brunswick, the transportation of used fuel could be subject to the New Brunswick 
Transportation of Dangerous Goods Act (Government of New Brunswick 1988), which also 
adopts the procedures and requirements of the federal Act and Regulations (Section B.2.24). 

For road transportation in Quebec, special permits might not be necessary for the vehicle hauling 
the cask, that is, the vehicle might not be overweight or oversized. For road transportation in 
New Brunswick, special permits might be required for the design specified for the preclosure 
assessment case study (Section 6.2.11 of this report), because the weight of the tractor-trailer and 
loaded transportation cask exceeds 50 Mg. 

For rail transportation in Quebec and New Brunswick, the requirements would be the same as in 
Ontario, because the railway system is administered by the same company across the country. 

For water transportation in Quebec and New Brunswick, the requirements would be the same as 
in Ontario, because shipping is a federally regulated activity. 

B.5 GUIDELINES ADOPTED BY ONTARIO HYDRO FOR INDICATING THE 
SIGNIFICANCE OF ESTIMATED DOSES TO TRANSPORTATION CREWS 

The IAEA (1985, p. 5) has recommended that, during the movement of a transportation cask, the 
dose rate to a person in the cab of a truck not exceed 0.02 mSv/h. No limits have been specified 
for rail and ship crews. For the preclosure assessment case study (Chapter 6 of this report), 
estimated dose rates were compared with this limit as well as with the annual limits specified by 
the AECB (Section B.2.2). 

LEGISLATION, REGULATORY DOCUMENTS, GUIDELINES, AND PLANS 



- 412 - 

B.6 GUIDELINES ADOPTED BY .AECL FOR INDICATING THE SIGNIFICANCE 
OF ESTIMATED EFFECTS ON THE NATURAL ENVIRONMENT 

B.6.1 Framework for Assessing the Effects of Contaminants on the Natural Environment 

For the postclosure assessment case study (Chapter 7 of this report), the following step-wise 
approach developed by Amiro and Zach (1993) was used to evaluate the estimated effects of 
contaminants from a disposal facility on the natural environment: 

1. Compare the estimated increase in dose rate for humans with the regulatory limits. If the 
regulatory limits for humans are exceeded, the potential effects on the natural environment 
are considered unacceptable. 

If the estimated effects on human health are below regulatory limits, compare the estimated 
increase in environmental concentration of each contaminant with an adopted limit called its 
"environmental increment'' (described below). If the environmental increments are not 
exceeded, the potential effects on the natural environment are considered acceptable. 

If the estimated increase in environmental concentration of a contaminant exceeds its 
environmental increment, estimate the increase in radiological dose rates for representative 
hypothetical organisms (described below) and compare the estimates with an adopted limit 
of 1 mGyla. If the adopted limit is not exceeded, the potential effects on the natural 
environment are considered acceptable. 

If the estimated increase in dose rate for a representative hypothetical organism exceeds the 
adopted limit, do additional analysis. 

2. 

3. 

4. 

This step-wise approach is shown in Figure B-1 and the steps are described below. 

B.6.2 Relationship of Environmental Protection to Human Health Protection 

The ICRP (1 99 1) "believes that the standard of environmental control needed to protect humans 
to the degree currently thought desirable will ensure that other species are not put at risk. 
Occasionally, individual members of non-human species might be harmed, but not to the extent 
of endangering whole species or creating imbalance between species." The AECB (1987b) has 
taken the same position: "It is thought likely that the level of radiation protection afforded all 
human individuals ensures adequate protection of other living species in the environment, 
although not necessarily individual members of those species." 

This hypothesis has been examined by several expert committees, using various calculations and 
modelling procedures (IAEA 1992, NCW 199 1). Myers (1989) also evaluated the hypothesis, 
with specific reference to geological disposal of nuclear fuel waste in Canada. In all of these 
analyses, the hypothesis was supported, and it was concluded that radiological protection of 
humans should also implicitly protect the environment. However, this assumption would only be 
valid where both humans and non-human biota inhabited the same part of the environment 
(which is not the case for fish, for example). Otherwise, non-human biota could be exposed to 
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FIGURE B-1: STEPS FOR ASSESSING ENVIRONMENTAL PROTECTION 

higher concentrations, and there could be an effect on certain species without an accompanying 
effect on humans (Thompson 1988). Therefore, protection of human health is not necessarily 
sufficient to protect the natural environment. 

If the estimated effects on human health exceed the regulatory limits, the potential effects on the 
natural environment are considered unacceptable, although there is no direct evidence to suggest 
that the natural environment would be harmed. If the estimated effects on human health are 
below regulatory limits, the estimated increase in environmental concentration of each con- 
taminant should be compared with its environmental increment. 

B.6.3 Environmental Increments 

The environmental increment is a guideline developed by Amiro (1992a,b). It is defined (Amiro 
1992b) as 

. . . the additional amount of nuclide that can be added to the background level without 
exceeding the natural, local, spatial variation in concentration. This value is sufficiently 
stringent so that if the additional contribution from a vault is less than this, the presence of an 
underground vault would not likely cause detectable environmental effects. 
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Protecting air, soil, and water also protects the biota; that is, it is a holistic approach that protects 
the ecosystem. Also, the concentrations of contaminants in air, soil, and water are often more 
easily monitored than the health of biota. 

Amiro ( 1992a,b) has determined baseline concentrations and environmental increments for the 
radionuclides and chemically toxic elements in the used fuel specified for the case studies 
(Section 2.1.5 of this report). Most of the radionuclides present in the used fuel specified for the 
case studies are present in the environment today. Many of these are natural components of air, 
soil, and water; others are present because of human activities. The environmental increment for 
a contaminant is based on the variation of its concentration in the Canadian Shield environment. 
For most naturally occurring radionuclides, it is based on one standard deviation of the mean of 
the existing concentration. 

If an increase in contaminant concentration is less than the environmental increment, the stresses 
imposed should be within the natural variability of stresses, provided natural concentrations are 
not at a toxicological threshold. If an increase is much less than the environmental increment, 
then any effect is unlikely to be significant compared with the existing effects. Even if an 
increase exceeds the environmental increment, there may still be no significant effect on the 
ecosystem, or on individuals of species within the ecosystem. However, if the estimated increase 
in environmental concentration of a contaminant exceeds its environmental increment, the radio- 
logical doses to representative hypothetical organisms should be estimated. 

B.6.4 Radiological Dose to Representative Hypothetical Organisms 

In Section 2.1.8 of this report, AECL suggests that plant and animal populations and communi- 
ties would likely be protected by limiting any increase in the chronic absorbed dose rate to 
1 mGy/a. Dose rates below this value are below background and even further below dose rates 
known to cause harm (Section 2.1.8). However, radiological doses cannot be predicted for all 
plant and animal species. This is not only because of the large effort involved, but also because 
the physiology and ecology of many species are unknown. Therefore, certain types of organisms 
must be selected for evaluation. 

Four hypothetical, generic organisms were specified to reflect a terrestrial ecosystem including a 
lake (Amiro 1992~): 

A hypothetical plant with contaminant uptake characteristics similar to those of a wide range 
of terrestrial plants (including many grasses, herbs, and trees)-The plant’s habitats include 
contaminated soil, air, and water to reflect the habitats of both terrestrial and aquatic species. 
A hypothetical freshwater fish representative of a wide range of species (for example, lake 
trout, northern pike, whitefish, and white sucker). 

9 A hypothetical mammal with eating habits most similar to those of herbivores (for example, 
caribou, moose, beaver, and deermouse), although most mammalian predators are also 
represented to a large extent (Zach and Sheppard 1992)-The mammal’s habitats include 
contaminated air, soil, and water to reflect the habitats of terrestrial land mammals, soil- 
burrowing mammals, and aquatic mammals. 
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A hypothetical bird with eating habits most similar to those of terrestrial species that eat seeds 
and fruit (for example, ruffed grouse, song sparrow, and evening grosbeak)-The bird’s 
habitats include contaminated air, soil, and water to reflect the habitats of terrestrial and 
aquatic species. 

If the estimated increases in dose rate for the representative hypothetical organisms are less than 
the adopted limit of 1 mGy/a, the potential effects on the natural environment are considered 
acceptable. If an estimate exceeds the adopted limit, additional analysis must be done. 

B.6.5 Additional Analysis 

For an actual site, additional analysis could be species-specific and could focus on a valued 
species. For example, if the estimated dose rate for the generic bird exceeded the adopted limit 
of 1 mGy/a, the dose rate for a valued bird species (for example, a tree swallow) could be 
estimated. Site-specific pathways and species-specific characteristics could be included in the 
analysis, and the estimated dose rate could be compared with any data on the known response of 
the species. Such species-specific analysis might require extensive supporting studies. Also, a 
broader evaluation at the community and ecosystem levels might be warranted (Amiro and Zach 
1993). 
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C.l BELGIUM 

The National Agency for Radioactive Waste and Fissile Materials (ONDRAF/NIRAS) is 
responsible for safe management of all radioactive waste produced in Belgium. Its 
responsibilities include transportation, treatment, conditioning, storage, and disposal. 

ONDRAF/NIRAS is a public corporation. It has a board of directors of about 23 people, all of 
whom have been designated by a federal ministry or other political body. 

All costs for radioactive waste management are financed by the waste producers, who contribute 
to a special fund managed by ONDRAF/NIRAS. 

The used fuel from power reactors in Belgium is reprocessed in France, and the solidified 
reprocessing waste will be returned to Belgium for deep geological disposal. Very recently, the 
Belgian Parliament decided that, in the future, the once-through cycle should be considered on 
the same level of interest as reprocessing, and that, in the next 5 years, priority should be given to 
research and development on the direct disposal of used fuel, without reducing the research and 
development on the disposal of reprocessing waste. 

% 

Of the potentially suitable rocks for disposal identified internationally (Section 8.4.4 of this 
report), only clay and shale are available in Belgium. The clay in the Mol-Dessel region has 
been investigated since 1974, and an underground laboratory, the HADES project, began 
operation there in 1983. A safety assessment report reviewing these studies was submitted to the 
Belgian government in 1988. It concluded that the Mol site is a potentially suitable location and 
that a detailed repository concept should be developed. Demonstration of disposal at a pilot scale 
is planned for the year 2000, and repository construction is planned to begin in 2025. 

C.2 FINLAND 

Two Finnish utilities generate nuclear energy, Teollisuuden Voima Oy (TVO) and Imatran 
Voima Oy (IVO). TVO and IVO are responsible for waste management and the necessary 
research and development. The two utilities established a joint Nuclear Waste Commission 
(YJT) to co-ordinate the research and development work. To finance the future costs of waste 
management, the waste producers contribute to a government-controlled nuclear waste fund. 

Two of the four power reactors in Finland are owned by IVO. The used fuel from these reactors 
is being returned to Russia for reprocessing and disposal of the resulting waste. The used fuel is 
transported in transportation casks on special trains leased from Russia. 

The other two reactors in Finland are owned by TVO. For the used fuel from these reactors, 
disposal in a deep repository in Finland is being studied. Crystalline rock (granite, gneiss, or 
migmatite) is the favoured disposal medium. The disposal concept is based on the excavation of 
tunnels at a depth of several hundred metres and emplacement of disposal containers into clay 
buffer in boreholes along the centreline of the tunnel floor. Preliminary site investigations at five 
locations were conducted from 1987 to 1992. Three sites are being studied in more detail to 
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allow comparisons of the sites. The studies should lead to site selection by the year 2000 and 
repository commissioning by 2020. 

C.3 FRANCE 

In France, the waste producers are responsible for preparing the waste for disposal. They also 
finance the activities of the National Agency for Radioactive Waste Management (ANDRA), 
which is a government-owned company responsible for designing, siting, constructing, and 
operating long-term disposal facilities as well as undertaking all necessary studies to this end. 

The board of directors of ANDRA consists of 
a Deputy or Senator appointed by the Parliamentary Office for Scientific and Technical 
Assessments; 

six government representatives from the Ministries of Energy, Health, Environment, Budget, 
Defence, and Research; 

five persons from economic sectors affected by ANDRA’s activities (Commissariat 
I’knergie atomique, Electricit6 de France, and Cogema), including one recommended by the 
Minister of Health; 
two qualified people from fields related to ANDRA, including one recommended by the 
Ministry of the Environment; and 
seven representatives elected from among ANDRA personnel. 

The used fuel from power reactors in France is reprocessed at La Hague or Marcoule. Potential 
disposal sites in clay, granite, shales (schist), and salt have been investigated. A law passed in 
199 1 requires that research be conducted on separation and transmutation of long-lived 
radionuclides, disposal in deep geological formations, and long-term surface storage. Two 
underground laboratories are to be constructed. A government-appointed negotiator identified 
four candidate areas for detailed geological investigations, one in granite and three in clay. 
These areas were identified with the support of local elected authorities. 

Routine transportation of radioactive material has occurred since 1966. Since 1987, over 4000 
cask movements have transported used fuel from various points around the world to France’s two 
reprocessing plants. Rail transportation is preferred on the continent; used fuel from Japan is 
transported by ship. Truck transportation is limited to short distances between power reactor 
sites and rail sidings. 

C.4 GERMANY 

In Germany, the waste producers are responsible for reprocessing, interim storage, transportation, 
and conditioning for disposal. The Federal Office for Radiation Protection (BfS) is responsible 
for the construction and operation of installations for the long-term storage and disposal of 
nuclear waste. B R  is a governmental agency. The private-sector German Company for the 
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Construction and Operation of Repositories for Waste (DBE) is involved in constructing reposi- 
tories and is the designated operator on behalf of BfS. All costs of radioactive waste manage- 
ment are paid by the waste producers. 

The used fuel from power reactors in Germany is reprocessed in France or the United Kingdom, 
and the solidified reprocessing waste will be returned to Germany in the mid-1990s for future 
deep geological disposal in a salt dome. The government plans to amend the Federal Atomic Act 
to allow geological disposal of used fuel without reprocessing. Disposal technologies are being 
developed for both used fuel and reprocessing waste. The former Asse salt mine has been used 
since 1965 as an underground laboratory for disposal-related research. At the Gorleben salt 
dome, comprehensive investigations from the surface began in 1979. The results available in 
1983 supported the suitability of the Gorleben site for a waste repository. Consequently, the 
federal government approved the commencement of subsurface exploration by mining methods. 
It is expected that the underground investigations will continue until the late 1990s, after which 
the licensing documents will be prepared. If this leads to construction approval, repository 
operation is scheduled to begin around the year 2008. 

C.5 ITALY 

The government of Italy has decided to suspend nuclear activities in the country. Some of the 
used fuel from the power reactors is being reprocessed in the United Kingdom. The solidified 
reprocessing waste will be returned to Italy for disposal. Deep geological disposal in clay was 
investigated, and an underground laboratory was constructed, but research activities there have 
been suspended. Italy is participating in the assessment programs on disposal that are being 
conducted by the OECD/NEA and the Commission of European Communities. 

C.6 JAPAN 

No agency has been given responsibility for disposal in Japan. The Power Reactor and Nuclear 
Fuel Development Corporation (PNC) is responsible for research and development on geological 
disposal. Disposal costs will be borne by the utilities that operate power reactors. 

The used fuel from power reactors in Japan is reprocessed in Japan, France, and the United 
Kingdom, and the solidified reprocessing waste will be stored for 30 to 50 years and then 
disposed of in a deep repository. Selection of candidate disposal sites in two rock types, 
crystalline and sedimentary, began in 1985. An underground laboratory will be constructed in 
each rock type. Operation of a disposal facility is scheduled to begin between 2030 and 2045. 

C.7 NETHERLANDS 

Radioactive waste management in the Netherlands is the responsibility of the Central 
Organization for Radioactive Waste (COVRA), a joint venture between the major radioactive 
waste producers and the government. The State has the right of veto over all major decisions. 
Funding for COVRA’s activities is provided by the waste producers. 
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Used fuel from power reactors in the Netherlands is reprocessed in France and the United 
Kingdom, and the solidified reprocessing waste will be returned to the Netherlands by the year 
2000 and placed in an interim storage facility. The government has not opted for a permanent 
method of disposal. Its position is that a facility for long-term storage of solidified reprocessing 
waste must be created. The facility must be isolated as well as possible and there must be every 
opportunity for human intervention in order to cany out control activities. The waste must not 
only be retrievable, but the entire process of storage must in principle be reversible. Although 
future generations will have to care for the waste, it is the government’s position that any 
drawbacks this might entail in terms of time and money will be outweighed by the importance of 
the ability to intervene, redesignate, and relocate. 

C.8 SPAIN 

The National Waste Management Company (ENRESA) is responsible for radioactive waste 
management in Spain. ENRESA is a limited-liability company owned jointly by the 
Technological, Energy and Environmental Research Centre (CIEMAT) and the National Institute 
of Industry (INI), both of which are public institutions. The cost of managing nuclear fuel waste 
is borne by the waste producers. 

Most of the used fuel from the power reactors in Spain will be stored at the reactor sites or at a 
central facility for about 40 years before disposal. The remainder, which is from a reactor that 
has been shut down, is sent to France for reprocessing, and the solidified reprocessing waste will 
be returned to Spain. The plan is to dispose of both the used fuel and the solidified reprocessing 
waste in a deep repository. ENRESA is conducting screening investigations to identify 
potentially suitable areas for siting a disposal facility in three geological media (granite, salt, and 
clay). Engineering conceptual designs for repositories in the three media are being developed as 
well. The disposal facility is tentatively scheduled to begin operation by 2020. Transportation of 
used fuel is mainly by rail. 

C.9 SWEDEN 

The reactor owners in Sweden are responsible for radioactive waste management, including all 
costs. An independent government agency controls the funds contributed by the utilities for 
waste management. The utilities set up the Swedish Nuclear Fuel and Waste Management 
Company (SKB) to perform research and to handle, transport, store, and dispose of all 
radioactive waste from the power plants. SKB is jointly owned by the four utilities: Swedish 
State Power Board (36%), Forsmark (35%), OKG (22%), and Sydsvenska (12%). Each utility 
has a representative on the board of directors, which also includes a union representative. The 
Swedish State Power Board provided the chairman in 1990. 

In Sweden, the used fuel from power reactors is transported by ship to a central underground 
facility (CLAB). After about 40 years of storage, the used fuel will be disposed of deep in 
crystalline rock: granite or gneiss. The disposal concept is based on the excavation of tunnels at 
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a depth of several hundred metres and emplacement of disposal containers in clay buffer in 
boreholes along the centreline of the tunnel floor. A concept involving disposal in copper 
containers at a depth of about 500 m was developed, assessed (SKBFKBS 1983), and 
subsequently approved by the government as acceptable with regard to safety and radiological 
protection (Nilsson and Carlsson 1985). 

Geological investigations have been conducted at more than 10 sites since 1977. At an 
abandoned iron ore mine in Stripa, underground research in granite was conducted from 1980 
through 1991 (the International Stripa Project). An international team of scientists performed 
disposal-related studies under the auspices of the OECD/NEA. Near Oskarshamn, construction 
of an underground laboratory, the Hard Rock Laboratory, began in 1990. It will be constructed 
at repository depth to perform geoscience investigations. 

Two candidate sites for a deep repository will be chosen in the mid-l990s, and demonstration 
disposal in a repository is scheduled to start around 2010. SKB is planning to construct a pilot- 
scale plant at CLAB to manufacture and load disposal containers by the mid-1990s. 

C.10 SWITZERLAND 

The nuclear power utilities are responsible for the reprocessing of used fuel, interim storage, and 
transportation. The National Cooperative for the Disposal of Radioactive Waste (Nagra), formed 
by five utilities and the government, is currently responsible for disposal and all related work. 
The utilities include the cost of waste disposal in the rates charged for electricity, and each year 
they set aside financial reserves for disposal. 

The used fuel from power reactors in Switzerland is currently reprocessed in France or the 
United Kingdom, and the solidified reprocessing waste will be returned to Switzerland. 
Radioactive material is transported by road or rail. The plan is to keep the reprocessing waste 
and used fuel in central interim storage for at least 40 years. The option of disposal abroad, 
within a framework of international co-operation, is being kept open. Disposal of both long- 
lived reprocessing waste and used fuel in a deep repository in Switzerland is also being studied. 

In 1985 a study (Project Gew&r) was submitted to the government to demonstrate that safe 
management and final disposal of radioactive waste could be accomplished. An engineering 
conceptual design was developed for a system of mined tunnels and silos at a depth of around 
1200 m in the crystalline bedrock in northern Switzerland. The study concluded that final 
disposal could be accomplished (Issler and McCombie 1985). 

An extensive research program has been conducted since 1984 in granitic rock in an underground 
laboratory at Grimsel. Both crystalline and sedimentary formations (clays) will be investigated 
until 2000, at which time the plan is to demonstrate siting feasibility in at least one of these 
formations. 

NUCLEAR FUEL WASTE MANAGEMENT IN COUNTRIES OTHER THAN CANADA 



- 428 - 

C.l l  UNITED KINGDOM 

In the United Kingdom, nuclear energy is generated by two utilities, Nuclear Electric plc and 
Scottish Nuclear Ltd. Nuclear Electric plc has signed contracts for the reprocessing of its used 
fuel by British Nuclear Fuels Limited (BNFL) at its plant at Sellafield. BNFL is responsible for 
storing the resultant vitrified high-level waste for up to 50 years, after which the government can 
decide whether to continue storing it or to dispose of it deep underground. Scottish Nuclear Ltd 
has decided to build dry storage facilities for its used fuel, in order to give it the long-term option 
of either reprocessing or direct disposal. Both utilities include the cost of disposal in the rates 
charged for electricity, on the assumption that a deep repository for the disposal of nuclear fuel 
waste will be constructed in 2080. As yet, no organization has been charged with the 
responsibility for disposing of nuclear fuel waste. Used fuel has been transported safely by road 
and rail to Sellafield for many years. 

BNFL also reprocesses used fuel from overseas, but will return the resulting waste to the country 
of origin. 

BNFL, Nuclear Electric plc, Scottish Nuclear Ltd, and the United Kingdom Atomic Energy 
Authority, with the support of the government, set up United Kingdom Nirex Limited to provide 
and manage a facility for disposal of intermediate-level waste. Nirex is currently characterizing a 
potential location near Sellafield. The next steps are the construction of an underground 
laboratory and its subsequent development into a national deep repository, if the site is deemed 
satisfactory. First waste emplacement is expected by the year 2010. 

C.12 UNITED STATES 

The disposal of the used fuel in the United States is the responsibility of the U.S. Department of 
Energy through the Office of Civilian Radioactive Waste Management. This office is 
responsible for developing and implementing the waste management system, from transportation 
to construction and operation of the repository (but not for waste management at the reactors, 
which is the responsibility of the utilities). The nuclear power utilities contribute to a nuclear 
waste fund that is used to pay for all aspects of waste disposal. 

The used fuel from power reactors in the United States will be disposed of in a deep repository. 
A site for characterization has been selected at Yucca Mountain, Nevada. The site is in tuff, a 
dense form of welded volcanic ash. If the site is determined to be suitable, disposal is scheduled 
to begin around 2010. The U.S. Department of Energy has proposed constructing a Monitored 
Retrievable Storage facility to serve as a central storage and treatment facility for used fuel 
before the used fuel is shipped to the repository. Used fuel will be transported from reactors by 
truck or by a raiybarge system and from a Monitored Retrievable Storage facility by rail. 
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INTERNATIONAL ATOh4IC ENERGY AGENCY (IAEA) 

The IAEA, a United Nations agency based in Vienna, Austria, has 113 member states. The 
IAEA is the principal international organization dealing with all peaceful uses of atomic energy. 
The IAEA develops safety standards, guidelines, and recommendations, and provides technical 
guidance to member states regarding radiological protection. Governments use the IAEA safety 
standards, guidelines, and recommendations when developing their legislation, regulatory 
documents, and guidelines. Through its Waste Management Section, the IAEA provides 
assistance in establishing and reviewing radioactive waste management programs for its member 
states. The IAEA's Radioactive Waste Safety Standards (RADWASS) Programme contributes 
to establishing and promoting the basic safety philosophy for radioactive waste management and 
the steps necessary to ensure its implementation. 

The IAEA (1989a) has published "Safety Principles and Technical Criteria for the Underground 
Disposal of High Level Radioactive Wastes," which sets out the following two objectives for 
disposal: 

to isolate high level wastes from the human environment over long time-scales without 
relying on future generations to maintain the integrity of the disposal system, or imposing 
upon them significant constraints due to the existence of the repository 
(RESPONSIBILITY TO FUTURE GENERATIONS); and 

to ensure the long term radiological protection of humans and the environment in 
accordance with current internationally agreed radiation protection principles 
(RADIOLOGICAL SAFETY). 

. 

The IAEA is responsible for conducting safeguards activities, including on-site inspections, to 
ensure that safeguarded nuclear material is not diverted to non-peaceful purposes. The IAEA 
(1 97 1) defines safeguards as measures for "the timely detection of diversion of significant 
quantities of nuclear material from peaceful nuclear activities to the manufacture of nuclear 
weapons or of other nuclear explosive devices or for purposes unknown, and deterrence of such 
diversion by the risk of early detection." Although the IAEA has not yet developed a model 
safeguards approach specifically applicable to a disposal facility, it has initiated a program to do 
so. 

The IAEA (1989b) has recommended physical security measures for nuclear materials to protect 
against theft or sabotage that could endanger public health. 

NUCLEAR ENERGY AGENCY OF THE ORGANISATION FOR ECONOMIC 
CO-OPERATION AND DEVELOPMENT (OECD/NEA) 

The OECD/NEA, based in Paris, France, has a variety of waste management programs involving 
its 23 member states. It works closely with the IAEA on nuclear safety standards and other 
technical activities. 
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The OECD/NEA established the following objectives for radioactive waste management 
(OECD/NEA 1977): 

(a) to comply with radiological protection principles for present and future generations; 

(b) to preserve the quality of the natural environment; 

(c) to avoid pre-empting present or future exploitation of natural resources; 

(d) to minimize any impact on future generations to the extent practicable. 

INTERNATIONAL COMMlSSION ON RADIOLOGICAL PROTECTION (ICRP) 

The ICW, based in London, England, is an independent organization that issues 
recommendations for protection against all sources of radiation. These recommendations are 
used by the IAEA when developing its safety standards, guidelines, and recommendations. They 
are also used by governments when developing their legislation, regulatory documents, and 
guidelines. 

UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF ATOMIC 
RADIATION (UNSCEAR) 

UNSCEAR, based in Vienna, Austria, studies the radiological effects of nuclear power, including 
radioactive waste. As stated by UNSCEAR (1988), 

Throughout the thirty-three years of its existence, the Committee has assertively attempted to 
provide the best possible estimates of (a) doses received by the world’s population in the 
past, and expected to be received in the future, from various natural and man-made sources of 
radiation, and (b) risks of induction of various types of harm by radiation, both in the short 
term and the long term, by individuals directly receiving such doses or by their descendents 
over many generations. 

COMMISSION OF THE EUROPEAN COMMUNITIES 

The Commission of European Communities, based in Brussels, Belgium, supports research and 
development projects, sponsors international symposia, and provides training opportunities. It 
also works closely with the IAEA in radioactive waste management areas. 

INTERNATIONAL LABOUR ORGANIS ATION 

The International Labour Organisation, based in Geneva, Switzerland, undertakes activities 
related to radiological protection of workers and radiological occupational hazards. 

INTERNATIONAL MARITIME ORGANIZATION 

The International Maritime Organization, based in London, England, has responsibility for the 
London Dumping Convention, which provides for international control of all sources of pollution 
of the marine environment, including radioactive wastes. 
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UNITED NATIONS ENVIRONMENT PROGRAMME 

The United Nations Environment Programme, based in Nairobi, Kenya, promotes greater 
understanding and awareness of environmental problems. It supports the IAEA’s International 
Laboratory of Marine Radioactivity in Monaco, which conducts oceanographic studies and 
supports research on the effects of radioactivity in the seas. 

UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZATION 
(UNESCO) 

UNESCO, based in Paris, France, supports scientific and technical research in many fields, 
including the work of the International Laboratory of Marine Radioactivity in Monaco. 

WORLD HEALTH ORGANIZATION (WHO) 

The WHO, based in Geneva, Switzerland, conducts research and training programs and technical 
co-operation activities relating to radioactive wastes. It provides advice and guidance to the 
IAEA regarding nuclear safety standards and radiological protection. 

COUNCIL FOR MUTUAL ECONOMIC ASSISTANCE 

The Council for Mutual Economic Assistance, based in Moscow, Russia, organizes and supports 
research and development for its member countries and co-operates with the IAEA in the 
exchange of technical information in waste management activities. 

INTERNATIONAL UNION OF RADIOECOLOGISTS 

The International Union of Radioecologists, based in Belgium, has worked with the IAEA on 
topics such as environmental assessment and has co-organized seminars on radioactive waste 
management. 
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APPENDIX E 

CHEMICAL SYMBOLS AND THE 
ELEMENTS THEY REPRESENT 

Symbol Element Atomic Number 

Ac 

A1 
Am 
Ar 
As 
At 
Au 
B 
Ba 
Be 
Bi 
Bk 
Br 
C 
Ca 
Cd 
Ce 
Cf 
C1 
Cm 
c o  
Cr 
c s  
c u  
DY 
Er 
Es 
Eu 
F 
Fe 
Fm 
Fr 
Ga 
Gd 
Ge 
H 
He 
Hf 
Hg 

Ag 
Actinium 
Silver 
Aluminum 
Americium 
Argon 
Arsenic 
Astatine 
Gold 
Boron 
Barium 
Beryllium 
Bismuth 
Berkelium 
Bromine 
Carbon 
Calcium 
Cadmium 
Cerium 
Californium 
Chlorine 
Curium 
Cobalt 
Chromium 
Cesium 
Copper 
Dysprosium 
Erbium 
Einsteinium 
Europium 
Fluorine 
Iron 
Fermium 
Francium 
Gallium 
Gadolinium 
Germanium 
Hydrogen 
Helium 
Hafnium 
Mercury 

89 
47 
13 
95 
18 
33 
85 
79 

5 
56 
4 

83 
97 
35 
6 

20 
48 
58 
98 
17 
96 
27 
24 
55 
29 
66 
68 
99 
63 
9 

26 
100 
87 
31 
64 
32 

1 
2 

72 
80 
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Symbol Element Atomic Number 

Ho 
I 
In 
Ir 
K 
Kr 
La 
Li 
Lr 
Lu 
Md 

Mn 
Mo 
N 
Na 
Nb 
Nd 
Ne 
Ni 
No 

0 
os 
P 
Pa 
Pb 
Pd 
Pm 
Po 
Pr 
Pt 
Pu 
Ra 
Rb 
Re 
Rh 
Rn 
Ru 
S 
Sb 
s c  
Se 

Mg 

NP 

Holmium 
Iodine 
Indium 
Iridium 
Potassium 

Lanthanum 
Lithium 
Lawrencium 
Lutetium 
Mendelevium 
Magnesium 
Manganese 
Molybdenum 
Nitrogen 
Sodium 
Niobium 
Neodymium 
Neon 
Nickel 
Nobelium 
Neptunium 
Oxygen 
Osmium 
Phosphorus 
Protactinium 
Lead 
Palladium 
Promethium 
Polonium 
Praseodymium 
Platinum 
Plutonium 
Radium 
Rubidium 
Rhenium 
Rhodium 
Radon 
Ruthenium 
Sulphur 
Antimony 
Scandium 
Selenium 

I(rYpt0n 

67 
53 
49 
77 
19 
36 
57 

3 
103 
71 

101 
12 
25 
42 
7 

11 
41 
60 
10 
28 

102 
93 

8 
76 
15 
91 
82 
46 
61 
84 
59 
78 
94 
88 
37 
75 
45 
86 
44 
16 
51 
21 
34 

continued ... 
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APPENDIX E (concluded) 

Symbol Element Atomic Number 

Si 
Sm 
Sn 
Sr 
Ta 
Tb 
Tc 
Te 
Th 
Ti 
T1 
Tm 
U 
V 
w 
Xe 
Y 
Yb 
Zn 
Zr 

Silicon 
Samarium 
Tin 
Strontium 
Tantalum 
Terbium 
Technetium 
Tellurium 
Thorium 
Titanium 
Thallium 
Thulium 
Uranium 
Vanadium 
Tungsten 
Xenon 
Yttrium 
Ytterbium 
Zinc 
Zirconium 

14 
62 
50 
38 
73 
65 
43 
52 
90 
22 
81 
69 
92 
23 
74 
54 
39 
70 
30 
40 
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APPENDIX F 

RADIONUCLIDES IN THE USED FUEL SPECIFIED FOR THE CASE STUDIES' 

Nuclide Half-Life Origin2 Location Mass3 Ac tivity4 Phase' 
(a> in Bundle (g/(kg u>> (Bq/(kg u>> 

3H 

"Be 

l4c 

3 2 ~ i  

32P 

39Ar 
@K 
4 1 ~ a  
55Fe 

6oco 

"Ni 

63Ni 

7 9 ~ e  
8'Kr 
8% 
87Rb 
9 0 ~ r  
W Y  
9 3 ~ r  

93mm 

94Nb 
9 3 ~ ~  

99Tc 

1.24 x 10' 

1.60 x lo6 

5.73 x io3 

4.50 x lo2 

3.91 x 

2.69 x I d  
1.28 io9 
1.40 x 105 
2.73 

5.27 

7.50 x io4 

9.6 x 10' 

6.50 104 
2.10 x 105 
1.07 x 10' 
4.70 x 10" 
2.91 x 10' 
7.30 x l o 3  
1.53 x lo6 

1.36 x 10' 

2.03 x io4 
3.50 io3 

2.13 105 

F 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
F 
F 
F 
F 
F 
F 
F 
A 
A 
F 
A 
A 
A 
A 
A 
F 
A 
A 

Pellets 
Pellets 

Pellets 
ZABC 
Pellets 
ZABC 
Pellets 
ZABC 
Pellets 
ZABC 
Pellets 
Pellets 
Pellets 
Pellets 
ZABC 
Pellets 
ZABC 
Pellets 
ZABC 
Pellets 
ZABC 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
ZABC 
Pellets 
Pellets 
ZABC 
ZABC 
Pellets 
ZABC 
Pellets 
Pellets 
ZABC 

ZABC~ 

8.27 x 
4.49 x 1o'O 
9.73 x lo-'' 
8.54 x 10-9 

4.58 10-5 

1.25 1 0 - l ~  

1.48 10-17 

5.39 105 

1.67 x lo9  
2.58 x lo4  

4.86 x loi3 

5.76 x 

7.91 x lo9 
8.86 x lo6 

2.36 x lo6  

5.85 x lo8 
6.41 x lo5  

6.04 x l o5  
3.71 x lo5  
1.09 x lo5  

7.00 x lo6  

2.10 x 10-4 

1.29 
5.45 109 

5.49 x 10-2 
1.02 x lo-' 
2.55 x lo5 
1.68 x lo-' 
4.07 x 
1.81 x l o2  
5.82 x lo7  
2.39 x 10" 
6.28 x lo8 

1.51 x lo' 
2.33 x lo7 
2.05 x 10.' 
1.68 x lo6  
2.60 x l o 6  

3.13 x lo3  

5.98 x 10-5 

2.96 x io9 
1.60 x 105 
3.47 x 104 

4.26 107 
7.55 x lo6 

7.07 
1.38 

6.11 x 10'' 
1.56 x lo-' 
6.11 x lo-' 
1.56 x lo-' 

2.29 
9.99 103 

1.69 x 105 
2.10 x 108 

2.68 io9 
6.25 x 105 

8.25 io7 
2.38 107 
3.33 x 106 
4.26 
4.55 x 10'0 
1.78 x lo2 
5.14 x 10" 
5.14 x 10" 

3.77 x 
1.68 x lo6 
6.11 x lo6 

6.22 x lo8 
2.45 x lo6 

1.80 x 16 

1.56 x 107 

2.50 x io3 
6.58 10' 
4.15 x 105 
6.14 103 
9.50 103 

1.05 x io3 
1.63 io3 

1.28 x lo8 

Both 
Both 
Pos 
Pos 
Pos 
Both 
Both 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pre 
Pre 
Pre 
Pre 
Both 
Both 
Both 
Both 
Pos 
Pos 
Both 
Pos 
Both 
Both 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Both 
Pos 
Pos 
Pos 
Pos 
Pos 

continued.. . 
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APPENDIX F (continued) 

Nuclide Half-Life Origin2 Location Mass3 Activity4 Phase' 
(a) in Bundle U)) (BqNkg U)) 

'%Ru 
Io7Pd 

I '3rnCd 
I2%n 
'"Sb 

I2%b 
IZmTe 

1291 

'34cs 
I 3 V s  
'37cs 
'*Ce 
' 4 7 ~ r n  
'54Eu 

ls5Eu 

182Hf 
Is2Ta 
ls7Re 
205Pb 
' lqb 
2 0 8 ~ i  
210Bi 
21hBi 
2 9 0  
2 2 2 b  

223Ra 
224Ra 
2"Ra 
"'Ra 
228Ra 
225Ac 
227Ac 

2Bl-h 
229h 
230Th 

u2n 

2 2 7 n  

23Im 

1.02 
6 . 5 0 ~  lo6 
1.36 x 10' 

2.77 

3.40 x 
1.59 x 10-I 

l .00x 1 6  

1.57 x 10' 
2.07 
2.30 x lo6 
3 . 0 2 ~  10' 
7.80 x lo-' 
2.62 
8.59 

4.7 1 

9.00 x io6 

5.00 x 1o1O 
1.43 x 107 

3.15 x lo-' 

2.23 x 10' 
3.68 x Id 
1.37 x 
3.00 x 106 
3.79 x 10-1 

1.00 x 10-2 

1.05 x 
3.13 x 

4.05 x 
1 . 6 0 ~  ld 
5.75 
2 . 7 4 ~  
2.18 x 10' 
5.12 x 
1.91 
7.34 x 103 
7.70 x 104 
2.91 x 
1.41 x 10" 

F 
F 
F 
F 
F 
A 
F 
F 
A 
F 
F 
F 
F 
F 
F 
F 
A 
F 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
ZABC 
Pellets 
Pellets 
ZABC 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
ZABC 
ZABC 
ZABC 
ZABC 
Pellets 
ZABC 
Pellets 
ZABC 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 

6.74 x 
5.43 x 102 
1.97 105 
4 . 9 4 ~  i o 3  
2.33 x l o 4  
1.39 x l o 5  
2.35 x 10" 
3.26 x 
1.96 x l o 7  
4.48 x l o 2  

2.37 x l o 2  
2.39 x lo-' 
2.42 x l o 5  

1.86 x l o 3  

4.06 x 104 

5.88 103 

6.24 x 
4.59 104 
9.46 x 10'O 
3.94 x 106 
1.79 x 1 0 - l ~  
5.03 x 10 '~  
4.70 x 
7.79 1 0 1 4  
2.02 x 10" 
4.80 x 1 0 - l ~  

1.32 x 1045 

5.47 x 1 0 - l ~  
4.59 x 1012 
4.00 x 1 0 - l ~  
5.94 x 10"  
4.00 1017 

3.02 x 10" 

3.82 x 1016 

2.71 x 
3.87 x 1012 
8.99 x 1015 
8.91 x lo-'' 
7.38 x lo"* 
1.27 x l o 6  
8.19 x 
2.32 x 10-7 

8.36 x io9 
1.03 x lo6 
1.70 x lo8 
5.18 x lo6 
8.92 x io9 
5.33 x lo8 

2.18 x io9 
7.25 x 1 6  

1.30 x 10' 
2.93 x 1 6  
1.94 x 10" 
1.01 x lo6 
7.66 x 10" 
2.86 io9 
2.02 x l o l l  

6.25 x io4 
7.88 x io9 
1.63 x io4 

1.86 x 10" 

3.18 x 10' 
4.13 x 10' 
7.10 x 10' 
2.02 
2.20 x lo-' 
3.48 x 10-~  
2.20 x 10' 
6.35 
2.20 x 10-1 

2.70 x io4 

2.18 
1.04 x 10' 

5.81 x lo-' 
2.18 
4.03 x l o 4  
5.81 x l o 2  
1.04 x 10' 
1.02 x 10' 
2.70 x 104 

9.47 x 102 

9.40 x 10-4 

5.81 x l o 2  

1.61 x ld 

Pre 
Pos 
Pos 
Pos 
Both 
Both 
Pos 
Both 
Both 
Both 
Pre 
Pos 
h e  
Pre 
Pre 
Pre 
Pre 
Pre 
Pre 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
Pos 
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APPENDIX F (concluded) 

Nuclide Half-Life Origin2 Location Mass3 Activity4 Phase' 
(a) in Bundle (g/(kg U)) (Bq/(kg v)) 

~ 

23 '?h  
2 3 ' ~ a  
2 3 3 ~ a  
232u 

2 3 3 u  
234u 

235u 
236u 

2 3 8 ~  

238pu 

239% 

241pu 
242% 

2 4 1 b  

2 4 2 m ~ ~  

237Np 

240Pu 

244Cm 

6.60 x 

7.39 x 
7.20 x 10' 

3.28 x 104 

1.59 105 
2.4s x 105 

2.34x 107 
4.47 x io9 

2.41 x io4 
6.54 x io3 

3.76 105; 

1.81 x 10' 

7.04 x lo8 

2 . 1 4 ~  lo6 
8.77 x 10' 

1.44 x 10' 

4.32 x lo2 
1.41 x lo2 

A 
A 
A 
A 
A 
0 
0 
A 
0 
A 
A 
A 
A 
A 
A 
A 
A 
A 

Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 
Pellets 

1.43 x 
3.07 x 

3.83 x 

4.31 x l o2  
2.02 
7.68 x lo-' 
9.85 x lo2 
3.88 x lo-* 

2.76 
1.03 
1.43 x 10 '  
6.06 x l o 2  
8.72 x 

1.32 x 10-9 

2.16 x 10-7 

4.80 x 

2.24 x 10-5 
1.49 x 10-4 

1.22 107 
5.37 x 10' 
1.01 x lo6 
3.03 x 104 
7.73 x 10' 
9.95 x lo6 
1.61 105 

1.22 x 107 
1.01 x 106 
3.04 x io9 
6.36 io9 
8.70 io9 
5.37 x 10" 
8.81 x 106 
1.11 x 1o1O 

1.84 x lo6 

8.07 x lo6 
4.48 x lo8 

Pos 
Pos 
Pos 
Pos 
Pos 
Both 
Pos 
Pos 
Both 
Pos 
Both 
Both 
Both 
Both 
Pos 
Both 
Pre 
Pre 

1 List derived from Tait et al. (1989), as described in R-Preclosure (for the preclosure phase) and R-Postclosure 
(for the postclosure phase). Out-of-reactor time = 10 years. 

2 Origin: Original uranium, Fission, or Activation. 

3 Mass of the radionuclide in the used-fuel bundle per kilogram of uranium in the unirradiated bundle. 

4 Activity of the radionuclide in the used-fuel bundle per kilogram of uranium in the unirradiated bundle. 

5 

6 

Phase for which effects were assessed: &closure, Postclosure, or Both. 

ZABC: Zirconium alloy bundle components. 
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A disposal vault would be excavated using the room-and-pillar method; that is, tunnels and 
rooms would be excavated, and the rock remaining between adjacent excavations would act as a 
pillar (Figure 4-8 in this report, p. 115). Rooms and tunnels could be excavated on one or more 
levels reached from the surface by shafts. The room-and-pillar method is a well-established 
method 'of underground excavation that has been widely used internationally. Its application for 
nuclear fuel waste disposal is being studied by the United States, Finland, Japan, Sweden, 
Switzerland, and the Commission of European Communities (R-Facility). 

Since the mid-l970s, several engineering conceptual designs for a disposal vault based on the 
room-and-pillar approach have been evaluated. We use the term "engineering conceptual 
design" to mean a design that contains only the elements necessary to understand important 
aspects of the project, including feasibility and potential environmental effects; it is not 
sufficiently detailed to begin construction. 

We have evaluated various thermal-mechanical effects for several options within the room-and- 
pillar approach. These options include 

single-level vaults with disposal depths of 500 or 1000 m; multilevel vaults with disposal 
depths of 500 and 1000 m, and in some cases also 750 m; and long-hole emplacement 
between the 500-m and 1000-m levels, that is, placement of a number of containers of waste 
in long boreholes extending between the two levels; 
disposal in granite or gabbro; 

emplacement of containers of waste within a disposal room or in emplacement boreholes 
extending from the floor or walls of the room; 
disposal of used fuel or of solidified high-level waste from reprocessing; 

emplacement of containers with and without buffer; 

a range of vault capacities; and 

container spacings that would result in a range of initial thermal loads. 

The options evaluated are summarized in Table G-1 , which also lists the report in which each 
study is documented. 

For the near-field analyses, the engineering conceptual designs listed in Table G-1 were 
evaluated on the basis of the following thermal-mechanical specifications: 

A minimum average strength-to-stress ratio of 2 was specified for structural elements of the 
rock mass, such as the pillars between rooms and any rock between adjacent containers. 
As new information has been obtained in the Nuclear Fuel Waste Management Program, the 
limiting buffer and backfill temperatures have changed from 100 C averaged over the volume 
of material to 100 O C  immediately adjacent to the container, to ensure suitable buffer 
properties. Thus the maximum temperature specified for the outer skin of the container was 
reduced from 150 C to 100 O C. 
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TABLE G-1 

ROOM-AND-PILLAR ENGINEERING CONCEPTUAL DESIGNS EVALUATED 

Disposal Rock Emplace- Waste Buffed Vault Initial Typeof Reference 
Depth Type merit Type2 Back131 Capacity "hemal ~ n a ~ y s i s ~  
(m) Method' M 3 U )  Load 

lo00 Granite In-room UF YeslYes 334000 14.2W/m2 N&F Acres et al. 1980a 

1000 Gabbro In-room UF Yedyes 334000 11.0W/m2 N&F Acres et al. 1980a 

lo00 Granite In-floor SHWR NolYes 247096 21.2 W/m2 NBF Acres et al. 1980b 

lo00 Gabbro In-floor SHWR No/Yes 200348 17.2 W/m2 N&F Acres et al. 1980b 

lo00 Granite In-floor SHWR NoIYes 23.6 W/m2 N Tsui and Tsai 1982 

lo00 Granite In-wall SHWR NoIYes 23.6 W/m2 N Tsui and Tsai 1982 

50081OOO Granite In-room UF YeslYes 334000 F Acres and RUSPEC 1985 

500&1000 Gabbro 

500&750&1oM3 Granite 

500&750& lo00 Gabbro 

500- I 000 Granite 

500-1OOo Gabbro 

500-1000 Granite 

500-1000 Gabbro 

1000 Granite 

500 Granite 

In-room 

In-floor 

In-floor 

In-longhole 

In-longhole 

In-longhole 

In-longhole 

In-floor 

In-floor 

UF YeslYes 

SHWR NdYes 

SHWR NolYes 

UF YesrYes 

UF YedYes 

SHWR Y e f l e s  

SHWR YedYes 

UF YedYes 

UF YedYes 

334 000 

247 096 

m 348 

334 ooa 
334 000 

247 096 

200 348 

191 133 

191 133 

7.3 Wlm2 

22.9-21.1 W/m2 

18.8-17.2 W/m2 

0.06 w/m3 

0.04 W/m3 

0. I 4 w/m3 

0. I3 W/m3 

10.4 W/m2 

10.4 w/m2 

F 

N&F 

N&F 

F 

F 

F 

F 

N&F 

N 

Acres and W S P E C  I985 

Acres and RWSPEC 1985 

Acres and RUSPEC 1985 

Acres 1993 

Acres 1993 

Acres 1993 

Acres 1993 

R-Facility 

R-Facility 

1 Emplacement methods are. defined below and are shown in Figure 4-9 in this report @. 118). 
In-room: within a disposal room 
In-floor: in short boreholes in the floor of a disposal room 
In-wall: in short boreholes extending horizontally from the disposal mom into the rock pillar 
In-longhole: in long boreholes extending between disposal rooms on two levels 

2 UF: used fuel 
SHWR: solidified high-level waste from reprocessing 

3 N: near-field thermal-mechanical analysis 
F far-field thermal-mechanical analysis 
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For the far-field analyses, the engineering conceptual designs listed in Table G-1 were evaluated 
on the basis of the following thermal-mechanical specification: 

The maximum depth for the layer of rock immediately below the earth’s surface in which 
thermal expansion might cause an increase in the aperture of existing fractures (called the 
near-surface extension zone) was specified as 100 m. 

For each engineering conceptual design, we analyzed the perturbations caused by the heating of 
the rock by the waste. For these analyses we used two-dimensional and three-dimensional 
numerical and analytical computer codes, which are discussed in R-Facility. Many of the 
assumptions were pessimistic; that is, they tend to overestimate the adverse effects. Following 
are examples of such assumptions: 

. 

The thermal conductivities assumed for the studies are slightly lower than the measured 
thermal conductivities for rock types in the Canadian Shield. Thus the container spacing used 
in the studies was greater than if the measured conductivities were used. 

For the 2-D analyses, the vault was assumed to be infinite in one horizontal direction, which is 
very pessimistic. For the 3-D analyses, the vault was assumed to be square or rectangular, 
with no intersecting fracture zones; these configurations provide a more concentrated heat 
source and yield higher temperatures in the disposal system components than would 
configurations for a vault that was segmented because of intersecting fracture zones. 

The used fuel was assumed to have been out of the reactor for only 10 years, although it is 
likely that at an actual disposal facility the average cooling time would be greater. This 
assumption provides a more intense heat source and higher temperatures in the disposal 
system components than would be expected at an actual disposal facility. 

In a room-and-pillar excavation, the amount of structural support provided by the pillars is 
related to the extraction ratio, which is the ratio of room width to distance between centrelines of 
adjacent rooms, if the rooms are regularly spaced. In most of our studies, we assumed an 
extraction ratio of about 0.25. 

For vault temperature calculations, the average burnup of 685 GJ/(kg U) was used, because 
container peak temperatures are strongly influenced by the thermal contributions from many 
containers (those within a 100-m radius). 

The in situ stresses assumed for the most recent vault analyses (R-Facility) were in the range of 
values compiled by Herget (1987) for the Canadian Shield. Earlier studies were based on an 
earlier compilation (Herget 1980), and they were assumed to be applied uniformly to the rock 
mass. Current information on the rock mass at the Underground Research Laboratory (Martin 
1990) indicates that, at a given depth, some plutonic rock sites on the Shield may have higher 
horizontal stresses than those assumed in the studies to date. 

The construction and operating methods assumed in these studies are based on available or 
readily achievable technology. 
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The thermal-mechanical analyses to date have treated the rock mass as an isotropic, linear-elastic 
continuum for the most part. Some non-linear behaviour is assumed in analyzing the near- 
surface extension zone. The effects of natural and excavation-induced fractures in the rock mass 
are included as changes in strength of the rock. 

Experience in the Underground Research Laboratory indicates that anisotropy in rock matrix and 
rock mass properties, caused by preferential orientation of microcracks and macrocracks, can be 
expected. An excavation-induced damage zone would develop around excavations in moderately 
to highly stressed, sparsely fractured rock that shows non-elastic behaviour. Although there are 
models for rock mass response that include the anisotropic, non-elastic responses, we have not 
found them to be useful in our analysis. However, rock mass responses away from excavation 
boundaries (in the order of a metre, depending somewhat on excavation size) are adequately 
represented by elastic continuum modelling using appropriate properties. In either situation, a 
sound knowledge of the in situ rock mass properties is required to model the rock responses 
properly. Such knowledge can be obtained from field tests and laboratory analyses. Work is 
continuing at the Underground Research Laboratory to develop detailed rock mass response 
models that would be useful in analyzing the anisotropic, non-linear responses in the excavation- 
induced damage zone (Simmons 1990). 

The most recent thermal-mechanical analyses (R-Facility) were of in-borehole emplacement with 
a spacing of 2.1 m between borehole centres. This design was used for the preclosure and 
postclosure assessment case studies. With the in situ rock stresses assumed at a disposal depth of 
1000 m, this design does not meet the near-field thermal-mechanical specifications for the 
design. With the in situ rock stresses assumed at a disposal depth of 500 m, this design does 
meet those specifications. 

If analyses indicated that specifications would not be met in an actual implementation, both the 
specifications and design would be reviewed. Modifications to the specifications could be 
considered, taking into account the requirements for both preclosure and postclosure 
performance. Modifications to the design could be considered, such as decreasing the disposal 
depth, increasing the borehole spacing, or using in-room rather than in-borehole emplacement. 

The thermal-mechanical analysis of a disposal vault is discussed in detail in R-Facility. 

If the disposal concept were implemented, a site-specific vault design would be developed. 
Several factors would be considered, including the hydrogeological conditions, the in situ stress, 
the effects of heat and excavation on the rock, the seismic hazard, the thermal constraints 
imposed by the vault seals and containers, and the amount of waste requiring disposal 
(Section 4.4.1 of this report). The vault design would be optimized on the basis of safety and 
socio-economic considerations, taking into account the specific features of the site. Safety 
considerations would include potential contaminant release, stability of excavated openings, and 
materials handling. To take into account the parameter variability throughout the rock volumes 
and the quality of data available, pessimistic assumptions would be used when designing the 
disposal vault and assessing its performance. The need for conservatism in design would 
diminish as the knowledge of the conditions at the site increased. 
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The term "risk" has a variety of meanings in popular usage. The Atomic Energy Control Board 
(AECB) and regulatory agencies in other countries have defined a measure of the effect of 
radiation called "radiological risk." As used by the AECB in its Regulatory Document R-104 
(AECB 1987, Appendix B), radiological risk is the probability that a health effect (a fatal cancer 
or serious genetic effect) will occur to an individual or to his or her descendants. Any definition 
of risk is made with the knowledge that no single measure of risk will satisfy every person's 
concern (Kaplan and Garrick 1981). The definition above has the advantages of being 
quantitative and of providing an unambiguous prescription for estimating risk. When speaking 
of radiological risk in this Environmental Impact Statement, our usage is consistent with that of 
the AECB. 

In R-104, the AECB requires that the predicted radiological risk from a waste disposal facility 
shall not exceed 
controls as a safety feature. R-104 specifies that risk is to be calculated as 

per year, calculated without taking advantage of long-term institutional 

. . . the sum over all significant scenarios of the products of the probability of the scenario, 
the magnitude of the resultant dose, and the probability of the health effect per unit dose. 

The probability of an event expresses, on a scale from zero to one, how frequently that event is 
expected to occur in a large number of trials representing ostensibly identical situations, or, 
equivalently, how likely it is that the event will occur in a single trial. A probability of zero 
means that an event will not occur, and a probability of one means that an event is certain to 
occur. If the probability of an event is one-half, then in a very large number of trials, we would 
expect to see the event occur in half of them. Another way of expressing the same idea is that 
there is an equal chance that the event will or will not occur. 

Probability enters into the calculation of radiological risk in two principal ways. First, the 
contribution to the risk from each significant scenario is weighted according to the scenario's 
probability of occurrence. Second, exposure to low levels of radiation is not certain to have any 
effect; there is some probability that an effect will occur, and the probability-dose conversion 
factor to be used in calculating risk is specified by the AECB in R-104. 

With the R-104 risk definition and criterion, it is not necessary to make an accurate prediction of 
the risk, but only to show that the estimated total risk falls below the criterion of 
In this regard, it is useful to note that the risk of a scenario is given by 

per year. 

Ri = PidiPh 
= Piphi 

where 
Ri is the risk of scenario i (the probability that an individual or his or her descendents will 

pi is the probability that scenario i will occur, 
di is the dose to an individual of the critical group if scenario i occurs, 
ph is the probability of a health effect per unit dose, and 
Phi is the probability that an individual or his or her descendents will incur a health effect if 

incur a health effect due to scenario i), 

scenario i occurs. 
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Since neither pi nor phi can be greater than 1, scenarios can be ruled out as significant 
contributors to the total risk if either pi or phi is very low (less than for example). 

In R-104, the AECB associates a dose rate of 0.05 mSv/a with the risk criterion of per year; 
that is, the conversion factor Ph is assumed to be 0.02 health effects per sievert. Subsequent to 
the issuance of R-104 in 1987, the International Commission on Radiological Protection (ICW 
1991) revised the recommended factor for converting dose to risk. If we were to apply the 
revised factor to the R-104 risk criterion, we would obtain an associated dose rate of about 
0.01 mSv/a. The dose rate estimated by the system model in the postclosure assessment case 
study is orders of magnitude below both of these associated dose rates. 

The associated dose rate of 0.05 mSv/a is only 1 % of the 5 mSv/a limit for members of the 
public previously recommended by the ICRP (1 977); 5 mSv/a, as explained in a consensus 
opinion of the Health Physics Society (1988), is 

. . . far below the level where specific health effects have been observed for humans. It is not 
known whether any health effects in the general range of those recommended dose limits do 
or do not occur. If they do occur, they occur so infrequently that present scientific methods 
are incapable of detecting them using the best laboratory and epidemiological methods. 

The associated dose rate of 0.05 mSv/a is also far below the dose rate of about 3 mSv/a from 
natural background radiation and of variations in natural background radiation from place to 
place on the earth (Section 2.1.7 of this report). The dose rate from natural sources of radiation 
in hilly areas of the western United States is about 0.7 mSv/a higher than in coastal plains 
(NCRP 1987). People quite rightly do not seem concerned about this higher exposure. 
Moreover, in considering criteria to be met by a dose level that would be below regulatory 
concern, the Health Physics Society stated, "The Society believes that all of these criteria would 
be met by a generic level of approximately 10 to 20 millirem [O. 1 to 0.2 mSv] per year." 

Recent approaches to measuring risks have included the idea of health assessment as a 
component of risk assessment. Concepts such as "quality adjusted life years" or "health paths 
over time" have been introduced to try to give measures of risk in addition to death or reduction 
of life expectancy (Keeny and vonwinterfeldt 1991, Torrance 1986). Health attributes include 
items that affect the quality of life, such as physical disability, physical pain, psychological 
disability (such as psychosis), and psychological pain (such as SOKOW and fear). If regulatory 
agencies establish the relationship between the risk associated with these attributes and some 
measurable or computable quantity, we believe our assessment methodology could be adapted to 
determine the risk on this broader basis. 
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Public involvement in concept implementation would be based on the principles of safety and 
environmental protection, voluntarism, shared decision making, openness, and fairness, which 
are discussed in Section 3.4.2 of this report. In this appendix, we consolidate the information on 
public involvement that is dispersed throughout the discussion of the stages of concept 
implementation in Section 5.1 of this report. Public involvement in concept implementation is 
discussed in more detail in R-Public. 

People throughout the siting regions would be offered information about the plans, procedures, 
and progress of the implementing organization, beginning early in the siting stage and continuing 
thereafter. They would have the opportunity to discuss their views and concerns about disposal 
and their interest in participating in the siting process. During the initial interaction, they would 
be offered the following information: 

the terms of reference of the implementing organization; 

the principles for concept implementation (safety and environmental protection, voluntarism, 
shared decision making, openness, and fairness); 
the opportunities for public participation; 

the features of the disposal concept (including the options available); 

the known characteristics of the Canadian Shield in their vicinity (including the distribution of 
plutonic rock); 
the technical objectives of the implementing organization; 

the exclusion criteria that had been developed (those that had been used to identify the siting 
regions and those proposed to be used in subsequent steps of the siting stage); and 
the roles of various participants in the siting process. 

Only if a community was willing to participate in the siting process as a potential host for the 
disposal facility would it be considered a potential host community. 

A potential host community and the implementing organization would jointly define a 
framework for the involvement of the community in the siting process. The framework would 
include 

methods for exchanging information, 
methods for identifying and resolving the concerns of the community and the implementing 
organization, 
methods for sharing decisions, and 

methods for modifying the framework as required in order to continue to meet local needs and 
preferences as well as the requirements of the implementing organization. 

A potential host community would negotiate with the implementing organization the conditions 
for the community's participation. It could develop exclusion criteria to be applied within the 
area for which the community was a potential host. If processes for ranking potential candidate 
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areas and candidate sites were required, it would participate with the implementing organization 
and other potential host communities in developing the ranking processes. 

A potentially affected community that was not a potential host community would establish with 
the implementing organization a procedure to present its views and have them addressed. 

The views of potential host communities and other potentially affected communities would be 
addressed when 

determining the scope of characterization; 

estimating the potential effects of disposal, evaluating the significance of potential effects, and 
determining how effects would be managed; and 
developing a program for monitoring the effects of disposal. 

A potential host community would negotiate with the implementing organization the conditions 
for the community's binding commitment to host a disposal facility. 

The potential host community that became the host community would increase its participation 
as negotiated with the implementing organization. Participation could be increased through 
community representation on groups such as the disposal facility board of directors and the 
disposal facility safety committee. 

The host community and other potentially affected communities would continue to be offered 
information in the stages following siting. This information would include progress reports, 
safety reports, and monitoring reports. A community would jointly review with the 
implementing organization any environmental effects, and, if necessary, jointly modify the 
programs for monitoring and managing environmental effects. 
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J.l INTRODUCTION 

The investigations involved in characterization are discussed in detail in R-Siting and 
R-Preclosure. In this appendix, we summarize the methods for characterization using pre- 
existing information, reconnaissance studies, detailed studies on the surface and in exploration 
boreholes, and exploratory excavation. We also describe the demonstration of many of the 
methods at AECL’s Underground Research Laboratory. 

J.2 CHARACTERIZATION USING PRE-EXISTING INFORMATION 

An abundance of pre-existing information .would be available for site screening, such as 

satellite and airborne images; 

topographic maps; 

geophysical surveys and geological reports and maps; 

hydrologic and resource inventory maps and reports; 

soils and agricultural data; 

seismic monitoring records; 

inventories of exploration boreholes and domestic water supply wells; 

data on population density; and 

maps of economic infrastructure such as towns, roads, railway lines, power lines, and natural 
gas pipelines. 

The characterization methods that use pre-existing information are summarized in Table J- 1. 

5.3 CHARACTERIZATION USING RECONNAISSANCE STUDIES 

Reconnaissance studies would principally employ traditional methods of field geology, mineral 
exploration, terrain analysis, and environmental analysis. Reconnaissance studies are limited to 
satellite studies, airborne studies, and studies on the surface (Table 5-2). Because a large amount 
of reconnaissance information would have already been obtained during the site screening sub- 
stage, the reconnaissance studies performed at each study area during the site evaluation substage 
might be of relatively short duration, possibly lasting only 1 to 2 years. 

The initial reconnaissance would identify three types of features important for planning further 
investigations of the rock mass: 

features that would be expected to control the hydraulic gradients at the study areas (extensive 
upland recharge areas and major river and lake discharge areas); 
features that might represent the surface expression of major pathways for groundwater flow 
in the rock (major lineaments identified from satellite images, aerial photographs, or geo- 
physical surveys); and 
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TABLE J-1 

CHARACTERIZATION USING PRE-EXISTING INFORMATION 
DURING THE SITE SCREENING SUBSTAGE 

~ 

Method Type of Information Use 

1. Compilation and 
analysis of 
existing data, 
maps, and reports 

2. Air photo and 
satellite image 
analysis 

3. Topographic map 
analysis 

Geological maps, 
reports, and mineral 
exploration records 

Geophysical surveys 
and reports 

Soils and surficial 
geology maps 

Surface water hydrology 
maps and records and 
topographic maps 

Meteorologic data 

Mineral exploration 
records and reports 

Water resource surveys, 
including water supply 
borehole records 

Forestry, wetlands, 
and biological 
distribution maps 

Seismic monitoring 

Historical records and 

records 

census and municipal 
data 

Administrative and 
service maps 

Land claims maps 

Black and white, 
colour, and thermal 
infra-red photographs 
and satellite images 

Topographic maps 

Determine the geological setting, lithological 

Identify large geological structures such as 

Same as above 

distributions, and heterogeneity 

faults or fracture zones 

Determine overburden distribution and 
characteristics 

Identify drainage basins and groundwater 
rechargddischarge areas 

Quantify the potential for groundwater recharge 

Identify mineral resources, rock types, and 
structural features 

Determine shallow groundwater conditions, 
water supply capacity, and groundwater 
chemistry 

rechargddischarge areas 
Identify soil and rock type variations and 

Identify ecosystems 
Estimate environmental sensitivity 

Determine rates of historical seismicity and 

Determine community characteristics, 

seismic hazard 

population density, and demographics 

Identify parks, forest preserves, communities, 
roads, railroads, pipelines, power lines, etc. 

Identify lands requiring special consultation 
with aboriginal people 

Determine rock outcrop and rock types 
Identify lineaments 
Identify vegetation patterns and potential 

Determine IocaVregional to ographic variations 

Identify springs 

groundwater discharge 

Identify drainage basins an B structural control 
on drainage patterns 
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TABLE J-2 

CHARACTERIZATION USING RECONNAISSANCE STUDIES 
DURING THE SITE SCREENING AND SITE EVALUATION SUBSTAGES 

Method Type of Information Use 

1. Air photo and 
satellite image 
analysis 

2. Topographic map 
analysis 

3. Reconnaissance 
geophysical 
surveys 

4. Reconnaissance 
geological 
maPP'ng 

5. Reconnaissance 
hydrological and 
hydrogeological 
surveys 

Black and white, 
colour, and thermal 
infra-red photographs 
and satellite images 

Topographic maps 

Aeromagnetic 
data 

Airborne electromagnetic 
and very low-fre uency 

Airborne radiometric data 

Airborne and surface 
gravity data 

Surface reflection 
seismic data 

Maps of lithology 
at outcrops 

Maps of fractures 
at outcrops 

Maps of fractures 
adjacent to supposed 
structural features 

Petrographic data 
on rock samples and 

fracture infillings 

Drainage, runoff 

P eve1 fluctuations 

electromagnetic 9 ata 

atterns, and water 

Characteristics of 
springs, rock outcrops, 
and surficial deposits 

Determine rock outcrop and rock types 
Identify lineaments 
Identify vegetation patterns and potential 

Determine 1ocaVregional to ographic variations 

on drainage patterns 
Identify springs 

Identify pluton boundaries and depths and 

Identify lineaments 

Estimate lithologic variation and overburden 

Identify lineaments 

Identify pluton boundaries 

Identify pluton boundaries and depths 

groundwater discharge 

Identify drainage basins an B structural control 

structural style of area 

distribution and thickness 

Identify fracture zones in subsurface 

Verify and refine existing geological maps 

Collect data on fracture distribution, 
frequency, orientation, and history 

Determine location, extent, and orientation of 
major faults and fracture zones 

Develop tectonic history of plutonic rock in 
the region 

Define drainage/watershed boundaries, range of 
runoff volumes 

Assess groundwater rechargeldischarge 

Define groundwater flow-system boundaries 
relationships 

continued.. . 
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Method Type of Information Use 

6. Reconnaissance 
geochemical 
surveys 

7. ReCOnnaiSSanCe 
biological 
surveys 

cultural history 
survey 

interaction 

8. Reconnaissance 

9. Community 

Chemistry of surface 
water 

Chemistry of springs 
and groundwater from 
water wells 

Chemistry of soil gas 
(helium and radon) 

Electrical conductance 
of bottom sediments 
and bottom waters and 
chemistry of lake- 
bottom gas discharges 

Plant and animal 
inventories 

Cultural inventory 

Indicators of social and 
cultural vitality, 
economic viability, and 
political efficacy 
(Section 6.1 1.2 of this 
report) 

Estimate runoffigroundwater discharge 
relationships 

Establish baseline 

Estimate relationship between deep and shallow 

Establish baseline 

Identify terrestrial discharge from deep ground- 

Establish baseline 

Locate subaqueous discharge of groundwater 
Establish baseline 

groundwater flow systems 

water flow systems 

C o n f m  existing maps 
Identify ecosystems, unique communities, 

and sensitive species 

Identify heritage sites 
Identify aboriginal burial grounds 
Identify archaeological sites 

Identify community characteristics 

structural features that provide information on the stress distribution or that indicate possible 
anisotropy in the properties of the rock controlling groundwater flow or geomechanical 
responses (preferred orientations in fractures or existence of a visible alignment of grains or 
texture or structure in the rock). 

At the East Bull Lake Research Area, we conducted investigations from 1980 to 1982 that are 
similar to the reconnaissance geotechnical studies that would be carried out during site 
evaluation. This work is described in R-Siting. 

5.4 CHARACTERIZATION USING DETAILED STUDIES ON THE SURFACE AND 
IN EXPLORATION BOREHOLES 

Since 1976 AECL has been developing, assessing, and demonstrating methods for both detailed 
studies on the surface and the drilling, logging, instrumentation, testing, and sampling of deep 
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boreholes in plutonic rock. R-Siting describes these methods in detail. Methods for character- 
ization using detailed studies on the surface were adapted to a large extent from the reconnais- 
sance methods summarized in Table 5-2. Methods for characterization using deep boreholes are 
summarized in Table 5-3. Figure J-1 shows a summary of the information from descriptions of 
core obtained from a portion of a deep borehole and the geophysical surveys done over the same 
borehole interval. 

TABLE 5-3 

CHARACTERIZATION USING DEEP BOREHOLES DURING THE SITE EVALUATION SUBSTAGE 

Method Type of Information 

Logging drill core 

Thermal logging of fluid in 

Flow logging of fluid in borehole 

Acoustic televiewer survey 

borehole 

Borehole television camera survey 

Standard geophysical logs 

Single-hole radar survey 

Cross-hole radar or seismic survey 

Hydraulic fracturing 

Groundwater sampling using 
straddle packer equipment 

Hydrogeological testing using 
straddle packer equipment 

Installation of multiple-packer 
(MP) casing system 

Hydraulic tests and geochemical 
sampling through M P  casing 
system 

Long-term piezometric pressure 
monitoring using M P  casing 
system 

Geological description of lithologic variations 
Location, orientahon, and geometric characteristics of fractures 
Nature of fracture infillings and alteration 

Geothermal gradient 
Locations of inflows and outflows of groundwater in borehole 

Locations of more permeable intervals of borehole 

Location and orientation of fractures and other irregularites in the 

Location and orientation of fractures 
Character of fracture infillings 
Lithologic variations 

Fracture locations 
Salinity of borehole fluid 
Lithologic variations 

Location, orientation, and extent of large open fractures away from the 

Continuity and geometry of features between boreholes 

Magnitude (and in some cases, orientation) of state of stress in rock 

Groundwater chemistry variations 

borehole wall because of lithologic variations or stress breakouts 

borehole (up to 70 m) 

Permeability and storage conditions in the immediate vicinity of the 

Long-term access to hydraulically isolated intervals for hydrogeo- 

Permeability and storage conditions in the immediate vicinity of the 

Groundwater chemistry variations 
Data for use in developing an understanding of the large-scale 

groundwater flow conditions 

Data for use in developing an understanding of the groundwater flow 
system 

borehole 

logical testing and monitoring and groundwater sampling 

borehole 
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FIGURE J-1: CORE DESCRIPTIONS AND GEOPHYSICAL LOGS FROM A DEEP BOREHOLE 

Investigations conducted in single boreholes would identify variations in the physical and chemi- 
cal properties of the rock mass and groundwaters immediately adjacent to the borehole. They 
would be essentially point samples or line samples and, by themselves, would be of limited use 
for inferring geological and hydrogeological conditions far from the borehole. Information 
would be needed from arrays of boreholes to infer conditions over large volumes of rock. 
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If boreholes were located close enough together (within 500 m), geophysical surveys transmit- 
ting radar or seismic waves from one borehole to the other could be used. These cross-hole radar 
and seismic surveys show good potential for delineating the physical continuity between 
boreholes of features identified in the individual boreholes. In some circumstances, radar and 
seismic surveys could also be used from the surface to show the physical continuity of zones of 
fracturing that were roughly parallel to the ground surface; radar surveys can be used to a depth 
of about 75 m and seismic surveys to depths greater than 1000 m (R-Siting). 

Multiple-packer casing systems would be installed in all boreholes, so that hydraulic tests could 
be performed to assess the hydrogeological characteristics between boreholes within large 
volumes of the rock mass at the site. Hydraulic tests would be one of the primary methods for 
developing an understanding of the groundwater flow systems. Data from such tests would be 
used to determine the hydraulic interconnectivity of the fracture zones, the areal extent and 
distribution of permeability variations within the fracture zones, and the anisotropy of the 
permeability within the zones. The data would also be used to infer the size and hydrogeological 
properties of the volumes of sparsely fractured rock between fracture zones and zones with 
moderately fractured rock adjacent to fracture zones. Direct measurements of hydrogeological 
properties, such as permeability, porosity, dispersivity, and sorption, could be made using 
multiple-borehole tracer tests, although currently these are usually limited to measurement of 
these properties over distances of a few hundred metres. 

In addition to the field investigations made within the boreholes, core samples from boreholes 
would be analyzed in the laboratory to determine their density, porosity, permeability, strength, 
elastic properties, magnetic properties, thermal properties, and chemical properties. Of particular 
interest would be the changes in chemistry of the rock adjacent to permeable zones where inter- 
action between flowing groundwater and the rock had occurred. Studies of these alterations 
could reveal the sequence and age of the fractures in the rock, as well as whether and when the 
fractures had been rejuvenated. Samples of the minerals exposed to groundwater within the 
permeable portions of fracture zones, or on the surfaces of individual open fractures, would also 
be studied to determine their sorption characteristics for the contaminants that could be released 
from a nuclear fuel waste disposal vault. 

Regardless of the subsurface complexity, a large number of boreholes would eventually be 
required to define and monitor the physical, chemical, and microbiological properties of the 
groundwater systems of the area. If necessary, these boreholes would later be sealed to ensure 
that they would not compromise the long-term effectiveness of the geosphere barrier. 

Prior to locating and constructing the shaft for the Underground Research Laboratory (URL), we 
characterized the site from 1981 to 1983. The characterization of the URL is discussed in 
Section 5.6 and more fully in R-Siting. 

J.5 CHARACTERIZATION USING EXPLORATORY EXCAVATION 

Characterization during the excavation of exploratory shafts and tunnels would provide detailed 
subsurface information that could not be obtained from surface-based characterization. The 
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objectives of exploratory excavation would be to confirm the suitability of the site for a disposal 
facility and to obtain information needed to apply for approval, including a licence from the 
AECB, to construct the disposal facility. 

The site evaluation conducted during exploratory excavation would provide information to sub- 
stantiate the conceptual model of the site. This would entail predicting the rock mass conditions 
to be encountered by the exploratory excavations and the response of the rock mass and ground- 
water flow system to the excavation. During excavation, the actual conditions would be 
observed and monitored and compared with the predictions. 

The information obtained from exploratory excavation would also be used to revise the concep- 
tual and mathematical models of the site. The improved understanding would reduce the uncer- 
tainty in the models that was associated with limitations on knowledge of the site. It would also 
reduce the uncertainty in parameter values used in the models. As with the earlier investigations 
carried out from the surface, the underground characterization conducted during exploratory 
excavation would be an iterative process in which the information from excavation and testing 
would be evaluated continually before advancing to the next step in the design and excavation 
sequence. 

The observations made and the tests conducted during excavation of the exploratory shaft and 
associated tunnels would provide the first opportunity to obtain abundant in situ data on the 
mechanical response of the rock and its geomechanical properties. These data would be needed 
for designing the disposal vault and for planning geomechanical characterization during vault 
construction. 

Beginning in 1984, with the sinking of the shaft for the URL, we conducted exploratory excava- 
tion activities at the URL. This example of underground characterization methodology is dis- 
cussed in Section 5.6 and more fully in R-Siting. 

We are currently conducting a variety of experiments at the URL similar to those that would be 
conducted during an exploratory excavation at a potential disposal site. Some of these experi- 
ments would provide information for the optimization of waste emplacement design and buffer 
and backfill emplacement. Others would determine the solute transport properties of potential 
pathways for contaminant migration at the site (Simmons et al. 1992). These experiments could 
be part of component testing (Section 5.5.5 of this report). 

5.6 DEMONSTRATION OF CHARACTERIZATION METHODS AT THE 
UNDERGROUND RESEARCH LABORATORY 

Since 1976, AECL has been developing, assessing, and demonstrating methods for the character- 
ization and monitoring of plutonic rock. These methods include the drilling, logging, 
instrumentation, testing, and sampling of deep boreholes in plutonic rock. We have applied these 
methods to investigate five different field research areas (Figure 1-4 in this report, p. 8). The 
methods that we have developed and evaluated for doing characterization are discussed in detail 
in R-Siting and by Everitt et al. (in preparation). 
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Characterization methods using pre-existing information (which would be used during the site 
screening substage to identify the siting regions and to help identify candidate areas) were 
demonstrated while developing the inventory of plutonic rock bodies in Ontario, selecting the 
Atikokan and East Bull Lake Research Areas, and selecting the lease area for the URL. 

Characterization methods for reconnaissance (which would be used during the site screening and 
site evaluation substages to help identify candidate areas and candidate sites) were demonstrated 
at all of our field research areas, and the approach to reconnaissance investigations was demon- 
strated at the East Bull Lake Research Area. 

Characterization methods for detailed studies on the surface and in boreholes (which would be 
used during the site evaluation substage to help identify candidate sites and a preferred candidate 
site and during the construction, operation, and decommissioning stages) were demonstrated at 
the East Bull Lake, Atikokan, and Whiteshell Research Areas. At the site of the URL, we 
conducted extensive site characterization studies prior to locating, constructing, and character- 
izing the underground facilities. We conducted exploratory excavation activities similar to those 
that would be carried out during siting and during construction and operation of a disposal vault. 
We are currently conducting experiments that parallel component tests that would be conducted 
during the construction and operation of a disposal vault. 

Our general conclusion is that the characterization methods and technology needed for imple- 
menting the disposal concept have been developed and are available. Moreover, we expect that 
methods for the surface and subsurface characterization of plutonic rock will continue to 
improve, and new methods will undoubtedly be developed. The implementing organization 
would undoubtedly use improvements and new developments in characterization methods as 
they became available. 

In the following paragraphs, we discuss the use of the methods in characterizing the site of the 
URL near Lac du Bonnet, Manitoba. 

CHARACTERIZATION FROM THE SURFACE 

We conducted extensive site characterization studies at the URL from 1981 to 1983, prior to 
locating, constructing, and characterizing the underground facilities of the URL. On the basis of 
reconnaissance work begun in 1978, we selected an area of extensive outcrop of the Lac du 
Bonnet granite batholith for the site. Two lithologic units of the granite were identified using 
surface mapping and geophysical surveys: a pink granite with numerous subvertical fractures, 
and a sparsely fractured grey granite (Stone et al. 1984). We expected zones of intense fracturing 
with low dip in the subsurface because we had encountered such a zone during 1978 and 1979 in 
boreholes drilled in the Lac du Bonnet batholith located approximately 10 km to the southwest of 
the URL site. 

The initial drilling of five deep cored boreholes into the rock mass at the URL site showed that 
pink granite was prevalent in the upper 200 m, with the highest frequency of open fractures 
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occurring between the depths of 50 and 150 m. Below the pink granite, sparsely fractured grey 
granite was found. The pink and grey granite phases were cut by widely spaced zones of intense 
fracturing that contained clay alteration products and groundwaters of variable salinity (Davison 
1982). The location of a shaft pilot borehole for the URL, was selected to penetrate what was 
predicted to be moderately fractured rock to a depth of about 150 m, sparsely fractured rock 
between 150 and 260 m, and an intensely fractured zone at about 270 m (the intervals actually 
encountered were similar with the exception of additional moderately fractured rock between 
about 205 and 215 m). 

After selecting the location for the shaft, we drilled over 35 additional boreholes in the rock sur- 
rounding the shaft location (Figure 5-2) to establish an understanding of the hydrogeology and to 
provide a means of monitoring the rock surrounding the shaft location. Using the hydrogeo- 
logical information from the tests and measurements in these boreholes in conjunction with 
borehole geological and geophysical logs and groundwater chemistry data, we developed a con- 
ceptual model of the hydrogeological conditions of the URL site (Davison 1985). Three exten- 
sive shallow-dipping fracture zones that largely control the groundwater flow through the rock 
mass at the site were identified (Figure 5-2). These zones have been designated Fracture Zone 1, 
Fracture Zone 2, and Fracture Zone 3. 

The conceptual model and the existing borehole hydrogeological information were used to 
develop a three-dimensional mathematical model of the hydrogeology of the URL site. The 
distribution, orientation, and hydrogeological characteristics of major fracture zones were 
incorporated into the groundwater flow model. Spatial variations in the hydraulic properties of 
these zones, such as permeability and porosity, were also incorporated into the model to 
represent the observed conditions. Hydraulic testing revealed that complex patterns of perme- 
ability existed within the fracture zones (Davison 1984); these patterns were incorporated in the 
model. 

The model was calibrated using the responses observed in the monitoring system during 
hydraulic interference tests. The calibrated model was used to predict the hydraulic responses 
that would be observed at each of 17 1 monitoring intervals in boreholes in the rock while the 
URL shaft was being excavated from the surface to 255 m. The model was also used to predict 
the groundwater inflow to the shaft (Guvanasen et al. 1985). The model was successful in 
predicting the hydrogeological disturbance that was caused by the construction of the URL shaft 
(Davison 1986). Both the spatial pattern of the disturbance and the time-varying response of the 
hydraulic pressures were well predicted by the model. 

The conceptual model used to develop the geosphere model for the postclosure assessment case 
study (Chapter 7 of this report) is based on the field information from the Whiteshell Research 
Area. In the vicinity of the URL, the model is essentially the same as the conceptual model used 
to develop the groundwater flow model that predicted the drawdown caused by the URL shaft. 
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The conceptual model used for the postclosure assessment case study incorporates the informa- 
tion available from the Whiteshell Research Area up to 1985, including the characterization 
studies performed at the URL prior to the completion of the shaft excavation. It represents, in 
many respects, the level of detail that would be expected to be available for an initial assessment 
at a potential disposal site during the siting stage (before exploratory excavation). However, the 
area characterized at the URL site is considerably smaller than what would be required for a 
disposal site. We are currently revising and calibrating the conceptual model of groundwater 
flow and the geosphere model that is derived from it to take into account the additional infor- 
mation obtained since 1985 from the continued characterization of the underground excavations 
of the URL and from our investigations of regional groundwater flow at the Whiteshell Research 
Area, We expect this will illustrate how a conceptual model of the groundwater flow conditions 
at a candidate area could be used to site and design a disposal vault such that the flow and 
chemical characteristics of the groundwater regime were used to best advantage. 

CHARACTERIZATION IN EXPLORATORY EXCAVATIONS 

We began exploratory excavation activities at the URL in 1984 with the sinking of the URL 
shaft, We sank the shaft using explosives (drill and blast) in two configurations: rectangular 
(2.8 x 4.9 m) from 15 to 255 m between 1984 May and 1985 March, and circular (4.6 m) from 
255 to 443 m between 1987 July and 1988 July. We excavated two small horizontal shaft 
stations at 130 m and 300 m to allow the drilling of additional characterization boreholes in 
advance of excavation. We also excavated extensive horizontal tunnels at 240 m (240 Level) and 
420 m (420 Level) to gain access to a variety of conditions within the rock in order to investigate 
the hydrogeological, geomechanical, and thermal properties of large volumes of rock in situ. 
Bored, circular ventilation raises (1.8 m in diameter) extend from the surface to the 240 Level 
and from the 240 Level to the 420 Level. 

A variety of blasting methods were evaluated to develop blast designs that minimize damage to 
the excavation wall from the blast (Kuzyk et al. 1986a, Hagen et al. 1989). We developed 
excavation management and quality control procedures to maintain excavation quality and to 
integrate the characterization and excavation activities (Kuzyk et al. 1986b). 

During shaft sinking, excavation took place during two eight-hour shifts each day; character- 
ization took place during the third eight-hour shift. Locations of any groundwater inflow were 
identified and sampled if possible. Collection rings were constructed at various locations in the 
shaft and above and below areas of localized inflow. 

Most of the geological, geophysical, hydrogeological, and geochemical methods used under- 
ground during exploratory excavation are similar to the characterization methods used from the 
surface. However, in exploratory excavations, we conduct a much larger proportion of geo- 
mechanical and engineering investigations. Of particular importance are measurements of in situ 
stress, changes in stress in response to excavation, and deformation of the rock in response to 
excavation. The geotechnical characterization methods used at the URL are discussed in more 
detail in R-Siting and by Everitt et al. (in preparation). 
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Observations of actual underground geological, hydrogeological, and geomechanical conditions 
at the URL during excavation from the surface to 255 m compared well with the conditions 
expected from the previous surface-based characterization of the site. 

Detailed-mapping of the shaft and tunnel excavations confirmed the major lithologies that had 
been identified in the rock mass from surface boreholes. It also established that the structural 
variations and variations in the degree of fracturing were related to lithological variations that 
had not been recognized previously. We used these relations to delineate different domains 
(volumes) in the rock with different characteristics of lithology, fabric, texture, colour, alteration, 
and degree of fracturing. Our understanding of the domains was then used in predicting the 
geological conditions in the shaft excavation from 255 to 443 m, with an improvement in the 
comparison with observed conditions. 

The hydrologic responses observed in the 171 monitoring locations in the rock surrounding the 
URL shaft during excavation from the surface to 255 m compared well with those predicted prior 
to excavation (Davison 1986). In most cases, both the trend of the drawdown with time and the 
actual magnitude compared well (Figure 5-3). In a few cases the trend compared well, but the 
magnitude was either somewhat overpredicted or underpredicted (Figure J-4). The trend of the 
observed inflow compared well with the predicted trend, but the quantity of inflow was 
overpredicted by a factor of three. 

A large number of determinations of in situ stress, obtained in the shaft and tunnel excavations, 
confirmed that stresses were anomalously high immediately above Fracture Zone 2. Stress 
determinations made prior to excavation of the shaft below Fracture Zone 2 indicated that 
stresses remained anomalously high, particularly the maximum horizontal stress. However, the 
vertical stress returned to near normal levels below 400 m. The orientation of the maximum 
horizontal stress also rotated from approximately southwest-northeast above Fracture Zone 2 to 
being approximately northwest-southeast below Fracture Zone 2, which was unexpected. 

0 
h 

E 
Y 

FIGURE 5-3: DRAWDOWN IN FRACTURE ZONE 3 AT BOREHOLE URL-1 
(93.4 TO 131.0 m INTERVAL) 
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FIGURE 5-4: DRAWDOWN IN FRACTURE ZONE 2 AT BOREHOLE M1A 
(240 TO 324 m INTERVAL) 

Martin (1990) explained the anomalously high stress magnitudes determined in and near the 
URL shaft above and below Fracture Zone 2 as stress concentrations associated with the local 
characteristics of the fracture zone. It has also been found that the stress magnitude varies 
considerably at different locations adjacent to the fracture zone and that these variations cor- 
respond to variations in the permeability within the fracture zone. Locations of high perme- 
ability in the fracture zone correspond to areas of low stress acting to compress the fracture zone, 
whereas locations of low permeability correspond to areas of high stress acting to compress the 
fracture zone (Martin et al. 1990). 

We are currently conducting a number of longer-term experiments at the URL similar to the 
experiments that would be conducted during exploratory excavation at a potential disposal site 
(Section J.5, R-Facility, Simmons et al. 1992). 

We believe that the methods for characterizing exploratory excavations have been demonstrated 
sufficiently to give confidence in their feasibility at an actual disposal site. We are continuing to 
improve those methods for future application. 

REFERENCES 

Davison, C.C. 1982. Hydrogeological studies at the URL site. The Geoscience Program - 
Proceedings of the Twelfth Information Meeting of the Nuclear Fuel Waste Management 
Program, Volume 11,332-353, Atomic Energy of Canada Limited Technical Record, 
TR-200.* 

METHODS FOR CHARACTERIZATION 



- 483 - 

Davison, C.C. 1984. Hydrogeological characterization of the site of Canada’s Underground 
Research Laboratory. In Proceedings of the IAH International Groundwater Symposium 
on Groundwater Resource Utilization and Contaminant Hydrogeology, Montreal, 
Quebec, 1984, Volume 11,310-335. 

Davison, C.C. 1985. Hydrogeological characterization of the URL site. In The Geoscience 
Program - Proceedings of the Seventeenth Information Meeting of the Nuclear Fuel 
Waste Management Program, Volume I, 23 1-252, Atomic Energy of Canada Limited 
Technical Record, TR-299.* 

Davison, C.C. 1986. URL drawdown experiment and comparison with model predictions. In 
Proceedings of the Twentieth Information Meeting of the Canadian Nuclear Fuel Waste 
Management Program, Volume I, 103-124, Atomic Energy of Canada Limited Technical 
Record, TR-375.* 

Everitt, R.A., C.D. Martin and P.M. Thompson. In preparation. An approach to underground 
characterization of a disposal vault in granite. Atomic Energy of Canada Limited Report, 
AECL-10560, COG-94-38. 

Guvanasen, V., J.A.K. Reid and B.W. Nakka. 1985. Predictions of hydrogeological 
perturbations due to the construction of the Underground Research Laboratory. Atomic 
Energy of Canada Limited Technical Record, TR-344.* 

Hagen, T.N., G.W. Kuzyk, J.K. Mercer and J.L. Gilby. 1989. Design, implementation and 
monitoring of full-face blasts to extend a shaft at Atomic Energy of Canada Limited’s 
Underground Research Laboratory. In Proceedings of the Shaft Engineering Conference, 
IMM, London, England, 1989,195-205. 

Kuzyk, G.W., P.A. Lang and G. Le Bel. 1986a. Blast design and quality control on the second 
level of Atomic Energy of Canada Limited’s Underground Research Laboratory. In 
Proceedings of the International Symposium on Large Rock Caverns, Helsinki, Finland, 
1986, 147-158. 

Kuzyk, G.W., P.A. Lang and D.A. Peters. 1986b. Integration of experimental and construction 
activities at an underground laboratory. Tunnels and Tunnelling 19(7), 27-30. 

Martin, C.D. 1990. Characterizing in situ stress domains at the AECL Underground Research 
Laboratory. Canadian Geotechnical Journal 27,63 1-646. 

Martin, C.D., C.C. Davison and E.T. Kozak. 1990. Characterizing normal stiffness and 
hydraulic conductivity of a major shear zone in granite. In Rock Joints, Proceedings of 
the International Symposium on Rock Joints, Loen, Norway, 1990, 548-556. 

METHODS FOR CHARACTERIZATION 



* 484 - 

R-Facility: Simmons, G.R. and P. Baumgartner. 1994. The disposal of Canada’s nuclear fuel 
waste: Engineering for a disposal facility. Atomic Energy of Canada Limited Report, 
AECL- 107 15, COG-93-5. 

R-Preclosure: Grondin, L., K. Johansen, W.C. Cheng, M. Fearn-Duffy, C.R. Frost, T.F. Kempe, 
J. Lockhart-Grace, M. Paez-Victor, H.E. Reid, S.B. Russell, C.H. Ulster, J.E. Villagran 
and M. Zeya. 1994. The disposal of Canada’s nuclear fuel waste: Preclosure assessment 
of a conceptual system. Ontario Hydro Report N-03784-940010 (UFMED), COG-93-6. 

R-Siting: Davison, C.C., A. Brown, R.A. Everitt, M. Gascoyne, E.T. Kozak, G.S. Lodha, 
C.D. Martin, N.M. Soonawala, D.R. Stevenson, G.A. Thorne and S.H. Whitaker. 1994a. 
The disposal of Canada’s nuclear fuel waste: Site screening and site evaluation 
technology. Atomic Energy of Canada Limited Report, AECL-10713, COG-93-3. 

Simmons, G.R., D.M. Bilinsky, C.C. Davison, M.N. Gray, B.H. Kjartanson, C.D. Martin, 
D.A. Peters, L.D. Keil and P.A. Lang. 1992. Program of experiments for the operating 
phase of the Underground Research Laboratory. Atomic Energy of Canada Limited 
Report, AECL- 10554, COG-92-280. 

Stone, D., D.C. Kamineni and A. Brown. 1984. Geology and fracture characteristics of the 
Underground Research Laboratory lease near Lac du Bonnet, Manitoba. Atomic Energy 
of Canada Limited Technical Record, TR-243.* 

* Internal report available from SDDO, AECL Research, Chalk River Laboratories, 
Chalk River, Ontario KOJ 1 JO. 

METHODS FOR CHARACERIZATION 



- 485 - 

LIST OF TABLES 

Number Title Page 

1-1 

2- 1 

2-2 

2-3 

2-4 

2-5 

2-6 

2-7 

3- 1 

4-1 

5- 1 

5-2 

6- 1 

6-2 

6-3 

6-4 

6-5 

CANADIAN RESEARCH AND DEVELOPMENT ON DISPOSAL 

CANADIAN POWER REACTORS WITH OPERATING LICENCES 

PROPORTIONS OF URANIUM NUCLIDES IN PELLETS OF UNIRRADIATED 
CANDUFUEL 

PROPORTIONS OF URANIUM AND ITS FISSION PRODUCTS AND ACTIVATION 
PRODUCTS IN PELLETS OF THE USED FUEL SPECIFIED FOR THE CASE STUDIES 

DOSE RATE FROM NATURAL BACKGROUND RADIATION 

OBSERVED EFFECTS ON ORGANISMS CHRONICALLY EXPOSED TO ARTIFICIAL 
RADIATION ON THE CANADIAN SHIELD 

STORAGE OF USED FUEL FROM POWER REACTORS IN CANADA (1992 
DECEMBER 3 1) 

ARRANGEMENTS FOR DISPOSAL OF NUCLEAR FUEL WASTE 

GOVERNMENT INITIATIVES REGARDING DISPOSAL OF CANADA’S NUCLEAR 
FUEL WASTE 

FUNCTIONS OF THE VAULT SEALS 

PRINCIPLES FOR CONCEPT IMPLEMENTATION 

OVERVIEW OF CONCEPT IMPLEMENTATION 

DIMENSIONS OF DISPOSAL ROOMS AND BOREHOLES IN THE ‘REDISPOSAL- 
FACILITY 

BUFFER AND BACKFILL CHARACTERISTICS SPECIFIED FOR THE ‘REDISPOSAL- 
VAULT 

ESTIMATED LABOUR REQUIREMENTS FOR THE PREDISPOSAL-FACILITY 

ESTIMATED RESOURCE REQUIREMENTS FOR THE PREDISPOSAL-FACILITY 

ESTIMATES OF SCHEDULE AND COST FOR THE PREDISPOSAL-FACILITY FOR 
DISPOSAL OF ABOUT 10 MILLION USED-FUEL BUNDLES 

10 

19 

19 

27 

35 

41 

43 

52 

56 

123 

146 

1 67 

207 

208 

228 

230 

232 

continued.. . 

LIST OF TABLES 



- 486 - 

LIST OF TABLES (concluded) 

Number Title Page 

6-6 

6-7 

6-8 

6-9 

6-10 

6-1 1 

7- 1 

7-2 

7-3 

7-4 

B-1 

G- 1 

J- 1 

J-2 

J-3 

ESTIMATES OF SCHEDULE AND COST FOR THREE SIZES OF DISPOSAL 
FACILITY BASED ON THE DESIGN SPECIFIED FOR THE CASE STUDY 

ESTIMATED DOSE RATE TO A MEMBER OF THE CRITICAL GROUP FROM 
NORMAL OPERATION OF THE PREDISPOSAL-FACILITY 

POTENTIAL ACCIDENT SCENARIOS FOR PREDISPOSAL-FACILITY OPERATION 

ESTIMATED DOSE TO A MEMBER OF THE CRITICAL GROUP FROM ACCIDENTS 
DURING OPERATION OF THE PREDISPOSAL-FACILITY 

MAXIMUM ESTIMATE OF DOSE RATE FOR EACH MODE OF TRANSPORTA- 
TION UNDER NORMAL CONDITIONS 

EXAMPLES OF COMPARABLE LARGE-SCALE PROJECTS REVIEWED BY 
ONTARIO HYDRO FOR THE SOCIO-ECONOMIC ASSESSMENT 

ESTIMATED MEAN CONCENTRATIONS OF CONTAMINANTS IN SOIL AND 
WATER 

ARITHMETIC MEAN OF THE MAXIMUM DOSES TO FOUR HYPOTHETICAL 

SIMULATION TIME 

PERCENTAGE OF A NUCLIDE RELEASED BY A BARRIER OVER 100 OOO YEARS 

ESTIMATED RISKS FROM FOUR HUMAN INTRUSION SCENARIOS 

ONTARIO PROTECTIVE ACTION LEVELS 

ORGANISMS ESTIMATED IN lo00 SIMULATIONS FOR A 100 000-YEAR 

ROOM-AND-PILLAR ENGINEERING CONCEPTUAL DESIGNS EVALUATED 

CHARACTERIZATION USING PRE-EXISTING INFORMATION DURING THE SITE 
SCREENING SUBSTAGE 

CHARACTERIZATION USING RECONNAISSANCE STUDIES DURING THE SITE 
SCREENING AND SITE EVALUATION SUBSTAGES 

CHARACTERIZATION USING DEEP BOREHOLES DURING THE SITE 
EVALUATION SUBSTAGE 

233 

239 

242 

243 

246 

254 

300 

302 

305 

308 

41 0 

452 

470 

47 1 

473 

LIST OF TABLES 



- 487 - 

LIST OF FIGURES 

Number Title Page 

1-1 

1-2 

1-3 

1-4 

2- 1 

2-2 

2-3 

2-4 

2-5 

2-6 

2-7 

2-8 

2-9 

2-10 

2-11 

2-12 

2-13 

2-14 

THE CANADIAN SHIELD 

ARTIST’S VIEW OF A DISPOSAL VAULT IN RELATION TO THE ROCK 
STRUCTURE 

BARRIERS TO MOVEMENT OF CONTAMINANTS 

LOCATIONS OF LABORATORIES OPERATED BY AECL RESEARCH, THE FIELD 
RESEARCH AREAS, AND OTHER FIELD STUDIES 

TYPICAL CANDU FUEL BUNDLE 

SCHEMATIC REPRESENTATION OF A CANADIAN NUCLEAR GENERATING 
STATION 

DECREASE IN THE MASS OF THREE RADIONUCLIDES WITH TIME 

URANIUM-238 DECAY CHAIN SHOWING HALF-LIVES AND TYPES OF DECAY 
FOR RADIONUCLIDES 

ACTIVITY OF THE USED FUEL SPECIFIED FOR THE CASE STUDIES 
(LOGARITHMIC SCALES) 

TOTAL ACTIVITY PER BUNDLE OF THE USED FUEL SPECIFIED FOR THE CASE 
STUDIES (LINEAR SCALES) 

HEAT FROM THE USED FUEL SPECIFIED FOR THE CASE STUDIES 
(LOGARITHMIC SCALES) 

LOCATIONS OF RADIONUCLIDES IN USED FUEL 

FUEL RECYCLING 

RADIOTOXICITY OF VARIOUS RADIONUCLIDES IN USED CANDU FUEL 

RELATIONSHIP BETWEEN REGULATORY LIMITS AND THE DOSE RATE FROM 
NATURAL BACKGROUND RADIATION 

STORAGE LOCATIONS FOR USED FUEL FROM POWER REACTORS IN CANADA 

FUEL STORAGE POOL AT A NUCLEAR GENERATING STATION 

CONCRETE STORAGE CANISTERS AND THE OVERHEAD CRANE USED TO 
TRANSFER USED FUEL TO THE CANISTERS 

4 

6 

6 

8 

17 

18 

21 

22 

24 

25 

25 

28 

29 

37 

39 

43 

47 

48 

continued ... 

LIST OF RGURES 



- 488 - 

LIST OF FIGURES (continued) 

Number Title Page 

2-15 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

4-8 

4-9 

4-10 

4-1 1 

4-12 

4-13 

4-14 

5-1 

5-2 

5-3 

5-4 

5-5 

5-6 

ONTARIO HYDRO’S DRY-STORAGE CONTAINER 

MAJOR DRAINAGE BASINS IN ONTARIO 

MAJOR SUBDIVISIONS OF THE CANADIAN SHIELD 

DISTRIBUTION OF PLUTONIC ROCK IN ONTARIO 

SEISMICITY IN CANADA 

FRACTURE DOMAINS 

TEMPERATURE AT THE SURFACE OF THE HOTTEST CONTAINERS FOR THE 
DESIGN SPECIFIED FOR THE POSTCLOSURE ASSESSMENT CASE STUDY 

FOUR PROJECTIONS OF CUMULATIVE AMOUNTS OF USED FUEL IN CANADA 

CUTAWAY VIEW SHOWING ROOM-AND-PILLAR EXCAVATION 

CROSS SECTIONS SHOWING CONTAINER EMPLACEMENT METHODS 

VAULT SEALS 

SCHEMATIC SHOWING THE BASIC ELECTROCHEMICAL, CHEMICAL, AND 
TRANSPORT STEPS INVOLVED IN THE CREVICE CORROSION OF TITANIUM 

CONTAINERS WITH INTERNALLY SUPPORTED TITANIUM SHELLS 

AECL’S HYDROSTATIC TEST FACILITY 

SWEDISH DUAL-WALL CONTAINER 

RELATIONSHIP BETWEEN STAGES AND ONGOING ACTIVITIES 

SCHEMATIC REPRESENTATION OF SITING TERRITORIES 

SCHEMATIC REPRESENTATION OF SITING REGIONS 

SCHEMATIC REPRESENTATION OF A POTENTIAL CANDIDATE AREA 

SCHEMATIC REPRESENTATION OF GRID AREAS AND POTENTIAL VAULT 
LOCATIONS 

SCHEMATIC REPRESENTATION OF A CANDIDATE SITE 

49 

87 

97 

98 

100 

105 

113 

114 

115 

118 

122 

135 

137 

137 

139 

147 

1 49 

151 

154 

157 

160 

continued ... 

LIST OF FIGURES 



- 489 - 

LIST OF FIGURES (continued) 

Number Title Page 

6- 1 

6-2 

6-3 

6-4 

6-5 

6-6 

6-7 

6- 8 

6-9 

6-10 

6-1 1 

6-12 

6-13 

6-14 

6-15 

6-16 

6-17 

PREDISPOSAL-FACILITY, WITH A CUTAWAY VIEW OF THE VAULT 

P R E ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  

CROSS SECTION OF A FILLED DISPOSAL ROOM IN THE PREDISPOSAL-FACILITY 

DURATION OF STAGES AND MAJOR ONGOING ACTIVITIES AT THE 
PREDISPOSAL-FACILITY 

DRILLING WASTE EMPLACEMENT BOREHOLES IN THE PREDISPOSAL-FACILITY 

PLACING AND COMPACTING BUFFER MATERIAL IN EMPLACEMENT 
BOREHOLES IN THE PREDISPOSAL-FACILITY 

ACTIVITIES IN THE USED-FUEL PACKAGING PLANT OF THE 'REDISPOSAL- 
FACILITY 

EMPTYING A TRANSPORTATION CASK IN A SHIELDED CELL AT THE 
'REDIS POS AL-FACILITY 

DRILLING A HOLE IN THE BUFFER IN AN EMPLACEMENT BOREHOLE IN THE 
PREDISPOSAL-FACILITY 

PLACING A DISPOSAL CONTAINER IN AN EMPLACEMENT BOREHOLE IN THE 
PREDISPOSAL-FACILITY 

PLACING AND COMPACTING BUFFER ABOVE THE DISPOSAL CONTAINER IN 
AN EMPLACEMENT BOREHOLE IN THE PREDISPOSAL-FACILITY 

CASK FOR TRANSPORTATION OF USED FUEL BY ROAD, RAIL, OR WATER 

TRACTOR-TRAILER FOR ROAD TRANSPORTATION 

RAILCAR FOR RAIL TRANSPORTATION 

INTEGRATED TUG-BARGE FOR WATER TRANSPORTATION 

SOUTHERN, CENTRAL, AND NORTHERN REGIONS OF THE ONTARIO PORTION 
OF THE CANADIAN SHIELD 

ESTIMATED ANNUAL LABOUR REQUIREMENTS FOR THE 'REDISPOSAL- 
FACILITY 

205 

206 

207 

209 

210 

210 

212 

213 

215 

215 

216 

220 

22 1 

223 

224 

225 

228 

continued.. , 

LIST OF FIGURES 



- 490 - 

LIST OF FIGURES (continued) 

Number Title Page 

6-18 

6-19 

6-20 

6-21 

7- 1 

7-2 

7-3 

7-4 

7-5 

7-6 

7-7 

7-8 

7-9 

7-10 

8- 1 

8-2 

8-3 

B- 1 

J- 1 

ESTIMATED ANNUAL COST OF THE P R E ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~  

POTENTIAL EXPOSURE PATHWAYS FOR RADIONUCLIDES RELEASED FROM 
THE PREDISPOSAL-FACILITY DURING THE PRECLOSURE PHASE 

CATEGORIES OF POTENTIAL ACCIDENT CONDITIONS USED TO ASSESS THE 
POTENTIAL EFFECTS OF ACCIDENTS DURING USED-FUEL TRANSPORTATION 

POTENTIAL EXPOSURE PATHWAYS (INCLUDED IN THE TADS MODEL) FOR 
RADIONUCLIDES RELEASED FROM A TRANSPORTATION CASK DURING AN 
ACCIDENT 

LOCATION OF THE m S T ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~  IN RELATION TO THE ROCK 
STRUCTURE 

PROCESS FOR IDENTIFYING AND EVALUATING SIGNIFICANT SCENARIOS 

MODELLING OF FEATURES OF THE POSTVAULT 

SECTORS OF THE POSTVAULT AND SEGMENTS OF THE POSTGEOSPHERE 

COMPARTMENTS AND PATHWAYS IN THE POSTBIOSPHERE-MODEL 

THE POSTCLOSURE SYSTEM MODELLING PROCESS 

ESTIMATED MEAN DOSE RATE AND RISK AS A FUNCTION OF TIME 

ESTIMATED DOSE RATES AT 10 000 YEARS 

CONTRIBUTIONS OF 1291 AND 14C TO THE ESTIMATED MEAN DOSE RATE AND 
RISK 

CUMULATIVE FRACTION OF A NUCLIDE RELEASED BY THE BARRIERS OVER 
100 000 YEARS 

SEABED DISPOSAL STUDY AREAS 

DISPOSAL IN A SUBDUCTION ZONE 

SOME GEOLOGICAL FORMATIONS IN CANADA 

STEPS FOR ASSESSING ENVIRONMENTAL PROTECTION 

CORE DESCRIPTIONS AND GEOPHYSICAL LOGS FROM A DEEP BOREHOLE 

23 1 

240 

248 

248 

276 

279 

286 

287 

29 1 

295 

297 

298 

299 

306 

326 

3 27 

329 

413 

474 

continued ... 

LIST OF FIGURES 



- 491 - 

LIST OF FIGURES (concluded) 

~ ~ 

Number Title Page 

J-2 

5-3 

J-4 

BOREHOLES SURROUNDING THE URL AND HYDROGEOLOGICAL CROSS 
SECTIONS 479 

DRAWDOWN IN FRACTURE ZONE 3 AT BOREHOLE URL-1 (93.4 TO 131.0 m 
INTERVAL) 48 1 

DRAWDOWN IN FRACTURE ZONE 2 AT BOREHOLE M1A (240 TO 324 m 
INTERVAL) 482 

LIST OF FIGURES 



- 492 - 

LIST OF UNITS 

Symbol Unit Quantity 

a 
Bq 
g 
g u  
GY 
h 
J 
L 
m 
min 
mol 
Pa 

s v  
S 

W 
We) 
wt.% 

Ye= 
becquerel 
gram 
gram of uranium 
gray 
hour 
joule 
litre 
metre 
minute 
mole 
pascal 
second 
sievert 

watt 
watt (electric) 
weight percent 

time 
activity of radionuclides 
mass 

absorbed dose of ionizing radiation 
time 
energy, work 
volume 
length 
time 
amount of substance 
pressure, stress 
time 
dose equivalent of ionizing radiation 
(1 Sv = 100 rem) 
power 

LIST OF PREFIXES 

Symbol Prefix Multiplying Factor 

G gigs io9 1 ooooooooo 
M mega 106 - 1 000Ooo 
k kilo io3 = lo00 
C centi l o 2  = 0.01 
m milli 10'3 = 0.001 
P micro 10-6 = o.Oo0 001 

LISTS OF UNITS AND PREFIXES 



- 493 - 

GLOSSARY 

atomic radiation workers: Persons who in the course of their work are required to perform 
duties in such circumstances that there is a reasonable probability that they could receive doses 
higher than the limits specified for the public. 

backfill: See vault seals. 

barrier: A feature of a disposal system that would inhibit the movement of contaminants to the 
biosphere. The barriers include the waste form itself; the disposal container; the buffer, backfill, 
and other vault seals; and the geosphere. 

biosphere: The lower part of the atmosphere, the land down to the water table, the surface 
water, the shallow lake sediments, plants, and animals (including humans). 

buffer: See vault seals. 

case study: The analysis of a real or hypothetical system. In this EIS, we describe two case 
studies that entailed the analysis of hypothetical disposal systems, one for the preclosure phase 
and one for the postclosure phase. These were performed to help evaluate the feasibility and 
potential environmental effects of implementing the disposal concept. Several real projects were 
also analyzed to support the preclosure assessment case study and to develop principles for 
concept implementation. 

cask: (1) A container cask is a shielded vessel in which a disposal container would be 
transferred from the surface facilities to the location where it would be emplaced in a disposal 
vault. (2) A transportation cask is a shielded vessel in which used fuel would be transported 
from a storage site to a disposal site. 

closure: The point in time at which a disposal vault and its associated exploration boreholes 
would be sealed such that safety would no longer depend on institutional controls. Closure 
would occur at the the end of the closure stage. 

contaminants: The radionuclides and chemically toxic elements released from the waste form 
in a disposal vault. 

critical group: For the preclosure phase, a relatively homogeneous group of people that is 
expected to receive the greatest dose because of its location, age, habits, and diet. For the 
postclosure phase, a hypothetical group of people assumed to live at a time and place and in such 
a way that its risks from the disposal facility would likely be the greatest. 

disposal: A permanent method for the long-term management of radioactive waste 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. 
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disposal container: A long-lasting receptacle in which nuclear fuel waste would be sealed to 
facilitate handling of the waste and to isolate it from its surroundings. In a disposal vault, the 
container would be one barrier between the waste form and the biosphere. 

disposal facility: A disposal vault and the supporting surface facilities. 

disposal system: All structures, materials, processes, procedures, or other aspects which, when 
taken together, constitute the means by which safe disposal of the waste is achieved, as well as 
the potentially affected environment. During the preclosure phase, the disposal system includes 
the disposal facility, its environment, the associated transportation system, and its environment; 
during the postclosure phase, the disposal system includes the sealed disposal vault, the 
geosphere, and the biosphere. 

disposal vault: A network of horizontal tunnels and disposal rooms excavated deep in the rock, 
with vertical shafts extending from the surface to the tunnels. Containers of nuclear fuel waste 
would be emplaced either within a room or in emplacement boreholes drilled from a room. 

dose: As used in this document, the term is usually related to radiation exposure. The absorbed 
dose is the amount of energy absorbed per unit mass of tissue; it is expressed in a unit called the 
gray (Gy). The effective dose equivalent is the measure of exposure that takes into account the 
absorbed dose, the type of radiation, and the susceptibility to harm of the tissues or organs 
exposed; it is expressed in a unit called the sievert (Sv). The 50-year committed effective dose 
equivalent is the effective dose equivalent received over 50 years following the intake of 
radioactive material. The dose rate is given as the sum, over one year, of the effective dose 
equivalent resulting from external exposure and the 50-year committed effective dose equivalent 
from that year's intake of radionuclides. When the meaning is clear from the context, we simply 
use the term "dose" to mean the effective dose equivalent, the 50-year committed effective dose 
equivalent, or their sum. 

emplacement: The placing of containers of nuclear fuel waste within buffer in a disposal vault. 
Containers would be emplaced either within a disposal room (in-room emplacement) or in 
emplacement boreholes drilled from a disposal room (in-borehole emplacement). 

engineering conceptual design: A design that contains only the elements necessary to 
understand important aspects of the project, including feasibility and potential environmental 
effects; it is not sufficiently detailed to begin construction. 

environment: The circumstances, objects, or conditions surrounding an organism or facility, 
including 

air, land, and water; 
plant and animal life, including humans; 

social, economic, and cultural conditions that influence the life of humans or the community; 

anything made by humans, including buildings and machines; 
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any solid, liquid, gas, odour, heat, sound, vibration, or radiation resulting directly or indirectly 
from human activities; and 

any interrelationships between them. 

fuel bundle for a CANDU reactor: The assembly of fuel elements welded to zirconium alloy 
end plates. 

fuel element: In a CANDU fuel bundle, the unit which consists of a tube of zirconium alloy 
filled with ceramic fuel pellets of uranium dioxide and sealed at the end with a welded zirconium 
alloy plug. 

fuel sheath: In a CANDU fuel bundle, the zirconium alloy tube into which the ceramic fuel 
pellets of uranium dioxide are placed. 

geosphere: The rock surrounding a disposal vault, any sediments overlying the rock below the 
water table, and the groundwater in the rock and sediments. 

health: A condition of well-being. Human health includes both physical and mental well-being. 

mitigate: To make less severe; applies to an adverse effect of an activity, event, or process. 

natural background radiation: Radiation from naturally occurring sources (cosmic rays 
entering the earth’s atmosphere from outer space, radionuclides produced by cosmic rays in the 
earth’s atmosphere, and radionuclides originating in the earth’s crust). 

nuclear fuel waste: Refers to either the used fuel from a CANDU nuclear power reactor, if it is 
not to be reprocessed, or the solidified high-level waste from reprocessing. 

’ plutonic rock: Rock formed deep in the earth by crystallization of magma andor by chemical 
alteration. It is often referred to as crystalline rock or intrusive igneous rock. 

postclosure phase: The period after the closure of a disposal facility. 

preclosure phase: The period before the closure of a disposal facility. It would include the 
siting, construction, operation, decommissioning, and closure stages, as well as any extended 
monitoring stages after the operation or decommissioning stages. The transportation of nuclear 
fuel waste from storage facilities to the disposal facility would be one of the activities undertaken 
during the operation stage of the preclosure phase. 

safe: Meeting criteria, guidelines, and standards for protecting the health of humans and non- 
human biota. 

storage: A temporary method of safekeeping a radioactive material to provide isolation from the 
natural environment, shielding of humans and other organisms from radiation, and cooling to 
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, remove the heat produced by radioactive decay. Safety depends on institutional controls such as 
security, monitoring, and maintenance. Storage implies the intention of retrieval and subsequent 
action such as reprocessing or disposal. Compare with disposal. 

used fuel: Fuel that has undergone fission in a nuclear reactor to the point where it ceases to be 
useful for heat production. 

vault seals: The barriers between the container and the geosphere. The vault seals include 
the buffer, likely composed of a clay-based material, that would surround a disposal container 
in a disposal vault; 
the backfill, composed of either a clay- or cement-based material, that would be used to fill 
the rooms, tunnels, and shafts after the disposal containers and buffer were emplaced; 
bulkheads of concrete at the entrances to disposal rooms; 

plugs of concrete at hydraulically critical points in tunnels and shafts; 

grouts of clay- or cement-based material injected into the rock mass at selected locations; and 
exploration borehole seals of clay- and cement-based materials. 

The functions of the vault seals are given in Table 4-1 of this report (p. 123). 

waste form: One of the forms of nuclear fuel waste: either used CANDU fuel or the solidified 
high-level waste from reprocessing. 
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