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RESUME

Le programme de recherche et de développement pour l'évacuation
permanente et en toute sécurité des déchets de combustible nucléaire du
Canada a été mis en place. Ce rapport, le premier d'une série de
rapports annuels, examine le progrès réalisé jusqu'à présent, en termes
généraux.

Après avoir revu brièvement la raison d'«tre et l'organisation
de ce programme, le rapport donne un résume' des activités dans les
domaines :

de 1'information publique,

du stockage et du transport du combustible Irradié,

de 1'immobilisation du combustible irradié et des déchets
provenant du retraitement du combustible,

de recherches et du développement associés à l'évacuation
souterraine à grande profondeur,

- de l'évaluation de l'environnement el ~ la sûreté.
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ABSTRACT

The research and development program for the safe, permanent
disposal of Canada's nuclear fuel wastes has been established. This
report, the first of a series of annual reports, reviews in general
terms the progress which has been achieved.

After briefly reviewing the rationale and organization of the
program, the report summarizes activities in these areas:

public information,

used fuel storage and transportation,

immobilization of used fuel and fuel reprocessing wastes,

research and development associated with deep underground
disposal,

environmental and safety assessment.
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1. INTRODUCTION

A comprehensive research and development program for the safe,

permanent disposal of Canada's nuclear fuel wastes has been established.

As described in an earlier report "Management of Radioactive Fuel

Wastes: The Canadian Disposal Program", the purpose of the program is

twofold: first, to verify that disposal deep underground in stable geo-

logic formations will effectively isolate fuel wastes; second, to

establish the technology for safely disposing of these wastes.

The program coverb a wide range of scientific and engineering

disciplines. To provide the necessary expertise, several departments

and agencies of the governments of Canada and Ontario are participating

in the program. Atomic Energy of Canada Limited (AECI.), a federal Crown

Corporation, has the prime responsibility and provides overall coordina-

tion. Major contributions are also being made by the university commu-

nity and by private industry.

This document is the first of a series of annual reports which

will summarize the work done and the progress achieved in the program.

Whenever possible, reference will be made to repcrts where more detailed

accounts of the work are given. For those unfamiliar with the basic

structure and

is given here.

1.1 THE CANADIAN PROGRAM APPROACH

structure and rationale behind the Canadian program , a brief summary

The overall objective of the Canadian nuclear fuel waste

management program is to ensure that there will be no significant effects

on man or the environment at any time. This objective has two aspects:

Safety - to manage the radioactive materials so that the

potential hazards are negligible.
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Responsibility - to manage the radioactive materials in such

a way that the trouble and concern to future generations in

maintaining safety will be minimized or eliminated.

To achieve this objective, it is proposed to dispose of the immobilized

material deep underground in stable geologic formations. The consensus

of world scientific and engineering opinion ' is that this is the

most suitable way of ensuring isolation of the materials from man or the

environment.

(1 9)The Canadian approach ' is influenced by two factors.

First, throughout the Canadian nuclear program, the development prin-

ciple has been to identify the most attractive approach for Canada and

concentrate available resources on that approach. Thi6 principle is

followed in the nuclear fuel waste management program which is concen-

trating on disposai in the stable, hard-rock formations of the Canadian

Shield which underlies much of the country. Work on other formations,

such as bedded salt, is limited to the identification of potentially

suitable deposits. However, by participating in the world-wide exchange

of information on waste management programs, in international studies

such as the Seabed Working Group, and by keeping abreast of work in

other countries, Canada maintains the option of pursuing disposal in

other geologic formations should hard-rock disposal prove unattractive.

Second, the approach being taken is influenced by the features

of the CANDU reactor system and by the national nuclear power program.

Operating on a natural uranium, once-through fuel cycle, excellent

uranium utilization is achieved and no credit is taken for the fissile

plutonium contained in the used fuel. There is, therefore, no immedirte

nsed, on economic or other grounds, to recover and recycle this fissile

material. In Canada, no decision has yet been taken on the future

CArlada Deuterium Uranium



- 3 -

recovery and use of plutonium. The government has stated that its

position on fuel recycle will take into account the results of the

International Nuclear Fuel Cycle Evaluation now in progress. Current

used-fuel storage aethoda are adequate for many years, and additional

storage capacity can readily be provided at the reactor sites or at a

central location. Thus, commercial disposal is not an immediate require-

ment. Nevertheless, recognizing the eventual need for disposal, tech-

nologies are being developed for the immobilization of both used fuel

and reprocessing wastes so that options are kept open for the disposal

of either form.

The research and development program, expected to take some

twenty years, has three phases - concept verification, site selection

and the construction and operation of a demonstration disposal facility.

Phase 1 - Concept Verification

This research-orienteû phase is aimed at verifying the basic

concept that effective isolation of the radioactive material from man

and the environment can be achieved by disposal of immobilized fuel, or

immobilized reprocessing wastes, some 500 to 1 000 metres deep in

stable, hard-rock formations.

The hard-rock formations, known as plutons, cover a wide spec-

trum of rock types and fracture patterns. Laboratory and field studies

are being made to determine their properties and hydrogeological charac-

teristics. The data obtained, together with information on the behaviour

of immobilized wastes and the sorption properties of buffer and backfill

materials, will be used to assess the effectiveness of the various

natural and engineered barriers to the movement of radioactive materials.

Development of the methodologies to make such an assessment is a vital

part of the program.
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Although the research work on all aspects will continue for

many years, it is expected that by about 1983 it will be possible to

identify which of the various types of pluton will be technically suit-

able for a waste disposal facility. Furthermore, it is expected that

at that time, sufficient data will be available to make an assessment

of the environmental impact of such a facility, and to demonstrate

with reasonable confidence that the basic concept is sound.

Phase 2 - Site Selection

The results obtained in the first phase should allow the

selection of a large number of technically suitable sites from among

the 1 500 plutons which have been identified in the Ontario portior of

the Canadian Shield. The site selection phase will explore the social

and political considerations associated with these technically suitable

sites. Specific information on the proposed facility, including details

on economic factors, cnpunity impact, health and safety considerations

and environmental effects, will be discussed with communities near these

sites. The elected representatives of the communities will participate

in the decision on whether the facility will be built in their area.

Phase 3 - Construction and Operation of the Demonstration

Facility

Once a site has been acquired and its technical suitability

confirmed by detailed geotechnical studies, a demonstration facility will

be constructed. The facility, not expected to be operational until about

1990, will resemble a typical hard-rock mine.

Initial testing in the facility will not involve radioactive

materials. Testing of equipment and handling methods will be done along

with the measurement of physical characteristics such as rock stress and

heat transfer capability. Once the thermal and mechanical design of the

facility has been confirmed, immobilized wastes will be emplaced and an
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extensive monitoring program initiated. Should the waste form or loca-

tion prove unsuitable, the wastes would be retrievable during this phase

of the demonstration.

Provided the performance is satisfactory, the facility could

be expanded to a commerci il operation. Alternatively, a commercial

facility could be built at another location. However, a decision on

commercial disposal is not likely before the end of this century.

Public understanding and acceptance is important to the suc-

cess of the program. Considerable emphasis is being given to providing

full and open public information. In particular, the concept verifica-

tion phase allows an opportunity to increase public awareness in prepa-

ration for the site selection and subsequent phases. The public, through

their elected representatives at all levels of government, will be

involved in any decisions relating to their community. The regulatory

and licensing processes which must be followed also provide for

public participation through submissions and hearings.

1.2 OKGANIZATIOM OF THE PROGRAM

The overall program for the safe management of nuclear fuel

wastes covers four aspects :

1. the present and future storage of used fuel at the reactor

site or some central location,

2. the transportation of used fuel,

3. the immobilization of used fuel or fuel wastes prior to

disposal,

4. the permanent disposal of the immobilized material.

Under an agreement between the governments of Canada and Ontario * ,

announced in June 1978, Ontario Hydro has the responsibility for
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development of interim storage and transportation of used fuel, two

important pre-disposal technologies. AECL has the responsibility for

the other aspects.

The agreement, covering the initial phase of the program, was

also a significant step toward establishing a mechanism to •How field

research work in Ontario. A committee was formed to coordinate those

activities In the program which involve the public. This Coordinating

Committee, with an AECL chairman, has representatives from Energy, Mines

and Resources Canada, the Ontario Ministry of Energy and Ontario Hydro.

An approvals procedure has been established which will allow an orderly

approach to public Information and to acceptance of field research work,

a necessary part of the program. Details of the approvals procedure are

included in Section 2.1.

Overall coordination and management of the research and devel-

opment program on the immobilization of fuel wastes and their safe dis-

posal is the responsibility of AECL. To ensure that expertise in all

the scientific and engineering disciplines essential to the program is

available, there is active participation of five government departments

or agencies, including AECL. In addition, faculty members of nine

Canadian universities have research contracts covering a wide range of

activities. Private industry and consultants are also extensively

involved.

Much of the work, as indicated in Figure 1, is done at loca-

tions in Ontario. However, as the summary of participants in Appendix A

shows, research is being conducted in many regions of Canada.

Some appreciation of how the effort has been built up over the

last three years can be gained by considering the funding for the program.

For previous years, the funds expended were 4.5 million dollars in

1977/78 and 9.6 million dollars in 1978/79. In the current fiscal year,



FIGURE 1: Areas of Activity in
Ontario in the Nuclear
Fuel Waste tlanagement
Program

A Research areas
• Other work areas

• Combined areas of research
and other work

7^ Information program approved

H Information program applied for
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FIGURE 1 (continued)

LEGEND : Regions in the Public Information Program

1. United Counties of Stormont, Dundaa and Glengarry
United Counties of Prescott and Russell
Regional Municipality of Ottawa - Carleton

2. United Counties of Leeds and Grenville
Lanark County
Renfrew County

3. Lennox and Addington County
Frontertac County
Hastings County
Prince Edward County

4. Peterborough County
Haliburton County
Muskoka District Municipality
Northumberland County

5. Parry Sound District

6. Nipissing District

7. Timiskaming District

8. Sudbury District

9. Algoma District

10. Cochrane District

11. Thunder Bay District

12. Rainy River District

13. Kenora District
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ending March 31, 1980, some 13.5 million dollars have been allocated to

Che program.

Periodic reviews of the scope and progress of the nuclear fuel

waste management program are held by participants and by the government.

A Technical Advisory Committee has also been appointed. The membership,

Appendix B, was selected from candidates nominated by the Canadian Asso-

ciation of Physicists, the Canadian Federation of Biological Sciences,

the Canadian Geoscience Council, the Canadian Institute of Mining and

Metallurgy, the Chemical Institute of Canada and the Engineering Insti-

tute of Canada. This committee will provide AECL and other participants

in the program with expert technical review by independent members of

the scientific community, thereby establishing a further set of checks

and balances on the program. An annual report is to be made to AECL as

coordinator of the program; this report will be available to the public.

2. PUBLIC INTERACTION

An important facet of the overall nuclear fuel waste manage-

ment program is public information and feedback. Since the inception of

the program, the need for a comprehensive program of public information
(12)

has been recognizedv '. AECL rema:

tion on all aspects of the program.

(12)
has been recognized . AECL remains committed to providing Intorma-

To ensure that governments, at all levels, and the general

public are kept fully informed of the program and its progress, a Waste

Management Public Affairs group was formed. Although it provides infor-

mation throughout Canada, most of its work parallels the technical

program and is concentrated in the Province of Ontario. Activities in

Ontario, whether related to public information or field research, must

be approved by the Coordinating Committee.
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2.1 THE APPROVALS PROCESS

After some delays, an approvals process has now been estab-

lished covering those aspects of the program which are conducte in

Ontario off AECL properties, and which involve the public. It is ex-

pected that the approvals process will facilitate future activities of

this nature.

Before a public information program can be initiated in any

region (see Figure 1), th<3 approval of the Coordinating Committee must

be obtained. Prior to approval being given, AECL briefs each federal

and provincial Member of Parliament in the region and reports on thei'

reaction.

(12)

The public information program involves a wide dissemi-

nation of literature throughout the region, and presentations, describ-

ing the waste management program, to local councils and to local and

regional media. The councils are encouraged to open their neetlngs to

the general public and also to sponsor public meetings at which AECL

representatives will participate. Interests and concerns expressed by

the elected officials and the public are regularly reported to the

Coordinating Committee.

Technically suitable research areas are sought which coincide

with areas where the communities, on the basis of their response to the

public information program, do not oppose field research. Approval is

then obtained to conduct a community relations program in communities

near these potential research areas. Activities at this stage are

similar to those in uhe public information program but are focussed on a

smaller geographic area and on acceptance of a field research program.

Detailed descriptions of the work which would be undertaken and possible

social and economic Impacts on the community are given to the local

council(s) and other groups. Public reactions are again regularly
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reported to the Coordinating Committee. If a council fonrrlly agrees to

permit a field research program in the area within their jurisdiction, a

proposal for field research work is submitted to the Coordinating Com-

mittee. With their approval, the work can proceed.

This program is time consuming but it is effective in ensuring

that all interested parties are provided with the opportunity to be well

informed. It also ensures that any field research work carries the

approval of local, provincial and federal governments.

A modified approvals process has been developed to cover those

field-related activities which are not site-specific and which do not

directly interact with the communities. Examples of these are airborne

reconnaissance to determine the extent of outcrop on a variety of forma-

tions to assist in the identification or elimination of potenti-1 re-

search areas, and the installation of seismic instruments at several

locations to monitor, In conjunction with many instruments already in

place, the stability of the Canadian Shield.

These general field studies may take place only where a public

information program has been approved. AECL must obtain the approval of

local councils or other jurisdictions which may be involved. The pro-

posed studies are also brought to the attention of the general public

through a news release before the work proceeds.

2.2 PUBLIC INFORMATION ACTIVITIES

Over the past year, approval has been received to conduct

regional information programs in eight regions. As indicated in Fig-

ure 1, these cover a significant portion of Ontario. The information

programs are in various stages of development. in two cases, regions 2

and 12, community relations programs were also initiated and, following

local council endorsement, field research was approved at White Lake and
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near Atikokan. At White Lake, the field research involves testing in

several existing boreholes^ ' which were drilled n̂ 1976. At the

Atikokan site, drilling is being done aud various geotechnical studies

made. There are now four active field research areas ae indicated in

Table 1.

TABLE 1

FIELD RESEARCH AREAS

1.

2.

3.

4.

Research Area

White Lake

CRNL

WMRE

At ikokan

Period of Activity

1976, 1979

1977, 1978. 1979

1976, 1979

1979

To coordinate the information programs over such a wide area,

information officers are stationed at AECL laboratories and at several

other centres, Ottawa, Toronto and Sudbury. In addition, during field

research activities, an information office can be maintained at research

areas; an information officer is available on a -egular basis.

So far, over 35 presentations on the nuclear fuel waste man-

agement program have been made to councils, chambers of commerce and

community organizations. Briefings have been provided for over 60 MP's

and MPP's.

The document describing the nuclear fuel waste management

program has been widely distributed both in Canada and abroad. To date



some 9 000 copies of the report, in English, have been issued along with

600 copies in the French language. Over 60 000 copies of a simpler,

summary pamphlet describing the essentials of the program have been

distributed. This pamphlet, al6o, is available in English and French.

Newsletcers providing up-to-date information on various

aspects of Ihi program are regularly mailed to the news media, to

elected officials and to any citizens who have expresse-d an interest.

Some 18 newsletters have been distributed to date and th3 current cir-

culation is about 4 000.

In the last year, a film describin6 the nuclear fijl waste

management program has been produced. The film emphasizes the research

aspects of the program, particularly those which relate to communities

where field research might be un;>*rtaken. Since the film was completed

in March, 1979, over 300 public showings have been made. The film is

available in both official languages.

To further supplement the information programs, a stationary

display has been prepared. This display has been used at major exhibi-

tions, such as the Canadian National Exhibition in Toronto and the

Pacific National Exhibition in Vancouver; and at locations such as Sioux

Lookout and Atikokan. It is estimated that some 55 000 people have

visited the display and many have discussed the program with staff in

attendance.

An opportunity was taken to assess the public attitude in

Ontario towards the nuclear fuel waste management program in the June
(14)

1979 Gallup Omnibus Survey . Several questions related to the pro-

gram were included and additional samples of public opinion were under-

taken by telephone in the Atikokan and White Lake areas. The results

are shown in Table 2 along with those of a similar survey taken in

June 1978 in which comparable questions were asked.
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TABLE 2

SUMMARY OF PUBLIC ATTITUDES ACCORDING TO

JUNE 1979 GALLUP OMNIBUF SURVEY'' '

^rcs shown indicate percentages of respondents)

1. Knowledge of
nuclear waste
disposal programs

Know a great deal
Know a little
Never heard of it
Don't know

2. Attitude towards
drilling for
research purposes

Agree
Not opposed, want
more information
Don't care
Opposed
Don't know

3. Attitude towards
being considered
as a site for
disposal facility

Opposed
Want more
information

Don't care
Encourage it
Don't know

1978 June(15)

All Ontario

(1)

22
42

13
19
4

35

41
10
10
4

19/9 June

All Ontario

4
41
51
4

24
43

9
21
3

47

36
8
6
3

Atikokan

6
78
16
-

38
37

3
23
-

35

46
7
9
3

White Lake

10
70
20
-

26
49

3
19
3

37

43
5
14
1

(1) Comparable questions not asked in 1978.
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The increase in 1979 of those opposed to their locale being

considered as a site for a disposal facility parallels the change in

general attitude towards nuclear power in Ontario . It is inter-

esting to note that the increase was not evident in the two areas, White

Lake and Atikokan, where community relations programs were undertaken.

The public response towards the field research program is encouraging

and again indicates the effectiveness of the community relations program.

2.3 TECHNICAL INFORMATION

As is the case with all AECL programs, results of the tech-

nical program are regularly published at scientific conferences, in

scientific and technical journals, or as reports in the AECL series. A

bibliography of all publications of this nature which relate to the

nuclear fuel waste management program is available and is up-dated at

regular intervals. These reports are routinely distributed to libraries

across Canada (Appendix C) and around the world. Copies may also be ob-

tained from the Scientific Document Distribution Office^ ' and from

Supply and Services Canada

Consistent with AECL's commitment to full and open informa-

tion, preliminary results obtained in the waste management program are

also available to interested individuals. The documents, issued in the

Technical Record series, are accounts of work in progress and are the

working documents normally circulated among those involved in the pro-

gram. The information and conclusions contained in these documents are

based, in many cases, on preliminary data; as further information is

obtained it is quite possible that these conclusions may change. A

listing of all Technical Records issued to date is included as Appendix

D. Documents in this series are available from the Scientific Document

Distribution
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3. PRE-DISPOSAL TECHNOLOGIES

3.1 USED FUEL STORAGE

At present, used fuel is stored in water-filled pools at the
*

reactor sites. About 2 700 tonnes of used fuel are stored in this way.

This represents the fuel waste produced in the generation of over 150

billion kWh of electricity. With an installed capacity of 5 270 MWe(net),

used fuel "ill be accumulating at a rate of about 850 tonnes per year.

Ontario Hydro is conducting studies of future storage options.

These include continued storage at the reactor site, storage at a cen-

tral location with or without immobilization and location of storage and

immobilization facilities at a disposal site.

As part of these studies, the feasibility of increasing the

pool-storage capacity at the Pickering and Bruce generating stations is

being assessed. This assessment covers the effects of increased thermal

loading on the cooling capacity of the pool, the effects of a loss of

water circulation, and the stability of the structure under thermal,

static and seismic loading. The increase in capacity is feasible and

can be achieved at a low cost compared to the cost of storage in a new

facility.

One of the factors of interest during long-term storage is the

behaviour of the fuel, particularly the integrity of the fuel cladding.

Pool storage of used fuel has been in use for over 30 years and, in

Canada, some used fuel from the NPD reactor has been stored in this way

othe
(20)

(19)for 17 years. A detailed program of investigation of this and other

Zircaloy—clad uranium dioxide fuel has been initi^^ed. Examination

Quantities of used fuel are gi;-<"*. on the basis of uranium content.
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of elements taken from fuel bundles, which have been stored for 11 and

16 years, has detected no deterioration of the Zircaloy cladding what-

soever. The program will continue to examine elements at intervals over

the next 20 years. However, the results obtained so far support the

conclusions that pool stoiage of CANDI) used fuels is possible for very

long periods of time, certainly for at least 50 years.

An alternative method for long-term storage is dry storage

in concrete canisters or vaults. The WR-1 research reactor's used fuel,

after a preliminary cooling period in water, is now routinely stored in
(22)

canisters . Experience in this case is limited to the last four

years and, to learn more about the fuel behaviour, an accelerated test
(23)

program is being mounted . Normally the fuel temperature in the

canister is less than 100°C; to accelerate any storage effects, fully

characterized bundles of used fuel from the Bruce and Pickering gener-

ating stations of Ontario Hydro will be stored at an artificially high

temperature of around 150°C. Even so, significant results are not

expected for several years.

3.2 USED FUEL TRANSPORTATION

Although considerable experience already exists in the design

and performance of containers for the transportation of used fuel,

Ontario Hydro is undertaking studies of transportation on a commercial

scale and under conditions appropriate to Canada. The studies are con-

sidering transportation by road, rail or barge, and the suitability of

various container designs which could be used. In parallel with these

studies, data on the frequency and severity of ordinary transportation

accidents are being collected so that an assessment can be made of the

probability and consequences of any accidents involving used fuel.

When used fuel is finally moved in large quantities from the

generating stations, the fuel will be in a module inside the trans-

portation container. It is intended that this module will be compatible
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with fuel-handling facilities at both the generating station and the

receiving station; it would also serve as the fuel container during

storage prior to transportation. Design work is well underway and tests

have begun to define the shock and vibration levels which could be ex-

perienced during transportation.

Tests will also be done, in the hot-cell facilities at WNRE,

to determine the shock and fatigue resistance of used fuel bundles.

Since the number of tests which can be done in these facilities is

limited, an attempt will be made to simulate the embrittleinent of the

fuel cladding, caused by irradiation, by hydriding the cladding of new

fuel bundles. If this approach is successful, considerably more data

will be available on which to assess the behaviour of used fuel during

handling and transportation.

Calculations have indicated that the lead shielding often used

in transportation containers may become molten during the half-hour,
(2U)

800°C fire test required by the International Atomic Energy Agency

Although it is not likely that the integrity of the container would be

compromised, alternative container designs are being considered which

use depleted uranium (uranium with less than the naturally occurring

U concentration) as the shielding material. Depleted uranium has

been successfully used in fabricating the on-site transportation con-

tainer for Pickering. Preliminary results, using previously developed

mathematical models, suggest that a container incorporating depleted

uranium could survive a high-temperature propane fire indefinitely.

3.3 IMMOBILIZATION TECHNOLOGY

Research is being done toward the development of immobiliza-

tion technologies for both used fuel and the wastes which would result

from reprocessing. The used fuel contains significant quantities of

fissile plutonium which can be used in advanced fuel cycles to extend
(25)

fuel resources . However, no decision on fuel recycle has yet been

made.
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The characteristics of used fuel and reprocessing wastes dic-

tate that a different approach *:o iramobI11zetion be taken in each case.

Used fuel has the same physical form as the fresh i.raniun: fuel bundle

which was placed in the reactor. The radioactive materials produced

within the fuel consist of the fission products and the actlnides,

including plutonium. A description of the characteristics of these

materials is given in Keference (1). Reprocessing wastes are the true

wastes of the fission process which remain after the useful materials,

plutonium and uranium, have ;en extracted from the used fuel. These

wastes, initially in liquid form, comprise the fission products and the

actinides other than plutonium; only about one-half of one percent of

the initial plutonium regains with the reprocessing wastes.

3.3.1 U:;ed Fuel liana- ;llzation

The objective of the fuel lmmobili?.ation program is to develop

additional containment for safe disposal of unreprocessed fuel. The

fuel (UO.) already provides a stable, solid matrix with a low dissolution

rate in water. Most of the radioactive material is effectively trapped

in this matrix. The Zircaloy cladding adds anolher barrier to the

escape of fissiu.» products.

The program is concentrating on two approaches. One is

the development of a system which will give a high probability of con-

tainment for at least 300 years, thus ensuring isolation of nearly all

fission products for their hazardous lives. The other is to investigate

concepts which might offer prospects of a substantially longer period of

isolation.

In the first approach, a shell of corrosion-resistant metal is

being considered as the major barrier to the release of radioactive

material. Several potential designs are being assessed. The simplest

involves a container of sufficient strength and thickness that it will
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withstand the high hydrostatic pressures which could be experienced in a

flooded disposal vault. Other designs provide some internal support for

a thinner shell. These include incorporating the fuel in a cast-ln-

place metal matrix within the shell, using a packed particulate material

to support the outer shell and rigid bracing of the shell.

The choice of material for the containment shell will depend

strongly on the environment within the disposal vault, in particular,

the chemistry of any water present. A preliminary evaluation of poten-

tial shell materials suggests that, of the strong, corrosion-resistant

engineering alloys, titanium, Inconel 625 and type 316L austenitic

stainless steel should be examined further. However, it appears that

stainless steels would be unsuitable except for the roost favourable

groundwater conditions. For supported shell systems, copper may be a

strong candidate.

A prototype shell container of 3161. stainless Kteel has been

fabricated and will be tested to failure under hydrostatic pressure.

The test will evaluate safety margins in the design and the validity ot

the stress analysis used in the design of the system. This information

can then be applied in the design of containers of other materials.

An extensive corrosion research program has be°n developed.

However, its implementation has not proceeded as quickly as originally

planned. Tne program includes electrochemical and autoclave testing of

candidate materials under conditions appropriate to a disposal vault.

In some tests, the conditions used will take into account the high

gamma-radiât ion fields which would result from the immobilized fuel.

The possibility that hydride-induced cracking may reduce the integrity

of a titanium container is also under investigation.

Work to evaluate the use of cast metal matrices of high inte-

grity is well advanced. Individual, unirradiated fuel bundles have been



successfully matrixed with lead. IT the near future, a used fuel bundle

will be immobilized usii.̂  this technique. Other potential matrixing

media, aluminum, zinc and low-melting point alloys, are being consid-

ered. Determination of wetting and bonding characteristics is in pro-

gress and possible reactions of matrixing media with the Zircaloy fuel

cladding are being studied.

Assessment of packed parciculate materials as the shell sup-

port system is still in the formative stages. This system offers a

possibility of providing materials, within the shell, which could

further retard the release of radionuclides, particularly those which

may otherwise move unimpeded through the geosphere.

The second approach is being addressed on a longer time scale.

A containment providing assurance of long-term isolation will be more

complex, involving different types of material (possibly ceramic raate-

rial). As yet there has been little opportunity to address this ad-

vanced containment work except on a conceptual basis.

3.3.2 Fuel Waste Immobilization

(27)
The objective of the Canadian program is :o develop the

capability to incorporate the fission products and wastes associated

with the reprocessing of CANDU used fuel into a low-solubility matrix.

Although separated wastes have been incorporated into glass matrices in

several countries, including Canada, much work remains to be done in

this area. The program is directed primarily toward incorporation of

these wastes in conventional borosilicate glasses, but attention is

being given to other materials, including crystalline solids.

One option of particular interest is the production and char-

acterization of borosilicate or alvuninosilicate glasses with low fission
( 9 V o Q \

product loadings ' . This allows the incorporatior. c* most of the
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long-lived radioactive waste materials into s single glass product. The

production and handling of a larger number of glass blocks would be

necessary compared with glasses which contain higher concentrations of

fission products. However, this disadvantage may be more than compen-

sated by lower heat loadings em! temperature gradients in the glass,

reduction in the variety of waste products to be handled and eilwination

of further interim storage of the glass products before disposal.

The major emphasis to date has been on testing and comparing

borosilicate and aluminosilicate glasses as host matrices for the
(28)

immobilization of reprocessing wastes . Crystallized or devitrified

glasses have received some attention as part of a program to evaluate

the thermal stability of potential waste glasses. However, no systema-

tic attempt has yet been made to optimize a crystalline product or

glassy-ceramic containing simulated waste. Work in this area will begin

in 1980.

Should phase separation occur on cooling or annealing of the

waste-containing glass, its resistance to leaching or its durability

would be controlled by the less-resistant phase. In the case of boro-

silicate glasses, separation would produce borate-rich and silicate-rich

phases. Studies have shown that, in general, those borosilicate glasses

considered as potential hosts for fuel waste do not undergo any exten-

sive segregation. Furthermore, the research has demonstrated that the

addition of simulated wastes from the reprocessing of thorium fuels
( 281

actually suppresses segregation in sodium zinc borosilicate glasses

Studies at temperatures up to 900°C have clearly shown that

crystallization of borosilicate or aluminosilicate glasses is difficult
( 28)

to induce under dry conditions . If crystallization is to take

place, it is more likely to occur under hydrothermal conditions, that

is, in the presence of water. Water can promote crystallization at

temperatures as low as 150°C.
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( 28}
Experiments have so far been done on aluminosilicate,

borosilicate and sodium zinc borosilicate glasses in pure water or brine

at temperatures of 150 and 250°C. Some of the products of crystalli-

zation, which form at a measurable rate, are clay-like minerals. There

is evidence that these products may also retain some of the radionu-

clides. In the case of an aluminosillcate glass containing simulated

waste, only 0.5% of the strontium entered the solution even though

complete crystallization of the glass occurred. Experiments such as

these have indicated, however, that it is very important to conduct them

under conditions which represent those to be found in a disposal vault.

Work to investigate hydrothermal decomposition is now concentrating on

this aspect.

(28)

Several physical properties are being measured . Proper-

ties such as viscosity, thermal conductivity and thermal expansion are

important in optimizing the glass product and devising heat treatments

to minimize induced stresses. Work lias also started to determine the

likelihood and extent of any stress-induced cracking in the various

glass matrices being considered. Annealing treatments will be developed

to minimize cracking in a vault environment since this might increase

the rate at which radionuclides are dissolved.

A standardized leach test in initially pure water at 100°C has

been used to assess the ability of a series of glasses to retain radio-

nuclides. Such tests suggest that a wide range of borosilicate glasses,

containing either low or high concentrations of simulated waste, dis-
( 28)

solve uniformly. Typical leach rates , based on any one of the major

glass components, fall in the range 10 - 40 ug-m -s after about 20

days at 100°C. The dissolution process is complex, however, and more

work is needed to thoroughly understand the processes involved.

Laboratory or in situ experiments which are dynamic in nature

demonstrate that the static, standardized leach test does not yield data
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representative of hard-rock disposal environments. Tests on samples of

the CRNL nepheline syenite glass recovered in 1978 illustrate this

effect . Samples of the glass were exposed, in dynamic tests, to

simulated groundwater which had been conditioned, in some cases, by

flowing through columns of crushed rock. The leach rates of cesium-137

indicate (Figure 2) that leaching is significantly reduced in the tests

using granite or gabbro columr.3.

Evidence has also been obtained that the delicate, friable

surface layers formed at the glass-water interface are stabilized when

supported in fine sand or soil . This interaction between glass

products and protective backfill materials will be investigated in

greater detail.

Evaluations of the leach rates of ternary and quaternary boro-

silicate and aluminosilicate glasses have shown that favoured glass

compositions exist which provide superior leach resistance . The

criteria are:

1. The quantities of alkaline oxide (Na.O, ZnO, etc.) and acidic

oxide (B2°3 or A^O,) should be approximately equal on a molar

basis.

2. The amount of silica (SiO-) should be about four times that of

the acidic oxide, again on a molar basis.

Studies such as these will improve our ability to tailor glass products

for waste disposal applications. Overall, the results indicate that

aluminosilicate glasses can be made which are about ten times more dur-

able than corresponding borosilicate glasses in tests at 100°C. How-

ever, aluminosilicate glasses generally require higher processing tem-

peratures .
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Work is also in progress on the recovery and immobilization of

those radionuclides which appear in the off-gas streams during repro-

cessing, particularly, carbon-14, krypton-85 and iodine-129. Prelimi-
(29)

nary results have demonstrated that iodine can be removed from air

by a corona discharge process. It is believed that krypton can be

adsorbed by molecular sieves. Effective methods and materials are being

sought for the immobilization of these radionuclides for storage or

disposal.

3.3.2.1 CKNL Glass Experiment

In June, 1960, twenty-five nepheline syenite-based glass

hemispheres, containing reprocessing wastes, were buried below the water

table in sandy soil at Chalk River Nuclear Laboratories. Details of the

experiment have been given elsewhere . In October, 1978, one of

these glass blocks was retrieved and shipped to WNRE for examination.

Detailed examinations ' ' of this and another glass block,

buried in 1958 and recovered in 1978, have been completed. Sophisti-

cated surface analysis techniques indicate that no significant change

has occurred beyond a depth of one Co two nanometres (about one ten-

thousandth the thickness of a human hair). This confirms the excellent

resistance to leaching found during monitoring of the field test.

The 1960 experiment has been analyzed using a mathematical
(32)model '. The original laboratory leach rate data for the nepheline

syenite glass and the soil properties and hydrological characteristics

of the CRNL site gave good agreement with the experimental results in

the case of strontium-90 (Figure 3). Cesium-137, however, did not move

through the sandy soil as quickly as the model predicted.

It is possible from this analysis to estimate the in situ

leach rate of the glass blocks from data on the distribution of
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strontium-90 in the soil. A value of about 9 x 10 ng-m" -s is pre-

dicted. This is about 230 times lower than the lowest rate observed in

laboratory leach tests after 120 days at 25°C. Part of the rate reduc-

tion can be attributed to the lower temperature (6°C) and nature of the

groundwater compared to the laboratory conditions. However, at least a

factor of 45 is believed to be the result of a mechanical reinforcement,

by the sandy soil, of the friable corrosion layer found on the surface

of the glass. Clearly, simple extrapolation of laboratory leach data

may lead to an over-estimate of the loss of radionuclides from the waste

product under field conditions.

3.3.3 Immobilization Facilities Design

Preliminary design work has been done to examine the require-

ments of both pilot-plant and demonstration-scale facilities for the

immobilization of used fuel and reprocessing wastes . The work

has identified the characteristics which must be considered in future

detailed designs. Altht -gh they are still very rough, estimates indi-

cate that the costs of fuel waste immobilization will be of the order of

$12.50/kg U and the costs of used fuel immobilization could be in the

range $14.50 to $17.5O/kg U. These costs would represent about 0.2 to

0.3 mills/kWh(e), a small fraction of the cost of generating electricity.

4. DISPOSAL TECHNOLOGY

In this first research phase of the nuclear fuel waste manage-

ment program, attention is being given towards geotechnical and chemical

aspects of the disposal vault environment. Some conceptual design

studies are also being done to derive an understanding of the potential

effects of construction or operation of a vault on the rock body.
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4.1 GEOTECHNICAL RESEARCH

The objective of the geotechnical research program is to pro-

vide an information base which can be used to assess the suitability of

the concept of deep disposal. As indicated earlier, the major thrust of

the work is directed toward disposal in crystalline hard-rock formations

of the Canadian Shield in Ontario. A limited amount of work is also

being done to assess alternative geologic formations.

The geological investigations are being done by various

branches of Energy, Mines and Resources Canada and the hydrogeological

work in large measure by Environment Canada, by consultants and by the

University of Waterloo. The geochemical studies are being c'one at

several universities and in AECL's laboratories.

4.1.1 Sedimentary Formations

An assessment of salt deposits as a possible alternative host

medium for a disposal vault has been underway for several years ;

during the past year an investigation of limestone and shale was begun.

The objective of the work is to develop a base of information on all

salt basins in Canada and the limestone and shale deposits of south-

western Ontario as an aid to choosing formations for further study.

In the past year, studies were made of the salt formations of

the Minas and Cumberland Sub-basins of Nova Scotia, the Michigan Basin

of Ontario, and the Elk Point Basin of Saskatchewan (Figure 4).

The Minas Sub-basin of Nova Scotia contains relatively undis-

turbed salt beds which, although small, appear to be isolated from

water. One possible research area in the eastern part of the sub-basin

has been identified. By contrast, the Cumberland Sub-basin of the same
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province is more complex and several structures have been designated as

potential research areas.

In southwestern Ontario, studies were confined to a narrow

belt along Lake Huron. The arta was considered for comprehensive re-

search because its geology is relatively veil known sr,d there are only a

few oil and gas fields. Sufficient data are available to allow selec-

tion of areas for detailed research if necessary.

The Elk Point Basin studies were confined to an area in the

Lloydminster-North Battleford region just east of the Aloerta border.

The northern edge of the salt body lies partially within the boundaries

of the heavy oil and water-bearing Cretaceous sands of the Lloydminster

field and this factor, in combination with the instability of the salt

beds at the excessive depths encountered, probably rules out the estab-

lishment of a research area in this part of the basin.

4.1.2 Crystalline Hard-Rock Formations

A compilation of Precambrian geology for the Ontario segment

of the Canadian Shield, including a catalogue of plutons, has been com-

pleted . A map at 1:1 000 000 scale showing the location and clas-

sification of all known plutons in the province is being prepared.

These intrusive bodies are of four types: granite, syenite, anorthosite

and gabbro. Of the approximately 1 500 formations identified so far,

some 75 percent fall in the granite classification and about 15 percent

are gabbros. Syenites (8 percent) and anorthosites (2 percent) account

for the remainder.

The plutons have been further classified by size (over or

undtr 5 km in diameter), extent of exposure (over or under 15%), and

occurrence of faults. Two of these factors, size and extent of expo-

sure, together with the location, are criteria for the selection of



potential research areas, since large, well-exposed and easily acces-

sible bodies of rock are needed.

Information must be obtained on rock composition and proper-

ties, rock homogeneity, degree and nature of fracturing within the rock

mass, and particularly on the characteristics of groundwater flow end

composition. Most of this information can only be obtained by detailed

field investigations, supplemented by laboratory examinations of core

samples.

The AECL research laboratories at both Chalk River and White-

shell are located on crystalline hard-rock formations and airborne,

surface and borehole testing has now been in progress at these sites for

over two years. The Chalk River formation, adjacent to the Ottawa-

Bonnechere fault system, is highly fractured and deformed. Nine bore-

holes have been drilled there, the deepest to 700 metres, and a number

of geophysical tools and techniques have been tested and taliLratcd.

Whiteshell is on the large, comparatively lesa-fractured, Lac du Bonnet

batholich. Four boreholes have been completed here, the deepest to

900 metres, and these are being used primarily to develop hydrogeologi-

cal methods and equipment. Rather wide zones, up to 200 nettes, essen-

tially free of fractures, have been encountered in the Lac du Bonnet

batholith, but some well-fractured zones also exist.

An intensive program of basic geological and geophysical

studies has been in progress at CRKL and WNRE since 1977. These are

widely separated areas of the Canadian Shield with extremely different

structural integrities. The objective of these studies is to establish

an understanding of the relationship between surface and subsurface

characteristics of the formations. Such an understanding will be im-

portant in the identification and characterization of potential disposal

locations in the future.
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During the past year, geological and geophysical work has been
(34)concentrated on a well-exposed area on the grounds of CRN]. . The

CRNL site serves as an example of a highly fractured region. Improved

techniques have provided greater knowledge of the area's geology,

especially the analysis of fracture systems and reconstruction of geo-

logical history. Problems with overhead transmission lines and over-

burden in the area of WNKE limit the use of many geophysical techniques

at that location.

The new fracture-analysis techniques which have been developed

will require further practical testing; however, it appears that the

extent of fracturing may correspond, generally, to the permeability of

the rock mass. New information on deformations in the rock may aid in

evaluating the stresses which have existed during the "volution of the

fracture systems and will give a better understanding of the structural

integrity of the area.

All the boreholes drilled to date at CRNi. and WNRE have been

investiga'.ed (loggc using a variety of geophysical techniques. Co-

operatlor in this woriv has been received from the U.S. Geological

Survey; their mobile laboratory facilities were used in both 1978 and

1979 to examine the boreholes at WNRE. Several new techniques are under

development to aid in this work. A very low radio-frequency system and

a borehole radar system can give information on the direction and extent

of fracturing at depth. An experimental crack detector capable of

studying small features in the borehole wall has been constructed and is

under test. These sophisticated in-hole instruments will provide data

to supplement those obtained using more conventional exploratory tech-

niques, such as airborne and surface geophysical surveys.

In Hay, 1979, approval was received to start field work at the

research site near Atikokan, Ontario; extensive work began there in

early July. This was a major step forward in the geological research
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program since it was the first opportunity to conduct research drilling

beyond the boundaries of AECL properties. Four test holes have been

drilled at Atikokan (Figure 5) to depths of 200, 340, 400 and 1 000

metres. The initial hydrogeological studies have begun.

4.1.3 HydroKeolofiical Research

A knowledge of hydrogeology is essential to the evaluation of

possible radionuclide transport from a desp disposal vault. Information

is needed about the characteristics of the water at great depths in

crystalline rock, including chemical content, the effects of pressure,

flow processes, and the factors such as sorption which affect the trans-

port of dissolved materials.

4.1.3.1 Croundwater Chemistry

More information is needed about the groundwater chemistry of

potential host rocks and the way in which the groundwater flow system

has evolved. The chemical composition of the groundwater is an important

factor in determining, for example, the behaviour of immobilized fuel

waste and used fuel.

0' * of the boreholes (WN3) at WNRE was drilled using air-

cooling to avoid chemical contamination by drilling water. A multi-

level, ported casing was constructed and successfully installed in the

hole. The ports can be segregated by hydraulically inflated permanent

packers to permit isolation oi che sampling zone from other levels or

zones.

A geochemical probe has been built for use in either the

multi-level casing or standard 76-mm boreholes. The probe will collect

groundwater samples and store them at in situ pressure until analyzed.

Chemical characteristics are monitored by analysis during pumping; when
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fluctuations in compositions have ceased, the water is presumed typical

of the formation. The unit was brought into use toward the end of the
(371

season, at WNRE, and the samples obtained are being analyzed .

Borehole WN1, at WNRE, has two distinct zones of groundwater

chemistry; the upper zone is a relatively dilute calcium bicarbonate

type while, at greatc depths, the water is more saline with a calcium/

sodium chloride composition. The deep groundwater, at 400 - 500 metres

depth, may have originated in the Western Canada Sedimentary Basin

(about 25 km to the west at its nearest point) and migrated into the

crystalline rock. The Earth Sciences Department of the University of

Waterloo is analyzing the H, H, C, 0 and S content of the

groundwater samples and the Physics Department of the University of

Toronto is measuring C and Cl using the linear accelerator at the

University of Rochester. The results of tritium ( H) analyses indicate

that contamination of the samples by water used in the drilling process
18

is not significant. By comparing the ratios of the oxygen ( 0) and
2

deuterium ( H) in the samples, it is possible to determine, at least

qualitatively, the origin of the groundwater. Such comparisons indicate

that the upper zone of groundwater originated at the surface and support

the contention that the deep, saline zone of groundwater originated in
13 14 34

the Western Canada Sedimentary Basin. Analyses of the C, C and S

concentrations in the samples are still incomplete.

Attempts to determine the age of the groundwater, using tech-
14

niques other than C analysis, have so far been unsuccessful. Dating

by Cl analysis is complicated by S contamination and further devel-

opment of the technique is required. Very high helium concentrations ih

water samples from the WNRE boreholes imply unusually large proportions

of uranium and/or thorium in the rock. Due to the high He content,

dating by the helium accumulation method may be difficult.
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4.1.3.2 Groundwater Flow

A liquid-flow, heat-transport and solute-transport model has

been developed over the past year to simulate regional groundwater flow;

an initial report has been issued . A sensitivity analysis covering

variations in permeability, salinity, solution density and thermal gra-

dients is now being made. Since no generally accepted methodology or

model for flow in fractures is available, a multi-disciplinary team with

contributors from Ontario Hydro, the University of Waterloo and WNRE is
(39)addressing this aspect . Several approaches are being taken to

develop a satisfactory modal. A related study of solute transport

in fractured clay-loam till may be applicable to the program.

Constant-pressure injection tests have been cosniucCed in the

boreholes during the past year. These have given accurate and repro-

ducible measurements of permeability of the rock mass near the borehole.

The falling-head injection tests used in 1977 were suitable only for

highly fractured media and have been discontinued. Transient pressure-

pulse tests using through"the-drill-bit and straddle-packer equipment

have given approximate hydraulic conductivity figures for the rock mass.

In th-i development of testing equipment and procedures, it was noted

that rock-mass hydraulic conductivities of the ^rder of 10 to 10

cm/s may be measured by pressure-pulse transient testing, provided the

test equipment is properly calibrated and test conditions carefully
-U -10

monitored. Rock mass permeabilities of the order of 10 to 10 cm/s

may be measured with straddle-packer equipment and constant-pressure

injection tests. Sensitive monitoring of surface and downhole pressures

and temperatures is essential for ensuring reliable measurement of

hydraulic conductivities of 10" cm/s or less. The technique has since

been modified and the equipment is being calibrated and the equipment-

related error evaluated.
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4.1.4 Rock Properties

Many phases of the overall disposal program require extensive

background information about the behaviour of rocks. To ensure integra-

tion of research effort, a standard sampling procedure has been estab-

lished in collaboration with the other geoscience groups. In general, a

sample 70 cm long is selected at approximately each 33 m of the drill

core; these samples are subsequently divided Into seven 10-cm segments

for use by the various research groups.

Bulk magnetic susceptibility measurements offer a method of

quickly and non-destructively assessing the general characteristics of

drill cores to assist in sample selection. The magnetic anisotropy of

selected specimens has been studied to evaluate the suitability of this

technique for examining rock structures. Samples from CRNL generally

have low susceptibility with the exception of a gabbroic layer of high

bulk susceptibility at about 200 to 300 metres depth. The WNRE drill

cores indicate a relatively uniform granitic matrix crossed by several

thin strata of different, usually lower, magnetic susceptibilities.

Anomalies in cores from both sites indicate a chemical or physical

change in the structure of the rock.

The physical structure of rock is the major factor in deter-

mining its mechanical strength and permeability. Existing equipment and

techniques have been used to measure dilatational velocity, Young's

modulus, Poisson's ratio, acoustic velocity, uniaxial compressive strength

and tensile strength. A triaxial cell, recently installed at CANMET's

Elliot Lake laboratories, will be used for more extensive mechanical

tests and a permeability instrument capable of sensitive measurement at

high pressure and temperature is being obtained.

The microscopic structure of several samples from boreholes at

WNRE and CRNL has been studied. Samples from boreholes WNl and WN2 are
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mainly granite with some quartz diorite present. They have mean densities

of about 2.63 g/cm . Although the rock appears to be isotropic, close

examination shows that the quartz particles have a preferred orientation.

Samples from boreholes CR6 and CR7 exhibit a high degree of porosity as

expected from their varied composition. This rock has a laminar struc-

ture and quartz particles, again, have a preferred orientation.

WNRE samples show porosities in the 0.2 to 0.4 percent range
-10 -9

and permeabilities of 6 x 10 to 3 x 10 cm/s; CRNL rock has, so

far, given values of 1/2 to 1/10 these. Pressures similar to those at

sample depths have little effect on permeability. Hon-destructive

methods for measuring permeability and porosity are being developed and

both have been found to correlate well with the formation resistivity

factor (a calculation from electrical measurements) of the rock for

samples from WNRE.

In addition to normal mechanical property determinations, a

study of the rate of crack propagation in granitic rocks has been
(1,1)

initiated . The results of this work will assist in determining the

long-term fracture behaviour of the rock body surrounding the disposal

vault.

Radioactive wastes generate heat for a considerable period of

time. Therefore, the presence of a disposal vault may result in changes
(42 43)

in the host rock. An evaluation ' of the possible effects requires

data on such properties as thermal conductivity and diffusivity and

thermal expansion. These properties are being determined for the range

of granitic rocks which are available.

A more direct understanding of the thermal effects and asso-

ciated stress effects will be obtained from the in situ electrical
(44)heater experiment at the 700-metre level of the Creighton Mine near

Sudbury, Ontario. The basic experimental layout has been designed, the
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test room excavated, some instrumentation installed and most equipment

is either on order or has already been received. INCO Metals Ltd.,

owners of tlie mine, have drilled a 31-cm diameter hole for the heater

and will provide other ancillary facilities. Data from some of the
(45-47)

early exploratory tests are available , but progress in the main

experimental program has been delayed, initially by industrial disputes

and more recently by review within the Coordinating Committee.

4.2 APPLIED CHEMISTRY AND GEOCHEMISTRY RESEARCH

Work in this area ia concerned with the interactions of the

waste form, the geologic formation and any water which is present, iiany

of these interactions, including those with leached radionuclides, can

be affected or controlled by physical or chemical means. Some effort

is, therefore, devoted to developing backfill and buffer materials

which can retard the entry of water, control the rate at which it attacks

the waste form, and act as a scavenger for any rsdionuclides which are

leached from the wastes.

Clearly one of the important factors is a knowledge of the

chemistry of deep groundwater in representative geologic formations.

Some relevant information is now being obtained from the CRNL, WNRE and

Atikokan research areas. However, all these research areas are granite

formations. The chemistry of groundwater from other rock-type forma-

tions, for example gabbros, must also be investigated. Other important

parameters are the temperature and pressure of the vault environment.

For reference purposes in establishing experimental conditions, a waste-

form surface temperature of 100 - 200°C is assumed with surrounding rock

temperatures in the range 75 - 150°C; pressure is assumed to be

100 - 200 atmospheres.
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4.2.1 Waste-Water Interactions

The Interaction between water and glass containing waste or

simulated waste has been studied over a range of temperatures and water

conditions. The results have been summarized in a previous section.
(28 )

In general, the leach rates of radionuclides range from about
2 - 1 2 - 1

0.1 iJg-m -s at room temperature to about 10 - 40 (jg-m -s at 100°C.

On this basis, the rates of dissolution are similar to those of granite.

It is worth noting here that, since the leaching rate of radionuclides

is clearly influenced by water composition, t«sts which more closely

represent the environmental conditions of a deep disposal vault must be

devised. Work towards this end is being given the highest priority by

the research teams involved.

(28 49)

Studies ' have been made of the effect of water on irra-

diated U0,, fuel. Tests have been made on sections of Pickering fuel

elements, irradiated to a burn-up of 610 GJ/kg U, in distilled water and

in tap water, which is essentially Winnipeg River water, at 22°C. The

dissolution of a variety of radionuclides from the fuel has been fol-

lowed for times in excess of 900 days. Some typical results, shown in

Figure 6, illustrate how the rate of dissolution decreases with time.

There is a difference of about an order of magnitude in the dissolution

rates at 150°C and 22°C at any given time.

The comparative rate of activity loss to solution is: Cs
90 144 239> Sr > Ce > Pu. The leaching of cesium occurs quickly because

it is known to migrate, while in the reactor, to the cooler fuel-clad-

ding interface and also to concentrate in cracks in the fuel. It then

dissolves readily upon contact with water. In contrast, fission prod-

ucts or actinides such as plutonium, which remain in solid solution

within the U0_ matrix, are released more slowly. The maximum rate of

release for these species must be related to the dissolution character-

istics of the UO, matrix itself. Conversely, the rate of U02 dissolution
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FIGURE 6: Leaching of Cesium-137 from Used Fuel at 22°C and 150°C.
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may be estimated by the rate of loss of the rare earth radionuclides,
144 154

for example Ce and Eu, to solution.

Cood agreement between U0_ dissolution and rare earth leach

rates has been obtained. After 900 days, the Uf/? dissolution rate is

low and it has been virtually constant for the past year and a half at
-2 -1

about 10 - 100 ng-m -s in oxygenated distilled water at 22°C and

somewhat higher in Winnipeg River water. This is comparable to the

dissolution rates of borosilicate glasses at this temperature.

The UO. dissolution rates fall within the range of measured

uranium dissolution from naturally occurring uraninite ores. Uraninite

has the same crystal structure as UO.. The UO. fuel leach rates are

more comparable to the behaviour of -elatively pure ore than to those

samples containing other elements which may affect the composition and

nature of surface-alteration films. A new set of experiments has

recently been started involving eight samples of fuel In four different

simulated groundwaters at ambient temperature, in part to assess the

effect of Cher dissolved species on the characteristics of UO, disso-

lution.

One piece of fuel has been exposed, at 150°C, to distilled

water in the absence of oxygen for six weeks. The Cs leach rates

were about one order of magnitude higher than those under ambient
90

aerated conditions. In contrast, the Sr leach rate decreased as free

0, was consumed by reaction with the stainless steel autoclave and the

U02 matrix dissolution rate was inhibited.

( 28)
Electrochemical studies of the dissolution kinetics of UO.

are being made to elucidate the mechanism of dissolution. Preliminary

results so far, indicate that the main product of dissolution is hydrated

UO,. The importance of pH and the oxidation potential of the solution

in determining dissolution rates has t°en confirmed.
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A review of available thermodynamic data for uranium and

plutonium has been completed . Theoretical extrapolations have been

made to extend these data to temperatures up to 200°C. As a result of

this work, it will be possible to establish the oxidation state of any

dissolved uranium or plutonium species and thereby assess more fully

their behaviour in the vault ervironment.

4.2.2 Waste-Rock Interactions

Sorption of radionuclides by the rock constitutes a major

barrier to their migration. Studies are in progress to determine

the mechanisms involved and to accumulate information which can be used

in an overall analysis of the movement of radionuclides through the

geologic formation.

The extent of sorption can be expressed in terms of a surface

sorption coefficient, k , which is defined as

activity sorbed/cm rock surface
activity in solution/mL

Values of k have been measured for thirteen radionuclides on coupons of

gneissic rock from the White Lake drill core. The results are showik in

Table 3; a low value indicates little sorption. In particular, it is

clear that some nuclides, such as selenium and technetium are not sorbed

while others such as plutonium are very strongly sorbed. Measurements

on samples of CRNL and WNRE core have recently been started. Sorption

measurements for Cs performed as part of a standard sample program

have shown no major differences between k for granites, anorthosites,
a

gabbros and granodiorites.

In addition to the routine sorption measurements, a program is

underway to identify the important variables. For example, it has been
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TABLE 3

SURFACE SORPTION COEFFICIENT (k ) FOR WHITE LAKE DRILL CORE
a

Nuclide

75Se

90Sr

99Te

106.
Ru

11OmAg

190Cd

125Sb

I x 103

1

5

0

7

380

11

110

Nuclide

127mTe

137Cs

147Pm

239Pu

241AAm

" 2Cm

k x 103

18

48

31

100 to 13 000

300

50 to 240

shown that sorption is, often, not fully reversible; that temperatures

in the range 25 - 60°C do not appreciably change k for cesium and

strontium; but that large amounts of cations, such as Na , K , Ca
+2

and Mg , decrease the sorption of strontium and cesium. However,

preheating of the granitic coupons in air at temperatures above 150°C

increases the sorptive capacity for cesium. The sorption coefficient

for cesium was found to be a function of concentration.

Transport of radionuclides through geologic media under lab-

oratory conditions involves hydraulic and chemical effects. A simple

one-dimensional dispersion model coupled with an equilibrium and/or

kinetically controlled ion exchange model has been developed . This

model is being applied to systems with a simple geometry and well defined

hydraulics. For example, solutions of radionuclides are being passed



through cylindrical, tubular rock-test sections. The approach taken is

to inject both an inert (non-sorbing) nucllde such as the Iodine or per-

technate ions, together with a chemically active (sorbingi nuclide such

as strontium. The model allows the k for each nuclide to be deduced
a

from the delay of its elution peak. The model has succes:ifully been

applied(32;> to the

described earlier.

applied to the field data from the C'nsil. ^lass-block experiment as

Mechanistic studies are investigating the sorption of im-

portant long-lived radionuclides on those silicate, sulfide, carbonate

and phosphate minerals which could be present as stable phases in a geo-

logic repository.

Work began in 1978 to survey the Sr and Cs exchange capa-

cities of feldspars. Feldspars normally have low cation exchange capa-

cities as a result of their low specific-surface areas. Jowever, the

clay minerals and hydrous oxides, forced by precipitation following

feldspar dissolution, have larger specific-surface areas .»nd muc higher

cation exchange capacities. Therefore, when formed in ev;n small quanti-

ties, they increase the total exchange capacity of the feldspar-solution

system.

Some sorption experiments have been done on other rock-forming

minerals and the ability to sorb Cs is given by the following sequence:

vermiculite > hornblende > muscovite > labradorite > albite > augite.

Only the first three minerals sorb Cs at all strongly.

4.2.3 Buffering and Backfill Materials

In the emplacement of waste forms in a disposal vault, there

is an opportunity to add a further barrier to radionuclide migration in

the form of buffer and backfill materials . These can, of course,

also be designed to optimize the chemistry of the groundwater to the



- 47 -

roost favourable conditions. The reference material at this time is a

sand-bentor.ite mixture. However, others are being considered, either

alone or in combination, which are stable at higher temperatures than
09 129

bentonite and which will be more effective in removing ' Tc and I.

The low sorptive capacity of most rocks (silicates) for the

elements selenium, technetium and iodine, 1B consistent with their exis-

tence in natural waters as anions, that is SeO, , TcO, and I respec-

tively. Since these species are not sorbed significantly by silicate

minerals, alternative mechanisms are being sought to retard their trans-

port. One approach is to surround the waste containers with materials

which will react with these anions to fix them in sparingly soluble con-

pounds. As part of this program, solutions containing SeO. , TcoT and

I have been contacted with a wide variety of geological materials to

test for sorption and hence retardation of their movement in a natural

environment. The study includes selenium for completeness, even though
79

Se is present as only a minor component of the waste. Most of the

experiments have been done under oxidizing conditions as these are the

worst possible circumstances in terms of geological transport.

The results show that the SeO, anion is retarded by the

greatest variety of materials including a number of silicates, sulfides
79

and oxides. This retardation and the presence of Se in the waste in

relatively low qiantity implies that it does not represent a hazard, as

similar or greater sorption is expected for the more reduced selenium

species.

Although the TcO, and 1 anions are more difficult to retard,

a number of geological materials will retard TcO, under oxidizing con-

ditions. Retardation of I is the most difficult but it has been shown

that a number of ninerals will restrict its movement. Two minerals,

lead and metallic copper , have been shown to retard I from very

dilute solutions.



- 48 -

Research is in progress on the geochemical behaviour of TcO,

and I in reducing systems and preliminary indications show that TcoT

will precipitate as an Insoluble oxide.

Much work remains to be done, particularly under disposal

vault conditions. However, there is confidence that buffering or back-

fill material can be selected to provide an effective barrier to the

movement of radionuclides.

4.3 CONCEPTUAL ENGINEERING

Conceptual designs for a disposal facility have been described

in detail elsewhere . Two designs of a reference vault were con-

sidered; one for the disposal of immobilized used fuel , the other

for immobilized reprocessing wastes' . The designs also covered the

appropriate surface facilities . These studies are now being expanded

to include multi-level disposal facilities and the necessary surface

facilities.

Heat produced by the wastes seems to be the main factor which

distinguishes the design analysis for the disposal facility from that

required for conventional mines. Handling and emplacement techniques

must be developed for handling the highly radioactive packages of immo-

bilized materials.

A significant difference has been noted in the design con-

straints for immobilized fuel compared to those for reprocessing wastes.

As shown in Figure 7, elevated temperatures in the vicinity of the vault

persist much longer for used fuel disposal than for waste disposal.

This results from the heat generated by the actinides retained in immo-

bilized fuel. To ensure that effects in the rock body away from the

vault are similar, peak temperatures in the fuel vault may have to be

lower than those permitted uith the waste facilicy. In present designs,
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FIGURE 7: Long-Term Temperature in Disposal Vault with Immobilized Fuel
and Immobilized Waste.
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this results In an Increase of almost a factor of two in the size of the

vault facilities.

5. ENVIRONMENTAL AND SAFETY ASSESSMENT

The most Important feature of the concept-verification phase

of the program is the development of methods for the assessment of the

health, safety and environmental consequences of a waste disposal facil-

ity. These assessments will form the basis on which endorsement of the

disposal concept will be sought from the licensing authorities, the

technical community and the public.

The assessments are being based on a simulated or "model"

location that has composite features expected to be characteristic of a

location which might actually be chosen for a disposal facility. Mo

attempt is being made to simulate any particular location. Where pos-

sible, however, properties will be used which are typical of rock for-

mations of interest, including groundwater movement, as well as topo-

graphical, ecological and demographic features common to the Canadian

Shield regions.

Information and data from many areas of the research program

will be brought together by the assessment process. The overall assess-

ment will include factors such as social and economic impacts, occupa-

tional safety, safeguards and security and long-term safety. Documen-

tation necessary to seek approval of a disposal facility will be pre-

pared. This includes an Environmental Impact Statement for the Federal

Environmental Assessment Review Office, a Site and Project Environmental

Assessment for the Ontario Ministry of the Environment, a Site Evalua-

tion for the Atomic Energy Control Board and a Preliminary Safety

Evaluation for the same regulatory agency.
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5.1 PRE-CLOSURE ASSESSMENT

The pre-closure period covers the construction and operation

phases of a disposal facility.

Possible environmental effects during this time are likely to

be relatively short in duration but potentially greater in impact than

subsequent effects. Development of the methodology and models for

evaluating the environmental effects is well underway. Social and

economic factors will be included in the overall assessment.

Safety assessments covering both operational and accident

situations will address cases which do not involve radiation hazards as

well as those which do. Much of the methodology involved is already

well established, since similar assessments are routinely required for

the construction and operation of any nuclear facility. In the assess-

ments done so far, no potentially serious situations have been identified.

5.2 POST-CLOSURE ASSESSMENT

Post-closure assessment covers the period following the

sealing of the disposal vault and decommissioning of all surface facil-

ities. The assessment will evaluate the total impact of the waste

disposal facility on man and the environment at any time. It can be

accomplished by establishing a series of sound, mathematical models

which can be used to predict the rate at which radionuclides might

escape from the disposal vault and travel through the geosphere and

biosphere to reach man.

The approach being taken is to define and analyse the most

probable situation and to estimate the effects of possible variations in

the key input data. In addition, the probability and consequences of

potentially disruptive phenomena or events which could change the situ-

ation are being estimated.
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The overall analysis has two parts: a gecsphere pathways

analysis and a biosphere pathways analysis.

5.2.1 Geosphere Pathways Analysis

A systems analysis of the geosphere has been dc-- = loped to

provide an overall estimate of the rate at which radicnuclides may

escape from the vault and move through the geologic formation to the

surface. Hydrogeological and geochemical models are being developed to

provide detailed estimates of key parameters.

The GARD2 computer program has been developed to provide

the total systems analysis of the geosphere. Within the vault (Fleure

8) , the important aspects are container failure, haste dissolution, the

movement of water and chemical interactions with the vault contents.

Through the geologic formation, the major aspects are water movement and

chemical interactions with the rock.

A "first-case" analysis for immobilized CANDU used fuel in a

disposal vault at the model site has been made using the preliminary

estimates given in Table 4.

TABLE 4

ESTIMATES USED IN "FIRST CASE" ANALYSIS

Container life

Quantity of fuel

Path length

Water velocity

Volumetric flow rate

Leach time

500 a

350 Gg (10-year-cooled)

is km

0.3 m/a

40 kg/a

1.7 x 107 a
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time

FIGURE 8: Schematic Represontatton of the Ceosphere Systems Analysis.
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The analysis assumes a container life of 500 years and that,

until the container is breached, there is no release of radioactive

material. Once breached, the container is assumed to release radio-

nuclides at a constant rate until all the UO. is dissolved. This "leach

time" was conservatively estimated by assuming that UO. dissolved in the

available water to a level of 2 mol/kg; a level which implies the for-

mation of stable colloids, an unlikely event. Radionuclides contained

within the fuel were assumed to dissolve along with the UO. matrix.
90

This is justified for most radionuclides, particularly Tc which,

according to this preliminary analysis, is the most significant radio-

nuclide.

Values used for the path length and for water velocity and
(59)flow rate are estimates based on a simple hydrageological model

using data which were believed typical of granitic rocks. Retention or

delay in the movement of radionuclides due to sorptlon on granite was
/60^

estimated on the basis of laboratory work at WNRE and other data .

The results of this "first-case" geosphere pathways analysis

are shown in Figure 9 in terms of the discharge rate at the boundary of
99 129

the geologic formation. Only two radionuclides, Tc and I, are

predicted to arrive at the boundary in less than a million years; they

are assumed to travel with the same velocity as the groundwater.

Further development of hydrogeological models to predict the

movement nf groundwater is being actively pursued. The scales being

considered are:

1. Regional - Large enough to include all parts of the flow

systems that are influenced by, or that influence, the dis-

'posal operation.
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FIGURE 9: Radionuclide Release from the Geologic Formation
as a Function of Time.
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2. Site - To include the vault, shafts, boreholes and the

region over which the water table is perturbed by the presence

of the vault.

3. Local - A relatively small volume containing one container

or a few containers with associated rock and backfill.

It is unlikely that a single hydrogeological model will be

developed to satisfy the requirements of all three scales. Porous flow,

fracture flow, unsaturated flow, nuclide transport and heat transport

are to be included in the models.

At present, the chemical model used in the systems analysis is

based on the assumption that all chemical interactions can be repre-

sented by the simple equilibrium retardation parameter, k. Clearly, the

interaction processes are more complex than the present model implies.

GeochemicaJ models are therefore being developed which take into account

the variety of physical and chemical processes involved in reactions in

solution and at the rock/solution interface.

5.2,2 Biosphere Pathways Analysis

Movement through the biosphere pathways, particularly the food

chain, has been assessed using the FOOD II and RAMM programs.

Using the data from the "first-case" analysis of the geosphere trans-
99

port, estimates have been made of the resultant concentrations of Tc
129

and I in groundwater and soil. The calculations were based on the

following assumptions and data:

1. 50% of the precipitation (70 cm/a) falling in the watershed
2

(340 km ) is available for dilution of the released radio-

nuclides.
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99

2. A soil/solution concentration factor of 10 was used for Tc.

This value is a function of soil type and varies from less

than one (for sandy, non-organic soil) to several hundred (for

rich, organic soll)(63>.

3. A vegetation/soil concentration factor of 50 was used for
99Tc(64)

The FOOD II program was used to calculate the ingestion rate
99 129

by man and the resulting radiation dose from Tc and I. Similar

calculations will be made for the other radionuclides which arrive at

the surface at times greater than a million years.

99
The dose from Tc to the critical organ, for the most exposed

individual, was estimated to be about one percent of natural background
129

radiation, occurring after 14 000 years. The dose due to I was esti-
99mated to be similar to that due to Tc. Since no retardation of these

nuclides was assumed, the doses are probably overestimates.

As part of more detailed and comprehensive models being devel-

oped for the biosphere pathways analysis, improved knowledge of the

movement of nuclides through aquatic and terrestrial food chains is

needed. Research in these areas is underway.

5.2.3 Potentially Disruptive Events

5.2.3.1 Man-Caused

The probability and consequence of intrusion by man are some-

what difficult to predict because of man's versatility and continuing

scientific development. However, it is logical to expect that, if

future generations are as capable, scientifically, as the present one,

they will understand enough about radioactive material to detect it
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during accidental intrusion (drilling) or to be able to handle it

during deliberate intrusion. The vault does not present an attractive

target for sabotage because of its depth in solid rock.

5.2.3.2 Natural

Natural phenomena considered so far are faulting due to earth-

quakes, meteorite impact, volcanoes, glaciation and erosion. For most

of these phenomena, the indications are that there is an extremely low

probability they would significantly reduce the effectiveness of the

geological barrier. For example, it has been estimated that, based on

historical fault formation, the frequency of formation of a new fault in

an area such as proposed for a disposal vault is 1.5 x 10 la; the

frequency of a meteorite impact which would breach the vault is

4.5 x 10 /a; and the frequency of a meteorite impact which could

cause extensive fracturing to the proposed vault depth is 1.8 x 10 /a.

5.2.3.3 Crack Growth

Important characteristics of the geologic formation which

affect the pathways analysis are the crack parameters - frequency,

orientation, length, width and inter-connections. All these parameters

could change with time due to the stresses caused by the creation of the

underground vault and by the heat from the waste.

The degree to which crack growth might occur is being investi-

gated in laboratory experiments using statistical methods and linear-

elastic-fracture-mechanics theory. The first phase of short-term test-
(41)

ing using granite beams at room temperature has been completed , and

the results indicate that significant cracking should not occur in the

first 1 000 years if the propagating stress does not exceed about 60% of

the rock strength. A series of long-term tests will be conducted at

higher temperatures and in an aqueous environment.
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6. SUMMARY AND CONCLUSIONS

A comprehensive research and development program to establish

the technologies needed for the safe, permanent disposal of Canada's

nuclear fuel wastes is well established. The program brings together

expertise in a wide range of scientific and engineering disciplines from

all parts of Canada. It involves government departments and agencies,

the academic community, private industry and consultants.

Substantial progress has been made, not only in the technical

field but also in the public information program which now covers most

of the Canadian Shield region of Ontario. A significant step forward

was achieved with the approval to conduct field research work near

Atikokan. The geotechnical work at Atikokan is now well underway. It

is expected that two additional research areas, covering types of pluton

other than granite, will be established in 1980.

Participants in the program continue to exchange information

on all aspects of waste disposal with colleagues around the world.

Several participants also play active roles in the various, more formal

study groups established by international agencies. Some consideration

is also being given to more direct participation in international expe-

rimental projects. An example is the Stripa project in Sweden which

will cover a wide range of geotechnical studies in an existing under-

ground hard-rock facility and which will involve several countries.

The target for the completion of concept verification is now

1983. The delay with respect to previous schedules is due, in part,

to the inability to conduct field research work on other than AECL

properties. Althougn 1983 is the basis for planning purposes, it should

be emphasized that there is no possibility of site selection for a

demonstration vault until the concept verification is complete.
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APPENDIX A

MAJOR TECHNICAL CONTRIBUTORS TO THE
CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

ORGANIZATION ACTIVITY

Government Agencies

Atomic Energy of Canada Limited
Research Company

- Whiteshell Nuclear
Research Establishment

- Chalk River Nuclear
Laboratories

Overall coordination of the program
Basic research
Immobilization of fuel/waste
Safety and environmental assessment
Environmental research
Ceotechnical studies

Environment Canada

- Inland Waters Directorate

Hull

Hydrogeological research including:

Mechanisms and controls on ground-
water movement in fractured crystal-
line rock
Characterization of groundwater
chemistry
Evolution of groundwater
Determination of the controls on
radionuclide movement in fractured
crystalline rock

Energy, Mines and Resources
Canada

- Canada Centre for Mineral
and Energy Technology

- Earth Physics Branch

- Geological Survey of
Canada

Ottawa, Calgary, Dartmouth

Geotechnical studies with emphasis
on field work and drilling in the
research areas
The work includes:

Geological studies
Studies of the properties of rock
Geophysical studies
Administration and field coordina-
tion
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ORGANIZATION ACTIVITY

Ontario Hydro
Toronto

General responsibility for interim
storage and transportation
Pre-closure environmental assessment
Contributions to research on immo-
bilization and facilities design,
geotechnical research and environ-
mental impact studies

Industry

Acres Consulting Services
Limited
Niagara Falls

Bradley Bros. Limited
Noranda

Conceptual vault design

Diamond drilling at Atikokan,
CRJ1L and WNRE

Bristol Aerospace Limited
Winnipeg

Camfield Drilling Services
Lethbridge

Caprock Drilling
Winnipeg

Canadian General El.°.ctric
Company Limited
Peterborough

Flett Research Limited
Winnipeg

Gartner Lee Associates
Limited
Willowdale

Electron beam welding for sealing
of containers

Supervision of drilling during
installation of piezometers and
surface casting at WNRE

Installation of piezometers at WNRE

Degradation mechanisms in used fuel

Low-level gamma-ray spectrometry

Hydrogeological testing at
Atikokan

Golder Associates
Mississauga

Feasibility of near-surface test
facility
Review of vault design
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ORGANIZATION

INTERA Environmental
Consultants Limited
Calgary and Houston

Lynes United Services
Calgary

Morton & Partners Ltd.
Rexdale

Naval Ship R&D Centre
(U.S. Department of the Navy)
Annapolis

New Brunswick Research and
Productivity Council
Fredericton

Ontario Research Foundation
Mississauga

Paterson, Grant and Watson Ltd.
Toronto

RE/SPEC Inc.
Rapid City

Roke Oil Enterprises Ltd.
Calgary

Science Applications
Incorporated
Albuquerque

Terratek Inc.
Salt Lake City

W.J. Wardrop and Associates
Ltd.
Winnipeg

Westbay Instruments Ltd.
West Vancouver

ACTIVITY

Computer model of radionuclide
migration

Supply, operation and servicing of
hydrogeological test equipment

Core logging at WNRE

Testing of TEC-II stainless steel
prototype container

Decontamination of ion-exchange
resins

Thermal stability of glasses

Geophysical measurements

Stress and thermal analysis of vault

Geophysical logging of boreholes
at Atikokan and WNRE

Interpretation of hydrogeological
tests

Hydraulic permeability measurements
on rock samples

Conceptual design of surface
facilities and immobilization pilot
plants
Core logging at WNRE

Design and construction of piezo-
metric pressure measuring system
for use in boreholes
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ORGANIZATION ACTIVITY

Universities

McGill University
Montreal

McMaster University
Hamilton

University of British
Columbia
Vancouver

University of Manitoba
Winnipeg

University of New Brunswick
Frederic ton

University of Quebec
at Montreal

University of Toronto

University of Waterloo

University of Western Ontario
London

Phase separation in borosilicate
glass

Radiation damage in oxide systems
Analysis of helium in groundwater

Matrixing in metal of used fuel

Studies of fractures in rocks

Removal of radionuclides from
reprocessing plain- off-gases

Backfill for repository

Techniques for measurement of
fracture permeability
Age dating of groundwater

Validation of atmoPDheric environ-
mental radioactivity and dose model
(AERAD)
Literature review of radionuclide
distribution coefficients
Hydrogeological properties of clay
and related backfill systems
Distribution of tritium in a sandy
aquifer
Movement of carbon-14 through
surficial groundwater
Geochemis try
Testing of equipment for transient
pressure tests
Groundwater analysis
Hydrogeological research services
Fracture flow modelling

Mobility of ions in glasses
Geochemistry
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MEMBERSHIP OF THE TECHNICAL ADVISORY COMMITTEE

L.W. Shemilt, B.A.Sc, M.Sc, Ph.D.
Chairman
Professor of Chemical Engineering
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John Convey, B.Sc, M.Sc., Ph.D., D.Sc.
Former Senior Advisor to the Canadian Government on Mining and
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R.N. Farvolden, B.Sc, M.Sc., Ph.D.
Dean of Science
University of Waterloo

H.J. Greenwood, B.A.Sc. , M.A.Sc, Ph.D., F.R.S.C.
Professor and Head of the Department of Geological Sciences
University of British Columbia

R.H. Haynes, B.Sc., Ph.D.
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York University

K.G. McCallum, B.Sc., M.Sc., Ph.D., F.R.S.C.
Dean of Graduate Studies and Research
University of Saskatchewan

B. Ladanyi, B.A.Sc., D.A.Sc.
Head, Geotechnical Section, Department of Engineering
Ecole Polytechnique
University of Montreal
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Honorary Professor of Physics
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Former Dean of Science
University of British Columbia

G.F. Whitmore, B.A., M.A., Ph.D., F.R.S.C.
Associate Director
Ontario Cancer Institute
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APPENDIX C

LIBRARIES IN CANADA WHICH RECEIVE AECL SERIES REPORTS

ALBERTA
Library, University of Calgary, Calgary

*Library, University of Alberta, Edmonton

BRITISH COLUMBIA
McPherson Library, University of Victoria, Victoria
Library, Simon Fraser University, Burnaby
*Main Library, University of British Columbia, Vancouver

MANITOBA
Library, University of Manitoba, Winnipeg

NEW BRUNSWICK
*Harriet Irving Library, University of New Brunswick, Fredericton
Bibliothèque Champlain, Université de Moncton, Moncton
Library, New Brunswick Electric Power Commission, Fredericton

NEWFOUNDLAND
University Library, Memorial University of Newfoundland, St. John's

NOVA SCOTIA
^Library, Dalhousie University, Halifax
Library, Nova Scotia Technical College, Halifax

ONTARIO
Library, Energy, Mines and Resources Canada, Burlington
*Government Document Library, York University, Downsview
Library, University of Guelph, Guelph
Science Library, McMaster University, Hamilton

*Mills Memorial Library, McMaster University, Hamilton
Library, Queen's University, Kingston
Science Library, Royal Military College, Kingston
General Library, University of Western Ontario, London
Library, Atomic Energy Control Board, Ottawa

*CISTI, Reports Dept., National Research Council of Canada, Ottawa
Vanier Science Library, University of Ottawa, Ontario
Library, Carleton University, Ottawa

*Government Documents, National Library of Canada, Ottawa
Science and Technology Division, Library of Parliament, Ottawa
Thomas J. Bata Library, Trent University, Peterborough
Library, Brock University, St. Catherines
Library, Laurentian University, Sudbury
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Library, Lakehead University, Thunder Bay
Library, University of Toronto, Toronto
*Science Department, Metro Toronto Library Branch, Toronto
Ontario Hydro Lituary, Toronto
*Library, University of Waterloo, Waterloo
Library, University of Windsor, Windsor

QUEBEC
*Library, Ecole Polytechnique, Montreal
McLennan Library, McGill University, Montreal
Bibliothèque de Physique, Université de Montreal, Montreal
Bibliothèque des Sciences, Université de Sherbrooke, Sherbrooke
*Bibliothèque des Sciences, Université Laval, Laval

SASKATCHEWAN
Library, University of Saskatchewan, Regina

Denotes a depository library, one which holds a reference copy
of each report.
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