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RESUME

Ce rapport décrit le programme de recherche et de développe-

ment établi pour vérifier et démontrer le concept d'une évaluation sûre

et permanente des déchets de combustible en provenance des réacteurs nu-

cléaires canadiens. Ce programme se concentre sur le stockage souter-

rain en grande profondeur dans des formations de roche dure. La nature

des déchets radioactifs est décrite ainsi que les solutions possibles

d'entreposage, de traitement, de conditionnement et de stockage de ces

déchets. On décrit également le programme qui servira à vérifier le

concept proposé et 3 établir un emplacement approprié ainsi qu'à con-

struire et exploiter une installation de démonstration.
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ABSTRACT

This report describes the research and development program to

verify and demonstrate the concepts for the safe, permanent disposal of

radioactive fuel wastes from Canadian nuclear reactors. The program is

concentrating on deep underground disposal in hard-rock formations.

The nature of the radioactive wastes is described, and the options for

storing, processing, packaging and disposing of them are outlined. The

program to verify the proposed concept, select a suitable site and to

build and operate a demonstration facility is described.
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1. INTRODUCTION

Radioactive waste materials are produced at all stages of the

nuclear fuel cycle; In mining, milling and refining of the uranium ore,

in fabrication of the fuel, in reactor operation and subsequent stages.

The largest quantities of radioactivity, and potentially those of great-

est concern, are those associated with the irradiated fuel. While all

wastes must be safely managed, it is with the highly radioactive fuel

wastes that the demonstration program and this document are concerned.

The methods developed for disposal of the fuel wastes would be capable

of handling, if necessary, other radioactive wastes.

The overall objective of the Canadian program is the safe

management of radioactive wastes, ensuring that there will be no adverse

effects on man or on the environment at any time. The objective of the

research and development program described here is to verify that the

disposal of irradiated fuel wastes in deep, stable geologic formations

will achieve the overall objective and further, to establish the capa-

bility for safely disposing of those wastes.

The Government of Canada through its Crown corporation, Atomic

Energy of Canada Limited (AECL), has prime responsibility for this

research and development program. Ontario Hydro has responsibility for

developing the pre-disposal technologies associated with the interim

storage and transportation of irradiated fuel. A recent agreement

provided for full cooperation and consultation between the federal and

Ontario governments on the management of radioactive fuel wastes.

Several departments and agencies of the federal and Ontario governments

are participating in the program along with sections of private Industry

and the university community.

To aid in understanding the Canadian program and the rationale

on which it is based, this report is presented In two parts. Part I -

Principles and Technology - provides background information on the
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radioactive wastes produced in the fuel cycle, gives some perspective on

the hazards and problems, actual and perceived, of the disposal of fuel

wastes and considers briefly the past and present work related to dis-

posal of wastes done in other countries. Part II - The Canadian Devel-

opment and Demonstration Program - outlines the research and development

program leading to the construction and operation of a demonstration

facility and considers the institutional and regulatory aspects of the

program.
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PART I

PRINCIPLES AND TECHNOLOGY

2. BACKGROUND

2.1 Nuclear Energy In Canada

Nuclear energy was first used to generate electricity In

Canada In 1962 when the 25 MW(e)* Nuclear Power Demonstration (NPD)

station at Rolphton, Ontario, began operation. Since that time, Its

role In generating electricity has grown to the stage where, In 1977,

about 27 percent of all electricity generated by Ontario Hydro was
(2)

produced by nuclear energy . There are now some 4500 MW(e) of nu-

clear-electric capacity in service in Ontario.

Additional generating stations are under construction in

Ontario which will increase the nuclear-electric capacity to 13 500

MW(.e) by the late 1980' s. It is expected that nuclear energy will then

generate almost 50 percent of Ontario's electricity . Nuclear-elec-

tric stations are also being constructed in Quebec (685 MW(e)) and New

Brunswick (685 MW(e)) and these will begin operation in the early 1980's.

The forecasting of future increases in the use of nuclear

energy is uncertain, depending on ma;iy factors. However, recent esti-

mates^ suggest that the installed nuclear-electric generating capacity

in Canada may reach 60 000 MW(e) by the year 2000. Nuclear stations

would then provide about one-third of all Canada's generating capacity.

Unless otherwise indicated, all powers refer to gross generating
capacity.
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Experience has shown that nuclear energy is safe, reliable and

economical for generating electricity. In 1977, for example, the four

units of the Pickering generating station collectively operated at a

capacity factor of over 90 percent . The capacity factor is a measure

of the amount of electricity actually produced compared to that which

could have been produced if the station had operated all the time. The

cost of producing the electricity was significantly less than the equiv-

alent cost of comparable coal-fired generation .

2.2 The CAHDU* Fuel Cycle

The CANDU system is based on a heavy-water moderated and

cooled reactor, which currently operates on a once-through, natural-

uranium fuel cycle. Several descriptions of the reactor system, its

development and performance have been published ' ' . \ brief .nummary

is given In Appendix A.

A schematic representation of the natural uranium fuel cycle

is given in Figure 1. The present fuel cycle involves four stages:

uranium mining, milling and refining; fuel fabrication; reactor opera-

tion; irradiated fuel storage.

2.2.1 Mining. Milling and Refining

Uranium mining techniques are similar to those used for coal

and other minerals; some involve underground operations, others open-pit

mining. The ore, typically containing between 0.1 and 0.4 percent

uranium, is mechanically and chemically processed to produce yellowcake,

a concentrate which is about 80 percent uranium oxide (V~0a). Further
J o

refinement produces an essentially pure uranium oxide which is then

converted to another oxide form (U0-).

CANada Deuterium Uranium
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2.2.2 Fuel Fabrication

At this stage the uranium dioxide is fabricated into small

ceramic pellets (Figure 2). The pellets are sealed In zirconium alloy

tubes which are then formed into fuel bundles ready for use in the

reactor.

2.2.3 Reactor Operation •

While in the reactor, the uranium produces energy in the form

of heat, which is used to generate electricity in much the same way as

the heat produced by burning coal or oil. However, in a CANDU reactor,

one tonne of uranium provides as much energy as about 20 000 tonnes of

coal.

In producing energy by fission, some of the uranium is split

into a number of other elements called fission products. Some of the

uranium is converted to heavier elements (actinides) including fission-

able material, plutonium. Most of the uranium (about 99 percent) re-

mains unchanged.

A fuel bundle spends on average about 17 months in the reactor

and gives out enough energy to generate about one million kWh of elec-

tricity, enough to supply the average Canadian home for over 100 years.

When it is discharged, it is highly radioactive and requires shielding;

it also still produces heat (although at a much reduced level), and

requires cooling.

2.2.4 Irradiated Fuel Storage

The irradiated fuel bundles are stored in water-filled bays at

the generating stations. The water provides both the cooling and the
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shielding necessary to ensure safe storage. Each station has capacity

in its bays to store from 5 to 10 years' production of irradiated fuel.

Additional storage can be provided, if necessary.

2.2.5 Closing the Fuel Cycle

A decision on the future of the irradiated fuel is required

before the fuel cycle can be closed. There are two broad options

available as shown in Figure 3. One option is to consider the irradia-

ted fuel as a waste and of no further value. In this case, after some

suitable treatment, the irradiated fuel would be disposed of perma-

nently. The second option recognizes that the plutonium In the irra-

diated fuel is a useful energy resource which can be recovered for

further use in more advanced fuel cycles. In this case, only the true

wastes, the fission products and soae actinides would be left for per-

manent disposal.

After establishing the feasibility of incorporating the wastes

from processed fuel into a highly insoluble matrix for disposalv , Ca-

nada adopted a policy of storing the fuel in a retrievable way* until

a decision on its ultimate disposition was accessary, or desirable. At

the present time, there are sufficient proven uranium resources in

Canada to fuel a nuclear program until well into the next century ' .

All CANDU spent fuel ia currently stored in large water-filled pools at

the generating stations. This is a safe, universally-used method of

storing the spent fuel for an interim period. Therefore, for the above

reasons, there is no urgency to decide whether to process the fuel to

recover the plutonium or not. Methods for the long-term storage of fuel

have been developed (refer to Section 4.1).

By considering the requirements of both options In the waste

disposal development program, a suitable waste disposal technology will

be available, whichever option governments may wish to pursue. Whatever
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FIGURE 4: SCHEMATIC REPRESENTATION OF AN ULTIHATE
DISPOSAL FACILITY
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Che final decision, it is generally accepted that the final step in

closing the fuel cycle will be permanent disposal. Furthermore, there

is an International consensus that deep underground disposal in stable

geo logical formations offers one of the best prospects for isolating

nuclear wastes fro* man and his environment^ ' ' ' .

2.3 Geological Disposal

The basic concept of geologic disposal of radioactive mate-'

rials is to contain and isolate the materials for their hazardous life

by burial in stable, underground formations. A deep, stable formation

provides a natural barrier to the release of radioactivity. Since the

only way In which radioactive material could escape from such a location

is by water transport, the choice of a formation with an extemely low

water movement further assures that no significant amount of radioac-

tivity will be released. Another natural barrier is the capability of

the geologic formation to abnorh and remove radioactivity from the

water. Additional barriers to the release of radioactive material can

be engineered, such as incorporating the wastes in a highly insoluble

form.

A disposal facility would resemble, in many respects, a mine

and could be constructed in salt, shale, clay or hard-rock formations.

Figure 4 schematically illustrates the concept with vertical shafts

descending to a depth of 500 to 1000 metres and horizontal tunnels

running from the central shaft. Rooms arc excavated off the tunnels and

the suitably-packed radioactive waste placed in holes in the floor.

When full, the rooms (and eventually the mine) would be back-filled and

sealed.
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3. KATURE OF RADIOACTIVE WASTES

3.1 Sources of Wastes

Radioactive wastes ere produced at all stages of the fusi

cycle. A brief description of the type of waste involved in each stage

is given here. The quantities of waste and associated radioa tivity

produced from one year's operation of a nuclear-electric generating

station such as Pickering "A" are summarized in Table 1.

3.1.1 Mining. Milling and Refining

The largest volumes of waste are produced in the milling

stage. During the milling process essentially all the uranium is re-

moved end the residue (tellings) is discharged along with process water

to a holding area (tailings ponds). This residue contains radium-226

and other radionudides formed by its decay. On the basis of an ore

body containing 0.2 percent uranium, about 650 tonnes of tailings are

accumulated for each tonne uranium recovered.

Radium-226 has a half-life of 1620 years and is much longer-lived

than any of its decay products. These radionudides, which emit a-par-

ticlcs, are primarily hazardous to man only if taken into the body by

eating, drinking or Inhaling. Measures must therefore be taken to

control both the movement of these materials to water systems and their

dispersal by air.

The safe management of these wastes, and the smaller quan-

> titles produced at the refining stage, is the responsibility of the

companies Involved. Regulations, which govern the management of these

wastes, have been developed and are enforced by the Atomic Energy Con-

trol Board and appropriate provincial authorities. In the view of the
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TABLE 1

RADIOACTIVE WASTES ASSOCIATED WITH THE OPERATION OF THE
PICKERIHG "A" GENERATING STATION (2160 MW(e)) FOR 1 YEAR*

Stage in Fuel
Cycle

Hlning, milling
and refining
(0v2Z U ore)

Fuel Fabrication

Reactor operation

- effluent, liquid ( b j . *
- effluent, airborne1 '
- reactor wastes

- irradiated fuel

Quantity
(tonnes or cubic

metres)

1.6xlO5 tonnes<a)

200 m 3

- 1000 m 3 <c'd>

356 tonneste)

Principal
Activity

a

a

3
0

O.BiY

Aaount of
Activity in

curies**

l.lxlO3

0.4

1.2x10*
3.2xlOH

2xlO3 (d)

\2.3xl08 (s)

MOTES: * based on 80 percent capacity

** 1 curie - 37 gigabequerels (GBq)

(a) Includes mill tailings, process reagents and refinery wastes.

(b) Average of 1974-77 inclusive. Major component Is tritlusu
(c) Moraally compacted to ^ 300 • . Includes wastes generated

during storage of irradiated fuel.
(d) Excludes wastes arising froa infrequent replacement of

raactor components.
(e) Gross fuel weight including zirconiut alloys. Equivalent

uraniuB content is 288 tonnes. A S S U M S a fuel burnup of
7.5 MMd/kg U .

(f) At discharge.
(g) One year after discharge.
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recant Cluff Lake Board of Inquiry , the hazard to the general public

and future generations will be acceptably snail provided that these

regulations are followed.

3.1.2 Fuel Fabrication

The amounts of radioactive wastes produced in fuel fabrication

are snail, and the radioactivity associated with the vrsate materials is

due to uranium. These wastes are easily handled and are stored in

existing, licensed waste facilities.

3.1.3 Reactor Operation

A variety of wastes is produced during reactor operation, and

additional wastes will be produced when the reactor is decommissioned at

some future time.

(a) During operation, small quantities of radioactive materials are

released to the environment in the liquid or airborne effluents of

the plant. These releases are monitored and controlled under re-
(18)

gulations which state that, as a result of their release, no

member of the public may receive a radiation dose higher than 500

•illirem per year. This 500 mlllirem per year dose applies to all

man-made non-medical exposures and not just to these releases. In

practice, the commercial stations are designed and operated so that

the releases are no more than one percent of those allowable.

Experience at the Pickering "A" stationv shows that, if a hypo-

thetical parson lived at the boundary fence all year, ate 350 g per

waek of fish which spent its entire Ufa cycle in the undiluted

station effluent, and took all his drinking water from the station

effluent, he would receive a radiation dose of less than 5 millircm

per year. This should be compared to the natural radiation dose he

receives of about 100 millirem par year.
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(b) In reactor operation and maintenance, a number of solid and liquid

wastes are produced.

Solid reactor wastes are basically of two types: materials con-

taminated by their use in cleaning and conditioning the reactor

coolant and moderator and the fuel storage bay water; and materials

contaminated by contact with the reactor system during operation

and maintenance. The first types of material are mainly ion-

exchange resins and filters. These contain high enough concen-

trations of radionuclides that they must usually be shielded during

handling. The second type of materials consist largely of pro-

tective clothing, paper and cloth wipers and discarded equipment.

There is little radioactivity associated with most of this waste

material.

Liquid reactor wastes are primarily water containing low concen-

trations of radionuclides and water-conditioning chemicals. They

come from the various drain systems (e.g. floor, laundry, shower,

laboratory). Occasionally, liquid wastes with higher concentra-

tions of radionuclides are produced in th* chemical decontamination

of equipment, handling of ion-exchange resins and upgrading of

heavy water.

The most significant radioactivity associated with these solid and

liquid wastes is due to activated corrosion products such as co-

balt-60 and fission products, notably cesium-137. Canadian ex-

perience to date indicates very little contamination with actinld*

elements. Although the radioactivity associated with these wastes

is small (less than 0.1 percent of that produced in reactor opera-

tion), their volume is large compared with the irradiated fuel, but

quite small compared with typical industrial waste volumes. A

station the size of Pickering produces a volume of about 1000 cubic
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metres (approximately the volume of an olympic-aized swimming pool)

each year . The volume is reduced by incineration, evaporation

and compaction.

Methods of handling and storing these wastes are well developed

and experience shows that they are both safe and economical .
(19)Research and development programs are in progress to develop

methods for concentrating and conditioning components of these

wastes requiring final disposal and to investigate various disposal

methods. The basic approach being taken is to consolidate the

radioactive material In a compact, stable form which, in conjunc-

tion with the method of disposal, will prevent the release of

radioactivity to the environment.

(c) By far the largest quantities of radioactivity produced in the fuel

cycle are contained within the irradiated fuel. The specific char-

acteristics of thifc type of waste and the techniques for handling

it are considered in Sections 3.2, 3.3 and 3.4.

(d) At some future time, when its useful life is completed, the reactor

and associated facilities will be decommissioned. A study has been

made of the decommissioning of GANDU reactors and the radio-

active wastes which will be produced. Although no detailed plans

have been made, no serious problems are foreseen either in disman-

tling the system or in disposing of the radioactive wastes. The

volumes involved are not excessive; a 600 MW(e) reactor, after

operating for 30 years or more, is expected to produce about 250

cubic metres of highly radioactive material from the core of the

reactor, with a further 7000 cubic metres of contaminated material

from the remainder of the reactor system. Deep geological disposal

could also be used for the decommissioning wastes.
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3.1.4 Irradiated Fuel Storage and Disposal

Small amounts of radioactive waste material will be produced

as operational by-products during the storage and disposal of irradiated

fuel. These wastes will be similar to the reactor wastes produced in

reactor operation and maintenance.

3.2 Irradiated Fuel and Fuel Wastes

The irradiated fuel discharged from the reactor contains over

99 percent of the radioactivity produced in the operation of nuclear-

electric generating stations. This radioactivity is securely contained

within the structure of the fuel bundle. Unlike the much larger volumes

of waste products from the more conventional fuels (coal and oil) used

to produce electricity, the nuclear fuel wastes can be confined in a

small and very high quality containment that isolates them from the

environment.

The volume and mass of irradiated fuel to be managed is very

small for the amount of electricity produced. A 2000 MW(e) station such

as that at Pickering "A" discharges about 350 tonnes of fuel each year.

In fact, the amount of Irradiated fuel accumulated so far in Canada,

after producing over 100 billion kWh of electricity, is only about 2000

tonnes. This fuel is safely and securely stored in water-filled bays at

the reactor site. To put this in perspective, each tonne accumulated

has produced enough electricity to satisfy the average annual need for

six thousand families.

Natural uranium contains two isotopes, uranium-235 of which

there is 0.7 percent by weight, and uranium-238. In the reactor, some

of the uranium-235 is fissioned to produce other lighter elements (fis-

sion products), and neutrons which keep the nuclear reaction going.
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Some of the neutrons are absorbed by uranium-238 to produce plutonium

and other heavier elements (actlnldes). Some of the plutonlum Isotopes

also fission and, in fact, about 40 percent of the energy produced

during the fuel's stay in the reactor originates from plutonium fission.

When the fuel is discharged from the reactor, slightly more

than one percent of the original uranium has been changed . The fuel

now contains about 0.6 percent fission products and about 0.4 percent

plutonium. Only a part of the plutonium (about three quarters) can be

fissioned, i.e. is fissile. Table 2 lists some of the more than one

hundred fission product and actinide isotopes contained in the irra-

diated fuel. Also included in the table are the half-lives of these

isotopes and the type of radiation involved.

The discharged fuel is intensely radioactive; each fuel bundle

contains, at discharge, some two million curies of activity*. This

activity decays very rapidly so that after one year the bundle activity

has fallen to about 16 000 curies* and after ten years to about 1600
(23)

curies* . The irradiated fuel also produces heat which, like the

activity, decreases rapidly with time. Although a fuel bundle produces

some 2000 watts of heat a day after it leaves the reactor, this has

fallen to about 60 watts after 1 year. Figure 5 illustrates how activ-

ity and heat generation change with time.

Host of the radioactivity of the irradiated fuel during the

first few hundred years is due to the fission products. Because of

their relatively short half-lives the activity associated with them is

reduced by a factor of about 10 million after about 700 years. The

dominant source of radioactivity is then the actinide elements. Many of

the isotopes of these elements have very long half-lives; plutonium-239

* Some perspective of these magnitudes can be gained by considering that
the radiation field from an unshielded, 1 curie cesium-137 source (a
•y emitter) at a distance of 100 metres is about 3 times the natural
background level.
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TABLE 2

ACTIVITIES OF SELECTED FISSION I-KODUCTS AND ACTINIDES IN IRRADIATED FUEL*

Ra

Fission Products

Iritiua (H-3)

Kryptou-85

Strontiua-89

Strontiua-90

fttriua-91 .

Zirconiua-95

Niobiua-95

Iechnetiua-99

lutheniua-106

Iodine-129

Iodine-131

Cesiua-13

Cesium-135

Cesiua-13/

Ceriua-144

Proaethiua-147

Actinides

feptuniua-237

Plutoniua-238

Plutoniua-239

Plutoniua-240

Plutoniua-241

Aaericiua-241

Aaericiua-243

Curiua-242

Curlua-244

Mode of
decay

j

B.Y
B.Y
e
B.Y
8»Y

6.Y

6,Y
»

e,Y
3,Y

B,Y
6

&,y

0>Y

8,Y

a.Y

o.Y

a.Y

o,Y

B.Y
o,Y

«.Y

o.Y
a.Y

Half-life
(Years)

12.3

10.7

0.14

29

0.16

0.18

0.10

2.1xl05

1.0

1.6xlO7

0.02

2.17

2.3xl06

30.2

0.78

2.6

2.1xl06

87.7

2.4xlO4

0.24

14.7

432

7380

0.45

18.1

Activity (curies/kg

at
discharge

0.17

2.22

443

17.5

578

825

802

3.4xlO"3

182

7xlO~6

525

16.9

4.5xl0"5

25.3

424

58.9

2.1xlO"5

7.2xl0"2

0.15

0.24

22.9

11.5xl0"3

5.3X10""4

2.58

1.6xl0~2

after
1 year

0.16

2.19

3.95

16.0

77

17.3

36.6

3.4xl0"3

101

7.9xlO"6

1.2xl0"U

11.3

3.8xlO"5

24.8

181

50.7

2.1xlO"5

8.3xlO"2

0.15

0.24

21.8

4.7xl0~2

5.3xl0"4

0.44

1.5xl0"2

0)

after
10 years

0.10

1.23

9.8xlO"20

12.9

l.lxlO"16

1.3xlO"14

2.9xl0"14

3.4xlO"3

0.21

7.9xl0"6

0

0.55

3.8xl0"5

20.2

0.06

4.7

2.2xlO"5

8,0xl0"2

0.15

0.24

14.2

0.3

5.3xl0~4

8.9xlO"6

l.lxlO"2

* Based on Pickering fuel Irradiated to 7.5 MWd/kg U
(23)
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for example has a half-life of acre than 24 000 years. Unlike the

shorter-lived fission products which emit 0 and y radiation, the predom-

inant radiation associated with the decay of most of the actinides is

the a particle.

The fissile plutonium in the irradiated fuel is a potential

fuel resource. Ontario Hydro has estimated that the fissile pluton-

ium content of the irradiated fuel which will be accumulated by the year

2005 could have an energy at least equivalent to Canada's presently

proven and probable, conventional oil reserves of about seven billion

barrels. Even more energy could be obtained by exploiting a thorium

fuel cycle.

Since Canada has ample uranium resources to fuel its nuclear

program for many years to come, there is no need at this time to recover

the plutonium, and unlike some other nations, Canada has made no com-

mitments to do so' . However, the possibility of using the plutonium

at some time in the future has long been recognized and thic led to the

development of methods for the long-term, retrievable storage of irra-

diated fuel* . Should plutonium be recovered to initiate more re-

source conserving fuel cycles, such as the thorium fuel cycle, the true

wastes would be separated in the process. (A brief summary of Canada's

fuel resources and the potential of the thorium fuel cycle is given in

Appendix B).

The radioactive wastes from processing the fuel (fuel wastes)

would consist of the fission products and the actinide elements other

than plutonium. Uranium may or may not be recovered for future use.
(24)

The characteristics of these fuel wastesx , in terms of radioactivity

and heat generation per kilogram of original fuel, will be similar to

those of irradiated fuel over the first 500 years or so. After that

time, when the fission products have decayed, the activity would be

considerably less than for fuel since most of the plutonium will have

been removed.
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3.3 Potential Hazard of Irradiated Fuel or Fuel Waste

It is Important to recognize the fact that the actual hazard

from toxic materials is more dependent on their availability to man than
(25)

on their degree of toxicity . Toxic materials are widely used in

man's environment. For example, lead has been used for many centuries

in house plumbing, and mercury is often used *» a dental filling. The

potential hazard is there but, since the materials are in an essentially

insoluble form, they are not carried to the sensitive system in the

body - they are not available to cause harm. Although a potential

hazard exists, the actual hazard is very small indeed.

The potential hazard associated with any radioactive material

is due to three kinds of radiation which may be emitted.

Y radiation - is very penetrating, like X-rays, and can pass

through the body; it is hazardous to man whether the source is inside or

outside the body,

B particles - are energetic electrons but they have far less

penetrating power than y radiation and can only penetrate a short dis-

tance past the surface of the skin; this type of radiation is therefore

most hazardous when the emitter is inside the body.

a particles - are helium nuclei, each consisting of two protons and

two neutrons. Their penetrating power is *o low that a particles cannot

pass through the body's outer layer of dead skin. Emitters of a particles

are therefore only hazardous to man when inside the body, i.e. if in-

gested or inhaled.

To illustrate, since cesium-137 emits both y radiation and

0 particles, it is hazardous both outside and inside the body. Stron-
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tium-90 which emits no y radiation and only 6 particles, is mainly

hazardous if taken inside the body. Plutonium-239, an a particle emit-

ter, can be held in the hand without harm and is hazardous only if

ingested or Inhaled.

(26—29^Several comprehensive reviewsv of the biological effects

of radiat'on have been published. A brief summary is given f.n Appen-
dix C.

(30-32)Several studies have been made to put the potential

hazard of nuclear wastes in perspective. Since the only conceivable

escape route froa an underground disposal facility is by water trans-

port, some perspective on the potential hazard of the waste can be

obtained by comparing its toxicity in water with that of naturally

occurring toxic materials. A relative toxicity index has been defined

as the ratio of the volume of the water needed to dilute the radionu-

dides in the waste material to drinking water standards to the volume

of water needed to dilute an equal weight of 0.2 percent uranium ore to

the same standards. These standards are established by the Interna-

tional Commission on Radiological Protection (ICRP) .

Figure 6 Illustrates the relative toxicity index for irra-

diated fuel and fuel wastes (assuming 99.52 of the plutonlum is removed)

in an underground repository. The distribution of the emplaced material

proposed in a conceptual study of a repository is equivalent to a

bulk rock density of 6.5 kg U/m . By comparison, a naturally occurring

uranium ore containing 0.2Z uranium has a bulk density of 5 kg U/m , and

a high-grade ore such as 3Z uranium has a bulk density of about 75

kg U/m . In the case of uranium ore, the potential hazard is due prin-

cipally to radium and its daughter products.

It is apparent froa Figure 6 that because of radioactive
decay, the potential hazard due to fuel waste In the repository ap-
proaches that of naturally occurring high-grade uranium ore bodies after
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about a century. The effect of processing Irradiated fuel to remove

99.52 of the plutonium is to reduce the hazard of the emplaced waste to

below that due to lower grade ore (0.2% Uranium), such as occurs at

Elliot Lake and elsewhere in Ontario.

A similar comparison can be made with other highly toxic ele-

ments such as mercury, lead, barium and arsenic on the basis of drink-

ing water standards . The relative toxicity indices of common ores

of these elements, again using the basic uranium ore as standard, have

been included in Figure 6. These naturally-occurring minerals do not

decay with time and, in most cases, pose greater potential hazards than

the radioactive material in the waste facility after 100 to 1000 years

of radioactive decay. It is evident that radioactive materials are not

the only toxic materials which must be managed with care.

In a suitably-engineered radioactive waste disposal facility,

the chances of significant quantities of radioactivity being released

and becoming available to man are extremely low. The actual hazard is

therefore much less than Indicated by Figure 6. Developing methods for

assessing the consequences and probability of release of radioactivity,

in other words of assessing the actual hazard, forms a significant part

of the development program and is described in « later section.

3.4 Requirements for Storage and Disposal

Irradiated fuel discharged from the reactor is radioactive and

still generates heat. Containment, shielding and cooling of the fuel is

therefore necessary and these are provided during storage in the water-

filled bays at the reactor sites (section 4.1). Continual monitoring

and surveillance is maintained to ensure that there is no hazard to man.

After cooling for a few years, the irradiated fuel or wastes

from processed fuel can be prepared for disposal. It is probable that
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• O N further treatment (immobilization) will be desirable at that time,

to make It easier to handle and to Increase Its long-term durability

(section 4.3). When the radioactive material is placed deep under-

ground, shielding is provided by the ground. Although the rate of heat

production decreases rapidly, heat must still be dissipated, and this

factor Is Important in the design of the disposal facility.

Placing the wastes deep underground provides a significant

natural barrier to the release of radioactivity. Choosing a relatively

dry formation decreases the probability of. any release and immobiliza-

tion of the wastes reduces the probability of release still further.

Each factor in the design of a deep underground disposal facility con-

tributes to establishing a very low probability of escape of radioac-

tivity and an acceptably low risk to man. Once this Is demonstrated,

the need for surveillance to ensure aafety is removed and the facility,

once it has been filled and sealed, needs no further attention.

4. PREDISPOSAL TECHNOLOGIES

Irradiated fuel must be safely managed until such time as it,

or its processing waste, is placed in a disposal facility. Some of the

technologies involved are already in place, others require further

development or demonstration. The technologies cover storage of irradi-

ated fuel, its transportation to a site for further treatment and the

conversion of the fuel or its processing waste to a form suitable for

disposal.

4.1

Irradiated fuel bundles are now stored in water-filled bays at

the reactor sites. These swimming-pool-like bays have reinforced con-

crete walls approximately six feet thick, lined on the Inside with

stainless steel or fiberglass-reinforced epoxy paint. The water pro-

vides both cooling and shielding for the fuel.
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Approximately 80 000 Irradiated fuel bundles, accumulated

after seven years of operation, are stored in the bays at Pickering and

some 10 000 bundles are similarly stored at the Bruce Generating Station

(Figure 7). Auxiliary bays have been built at both stations to store

fuel which has cooled for some time in the primary storage bays. The

present and planned storage space is sufficient to accommodate all the

fuel discharged until at least 1988.

It is unlikely that any significant quantities of fuel will

either be prepared for final disposal or processed to recover and re-

cycle its fissile material until after the year 2000. For this reason,

interim storaj' of irradiated fuel will be needed for several decades

after being discharged from retctors now in operation. This interim

storage could be undertaken by building additional storage facilities at

each of the nuclear stations or by constructing central storage facili-

ties to which irradiated fuel would be shipped from the stations. A

central storage facility could be located at the site of a generating

station or at a fuel management site which nay also include immobiliza-

tion and disposal facilities.

Ontario Hydro is investigating the feasibility, safety, eco-

nomics and timing of the various alternatives for interim fuel storage

facilities.

4.1.1 Storage Concepts
•

Irradiated-fuel storage at the generating stations will con-

tinue to be in water-filled bays similar to those now in ut,e. This Is

a proven concept used around the world. Experience has shown ' '

that it is both safe and economical.

In Canada, irradiated fuel from the research reactors has been

successfully stored In water-filled bays for over 30 years. This fuel
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is similar in most respects to that now ussd in ths commercial reactors.
Fuel discharged from the MPD reactor and examined after 10 years storage

(36)in water showed no deterioration whatsoever due to storage . Some

fuel bundles have remained in the outer channels of the core of the MPD

reactor since its start-up 16 years ago without any deterioration. The

conditions of temperature and radiation in the reactor are far more

severe than those the bundles are subjected to in storage bays, so it is

not surprising that storage conditions have no significant effect on the

integrity of the irradiated fuel bundles. It is conservatively esti-

mated that water storage, using available technology and materials, is

practicable for at least 50 years. This time span should be more than

adequate for the development and demonstration of disposal technologies.

Three alternative conceptual designs are under consideration

for a central interim storage facility. These are wet storage in water-

filled pools and dry storage in either concrete canisters or convection

vaults.

(a) Wet Storage

The central water pool concept is based on the irradiated fuel

storage methods now in use at the nuclear generating stations but, as

with the dry storage methods, takes advantage of economies of scale and

modular construction.

The conceptual design shown in Figure 8 consists of a row

of eight bays separated by expansion joints. Bach bay is a double-

walled reinforced concrete structure partially subdivided into several

sections by cover support beams. lach bay is lined with stainless steel

and, when filled with fuel, Is covered by a stainless steel or aluminum

cover. Reinforced concrete covers are placed over each bay section for

mechanical protection.
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(b) Dry Storage

Dry storage methods could be an economical way of storing fuel

after a preliminary cooling period in water. They may require less

Maintenance than wet storage methods, and generate less secondary waste.

The concrete canister concept has been developed since 1974
and irradiated fuel has been stored in this way at the Whlteshell Nu-

(37)clear Sesearch Establishment since early 1976 . A typical concrete

canister is shown schematically in Figure 9. The canister stands about

5 metres high and contains about 4.5 tonnes of irradiated fuel - about

two to three hundred bundles. The heat is conducted from the fuel

through the walls of the inner and outer cans and concrete walls to the

outside surface, where it is removed by natural air convection. The

central storage facility would simply consist of an array of concrete

canisters as illustrated in Figure 9.

In the convection vault concept , the fuel is sealed in a

can identical to the outer can used for the concrete canister concept.

The cans are stacked four high, inside a steel pipe approximately 15

metres long which is seal-welded. As shown in Figure 10, the pipes are

located within a large concrete vault, through which cooling air flows

by natural convection. The heat is conducted from the fuel bundles out

through the walls of the cans to the outside surface of the vertical

tube, where it Is removed by the cooling air.

The convection vault concept is less well developed than the

pool or canister concepts, but it is basically similar to the latter and

can therefore draw on experience gained with it. All three methods are

expected to have useful lives of over 50 years. More details of these

interim storage concepts are given in Reference (35).
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4.2 Transportation

Eventually all Canadian irradiated CANDU fuel will have to be

transported from the nuclear generating stations to an irradiated fuel

management centre for disposal of the waste. Ontario Hydro and AECL are

engaged in a joint program to determine the optimum method of trans-

porting irradiated fuel to the centre in the substantial quantities that

will be required. The program covers both the type of container and the

method of transportation.

The basic technology is well established. Over the past

twenty years, irradiated fuel has been successfully shipped in Canada

and in other countries. The majority of Canadian shipments have been

relatively small fuel transfers between various research establishments.

However, regular shipments of irradiated fuel have been made from the

NPD reactor at Rolphton, to the Chalk River Laboratories of AECL, for

storage purposes for more than IS years. Additional shipments have been

made less regularly from the Douglas Point, Pickering and Bruce gener-

ating stations as part of the on-going fuel development program.

To date there have been over 500 shipments of irradiated fuel

in Canada and over 4000 in the United States. In no case has there been

any adverse consequence to the public or the environment as a result of

these shipments. In Canada, shipments must be approved by the Atomic

Energy Control Board (AECB) and made in massive containers designed to

withstand all conceivable accident conditions without any significant

release of radioactivity. The integrity of the containers must be

tested under conditions such *» free-fall drops frou a height of 9.0 m

onto a hardpan, free-fall drops of 1.3 m onto a hardened steel pin, and

immersion in an 800*C temperature environment for 30 minutes.

A cutaway view of a typical container for transport of irra-

diated fuel by rail is shown in Figure 11. The container is approxi-
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aately 3 metres long and 2 actres In dlaaeter. Its walls are approxi-

mately 25 ca thick and consist of an outer shell of 9 ca of steel and an

inner liner of 16.5 ca of lead. This thickness of shielding can reduce

the gamma fields froa Inside the container by a factor of ten million,

so that when filled with 5-year-cooled natural uranium fuel, the ra-

diation level at the container surface is less than 1 aillirea per hour.

The container weighs approximately 50 tonnes and is capable of trans-

porting about 3.5 tonnes of irradiated fuel.

Sandia Laboratories in the United States have recently coa-
(38)

pleted a series of shipping container teats selected to simulate

very severe accident situations. These tests, conducted with obsolete

containers, Included dropping froa a helicopter at a height of 610

metres onto a hardpan, crashes of a tractor-trailer rig carrying a

container into a aassive concrete barrier at 100 and 130 kiloaetres per

hour, and the iapact of a locomotive travelling 130 kilometres per hour

into a truck-mounted container at a simulated grade crossing. The inte-

grity of the container was not breached in any of these tests.

The probability of occurrence of an accident is difficult to

estimate realistically. One recent study has conservatively assumed

that an accident where some radlonuclides could be released might occur

once in every 250 000 irradiated fuel shlpaents. However, another
(40)

study concluded that such an accident could realistically occur only

once in every 10 000 000 shipments. It is highly improbable that there

would be any significant health risks to the public resulting froa a

transportation accident.

4.3 Treatasnt of Irradiated Fuel or Fuel Wastes

Some immobilisation treatment of irradiated fuel or fuel

wastes will be necessary before disposal. The objectives of such

billMtion are to package the wastes In a readily-handled fora, pro-
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viding both resistance to mechanical damage and the ability to retain
the radioactive material in the event water contacts the waste.

4.3.1 Irradiated fuel

Very little work has been done so far on the packaging or

irradiated fuel for disposal. Most countries have based their disposal

programs on the premise that processing of the fuel to recover the fis-

sile material will take place. Only Canada, Sweden and the United

States are actively pursuing the irradiated-fuel disposal option.

The Zircaloy cladding of the fuel bundle protects the fuel

pellets against the access of water. It forms an Integral part of any

of these containment schemes and, being highly Insoluble in water, will

form an effective barrier to the release of any radionuclidea.

The fuel material itself is very resistant to attack by water

and, since almost all the fission products and all the actinldes are

sealed within the uranium oxide pellets, it may only be necessary to

place the irradiated fuel bundles in a simple, aealed container to make

them easier to handle. A container constructed of a corrosion-resistant

material would provide additional protection against the ingress of

water. However, metallic materials cannot be guaranteed to have a very

long life if flowing water were present in the disposal facility.

Ceramic materials may be more resistant to water, but they are brittle

by nature, and further study is necessary to assess their potential.

Swedish scientists<41)

well as metallic ones.
Swedish scientists* ' are studying the use of a ceramic container as

By adding further barriers, it is possible to Improve the

resistance of the container system to water entry and radlouucllde

escape. One possibility is to fill the spaces left between the fuel

bundles in the container with a corrosion resistant metal having a low
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melting point, aucb aa lead. Another la to uae glaaa aa tht filler

although title has the disadvantage of requiring higher pouring tempera-

turea than a aoft metal. A further possibility ia to pack the container

with a material auch aa bentonite clay, which haa very good sorption

propertlea for many nuclidea. All these methods are being assessed.

4.3.2 fuel Processing Wastes

The procesaea used to recover fissile material from the irra-

diated fuel produce a liquid by-product containing the radioactive

wastes. The basic objective ia to convert thia liquid into a stable,

highly-Insoluble solid suitable for final disposal. There la general,
(42 }world-wide agreement * ' that, although these liquid wastes can be

aafely handled for many yeara, they ahould be converted to a solid form

as soon aa is practical.

Tfte consensus favours incorporation of the waatea into a

glass-like solid, a proceaa pioneered in Canada 20 yeara ago* '. A

large number of processes based on calcination or vitrification, have

since been developed* • • ' and some have reached the commercial

d

In a typical scheme, there are three steps in the conversion

of the acidic, highly-active waste solution to a glassy solid. Fir.*

in the evaporation step, the water and nitric acid are removed to leave

a mixture of nitrate salts. Second, in the decomposition or calcination

step, the nitrates are decomposed to a mixture of oxides of the various

waste elements. Third, the oxides are mixed with additional glass-

making components such as silica and boric oxide, and melted at high

temperature (usually over 900'O to yield a homogeneous melt. Finally,

the molten glass in a suitable container ia cooled in a controlled faah-

ion. In practice, these steps may take place in a single process ' or

In a two-staae process. The latter is being developed in the United

States*50'51' and F r a n c e ^ .
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Satisfactory glasses can be obtained over a wide range of

composition and fuel waste content. Some compositions being considered

are given in Table 3. A high waste concentration can be obtained if

only the fission product liquid stream is incorporated, which gives a

glass with a higher initial heat generation for a given volume. If some

of the low-activity chemical waste streams, which contain more sodium,

are combined with the high-activity fission product stream, a lower

waste concentration in the glass is obtained. This means that more

glass blocks are produced and placed in the disposal facility, but there

are the advantages of lower temperature gradients in the block and the

immobilization of all the active chemical wastes in a single waste

package. The size of repository is the same in either case because the

blocks would be spaced out to give the same average heat output per unit

volume of repository. Incorporation of all waste materials is currently

favoured in Canada.

Because of the high temperatures involved in the glass-making

process, some of the gaseous and more volatile fission products are

released and not contained in the glass product, so that treatment of

the gaseous effluent from the glass making plant is necessary. Methods

have been developed which extract and recover the volatile radlo-

nudides and keep the effluent of the plant well within the allowable

limits for release of radioactive materials.

The technical requirements of the solidified products suitable

for disposal include good thermal conductivity, low solubility, high

chemical and thermal stability and resistance to radiation. A consider-

able effort has been spent in investigating these aspects of a wide
• . ' • • . : . . - . - ' • - • • . • ; . ; - • :. • • • • • ; • . . . . , ; • - . . ' . • ( 5 4 . )

variety of glass products and this work has been summarised .

Of particular interest is the information available on the

effects of temperature and radiation on the properties of waste glasses.

Crystallization (devitrification) of the glass, * possible effect of
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TABLB 3

Characteristics of Wastes Glasses Considered in Canadian Program(1,2)

Property

Mass of initial uraniua
per container

tonnes

Equivalent fuel
bundles

Composition, we. %

Ma20

Fission product oxide

Actinidc oxide

Glass frit(3)

Activity, fcCi *

1 year cooled

10 year, cooled

Decay heat, kW

1 year cooled

10 year cooled

Low Waste Loading

0.49

24.3

10.0

0.7

0.5

88.8

378

35

1.5
0.1

High Waste Loading

4.39

219.

10.0

6.3

4.1

79.6

3413

313

13.7

0.9

(1) lased on Pickering fuel, 7.5 MWd/kg U burnup.
(2) A S S U M S 99.5X extraction of Pu and U.
(3) Class-Kaking clMMicals.
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prolonged storage at high temperature, may lead to an increased solu-

bility of the radionuclides it contains. Experiments have shown

that an increase In solubility does occur on crystallization of some

borosilicate glasses, typically by a factor of between one and ten.

However, crystallization is an extremely slow process and may not be a

significant factor at the temperatures expected in any disposal facility

(less than 200*C).

Because the wastes are radioactive, the glass is subjected to

irradiation by a particles, 6 particles, Y radiation and some neutrons.

Experiments and calculations show that the effects of 6, Y and

neutron irradiation are negligible; the most important factor is a

irradiation. Experiments have been done to measure the damage in

glasses due to a irradiation. These tests simulate over a million years

of exposure for glasses with the range of actinide loadings being con-

sidered in Canada. They show that no damage occurs due to helium

formation within the glass and solubility rates do not change by more

than a factor of two.

A great deal of information has been generated on the dissolu-

tion of radionuclides by water from waste glasses. The solubilities are

extremely low but are dependent on glass composition and on environ-

mental conditions, particularly temperature. In general the conclusions

are:

1. high concentrations of sodium and waste in the glass increase

solubility;

2. higher temperatures increase solubility by perhaps a factor of

one hundred between 25*C and lOQ'C;

3. fission products such as cesium and strontium are more easily

dissolved than actinidea;

4. the solubility is dependent on the water chemistry.



TtM goals of all waste product research have been to Improve
the types of glass so that highly-durable ceramics can ba obtained, and
to tailor tha type of glass to make It sultabla for specific disposal
options.

Work on tha development of glass-making procassas and to

determine tha properties relevant to disposal is an on-going feature of

tha programs of many countries. By participating fully in the Inter-

national Atomic Energy Agancy's working group on the "Evaluation of

Solidified High Level Haste Products", Canada is continuously aware of

international developments in this area.

5. WASTE DISPOSAL TECHNOLOGY

It has bean recognized since tha aarly days of nuclaar energy

development* ' ' ' that permanent disposal of tha radioactive wastes

would be required. Various disposal methods wara devised and tha gen-

eral consensus was that, while appreciable technological and scientific

work would ba needed, radioactive wastes could be disposed of safely in

several ways. Vast* disposal research has continued around the world

over tha last 20 years or so. Higher priority has been given to tha

work in recent years.

5.1 Objective

Tha objective of waste disposal Is to isolate and contain the

radioactive material, so that no long-term surveillance by future génér-

ations will be required, and that there will be negligible risk to man

or his environment at any time.

5.2 ^flyarfftlvo Concepts of Disposal

Host of the disposal methods being developed Involve disposal

underground in geologic formations. Other concepts(54>é5~67> have been

proposed and these are briefly considered here:



(a) Dlapoaal in apaca haa the attraction that once the waste* have

been committed to oute space they are completely isol' ed
(66)fro« aan's environment . However, if a malfunction of the

launch vehicle carrying, the waste took place, the consequences

of waste re-entering the earth's atmosphere with possible

widespread contamination would be significant. Disposal of

solidified fuel process wastes or irradiated fuel in this way
(14)would be very expensive, in excess of $2000 per kilogram .

Disposal in space does not appear to be an attractive ap-

proach.

(b) Transmutation involves the conversion of long-lived radio-

nuclides into much shorter-lived or even stable nuclldes .

The long-lived radionudides such aa iodlne-129 and the acti-

nides could be separated from the waste and destroyed by

neutron bombardment in a reactor or by proton bombardment with

an accelerator. The processes are theoretically feasible and,

for example. In the caae of plutonium take place in the reac-

tors today. However, the application of transmutation as a

disposal method would require the development of new high

efficiency separation processes and special irradiation fa-

cilities.

(c) Disposal in Polar ice-cape has been proposed because of the

advantages of a large area with a huge ice-cap and no inhabi-

tants; for instance, Antarctica has been continually glaciated

for at leaat five to six million years. The method might be

feasible but a very extensive geological and hydrogeological

study would be necessary to confirm this. At present disposal

in Antarctica is forbidden by international treaty.

(d) Disposal on or under the ocean floor has been considered *

for many years. Some countries have already disposed of
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radioactive wastes on the ocean floor under the terms of the

London Convention . The disposal of large quantities of

long-lived fission products and actinides in this way is,

however, not permitted at the present time.

Burial in stable areas of the ocean floor is being studied in

several countries, including the United States, Japan and the

United Kingdom. Conceptually, disposal in the ocean floor is

similar in many respects to geological disposal on land, and

the main containment barrier would still be the geologic for-

mation. It will require the development of special techniques

for drilling into the ocean floor and emplacing the wastes.

The British Royal Commission on Environmental Pollution ,

for example, recommended a study of placing wastes in 1000

metre-deep holes drilled in the stable areas of the ocean

floor 4000 metres below the surface of the ocean. The tech-

nology to accomplish this does not exist at present.

(e) Disposal on or near the surface of the land is possible but

requires continual surveillance. For long lived waste it does

not meet the objective stated in Section 5.1.

5.3 Deep Underground Disposal

Host countries concerned with waste disposal have concluded

that disposal in deep, stable geologic formations isolated from appre-

ciable contact with groundwater offers excellent prospects of achieving

the objectives of disposal.

Tnis conclusion has been reinforced in a number of independent

national <U.S.<13'14'71>, Can.d.<72'73>, Sweden™. U.K.<75>> and

international(16) studies and by several inquiries<15»17»76> over t n.

past few years. One of the more detailed studies was that conducted by



a study group of the American Physical Society and its conclusion

with regard to waste disposal is repeated here:

"Effective long-term isolation for spent fuel, high-level or

transuranic waste can be achieved by geologic emplacement. A

waste repository can be developed in accord with appropriate

site selection criteria that would ensure low probability that

erosion, volcanism, meteorite Impact and other natural events

could breach the repository. The possibility of an inadver-

tent human intrusion also can be made remote and limited in

consequences. Hydrogeologic transport is the most important

mechanism for potential transfer of radionuclides from a

geologic repository to the biosphere. We conclude that many

waste repository sites with satisfactory hydrogeology can be

identified in continental U.S., in a variety of geological

formations. Bedded salt, proposed for the first repository in

current ERDA plans, can be a satisfactory medium for a reposi-

tory, but certain other rock types, notably granite and pos-

sibly shale, could offer even greater long-term advantages."

5.4 General Requirements for Geologic Formations

There are several basic characteristics which must be consid-

ered in assessing the suitability of geologic formations for waste

disposal. These are:

(a) geologically stable and likely to remain so,

(b) relatively homogeneous, large enough and sufficiently deep to

ensure isolation of the wastes,

(c) a low degree of fracturing and other structural weakness which

might allow water to contact the waste,

(d) low groundwater circulation,



(e) sorptlon properties adequate to retard the movement of radio-

active materials in the unlikely event of water flowing

through the formation,

(f) low commercial value for minerals,

(g) suitable properties for underground construction by conven-

tional mining techniques.

5.5 Formations for Geological Disposal

.v
A variety of formations may be suitable for deep geologic

disposal. They include salt, clays or shales and hard rocks such as

granites, basalts, metamorphic rocks and others.

(a) Salt

The fact that salt formations exist is ample evidence of their

lack of contact with grbundwater. Salt has several other characteris-

tics which have led to its choice by several countries, primarily Ger-

many, the United States and the Netherlands, as their prime candidate

for a disposal facility. Salt has a high thermal conductivity which

allows the heat produced by the wastes to be readily dispersed, and its

structural strength is not significantly affected by heat or radiation.

Perhaps its most important attribute is that it flows plastically under

pressure, which tends to close any cracks, fissures or man-made pene-

trations.

There are some disadvantages too. Salt beds usually have

local pockets of brine, about 0.5 percent by weight, and these might

tend to migrate towards hot waste containers and eventually corrode

them. The brine does not, however, provide a means of transporting

radioactivity away from the repository. Salt is a natural resource and

this may lead to its extensive mining at some future date. Furthermore,

A^«^^^



the geologic conditions favourable to salt bed formation can also be

indicative of some other valuable resources such as oil, so that pene-

tration of the beds by man is possible.

that a considerable amount of work has been and still is being done in
,(77)

The extensive literature on waste disposal in salt indicates

a

this area

(b) Clays and Shales

Clays are characterized by high plasticity which, as is the

case with salt formations, gives a self sealing capacity. The plas-

ticity is directly proportional to the water content and clays often

contain high water contents; 15 - 20 percent water is not uncommon. It

is believed that the water moves extremely slowly, if at all. Clays

have a very high sorption capacity for most nuclides and could present

an almost impenetrable barrier to their movement.

Shales, being made of clay, have similar sorption character-

istics but do not have the high water content or the plasticity of clay

formations. They are basically impermeable and an excellent barrier to

water.

Disposal in clay or shales is under study in Belgium, Italy

and the United States.

(c) Hard Rock

The hard rocks being considered for waste disposal are usually

those of Igneous and metamorphic origin. These include rocks crystal-

lized deep in the earth's crust (plutons and batholiths), gneisses and

volcanic rocks such as the basalts. Sweden, France, the United States,
C 78)the United Kingdom and Canada are among the nations pursuing dis-
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posal in igneous or metamorphlc rock. The United States is investi-

gating disposal In basalt formations.

Bard igneous rock covers much of Canada (Figure 12). The

Precambrian Shield is one of the world's oldest and moat atable forma-

tions and has remained stable for over 900 million years. There is no

reason to expect that it will not remain stable for many more millions

of years.

Rocks such as those found in the Shield are of interest for a
number of reasons:

• They are highly insoluble and enduring.

• In massive form they are Impermeable, although water movement

can occur if a network of fractures and fiasures exists; at

depths being considered, however, water movement ia expected

to be very low indeed, and the fact that several deep mines

In the Sudbury area and in Minnesota are extemely dry supports

this vlew<79).

• The technology for mining deep in hard rock is readily avail-

able.

•Although parts of the Precambrian Shield are known for their

mineral values, there are many areas of the Shield which

contain large bodlea of rock with little or no mineral value.

These formations are known as plutons or, in their larger

form, batholiths.

Plutons are underground mountains of rock that formed as a

single unit from molten magma inside the earth's crust. They are rela-
(80)tively uniform in atructure and composition . Plutons vary in siae
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and can be over 100 kilometres across with depths of many kilometres.

Although valuable Mineralization sometimes occurs around the edges of

these rock bodies, they do not contain any concentrations of valuable

minerals in their interior. Because of this there has been little

exploration of plutons.

5.6 Safety of Geological Disposal

The basic structure envisaged for a disposal facility was

described in Section 2.3 and illustrated in Figure 4.

Safety is assured by isolating the radioactive materials from

the environment until their radioactivity has decayed to non-hazardous

levels. The capability to do this is ensured by many features which

hinder the transfer of radioactivity to man:

(a) the nature of the waste itself: by immobilizing the wastes in

a highly-insoluble form, the dissolution of radlonuclides is

effectively retarded should water ever contact the waste.

(b) the integrity of the geologic formation: by selecting a

stable formation and one which is dry or with very little

water movement, there is no method for transporting the radio-

nuclides to the biosphere, man's environment.

(c) retardation of the movement of radlonuclides: should there be

water flow through the formation, a number of natural chemical

and physical processes will retard most of the radionurlides.

These are ion-exchange, filtration and surface adsorption.

The magnitude of the effect will depend on the radionuclide

and the characteristics of the formation in and around the

disposal facility.
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Nature provides many examples which show that, given the right

conditions, toxic elements are isolated from the biosphere. For ex-

ample, radium is widely distributed in the earth's crust; mo are arsenic

and lead. Perhaps the most dramatic and useful example occurred at
(81)

Oklo , where a natural nuclear reaction took place about two billion

years ago. Evidence shows that there was little movement of moat fis-

sion products and no migration of plutonium at all, even though the rock

formations were periodically washed by flowing water.

Under normal conditions, there will be no significant release

of radioactive material; a disturbance of sufficiently large magnitude

to cause a large circulating water flow would have to occur before

radionudides could reach man. In considering the consequences of any

such disturbance it should be recognized that the radioactive waste has

two characteristic time constants. For the first few hundred years, the

radioactivity is high and is largely due to short-lived fission pro-

ducts. After that, the long-lived radionuclides, particularly the

actinides, provide most of the activity and at a much lower level (Sec-

tion 3.2). During the early years, therefore, the consequences of a

release of activity would likely be much greater than when radioactive

decay has considerably reduced the quantity of activity present.

Possibilities for initiating a release of radioactivity fall

into three broad categories:

(a) natural external events, such as meteorite impact, glacial

erosion, etc., and geologic events such as earthquakes and

volcanoes,

(b) changes caused by thermal or radiation effects,

(c) intrusion by man.



- 52 -

(a) The probability of a Meteorite impact causing a release of activity

is very small. Estimates have been made of the size and frequency

of meteorites which can cause damage of significant depth. An
(82)estimate , based on data from the Canadian Shield, suggests that

the probability of a meteorite impact causing a release from a
13facility 600 metres deep is one in 5x10 years.

No volcanoes have existed in the Canadian Shield for the last 900

million years and no volcanoes are known to have existed in other

Precambrian shields.

While earthquakes are always possible, movement tends to be along

previously faulted zones. Siting in a stable region of the Cana-

dian Shield away from fault zones, and suitable design of the

repository ensures a very remote possibility of a severe earthquake

and damage.

Placing the wastes at a depth of 500 to 1000 metres underground

makes it most unlikely that erosion or future glaciation will

affect the repository in any significant way. The compression of

the ground under the weight of any ice-sheet and the recovery or

uplift when the ice-sheet recedes are slow processes taking place

over many years; for example, the Canadian Shield is still slowly

recovering from the last glacial period, which ended about 10 000

years ago. The recovery is isostatic and does not change the basic

structure of formations deep underground.

(b) The effects on the rock formations caused by the heat generated by

the wastes and the radiation emitted must be carefully considered

in the design of the facility. Although the detailed effects have

not yet been fully analysed, it is clear that such factors as frac-

turing due to thermal stresses and changes in the structure and

characteristics of the surrounding rocks due to heat^ ' ' or ra-
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diation*75'84* will be small, will be restricted to the regions

immediately adjacent to the wastes themselves, or can be eliminated

by proper design.

(c) Man-made Intrusions Into the facility have been analyzed. Nuclear

war or sabotage are not likely to breach the Integrity of the fa-

cility. It has been calculated*85' that a facility 600 metres deep

would not be breached by a 50 megaton nuclear weapon exploded at

the surface directly over the facility. The possibility of sabo-

tage leading to containment failure is also considered extremely

remote for a deep underground facility*14'16'75*.

There is little possibility of breaching the integrity of the fa-

cility by exploration drilling at some distant time in the future,

even if records of the facility have been lost or society is dis-

rupted. The chances of random drilling penetrating a disposal

facility have been estimated at about one in 2500 years. Lo-

cation of the facility in a region with no valuable mineralization

considerably reduces this probability. However, even if the

penetration is made, it is not likely that a society with tech-

nology capable of drilling to such depths would not be able to

recognize the hazard of radioactivity and take remedial action.

Even if the danger were not recognized, the consequences of an

inadvertent encounter with old waste would not be catastrophic * .

While it is impossible to predict accurately the future on the

tlmescale of the lifetimes of the long-lived radionudides, it is pos-

sible to estimate the consequences of a loss of integrity of the geo-

logic containment. Several analyses* ' * ' have been made of the

consequences on the assumption that water and a pathway are available to

transport the radioactive nuclides to the biosphere and Ban. These

analyser, have varied in their sophistication, but all either conclude or
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lead to the conclusion that the dose to man at any time will be consid-

erably less than he is subjected to every day froa naturally-occurring

background radiation.

These assessments are based on models which describe the

various pathways by which the radionuclldes might escape froa the fa-

cility and are often termed pathways analyses. As stressed earlier, the

consequences depend on the availability of the hazardous materials to

aan, and not just on their existence. Soae of the recent analyses have
(90)been summarizedv , but two which have aade detailed estiaates of the

possible radiation doses to aan are worth considering further.

(89)One assessment assumed that the wastes in the repository

were dissolved at a steady rate (0.3Z per year) and at times after em-

placement varying from 100 to 1 000 000 years, by an underground water

stream flowing through a 16 kilometre long soil column to surface water.

The maximum radiation dose which would be received over a period of SO

years by an individual whose dietary and living habits maximised the

dose, was estimated. Even using the most pessimistic assumptions, the

50 year accumulated dose was still less than one tenth that he would

receive froa natural background radiation over the Saae 50 years.

A more recent study done in Sweden assumed that wastes

from reprocessed fuel are Incorporated into glass which is contained

inside cans of stainless steel, lead and titanium. The cans were as-

sumed to be placed 500 metres deep in granitic rock and surrounded by a

buffer zone of 10Z bentonit* ..lay and 90% quartz sand. The Swedish

workers measured water flows and the chemistry of the water in hard rock

formations, corrosion rates of the can materials in water of appropriate

chemistry and sorption of radionuclldes on the buffer and granite mate-

rials. Using this information in a series of pathways analyses, they

assessed the resulting exposure to (a) a population getting all its

drinking water from deep wells near the facility, (b) a population get-
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ting its water fro* a lake near the facility and using the lake for

irrigation, and (c) a population of coastal dwsllers exposed through

seawater, sediment and fish.

Their results are shown graphically in Figure 13 for the aost

highly exposed population, the "deep well" users. Even the upper Halt

case, which they believe is overestimated by at least one hundred tiaes,

gives a dose significantly less than natural radiation levels in Sweden,

and in the lower range of dose due to the natural radius concentration

in everyday drinking water.
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PART II

THE CANADIAN DEVELOPMENT AND DEMONSTRATION PROGRAM

6. TOE PROGRAM

The development philosophy throughout the Canadian nuclear

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

then concentrate available resources on that approach. This philosophy,

which led to the successful development of the CAWDU reactor, is fol-

lowed in the waste management program.

The overall objective in the Canadian program is the safe

management of radioactive wastes, ensuring that there will be no adverse

effects on man or on the environment at any time. The objective of the

program described in the following pages is to verify that the disposal

of radioactive fuel wastes in deep, stable geologic formations will

achieve the overall objective and, further, to establish a capability

for safely disposing of those wastes. AECL carries the prime responsi-

bility for the research, development and demonstration program.

The program for the disposal of radioactive wastes in Canada

is concentrating on disposal in hard rock, specifically plutons. Some

work has been done to assess Canadian aalt formations since these are

regarded as a back-up to hard rock.

Information developed on waste disposal methods throughout the

western world is freely exchanged. Canada contributes to and benefits

from this exchange. Thus, if some other geologic formation or some
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other disposal method is found to be more advantageous for application

in Canada, it will be possible to pursue those options using the world-

wide information as a base.

A key feature of the program is the development of methods for

the assessment of the safety and environmental Impact associated with a

waste disposal facility. The methodology, sometimes referred to as

"pathways analysis", will draw together the data obtained from all

aspects of the research program to assess the possible ways in which

radionuclides may be released from the facility to reach the biosphere

and the potential consequences to man and his environment.

6.1 Development of the Canadian Program

As early as 1958, scientists at the Chalk River Nuclear Labo-

ratories pioneered the immobilization in glass of some of the fission
{43}

products from processed fuel wastes . They recognized that permanent

disposal of the highly radioactive wastes would be necessary, and that

those from the processing of irradiated fuel might be the ones of most

concern. They argued that these wastes could be easily incorporated

into a glass and that the glass would be stable and very insoluble. In

this way the release of fission products to any water present would be

severely restricted. Glass blocks containing fission products were
( 911

buried in the ground at Chalk River , and continued monitoring has

confirmed that the rate of release of activity to the groundwater is

very low indeed. The dissolution rate is about the same as that of

granite.

In the years after the Immobilization of fission products in

glass had been demonstrated, most of the attention In the Canadian

program was directed to the Interim and long-term storage of irradiated
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fuel and other radioactive wastes. A program is now underway to develop

and demonstrate the technology for the disposal of irradiated fuel or

process wastes based on deep burial in hard rock.

The Department of Energy, Mines and Resources, and in particu-

lar the Geological Survey of Canada, were asked in 1974 to review the

current status of waste disposal technology in geologic formations, and

to recommend which formations night be suitable for Canada. As a result

of this review, they indicated that either salt or hard rock formations

should be suitable and noted that some hard rock formations (more spe-

cifically plutons) within the Precambrian shield, which underlies much

of central Canada, might be most appropriate. Consequently, disposal of

wastes in an engineered facility deep inside a hard rock pluton was
(92 }chosen as the primary option of the demonstration program.

They also recommended that some work should be done to iden-

tify suitable salt formations in Canada, but that no detailed explora-

tory work be done. By keeping a watching brief on the extensive work

being done on salt in other countries, the salt disposal option can be

maintained as a backup.

6.2 Goals of the Program

The overall schedule for the program is shown in figure 14.

The specific targets are:

(a) to have verified the basic concepts of disposal of irradiated

fuel or fuel wastes in deep hard rock, at least to the stage

where there is general acceptance, by 1981;

(b) to have recommended technically-suitable sites for selection

by governments and to have constructed a demonstration dis-

posal repository by 1985;
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(c) to have the demonstration completed to a stage where the

construction of a full-scale repository could be considered by

2000.

6.3 Summary of the Repository Program

The disposal program consists of three phases:

1. Concept Verification

2. Site Selection for a —-tstration Facility

3. Construction and Operation of Demonstration Facility.

6.3.1 Phase 1 - Concept Verification

This research phase is concerned with investigating the prop-

erties of a variety of formations, and in collecting information which

can be used to show whether disposal in hard rock plutons will meet the

basic objective of Isolating the radioactive wastes froa man and his

environment.

It is expected that many rock formations and locations will be

found to be technically suitable for disposal. Therefore, an important

objective is to keep open a wide range of alternatives for all inves-

tigations and for the eventual process of site selection. The Geologi-

cal Survey of Canada has located some 1500 igneous rock formations in

the Province of Ontario, and characterized them lit terms of chemical

composition, gross fracture patterns, size and proximity to faults.

This has been done by examiningaerial photographs, geological maps and

other available data; it is now necessary to confirm by surface recon-

naissance that surface conditions can be realistically predicted in this

fashion. • ' ' • .:- • "• .' • .."
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Verification of the concept will involve a great deal of

laboratory and field research work, including drilling, geophysical

surveys, sampling of groundwater and numerous hydrogeologic tests to

determine the hydraulic properties of the rock at various depths in six

to ten formations, chosen to cover a spectrum of rock types and gross

fracture patterns. The data obtained from these investigations, and

from laboratory studies of inmobilized fuel and wastes, will be used in

"pathways analysis" to assess the possibility of the movement of radio-

nuclides from the immobilization matrix, through the rock structure in

which it has been emplaced, to the environment and nan. It is expected

that the pathways analysis will show that almost all the radionuclides

will have decayed to harmless daughter products long before they could

reach the biosphere. There is a good deal of general evidence from the

behaviour of natural radioactive materials to support this belief but,

to prove it, specific information is required on the physical, chemical

and hydro&eological properties of typical rock structures. The analysis

will also identify which types of geologic formation are suitable and

which are not. Fart of this work will involve the correlation of ex-

ternal surface features with the characteristics of the formation at

depth.

This concept-verification work includes the type of research

and demonstration advocated in two Canadian studies^ ' .

It is reasonable to assume that other plutons are likely to be

suitable if they have chemical compositions and surface features which

are similar to the ones already identified as suitable. It is expected

that perhaps as many as 50 technically-suitable formations will have

been identified before moving into the site selection phase. Pathways

analysis for several typical formations will also have been completed,

enabling the possible rate of movement of radionuclides from these to be

assessed quantitatively.



j

During this first phase of the program, the research activi-

ties in the field will include surface reconnaissance at a larger number

of locations and a drilling program at six to ten- locations. It is

recognized that this could give rise to some concern in the minds of the

public, and a full public information program will be undertaken.

If 6.3.2 Phase 2 - Site Selection

f\ By the end of Phase 1 a large number of sites will have been

i: identified as potentially suitable from a technical point of view. The

| next phase will be to select a site for a waste management centre, which

If would include a demonstration disposal facility and possibly demonstra-

II tion-scale immobilization plants and fuel storage facilities. Complete

j| information on the proposal, Including details of economic benefits,

p health and safety considerations and environmental effects, will be sent

to local communities associated with the potential sites identified.

The positive economic and employment aspects may encourage people to

assess the risks and benefits of such a centre in their own area. AECL

will encourage a continuing dialogue with these communities.

f
•i. In the siting of man> industrial enterprises, there are taany

•; technical constraints. This is not expected to be the case with the

;; demonstration disposal facility. There will likely be a large number of

v,: technically-suitable sites and, therefore, there will be a choice

available as to the location of the facility. In making this choice,

the wishes of the local communities, expreswdd through their elected

local, provincial and federal representatives, will be closely followed.

In the unlikely event that no community indicates an interest in having

the facility in their area, government will have the option of estab-

lishing the facility in a remote area.
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When a reference site has been designated, further study will

be required to confirm its technical suitability. The technical field

work will involve detailed drilling, sampling and environmental studies

at the reference site. If the suitability of the site is not confirmed

by this assessment, another site would be chosen which could meet the

technical and environmental requirements.

At the same time, all relevant data will be presented in the

appropriate form to meet the specific requirements of licence applica-

tions for the Atomic Energy Control Board and any other federal and

provincial authorities concerned.

The processes of decisions by governments, technical confirma-

tion, local acceptance and licencing procedures through regulatory

authorities will culminate in the adoption of a specific site for the

demonstration facility.

6.3.3 Phase 3 - Construction and Operation of the Demonstration
Facility

Once the site has been acquired and serviced, a demonstration

disposal facility will be built. It will be similar in design to a con-

ventional hard rock mine. The vertical shaft will descend to the work-

ing level of 500 to 1000 metres and a small number of rooms will be

excavated out of the rock for test purposes. Figure 15 shows an artist's

rendering of the demonstration disposal facility.

The Initial testing will include measurements of rock stres-

ses, heat transfer and other chemical and physical characteristics, but

will not involve radioactive wastes. When the behaviour of the rock has

been confirmed, some radioactive wastes will be prepared in the immobili-

zation pilot plant at AECL's laboratories and emplaced in holes in the

floor of a room. An extensive sampling program will be established to
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FIGURE 15: ARTIST'S RENDERING OF DEMONSTRATION FACILITY
(CUT-AWAY VIEW)
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determine if there is any movement of radioactive materials, and a wide

range of other measurements will be taken to confirm predictions of

facility behaviour.

Provided the performance continues to be satisfactory, the

facility could be expanded to a larger scale demonstration involving

several rooms. For this scale of operation, the required containers of

waste would have to be produced from larger, demonstration-scale immo-

bilization plants which could be built at the same site. The extensive

sampling and monitoring program would be continued.

Although it is not expected that it will be necessary to re-

cover wastes from the facility at any time, the design and operation

will be such that the waste materials could be recovered if the on-going

assessments of the monitoring program indicate that the wastes would not

be retained for their hazardous lifetimes. Such assessments will be

made by using information from the pilot and demonstration-scale work to

improve the accuracy of the pathways analysis and to determine if the

earlier predictions on facility behaviour are confirmed or altered. If

recovery were necessary, the wastes would be returned to an interim

storage facility where they could be held safely pending further in-

vestigation.

During the pilot and demonstration phases, public information

facilities will be operated at the site to enable the public to obtain

information and, where possible, to see the methods used for handling

the fuel and wastes.

6.4 Research and Development Programs

The research and development programs cover a wide range of

scientific and engineering disciplines, and involve not only AECL but
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several branches of the Department of Energy, Mines and Resources, the

Department of Fisheries and the Environment, university departments and

industry. Appendix D lists some of the participants in the program and

their areas of participation.

6.4.1 Treatment of Wastes

In the case of immobilization of irradiated fuel, initial

efforts are being concentrated on the design and testing of a simple,

but durable container.

The development involves an intensive materials selection pro-

gram. The types of material being considered include stainless steels,

copper and nickel alloys, titanium and some ceramics. Methods of fabri-

cation and closure have to be developed, and tests are required at

various stages to evaluate the performance and select from the alterna-

tives. Resistance to mechanical damage and corrosion will be evaluated

to permit estimation of time to penetration of the container under all

likely conditions. Measurements will be made to determine rates of dis-

solution of radioactive material by water from the irradiated fuel if

and when penetration of the container and fuel cladding occurs. Heat

transfer calculations are being done to permit prediction of the tem-

peratures within the container. Thermal and radiation effects on the

container and the wastes will be evaluated.

The research and development program includes work on the

incorporation of additional material as a matrix or filler between the

bundles. Two materials under consideration for this purpose are lead

and glass. The program will include an evaluation of fabrication

methods, costs, interactions of molten material with fuel, resistance, to

mechanical and water damage, mode and time of penetration of contain-

ment, rates of activity release if penetration occurs, and the effects

of heat and radiation.
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In the case of immobilization of wastes from processing of the

Irradiated fuel, the work will be done with the knowledge of similar

work being done in other countries.

Glasses of various composition are being studied so that the

optimum and allowable range of composition can be chosen to give a

suitably low melting temperature to reduce manufacturing problems, and

to achieve a sufficently low solubility and high stability of the glass

for disposal purposes. Consideration is also being given to other solid

forms such as crystalline ceramics and synthetic rock.

Details of manufacturing procedures are being worked out and

tested. This work Initially is being done with glass containing non-

radioactive isotopes of the appropriate fission products and will later

be expanded to full scale tests with radioactive wastes for the chosen

processes. Methods for remote handling and easy maintenance equipment

will be assessed. Testing of product quality will be done at each stage

of development to determine the mechanical durability, structure, sta-

bility and solubility. Small-and large-scale tests will be performed to

determine the effects of exposure to groundwater under repository con-

ditions.

In the case of both fuel and waste immobilization programs,

the work is being done in such a way as to develop the techniques to the

stage where detailed design and construction of a pilot-stage immobili-

zation plant could be initiated by 1980.

6.4.2 Geotechnlcal Aspects

The program in this area is concentrated on the characteriza-

tion and investigation of hard rock plutons.



- 69 -

Salt formations are regarded as back-up, and a close watch Is

being kept on the work being done around the globe on these and other

possible formations. An inventory has been prepared from existing

records of all the major salt deposits in Canada and their character-

istics such as location, depth, stratigraphy, geological history, min-

eral values and extent of drilling. Three regions showing good poten-

tial for disposal have been selected for more detailed investigation and

are indicated in Figure 12. However, no field study programs are en-

visaged for the time being. Should investigations be made in the fu-

ture, they would be generally similar to those described below for hard

rock plutons.

The investigations for plutons involve a thorough study of the

surface and underground characteristics of typical examples of different

classes of plutons. Several different rock types will be examined,

e.g., granite, anorthosite, syenite and gabbro, since these have dif-

ferent physical and-chemical characteristics. In each case, examples

differing in Important variables such as fracture density will be studied.

The geologic investigations in the concept-verification stage

have the objectives of determining the rock composition and properties,

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

and, particularly, the characteristics of the groundwater flow and its

flow system. The information will be obtained from geophysical surveys

with airborne instruments, surface geological examinations and extensive

surface geophysical: surveys. Most of the information can, however, be

obtained only.from detailed: underground examinations accomplished by

drilling, sampling and testing'. Some drilling is already taking place

at two AECL sites, at Pinawa in Hanitoba and at Chalk River in Ontario.

Underground examinations by means of boreholes includes core

logging and visual inspection of the borehole Interior using television

cameras and ordinary photography. These examinations provide informs-



- 70 -

tlon about the nature of discontinuities and fractures in the rock and

the frequence of occurrence. The chemical, physical and mechanical

properties will be measured, where required, on drill core samples of

the rock. Hydraulic testing at intervals down the hole, supplemented by

geophysical measurements such as electrical resistivity and microwave

attenuation (radar), give information on permeability and groundwater

flow characteristics. Groundwater samples will be obtained where pos-

sible for determination of their age and chemical composition.

Earth science investigations will concentrate on essentially

homogeneous rock masses. Since existing geophysical tools are designed

for searching for ore bodies whose physical properties generally differ

largely from those of the surrounding rocks, a significant effort will

need to be invested in developing new tools, improving old ones and in

improving data interpretation methods. These improvements will also be

of benefit to the Canadian mining industry.

In the Canadian Shield, water resides predominantly in surface

lakes, rivers and swamps, and little work has been done to develop an

understanding of the deep, sub-surface ground water system. In order to

obtain a fundamental knowledge of the hydrogeology of the Shield, new

tools and techniques are being developed to measure flow, permeability

and water pressures and to obtain water samples from regions deep in

crystalline rock where very little water is to be found.

In addition to these studies which are specific to particular

formations.., a number of more general investigations are being under-

taken. Hatural seismicity will be monitored in order to better under-

stand the long-term stability of the Shield. Effects of past glacial

erosion will also be investigated to predict the erosive effects of any

future ice-age.
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6.4.3 Facility Design

A. preliminary conceptual design of a Canadian disposal facil-
(34 93)

ity has already been made ' by Canadian consultants and interna-

tional associates who are experienced in mining, rock mechanics and

other related fields. A more detailed design is now being done. Other

organizations with expertise in this area, such as the Canada Centre for

Mineral and Energy Technology and some university departments, are

cooperating in the program.

(34 93)
The preliminary design ' described the basic requirements

for a disposal facility in hard rock. The study showed that it is

feasible to construct the facility at moderate cost using conventional

mining techniques.

Much more detailed design and development will be done on the

basic construction of the facility. The optimum arrangements of under-

ground workings will be determined by detailed assessment and comparison

of various alternatives. The design of all systems must consider the

consequences of accidents when handling large quantities of radioactive

materials, and must prevent any hazard to operating personnel or the

public. Equipment and methods for transporting and placing the radio-

active wastes into the facility have to be established by adapting

existing types of machinery or designing new equipment. Methods of

backfilling the excavations will be evaluated, giving particular atten-

tion to the possibilities for control of water movement by means of the

hydraulic properties of the backfill and control of radionuclide migra-

tion by physical and chemical interactions with backfill materials. The

backfill material can be used to adjust the chemical quality of any

groundwater which reaches the wastes to, for example, minimise corrosion

of container materials or minimise waste solubility. It may also be

wholly or partly composed of material such as crushed rock, soil or clay
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which strongly absorbs radionuclides. Special components nay be added,

if needed, to fix particular nuclidea which are normally difficult to

absorb.

One of the most inportant aspects is the development of

thods for eventually sealing all connections to the surface, to the saae

level of Integrity as the original formation. Requirements for the seal

materials are: strong bonding to the surrounding rock; low permeability

to water; density to match that of the surrounding rock; thermal expan-

sion to match that of the rock; either mechanical strength greater than

that of the rock or else the ability to undergo plastic deformation so

as to accommodate stresses and strains without fracture; chemical com-

patibility with the rock and the groundwater regime. The Canadian

Centre for Mineral and Energy Technology (CAMMET) will review the state

of the art in this area to define potential sealing materials and con-

duct laboratory tests. This work will be expanded to include methods of

sealing and in-situ testing.

Besides designing the excavation and the method of construc-

tion and operation, the behaviour has to be evaluated of the entire

underground structure, including the surrounding rocks, before and after

closure. In particular, the temperature changes will be calculated in

the solid wastes and in the surrounding rocks due to the heat released

by radioactive decay, and the effect this has on the mechanical stress

patterns in the rock around the excavation. Such calculations will be

done for various alternative facility designs and heat loadings, and
(91}

will aid the selection of the final design. Some thermal and stress

analysis calculations have already been completed. For a typical set of

conditions that were chosen, the maximum temperature of the rock would

be less than 100*C above normal, and the maximum temperature in the

solid glass block of wastes would be below 150*C. Calculated stresses

in the rock would not exceed the strength of the rock, except in a small

region around the bottom corners of the tunnel, where this is not a

matter of concern.
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Laboratory measurements will be made to determine the physi-

cal, mechanical and thermal properties of plutonic rocks. To assess the

validity of the calculations and rock properties on a larger scale than

is possible in the laboratory, an experiment is being designed to place

electric heaters in an existing mine near Sudbury. Further extensive

checks will be made later by measurements in the actual demonstration

facility.

6.5 Safety and Environmental Assessment

A thorough, detailed and quantitative assessment of the health,

safety and environmental impact of the disposal facility is needed to

provide confidence in the safety of the approach taken and in the site

eventually selected. These assessments will form the basis in which the

appropriate licensing bodies, governments, the technical community and

the public can Judge the acceptability of the disposal method in general

and the proposed site and its disposal facility. The necessary method-

ology is being developed.

The assessments cover two distinct time intervals: the pre-

closure period, which ends when the facility has been back-filled and

sealed, and the post-closure period. Although both periods involve the

assessment of possible effects on the health of the general public, the

pre-closure period primarily involves the health and safety of the

workers who construct the facility, transport the radioactive materials

and put the wastes in place. This is in the nature of an operational

safety assessment.

The probability and consequences of accidents will be estima-

ted, particularly those which may involve a potential release of radio-

nucli.de material. In all cases, radiological and non-radiological

effects will be estimated, based on experience with other facilities and
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handling operations. Estimates of the radioactive emissions will pro-

vide input to pathway analysis calculations of the movement of radio-

nuclides through the environment and their uptake by man. Such calcu-

lations provide the basis for estimating potential dose to man.

The methodology for the assessment of these effects during

normal operating and potential accident conditions in the pre-closure

stage are already available. They follow the same practices used to

assess similar situations in all nuclear operations.

In the post-closure stage, the only significant potential risk

to man which can be identified is the -prospect that groundwater may

penetrate to the waste, dissolve out radionuclides and carry them to the

surface. Thus the objective of the safety and environmental assessment

studies of the post-closure phase is to determine the integrity and

reliability of the various barriers and protective features which pre-

vent this transfer of radionuclides to man.

These barriers or protective features are: the integrity of

the waste form itself, its container, the buffer material surrounding

the container, the backfill and sealing material, the massive geological

barrier and, finally, dilution and retention in the environment (Figure

16).

A great deal of detailed research is underway in many organi-

zations and encompassing many disciplines, to provide the fundamental

understanding and data for estimation of the degree to which each of

these features protects man and his environment. The goal is a quan-

titative prediction of the effects of the whole system.

Some of the preliminary analyses which have.been developed

have already been discussed (Section 5.6)» In this program, the work

will build on the base already developed and will concentrate on an
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DILUTION AND RETEHTION IN BIOSPHERE: & # # #
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FIGURE 1 6 : FEATURES PROTECTING HAN FROM NUCLEAR HASTE
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analysis appropriate to Canadian situations and conditions. The anal-

ysis oust estimate the probability of water being present in the fa-

cility and, given the presence of water, the rate at which radionudides

may be dissolved from the immobilized waste form. The data obtained

from hydrogeologic studies of hydraulic gradients, and experimental and

theoretical estimates of water flow through the body of the pluton will

be used to assess the time delay between the emplacement of the radio-

nuclides and their possible release to the biosphere. At the same time,

the rates of decay of the various radionuclides will be factored-in to

determine if the radionuclides will have changed into non-radioactive,

stable nuclides before they reach the biosphere. Another factor which

will retard the rate of release of any radionuclide to the biosphere is

the sorption and retention of radionuclides, first on the buffer ma-

terial surrounding the emplaced wastes and then on the surfaces of the

plutonic rock and other materials along the flow-paths from the waste to

the biosphere. Once the radionuclides reach the biosphere, they are not

automatically available to man. An assessment must be made of the

movement of any radionuclides which might be released through the

various pathways of food and water to man, taking into account any

sorption, dilution and concentration effects. The end product of the

analysis will be an estimate of the potential dose to man, coupled with

the probability that such a dose could be received.

To enable the assessment to be based on sound scientific

principles, a significant amount of underlying research is underway to

improve our understanding of the basic natural processes (geotechnical,

physical, chemical, and environmental) which will govern the behaviour

of radioactive wastes after disposal and to improve our knowledge of the

numerical data required for performance evaluation.

The assessment, which must cover very long periods of time,

will be based upon a sound, theoretical model. This will incorporate
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the data which are actually measured in the laboratory and, where neces-

sary, in the geologic formations.

6.6 Social and Economic Effects

The objectives of the social and economic analysis will be to

provide interested communities with information which will allow them to

consider the changes in amenities, prosperity and the quality of life

which would be likely to occur if an underground waste disposal demon-

stration facility were to be established in their area.

The analysis will determine what additional features are

needed for the construction and operation of the disposal facility in

the way of land, roadways, water and electric power supplies, manpower,

accommodation and amenities for workers and their families. The prob-

able changes that would occur in the community as these needs are met

can then be assessed.

An estimr-̂ e will be made of how much of the labour force can

be supplied by the existing community and how many of the jobs will have

to be filled by newcomers. These estimates will include those required

to work at the repository and those required to provide the increased

school, medical, merchant and other supporting services.

The requires .its of th'-. work force for housing will be asses-

sed, as will the demands on the heat, water, lighting, sewage and other

municipal services. The requirements will be determined for additional

church and school capacity, medical and dental services and community

sports, recreational and cultural centres. The effects on the life of

the community of the additional population and of the movement of ve-

hicles transporting irradiated fuel or treated waste and other traffic

to and from the facility will be assessed.

- ^ r . y a ^ ^
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The economic analysis will include assessment of the effect on

total and average earnings in the community, the change in the municipal

inccae and tax base and the effects on commerce, notably the expansion

or establishment of new businesses. The extent to which the existing

community would be able to finance and invest in this expansion and the

additional funding that would be required will be examined.

6.7 Public Interaction

Information about all aspects of nuclear energy research and

development in Canada is published by AECL in scientific and technical

journals and in AECL reports, which are available from the Scientific

Document Distribution Office™ ' and from Supply and Services C a n a d a v .

Copies of these reports are routinely distributed to libraries across

Canada and around the world. However, the general public is not accus-

tomed to using such sources of information. Moreover, most of the

information is written for scientific and technical readers and may be

presented in a form which is inconvenient for the general reader.

Public information documents are being prepared to describe

the waste management research and development in terms that can be

readily understood without the need for specialized knowledge. A va-

riety of documents will be produced with various degrees of detail.

Some will be short pamphlets giving brief, simple accounts, aided by

diagrams and illustrations of particular aspects of radioactive waste

management. These will be disseminated widely. Somewhat lengthier and

more detailed booklets will be prepared for those who seek more detailed

information. Some reports will be prepared at a more technical level in

response to the interests of the general scientific and technical commu-

nity.
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Progress reports summarizing the results of the program and

future directions will be issued on a regular basis. Scientists will

also be available to explain and discuss their results and the program

in general with local governments, regional elected representatives, and

interested groups, organizations and individuals.

In the first phase of concept verification, geologists will

drill into typical examples of each type of rock under investigation to

obtain the information necessary to evaluate which types of rock forma-

tion would be suitable for a demonstration disposal facility. Local

governments will be contacted and fully briefed on the entire program

before any such activity is undertaken, even though this phase of the

program is for research purposes only and does not involve site selec-

tion.

Later, in the site-selection phase for the demonstraticu

facility, full information on health and environmental risks and on the

social and economic effects of a waste facility development will be

prepared. This information will be supplied to any community in the

areas in which potential sites have been identified and which expresses

interest in having such a development within its locality.

Although the technical suitability of any site will be deter-

mined by AECL and itc partners in the program, the decision on whether a

demonstration facility should be constructed at that site will take into

account the wishes of the community as expressed through its elected

representatives. The regulatory review process necessary to obtain a

licence to construct and operate such a facility provides another oppor-

tunity for the public to express its wishes.
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7. INSTITUTIONAL ARRANGEMENTS

7.1 Organization

(97)

The Atonic Energy Control Act provides for the establish-

ment of the Atomic Energy Control Board (AECB), whose responsibilities

include the making of regulations for - inter alia - developing, con-

trolling, supervising and licensing the production, application and use

of atomic energy. The federal minister for Energy, Mines and Resources

Canada is responsible for all work carried out under the Act. In par-

ticular, the AECB is responsible for the regulation of health and safety

aspacts of nuclear energy.

Atomic Energy of Canada limited was created in 1952, under the

provisions of the Act, to undertake research in and to develop uses for

nuclear energy. Development of safe methods for managing nuclear wastes

and for permanent disposal of those wastes are among the responsibili-

ties of AECL.

AECL has the prime responsibility for the research and de-

velopment of disposal technologies for nuclear wastes from the CANDU

nuclear reactors. Since 1975, AECL has been joined in this work by

various branches of the Department of Energy, Mines and Resources and by

the Department of Fisheries and the Environment. They have provided the

geological and hydrogeological expertise necessary for the proper con-

duct of a research and development program aimed at geologic disposal of

wastes. Through contracts, segments of industry and some departments of

several universities are involved.

In June 1978 an agreement was announced between the federal

government and the government of Ontario for close cooperation in the

program . Ontario Hydro will take prime responsibility for develop-

ment of interim storage and transportation methods for irradiated fuel;
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AECL will retain their lead role in the research and development program

for geologic disposal. The statement of ministers is attached as Ap-

pendix E. All parties will cooperate in the program through a coordi-

nating committee s}> Aired by AECL, with representatives from the Ontario

Ministry of Er>tr£vj Ontario Hydro and Energy, Mines and Resources Canada.

i.l Regulation

7-2.1 Atonic Energy Control Board

All activities involving radioactive materials are.subject to

the regulations of the AECB. Therefore, primary.responsibility for the

approval and licensing of a radioactive waste disposal facility rests

with that body. Several other federal and provincial departments are

also involved at various stages of the review and licensing process.

7.2.2 Federal Environmental Assessment and Review Process (EARP)

The Environmental Assessment and Review Process was estab-
(98 V

lished by the Canadian Government in 1973 to examine the potential

environmental effects of projects undertaken by any department of the

Government of Canada. Provincial governments also have environmental

review processes covering activities within their jurisdiction. In

Ontario, for example, these are administered by the Environmental As-

sessment Act of 1975.

An Initial Environmental Evaluation will be prepared for the

federal Department of Fisheries and the Environment as a preliminary

indication of the environmental significance of the facility. In

accordance with the Environmental Assessment and Review Process, the

Initial Environmental Evaluation will indicate preliminary site selec-

tion and ensure that environmental concerns are addressed in the pre-

liminary planning stages of the project.



The formal review is carried out by an Environmental Assess-

ment Panel consisting of a small number of experts (usually four to six)

convened to review the environmental consequences of a specific project

and its alternatives, and to evaluate the significance of the environ-

mental impacts that might result from implementing the project.

A separate panel is established for each project reviewed.

Panel members are selected from within the Canadian Public Service, and

are chosen for their special knowledge and experience relevant to the

technical and environmental factors associated with the proposed pro-

ject. The Process also provides for the establishment of an Environ-

mental Review Board by the Minister of Fisheries and the Environment;

this Board is composed entirely of members outside the Canadian Public

Service. Projects considered special cases because of wide public

interest are candidates for the Review Board.

7.2.3 Documentation and Review of Information

The Environmental Impact Statement will be a fuller assessment

of the environmental consequences of the project in accordance with

guidelines established by the Environmental Assessment Panel for that

undertaking. The Environmental Impact Statement will be completed early

in the planning stages and submitted to the Panel for evaluation.

Although the jurisdiction of the Atomic Energy Control Board

extends over environmental effects only with respect to the radiological

health and safety of workers and the public, the licensing of the radio-

active waste disposal facility, particularly during site selection and

evaluation, will be coordinated with the appropriate review process of

federal and provincial agencies concerned with the broad issues of

environmental quality. Licensing by the AECB passes through three

stages:
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(a) A Site Evaluation Report Mist be subnitted to, and must be

approved by the AECB before the. site can be licensed. It will

include a description of all proposed facilities, wastes to be

handled and justification for the selection of the chosen

site.

(b) A Preliminary Safety Report must be submitted to, and approved

by the AECS before construction is allowed to proceed. The

report will contain sufficient detailed information, specifi-

cations and supporting :3ata for the Board to ensure that the

facilities will conform with the health and safety require-

ments.

(c) A Final Safety Report will describe the repository as built,

and must be submitted to, and approved by the AECB before

operation is allowed.

In its work in this area the AECB is aided by an advisory

committee on nuclear waste management. Its membership is drawn from

experts in a wide spectrum of disciplines, and has been established to

provide an independent assessment in matters relating to waste manage-

ment.

7.2 '; Standards for Regulations

In establishing its regulations related to health effects of

radiation, the AECB has chosen to folicw A* recommendations of the

International Commission on Radiological Protection.

In 1928, the International X-Ray and Radium Protection

Commission was established to provide guidance for the protection of

thosewho were occupationally exposed to ionizing radiation during

what were, for the mo«t part, medical procedures. After the advent

of nuclear energy; there was a re-organization from which emerged, in

i _ ,
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1950, the International Commission on Radiological Protection (ICRP).

In aaking its recommendations for the protection of the population In

general, as well as for those who are occupationally exposed to ionizing

radiation, the Commission is guided by two important principles. The

first of these is that all exposure to ionizing radiation should be as

low as reasonably achievable, social and economic conditions being

taken into account. The second is that the risks associated with

exposure should be, as far as possible, matched by a benefit. On the

question of risk due to radiation, the Commission recommends that, in

the case of the general population, it should not exceed the risk

acceptable as a normal part of everyday life. In the case of those

exposed during the working day, the risk should not exceed that to be

expected in a well-run, "safe" Industry. Given these basic premises,

ICRP publishes from time to time its recommendations, which are the

outcome of extensive review of all pertinent information by the Com-

mission and its expert committees. While the recommendations have no

legal status, it says much for the high regard in which ICRP is held,

that its recommendations are the basis for legislation in most countries

of the world.

In Canada these recommendations have been incorporated by the

Atomic Energy Control Board into specific regulations which require,

for example, that the whole-body radiation dose to adult workers who are

exposed to ionizing radiation shall be kept below 5 rem per year.

Similarly, radiation doses to the whole body of an individual member of

the public must not exceed 0.5 rem per year (500 millirem per year).

There are additional detailed regulations to limit radiation dosage in

particular circumstances. It should be clearly understood that these

are intended as safe upper limits and the regulations also require that

radiation doses be kept below these levels as far as possible, con-

sistent with expected benefits and generally accepted levels of risk in

normal life. In keeping with the intent of the regulations, the designers

and operators of Canadian nuclear power plants set targets to restrict
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radiation doses to members of the public to a level well below the

regulatory Halt; 12 of the regulatory limit (5 millirem per year) is

often used as the Design Target. Actual additions to natural radiation

levels are lower still. By comparison, the annual dose to each person

from natural radiation, from cosmic sources, the earth and natural

radioactivity in the body, is usually about 100 millirem per year.

7.3 Review

The programs of AECL are regularly reviewed by Parliament both

in terms of content and budget. In some cases, such as the waste man-

agement program, this review is done in more detail by the work of

Standing Committees. A Select Committee of the Ontario Legislature has

also undertaken a review of plans for radioactive waste management in

Ontario.

In addition, the scientific and technical aspects of all

AECL's programs are subject to peer review by other scientists and

engineers in the field. This is accomplished through the publication of

the work in recognized scientific and technical journals and presenta-

tions at international conferences. However, recognizing that the

general public is not fully aware of this aspect of the program, AECL it

in the process of establishing a peer review group for the waste dis-

posal program. This group, drawn from independent experts in fields

relevant to the program, will be asked to review the programs, the

information generated and* conclusions reached on a regular basis, and to

advise AECL in the conduct of the program. Such reviews will be made

available to the general public.

A number of organizations with expertise relevant to the

program are being asked to nominate scientists for the peer review

group. One such body, the Canadian Geoscience Council, has already

agreed to participate.

^
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7.4 Public Involvement

During the concept verification phase of the technical pro-

gram, the various aspects of the program, and the possible risks and

benefits of a nuclear waste disposal facility, will be discussed with

the public and particularly with the residents in areas of the Canadian

Shield. This information program will continue throughout the other

phases of the technical development of the disposal facility. Comments

and concerns expressed by the public during this phase of the work will

be taken into account.

During the site selection phase for the demonstration facil-

ity, full Information will be made available to local governments in

communities near areas identified to be technically suitable for a pilot

waste disposal facility. The elected representatives of the communities

will be invited to participate in the decision on whether the facility

is to be built in their area.

Once a site has been selected, further involvement of locally-

elected representatives will be sought on how the construction and

operation of the facility could provide the maximum benefit to, and be

most easily integrated with the community.

The public at all times will have an opportunity to partici-

pate through the normal processes associated with their elected repre-

sentatives In the provincial legislatures and the federal parliament.

Regulatory processes also provide for public involvement through sub-

missions and hearings.

8. SUMMARY

The Canadian program to develop and demonstrate safe methods

for the permanent disposal of radioactive fuel wastes is concentrating
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on deep underground disposal in hard-rock formations. A limited amount

of work is being done on waste disposal in salt formations as a poten-

tial back-up.

Technologies for the immobilization of irradiated fuel or

processed fuel wastes are being developed to keep open the option to

recover the fissile content of irradiated fuel at some future date.

The initial phase of the disposal program involves the identi-

fication and characterization of various types of hard-rock formations

and the verification of the basic concepts. It is expected to take

three years to complete to the stage where potential repository sites

can be identified. Evaluation work will continue after that time.

After a site has been selected, a demonstration facility will

be constructed. Following initial tests with inactive materials, some

radioactive wastes will be placed in the repository. Evaluation of the

performance of the repository will be continued for several years. It

is expected that the demonstration phase will be completed by the year

2000, when the construction of a full-scale repository for radioactive

fuel wastes could be considered.

Full information will be provided and close cooperation and

consultation will be maintained with the communities involved at all

stages of the program.
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APPEHPIX A

THE CANDU REACTOR

Canada's nuclear power program is based on the CANDU-PHW*

reactor. A schematic illustrating the essential features of the CANDU

system is shown in Figure A.I.

In the reactor core, the heat generated by the fissioning of

uranium and plutonium is transferred to the heavy water (D.O) coolant,

which can then be used to raise steam in a steam generator. From this

point on, the nuclear station is the same as any other thermal genera-

ting station.

The CANDU reactor has several distinguishing features.

1. The moderator is heavy water (D-O), the ;»at efficient moder-

ator known; other reactors use light water or graphite. The

cool moderator, at lev pressure, is contained in a large

reactor vessel called the calandria (Figure A.2), through

which pass some hundreds of pressure tubes containing the fuel

and coolant.

2. The pressure tubes, made of a zirconium alloy, are about 6

metres long and 10 centimetres in diameter with a wall thick-

ness cf 4 millimetres (Figure A.3). Uniform pressure tubes

offer .the simplest form of engineered structure able to with-

stand the stresses imposed by the hot, pressurized coolant,

and problems with or failure of one tube does not necessarily

affect the others. The use of pressure tubes allows flexi-

bility in the design of the reactor since higher powered

reactors can be built by adding more tubes. A pressure tube

design also facilitates on-power fuelling.

* CAMada Deuterium Uranium - Pressurized Heavy Water coolant
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3. On-power fuelling is achieved by remotely-controlled fuelling

machines which connect to opposite ends of the pressure tube

to be fuelled (Figure A.I). This ability to fuel on-power

contributes to the efficient use of uranium by minimizing the

amount of neutron-absorbing fission products in the core. It

also contributes to a high capacity factor by eliminating the

need for reactor shutdowns to change fuel. In conjunction

with the heavy water moderator and the neutron economy of the

zirconium alloy pressure tube, on-power fuelling permits the

use of natural uranium fuel.

4. The natural uranium fuel cyclt; is the most efficient user of

resources of any fuel cycle in commercial use today. The. fuel

is fabricated into relatively short bundles (Figure A.3) that

are easily handled. The design of the fuel bundle is simple,

permitting mass production techniques with inherently low

fabrication costs. Fuel performance has been good; of more

than 84 000 fuel bundles irradiated at Pickering, less than

0.03 per cent have developed defects. These were readily

removed using the on-power fuelling machines.

The CANDU reactor, in common with other reactors, has many

safety features. The approach used is defence in depth; a series of

barriers are provided to prevent the escape of radioactivity from the

fuel.

First: all but a very small fraction of the radioactive

fission products formed during the life of the bundle are

tightly bound up in the uranium oxide fuel itself.

Second: together with the fuel matrix, a sound fuel cladding

retains all the fission products generated.
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Third: if fission products escape from the fuel, they are

contained In the heat transport system (piping, pumps, steam

generators, etc.). which carries the heavy water coolant.

Fourth: surrounding the nuclear portion of the plant is a

pressure-resistant containment building. This would become

important in the unlikely event of, for instance, a pipe

failure in the coolant system. If this should happen, one of

the necessary measures (aside from shutting down the reactor

immediately) is to ensure that stear> and any radioactivity

released in the failure are kept isolated from the environ-

ment. In addition to the containment, some CANDU reactors

have a vacuum building to assist in this respect.

Fifth: surrounding the reactor building is a fenced, one-

kilometre exclusion zone to provide additional protection to

the public.

The reactors also have automatic shutdown systems and emer-

gency cooling systems which would come into operation if required.

A.I GENERATING STATIONS

The first production of electrical energy in a CANDU gener-

ating station was achieved in 1962 with the startup of the 22 MW(e)

Nuclear Power Demonstration (NPD) station at Rolphton, Ontario, a joint

venture of the provincial electric utility, Ontario Hydro, the Canadian

General Electric Company (CGE), and AECL. Ontario Hydro has since

embarked upon a major nuclear power program and, by 1 February 1978, had

4500 MW(e) in-service with a further 9000 MW(e) under construction. Two

more Canadian Provinces, Quebec and New Brunswick, have initiated CANDU

nuclear power programs; units are also in operation or under construc-

tion in four other countries. Table A.I lists the 30 units now in

operation, under construction, or committed.
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A.2 P2RFQBMANCE

The performance of generating stations is frequently measured

in terms of Net Capacity Factor. Data for the coraserclal stations,

Pickering and Bruce, are shown in Table A.2^ A > 1*. During 1974 and 1975,

it was found that some pressure tua?« had been Improperly installed in
(A. 2)

Pickering units 3 and 4. A total of 69 pressure tubes were replaced ' ,

resulting in a total of 18 months of shutdown. Even so, the lifetime

capacity factors are excellent for the individual units and for the

overall station. The early performance of Bruce is equally encouraging.

The 1977 net capacity factor for the entire Ontario Hydro nuclear system

(eight units) was 86.OX.

By the end of 1977, CANDU units had accumulated a total of 48

reactor-years of operating experience in Canada, and had generated over

100 billon kWh of electricity. In 1977, Canada had 4.42 of the western

world's nuclear capacity and generated 5.7X of its nuclear electricity.

Of the western world's 163 nuclear units of over 30 MW(e), Each of the

four Pickering units ranked in the first ten in terms of capacity factor.

A.3 ECONOMICS

The total unit energy cost for the Pickering generating

n 1977 was 9.1 mills per kilowatthou:

components of this cost is given in Table A.3

station in 1977 was 9.1 mills per kilowatthour^ '. A breakdown of the

At the present time, the fuelling cost alone for the most

efficient Ontario Hydro coal-fired station (Nantlcoke) is about 14.4

mills per kilowatthour. The total cost would also include capital

charges and operating costs. During 1977, Ontario Hydro's nuclear

stations generated 24 696 gigawatthours of electricity. This energy

production is equivalent to a saving of approximately 356 million

dollars worth of coal which would have had to be Imported from the

United States.
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In common with all other types of generation, the capital cost

of CANDU stations has risen considerably since the Pickering construc-

tion period, 1966-73. However, Ontario Hydro expect that their cost of

electricity fron new CANDU units will continue to be at least a factor

of two less than that from comparable fossil-fired plants built at the

A.4 SAFETY

The safety record of the nuclear-electric generating plants

has been good. There have been no fatalities due to any cause; lost

tine accidents have been low in relation to comparable industrial ac-

tivities. There have been no injurious radiation exposures of plant

personnel or others.

Releases of radioactivity to the environment have been satis-

factorily low. The release of radioactive effluents from the generating

stations to air and water is governed by licence limits established by

the Atomic Energy Control Board. These are based on the recommendations

of the International Commission on Radiological Protection. Canadian

designers and operators have established targets of not more than 1Z of

the licence limits for all new CANDU stations. Although the Pickering

"A" station was designed before these targets were adopted, the actual
(A 31

emissions shown in Table A.4V ' have been in the range 0.01 to 0.4Z of

the licence limit.
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TABLE A.I

CANDU-PHH GENERATING STATIONS

IN OPERATION. UNDER CONSTRUCTION OR COHJITTED

NAME

CANADIAN STATIONS

MFD
Douglas Point

Pickering A

Bruce A

Gentilly 2
Point Lepreau

Pickering B

Bruce B
Darlington

Gentilly 3

OVERSEAS STATIONS

KAWUPP

RAPP 1

RAPP 2

Cordoba

Wolsung 1

LOCATION

Ontario

Ontario

Ontario
Ontario

Quebec

Nev Brunswick

Ontario

Ontario

Ontario
Quebec

Pakistan

India
India

Argentina

Korea

TOTAL

POWER
MW(e) NET

22

208

514 x 4

746 x 4

638

633
516 x 4

769 x 4

850 x 4
600

15 681

125

203

203

600

629

1 760
17 441

NUCLEAR
DESIGNER

AECL & CGE

AECL

AECL

AECL

AECL

AECL
AECL

AECL

AECL
AECL

CGE

AECL

AECL
AECL

AECL

DATE OF
FIRST POWEB

1962

1967

1971-73

1976-79

1979

1980

1981-83

1983-86

1985-88
_

1971

1972
-

1980

1982

MFD Muclear Power Demonstration
KAMUPP Karachi Nuclear Power Project
RAPP Rajaathen Atoaic Power Project

AECL Atoaic Energy of Canada Limited
CGI Canadian General Electric Coapmty Limited
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TABLE A.2

NET CAPACITY FACTORS, it <a*

COtMERCIAI CANADIAN NUCLEAR GENERATING STATIONS

1971

1972

1973

1974

1975

1976

1977

Lifctiae Average

PICKERING

Unit
1

78.8

72.3

92.5
72.0

80.2

92.8
85.6

82.8

Unit
2

-

82.2

69.0

88.4

86.0

93.2

90.9

85.1

Unit
3

-

91.3

85.1
42.7(c>

57.5(C>

93.9
95.6

75.7

Unit
4

-

-

90.1

93.9

23.8(c)

68.4<c>

90.7

71.8

Station
Average

-

-

83.4

74.3

61.9

87.1

90.7

79.3

BRUCE

Unit
1

-

-
-
-
—

-

88.0

88.0

CO

Unit
2

-

-

-
-
-

-

80.7(d>

80.7<d>

(a) Data fro* reference (A.I) updated to 1977. Net capacity factor is actual
power generated as a percentage of the — X I W U M possible at rated
power over the period.

(b) Capacity factor for period 1 September to 31 December.
Units 1 and 2 in-service 1 September 1977. Unit 3 in-service
1 February 1978. Unit 4 under construction.

(c) Shutdown during part of the year to replace improperly Installed
pressure tubas.

(d) Capacity factor based on co-generation of electricity and supply of
steaa for Bruce Heavy Water Plant.
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TABLE A.3

1977 GENERATION COSTS FOR PICKERING

(Net Capacity Factor - 90.7J5)

(A.I)

Capital

Operating & Maintenance

leavy-Water Upkeep

Fuelling

Unit Energy Coats m$/kWh(e)

5.4

2.1

0.5

1.1

9.1

TABLE A.4

RADIOACTIVE EMISSIONS FROM PICKERING GENERATING STATIC*

(Z of Licence Limit)

(A. 3)

Tritium

Iodinc-131
'articulates

loble Gases

Emissions to Hater

Tritium

Gross bata-gs—

1974

0.24

0.02

0.07
0.20

0.09

0.29

1975

0.20

0.0045
0.014

0.22

0.064

0.10

1976

0.23

0.0072

0.08

0.12

0.036

0.09

1977

0.42

0.009

0.014
0.18

0.11

0.10
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CONTAINMENT

POISON
INJECTION

FIQUKE AT: ESSENTIAL FEATURES OF THE CANOU SYSTEM
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1. Ofcmdria
2. Dump Tank

4. Faadar.

5. End SMaMOutarTMM Snaar
9. EndShMdCooHng

im
7. EndSMaM
a. Baffin

9. End IhiaMlnnar Tub* Shaft
to. End atiMd Kay Rkif
I t . Anekorftota
12. EndSMaWRint
13. *»n|ThamwlSMaM
14. Co«Hm flaw

15. Cal«iHrla>Ma#octWodi
1*. CalMdriaaiiaM
17. CrixWriaTuMl
U . C*lM*totMiahiai**
1*. Cwttnl and Mmt-off ftodi
30. OjO ipray CaoUng
21. HaHymfilanciand

MowOffLiMt
22. P2O Mat ManHaM
23. D2O Mat NenlM
24. DumfPom
25. MtaMaMaW

27. DjOOuMat

3*. Dump fart It OMIWP Tanfc
tarayCaatlmUwai

30. Oi**w Tan* Onto Lk»

FIGURE A3: CANOU REACTOR CORE AND DUMP TANK
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INO SHIELD

CLOSURE SHIELD
H.UO PLUO

1. ZWCAIOV STRUCTURAL END PLATE
2. ZIRCALOV END CAP
3. ZIRCAIOY SEARING PADS
4. URANIUM (NOX»E PELLETS
5. ZWCAIOY FUEL (HCATH
«. ZIRCAIOY SPACERS

FIGURE A3: ZIRCONIUM AUOY FUEL CHANNEL, SUCH AS IS USED
IN PICKERING'S CANOU REACTORS
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APPENDIX B

URANIUM RESOURCES AND ADVANCED FUEL CYCLES

B.I URANIUM SUPPLY AND DEMAND

By international agreement, uranium resources are reported

under two categories: 'reasonably assured' resources and 'estimated

additional* resources. 'Seasonably assured' resources refer to uranium

in known deposits, the quantity, grade, physical characteristics and

cost of recovery of which have been established by drilling and sam-

pling. The 'estimated additional* resources refer to uranium estimated

to exist in unexplored extensions of known deposits or in known uraniua

districts. It is important to recognise that there say well be large

quantities of uranium to be found In other areas which are not included

in these estimates.

The uraniua available in known Canadian deposits in 1977 has

been estimated by Energy, Mines and tesources Canada (DOt) and their

estimates arc shown In Table B.I*8*1'**2*. The estimates are restricted

to only the principal deposits, in Ontario and Saskatchewan, and there

Is in addition a large potential for finding uranium in unexplored

regions of Canada. The uranium resources of the world, excluding coun-

tries of the Eastern bloc, are also shown in Table B.I.

A natural uranium CAMDU reactor consumes 133 kg U per year per

MM(e) when operating at 80 per cent capacity factor. Over its projected

life of 30 years it will consume 4.1 Kg U per Jfi(e), Including the

inventory. The uranium policy of faergy, Mines and Resources Canada ,

announced in 1974, includes an objective to ensure at least a 30-year

reserve of nuclear fuel for all existing reactors, plus any reactors

committed and planned for construction during the next ten years.
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Figure B.I shows the expected cumulative consumption of

Canadian uranium for reactors in Canada up to the year 2000, based on an

installed capacity of 60 GW(e) by 2000. Also shown is the cumulative

"commitment" of uranium; i.e., the amount of uranium Which must be set

aside for the life of these reactors according to the EMR policy.

Superimposed on Figure B.I are the estimates of uranium resources.

The total Canadian resources identified in 1977 are sufficient

to last well into the beginning of the next century, even when the 68

Gg U already contracted for for export are included. However, in terms

of commitment of uranium under the EMR policy, a large fraction of all

the 1977 resources will be committed by the beginning of the next cen-

tury.

The world situation is similar. Since a significant fraction

of the world's uranium resources are in Canada, the world resources will

be committed at a much earlier date than in Canada; in fact, the current

known world resources may be committed before the end of this century.

Thus, there is likely to be a worldwide demand for Canadian uranium. A

major export program would assist in our balance of payments m» well as

helping to provide the world with much-needed energy.

Clearly then it is prudent to follow two approaches which can

assure an adequate supply of nuclear fuel for the foreseeable future:

the confirmation of more uranium resources through an in-

creased exploration program.

- the development of new nuclear fuel cycles which make more

efficient use of uranium.

Uranium exploration is handled by the uranium producers and

resource estimates are co-ordinated nationally by EMR. The prospects

for discovery of major additional resources must be regarded aa very
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favorable. The research and development of advanced fuel cycles is a

responsibility of AECL.

B.2 ADVANCED FUEL CYCLES

The basic natural uranium fuel cycle used in the CANDU reactor

is the simplest fuel cycle' since it requires no uranium enrichment, no

fuel reprocessing and no fabrication of highly radioactive fuel. Ura-

nium is mined, purified, fabricated into fuel, used in a reactor and

stored as irradiated fuel after use. The irradiated fuel contains about

0.3 per cent fissile plutonium which could be rsed later in other fuel

cycles, but no credit is taken for this in current fuelling costs.

Extraction of the plutonium from Irradiated fuel would provide

the flexibility to use new fuel cycles which are more efficient in ura-

nium utilization. Because these cycles are more complex, they are also

more expensive at present but could become competitive as the price of

uranium rises.

Thorium is a fertile material but contains no fissile isotope.
235

Fissile material such as plutonium or U must therefore be added to it

to produce a reactor fuel. However, thorium absorbs neutrons freely to

produce an even more valuable fissile material, U.

The prospect of using thorium has long been recognized as a

•cans of assuring an abundant supply of energy from the world's nuclear

fuel resources * . Recently AECL has summarized a detailed review of

the physics and economics of the thorium cycle in CANDU--PHW reactors***5'8'6*.

The general conclusions of the work are that the basic CANDU designs are

satisfactory for thorium fuelling and that the cycle will likely become

competitive as the price of uranium rises.
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The cycle is illustrated in Figure B.2. Plutonium extracted

from natural uranium fuel can be blended with thorium to produce a

Mixture containing about 2.5 per cent Pu, which is fabricated into fuel.

Some of this plutonium is consumed during the subsequent use in the

reactor and 0 is produced from the thorium. Separated U could be

used as the fissile material instead of plutonium. The irradiated fuel

is reprocessed to recover the U and the residual plutonium, which are

recycled to the fabrication plant to produce new fuel.

The recovered thorium contains some highly rauioactive iso-

topes. After a suitable period for radioactive decay (10 to 20 years),

the thorium can be recycled. In some fuel cycles with an appropriate

reactor design it may be possible to maintain the cycle without the
235

further addition of plutonium or H (a self-sufficient, low-burnup

thorium fuel cycle). In others, some "topping up" would be required,

using new fissile material.

Table B.2 gives the fuel comsumptlon of the thorium fuel

cycles; the potential for resource extension is obvious. Of particular

interest is the fact that a 30-year accumulation of irradiated fuel

(4130 Mg U) from a 1000 MM(e) natural uranium fuelled CANDU reactor

could provide sufficient fissile plutonium to start up and operate 1400

MW(e) for 30 years on a hlgh-burnup thorium cycle. Alternatively, it

could be used to start up 2200 MW(e) and operate Indefinitely on the

self-sufficient thorium cycle at a higher fuel cycle cost due to the

lower burnup and more frequent recycling. The stocks of irradiated

natural uranium in retrievable storage offer excellent fuel cycle flex-

ibility for the CANDU system.

The thorium cycle could be used directly in the existing type

of CAMDU reactor with little or no modification. No new major reactor

development program is required. If the thorium fuel cycle were in

place, the existing licensing process, reactor construction Industry and
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utility operational structure could move gradually and saoothly Into

thorium fuelling *a- economics and resources strategy dictated.

AECL has outlined' ' Che fuel recycle developnent program

which would be required. It would Involve development of thorium fuels

and fuel fabrication methods, reprocessing, demonstration of fuel man-

agement techniques and physics characteristics in existing CANDU re-

actors, and demonstration of technology in health, safety, environ-

mental, security and economics aspects of fuel recycle. The program

would have to provide all the necessary information for a decision on

commercial scale implementation of fuel recycle. It would require 20 to

25 years for execution, which is compatible with the present Canadian

uranium resources situation.

Meanwhile, AECL and other Canadian departments and agencies

are participating actively in the International Nuclear Fuel Cycle

Evaluation (INFCE) to study all fuel cycle options. INFCE resulted from

the seven-nation summit meeting in London in Hay 1977 to review, over a

two-year period, methods by which the proliferation of nuzlear weapons

capability can be iupeded without jeopardizing the role that nuclear

power can play as a secure source of energy worldwide. No decision on

expansion of the present research level on thorium fuels will be taken

until information from INFCE has been evaluated by the Canadian Govern-

ment.
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TABLE B.I

RECOVERABLE URANIUM

Category

Reasonably Assured

istiaated Additional

TOTAL

RESOURCES IN TONNES OF URANIUM

Canada(1)

ref. (B.I)

189 000

706 000

895 000

World(2>
ref. (B.2)

2 014 000

2 213 000

4 227 000

(1) At a. price of $160/kg U

(2) Recoverable at a cost of $130/kg U
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TABLE B.2

PBAMDM COMSPMPTIOII III CAMDO TOIL CYCLES* B t 7 )

1000 Mtf(e)

Fuel Cycle

latural 0,
Once-through

rh/u«><«>

Self-Sufficient(fJ

rh/ru(*>

th/Pu m
felf-Suf f icientKZ'

"Inventory"***
M g U

144

680

871

1385(«>

1826(«}

Equilibrium reed
Hg U/«tb)

133

26

0

50<*>

0

7.5

37.4

10.0

37.2

10.0

Mote«;

(a) "Inventory1* defined aa the difference between actual requirements
over a long tlae period and requireaents determined from equilibrium
feed rate applied from in-aervlce date.

(b) based on 80% capacity factor.

(c) burnup per pass of Heavy Element, uranium or thorium.

(d) 2 3 5U feed with 0.2Z tails, 2 3 3O recycle.

(e) high burnup fuel cycle optimised for coat.

(f) low burnup fuel cycle for m a r t w uranium utilization.

(g) uranium figures shown are the amount of spent natural uranium
CaHDU fuel required to provide fissile Pu.

Thorium can be recycled after suitable decay of Th, so that the

equlllbrlum.net consumption of thorium is less than 2 kg Th/M?(a)*a.
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FIGURE B l : PROJECTED CONSUHPTION OF CANADIAN URANIUM I N CANADA
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AFWMDUC

BIOLOGICAL EFFECTS OF RADIATION

Living tissue consists of cells which contain aany aoleculea,

in particular SKA molecules which carry the genetic lnforaetlon neces-

sary for appropriate cell development, Maintenance and division. Radi-

ation can damage the OKA molecules, either destroying or altering some

of the information which they contain. There are natural repair aeche-

nisms which make it possible for some of the effects to be offset, but

in a small proportion of cells the OKA is permanently damaged. This

may result in the death of the cell or its change to a fora which could

result In cancer in the organism or genetic effects in subsequent gener-

ations.

Baaed on a large variety of animal experiments and on experi-
ence with the use of medicel X-raye, the effects of exposure of humans
and other maaaals to different levels of radiation can be summarised:

(a) Thousands of rads:+ Rapid disruption of aany functions con-

trolled by the nervous system. Reddening of the skin. Death

within a few hours or

(b) auaireds of reds: Rapid nausea, followed by death in a few

weeks aae to loss of intestinal lining and loss of blood-

foralng cells in the bone atrrow. Kxpert aedical care can

usually prevent death after exposure to doses around 500

reds but not after doses auch la excess of 1000 rads.- The

sea* doses do not produce these effects when accumulated

leag periods of

* 1 red - 10 aUllgnqr (aOy)
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(c) Tens of rads: No physiological symptons and no deaths within

a few weeks after exposure. Loss of certain types of special-

ised cells within the body; in most cases except in the lens

of the eye, these cells are replaced within a few weeks in the

adult but S O N embryos may show abnormalities in development

after exposure. These effects are minimi or non-existent

when the radiation exposure Is accumulated over long periods

of ««•)

(d) lads and tenths of rads: Long-term effects are restricted to

an apparently random occurrence of induced cancers and genetic

defects In a small proportion of the total population. The

numbers induced are considered to be directly proportional to

the total radiation dose, with no "threshold" or "safe" radi-

ation dose(C**'C*6J. This "linear hypothesis" is considered

to be a conservative assumption.

Radiation effects can also be beneficial. For example, cancer

cells differ from normal cells in that they exhibit rapid non-controlled

division of cells. Cancer cells are more sensitive to radiation than

normal cells. Controlled radiation exposures, therefore, can destroy

cancerous cells with minimum damage to surrounding healthy tissues.

Predicted Effects of Low-Level Radiation

In the nuclear power industry, radiation exposures to workers

and possible exposures to the public are strictly regulated and control-

led. Excluding background radiation and medical exposures, the, regula-

tions do not^permit radiation,exposures to any worker at a nuclear plant

to exceed 5 ram per year and exposures to any member of the public to be

more than 0.5 ram per year, (500 mlllirem per year).
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ftisk aatiaataa for the effects of low-level radiation on human

population* hava been reviewed many times by international aad national

committees of scientific experts. The cancer aatiaataa are based pri-

marily on human data. Theae riak estimate* hava not changed appreciably

aince 19*6, aad may be suaaerisaa as follows<C>6'7'8'9>10>.

about 1 fatal cancer per 10 aan*rea,

about 1 non-fatal cancer par 10 men-ram,

about 1 genetic defect par 10 man*raa to the general public,

about 0.4 genetic defect per 10 man-rem to occupational

workers.

The additional genetic rlak for occupational workers is con-

sidered to be •»» 40X of the rlak to the general public because most

radiation exposures received by adults ara not genetically significant.

An Increase in radiation level of 2 aillirea par yaar (tba

natural background level in Canada ia about 100 aillirea par yaar) to

the general public in the immediate vicinity of a nuclear reactor might

thus be expected to indues 2 fatal caaeers par tan Billion persons par

yaar (aa compared with current valuaa of about 1500 fatal cancers par

ailllon persona par yaar froa other causes In Canada) and an average

decrease In life-span of about 0.004 years. An exposure of 1 raa par

year for occupational workera aight similarly ba expected to raault in

an increase of about 1 fatal caacar par 10 000 workers par yaar. The

average decrease la life-apan of the radiation worker, aaauaiag a doae

of 1 ram par yaar between tba ago* of 20 aad 65, is eatlaated at leas

than 0.1 yaar*. The total h a m to the health of radiation workers

exposed to 1 raa par yaar la laaa than that to workers in other ladue-

triee, which average 1 fatal accident par 10 000 workers par yaar < C* n >.
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APPPIDIX 0

NOH-AECL EFFORT OH THE PROGRAM
(1978)

OKGAMIZATIO*

nonuu. GovnoMBrr

Dept. of Inert*. Mines and Resources

Geological Survey of Canada

Earth Physics

CA»OT

Dept. of Fisharias and Environment

Inland Haters

oomamn or OHIAMO

Ontario lydro

Ontario leeearch Fotmdatioa

MAJOK ACTIVITIES

Pluton inventory
Field asMsaaents
Drilling and logging
Geophysics
Alternative rock types

Geophysics
lock properties
Seiemicity

lock properties
Beater experiments
Borehole/shaft sealing

tydrogeology modelling
tydrogeology testing
Gebcheaistry

Interiai storage
Transeortation

Class amnufacture

coat.
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MOH-AICL EFFORT OH THE PROGRAM (1978) continued

ORGANIZATION

UNIVERSITIES

British Columbia

Manitoba

Western Ontario

Waterloo

KcMaster

Toronto

Quebec (at Montraal)

New Brunswick

Massachusetts Institute of Technology
(U.S.)

HUUSTEY

Acres Consulting Services

Bradley Bros.

Dllworth, Secord, Meagher and Assoc.

Colder Associates

lagcoasvlt AB (Sweden)

Kentlag Survey

MAJOR ACTIVITIES

Iaanbilization Materials

Fractures in rock
Geophysics

Adsorption
Leaching

Rock/Water Interactions
Stress/Peraeabillty Analyses

Age dating
Radiation daaage

Age dating
Geophysics

Backfill Materials

Off-gas cleanup

Rock properties

Vault design

Drilling

Materials, handling

Design reviews

Design reviews

Geophysical surveys

cont.



- 125 -

MOH-AICL EFFORT ON THE PROGRAM (1978) concluded

ORGANIZATION

Lawrence Llveraore Laboratories (U.S.)

Martak Instruments (O.S.)

Petrologic

Pressure Systea Research (U.S.)

J.S. Redpath

RI/SFIC Inc. (U.S.)

Sperry Instruments (U.S.)

Terra Tech

W.L. Wardrop

Vestbay Instrustents

MAJOR ACTIVITIES

Peneability

Dotmhole Instrumenta

Thin sections

Rock property tester

Design reviews

Rock stress analysis

Borehole T.V.

Rock properties

I«s»bili*ation facility
design

Downhole instruaents
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APPENDIX E

The following statement on Canada's joint nuclear waste manage-

ment program was tabled on Monday, June 5 in the House of Commons by

Energy Minister Alastair Gillespie and in the Ontario Legislature by

Energy Minister Reuben Baetz:

CANADA/ONTARIO RADIOACTIVE WASTE MANAGEMENT PROGRAM

1. The Honourable Alastair Gillespie, Federal Minister of Energy,

Mines and Resources and the Honourable Reuben Baetz, Ontario

Energy Minister, to-day announced a joint program in which the

federal and Ontario governments will work together on the

first phase of a long-term program to assure the safe and

permanent disposal of radioactive waste from nuclear power

reactors.

2. tinder this program the Government of Canada will undertake

Research and Development on the immobilization and disposal of

radioactive wastes, while the Government of Ontario will

similarly be responsible for studies on interim storage and

transportation.

3. The immobilization Research & Development will be performed in

the laboratories of Atomic Energy of Canada Ltd. It will

cover theoretical and experimental studies for treating the

residues from the reactor fuel cycle so as to produce insoluble

products for eventual disposal in an underground repository.

4. The purpose of the disposal Research & Development is to verify

that permanent disposal in a deep underground repository in

intrusive igneous rock is a safe, secure and desirable method



- 127 -

of disposing of radioactive waste. This will involve geolo-

gical field parties collecting surface samples and examining

other surface features in various parts of the province, to

determine the full range of chemical and physical properties

of rock formations expected to be suitable for a waste dis-

posal facility. The two governments have agreed that field

work should commence in Ontario in 1978. To develop appro-

priate test equipment, procedures and information on a variety

of rock types, experimental drilling will be conducted this

year at the laboratories of Atomic Energy of Canada Ltd.

(AECL). Further drilling of this type, at mutually agreed

sites, to depths of about 1000 metres will be carried out at

6 to 10 other locations in 1979-80.

The R&D studies are directed towards the evaluation of a

series of barriers which prevent the release of radioactivity

to the environment. An analysis will be made of their effect-

iveness based upon information derived from the immobilization

research and development and the geological studies described

above. This information will be used to classify the 1500

or more potentially suitably geological formations which are

known to exist in Ontario.

5. This joint undertaking is not to be construed as a Canadian

position on the question of the reprocessing of irradiated

fuel. Canada's position in respect to its fuel cycle develop-

ment program will be reyiewed following the completion of the

International Nuclear Fuel Cycle Evaluation now underway.

6. The success of this program will depend on continuous close

cooperation and consultation between the two governments, and

their agencies. Accordingly there will be full consultation

and prior agreement at each step of the process. This will be
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the responsibility of a Coordinating Committee with an AECL

Chainun and representatives from Ontario Hydro, the Ontario

Ministry of Energy and the federal Department of Energy,

Mines and Resources. Close cooperation and consultation

will be maintained with the communities involved at all

stages of the program. While AECL will take the lead, the

Government of Ontario, including Ontario Hydro, will provide

support as appropriate in the public information activities.

A further agreement on a program leading to the selection and

acquisition of a site and the subsequent demonstration of

geological waste disposal, will be concluded between the two

governments *B quickly n» possible.

7. Further elaboration on this and subsequent programs, is con-

tained in two reports (1) "The Management of Canada's Nuclear

Wastes", prepared for the Federal Government by an expert

group chaired by Or. Kenneth Hare of the university of

Toronto's Institute of Environmental Studies, and (ii) a brief

presented by AECL to the Standing Committee on National Re-

sources and Public Works, entitled "The AECL Program on the

Safe Immobilization and Disposal of Radioactive Material from

CAMDD Nuclear Reactors". A tentative schedule being used for

planning purposes is...

1978-80 Geological Survey Work, Experimental Drilling

and Accelerated Research and Development.

T981-83 Site Selection for Demonstration Repository.

1983 Site Acquisition.

1985-2000 Disposal Demonstration Program.

2000 & Beyond Full-Scale Facilities Operational.
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The program announced by the two Minister* is a further step

toward a national plan to deal with nuclear wastes as recom-

mended in the Hare Report.
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APPKHDIX F

GLOSSARY

Ar.tlnidea

The group of elements, from actinium (atomic number 89) to

lawrenciua (atomic number 103). The aeries includes the naturally-

occurring and man-aade isotopes of thoriua and uranium and of the

higher actinldea such aa neptunium, plutonium, aaericium and curium.

Many are long-lived a-cmitters.

Activation products

Muclides, which have become radioactive in consequence of

boabardaent by neutrons or other nuclear particles.

Alpha particle

A positively charged particla emitted in tha decay of soae

radioactive nuclei, especially nuclides of tha actinide series; it

consists of two protons and two neutrons and is identical with tha

nucleus of tha heliua-4 atom. It has a very low penetrating power and

hence pure alpha emitters ara almost exclusively a haxard only whan

taken into tha body.

lathollth

A great aasa of intrusive igneous rock (see also pluton).

leta particla

An electron or positron emitted in tha decay of some radio-

active nuclei. It la only moderately penetrating.
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Burnup

A atuurt of the quantity of heat energy that has b««n ob-

tained from a sample of nuclear fuel in a reactor. It also determines

the quantity of fission products produced and hence Influences the level

of radioactivity of the spent fuel. Burnup is usually Measured in

units of megawatt-days per tonne or giga joules per kilogram of fuel.

Calcination

Evaporation of a waste solution to dryness and heating the

residue so as to convert the waste to the oxides of the metallic con-

stituents.

Critical pathway

The environmental route by which members of the critical group

are exposed to radiation. For example* iodine discharged with gaseous

effluents may give rise to contamination of pasture, followed by intake

by cows, appearance in milk, and consumption of milk by individuals, who

arc therefore exposed to radiation.

Curie (Ci)

A measure of the radioactivity level of a substance; one curie

equals the disintegration of 3.7 x 10 nuclei per second and is almost

equal to the radioactivity of one gram of radium-226.

Decay

Disintegration of a nucllde through the emission of radio-

activity. The undid* formed by radioactive decay of another nuclide is

oftern referred to as the daughter product. The daughter product itself

may or may mot be radioactive.

Disposal

The emplteimint of waste materials without the intention of

retrieval.
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Fissile material

Material capable of undergoing fission.

Fission

The aplittlng of a nucleua usually into two approximately

equal fragments; the process ia accompanied by the emission of neutrons

and the release of energy. Neutron-induced fission ia the most im-

portant, but fission of certain nuclides may occur spontaneously.

Fission products

Muclides produced in fission, either directly or by the

disintegration of the fission fragments.

Fuel waate

The most highly radioactive waste from fuel reprocessing,

containing most of the fission products and typically containing mil-

lions of curies par cubic metre when first separated. It also contains

small amounts of unseparated uranium and plutonium, plus the greater

proportion of the other actinides produced in the reactor.

radiation

A form of electromagnetic radiation, similar to light or X-

rays, distinguished by its high energy and penetrating power. Gamma

radiation ia emitted from many nuclei when undergoing radioactive decay

and in many other nuclear reactiona.

•alf-life

The time in which half the atoms of a particular radionuclidc

diaintegrate. Half-live* vary from millionthe of a second to billions

of years.



- 133 -

Brdro—olo«y

A sclenca dealing with the properties, distribution and circu-

lation of water on the surface of the land, In the soil and underlying

rocks.

Irradiated fuel

Nuclear fuel removed from a reactor following Irradiation,

which is no .longer usable because of depletion of fissile Material,

poison build-up, or radiation d—age.

Isotope

Ato— of an element having the sa— number of protons in

their nuclei but different numbers of neutrons are called isotopes.

All isotopes of an e l — n t have the saae chemical properties and thus

cannot be separated by chemical means.

low-level waste

Part of the waste from various stages of the nuclear fuel

cycle typically containing a few curies per cubic metre.

MH(e). m(tk\

0 — megawatt (aW) Is a unit o£ power equal to one thousand

kilowatts. MV(tk) denotesthe thermal power of a power station, that

is the rate at which heat is produced (by fission in the reactor core

if it is a Mtclear pewer statloc) mV(e) denotes the electrical power

outpwt of the station.

An uncharged particle which isa constituent of the nucleus

of all nwclidee excepthydrogen; aeutre— are ejected from the nucleus

in s o — types of —clear reaction, including fiwiioa.
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Huclaua

Tha positively-charged core of an atoa; It has almost the

whole aass of the atoa but only a minute part of Its volume. All nuclei

are made up to protons and neutrons, except for hydrogen (H), which con-

sists of a single proton.

Huclide

A species of atoa characterized by the constitution of its

nucleus and hence by the number of protons, neutrons and energy content.

A typically large body of intensive igneous rock formed by

solidification of a molten magma deep within the earth. It ia crystal-

line throughout.

Prefixes

PtfT
tera

gig*

mega

kilo

mllli

micro

nano

pico

Symbol

T

G

M

k

a

u
n

P

1012

Id9

106

103

10-3

io-6

ID"9

IO-12

M i . ., ._ ... r .-.; ;: . .. _ ..... . .
The malt used to measure tha energy of radiation absorbed by

Batter (the radiation dose); one rad is equal to the absorption of 100

argm of the amergy carried by the radiation per gram of material.
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Radioactivity

Process whereby certain nuclides undergo spontaneous disinte-

gration In which energy is liberated, generally resulting in the forma-

tion of new nuclides. The process is accompanied by the emission of one

or more types of radiation, such as alpha particles, beta particles and

rays (electromagnetic radiation).

A unit of radiation dose-equivalent, that is radiation dose

compensated to allow for the greater relative damage to biologicel

material caused by some particles, such as alpha particles and fast

neutrons, and to compensate for other conditions of Irradiation. Tor

most beta and gamma radiation, one rem is equivalent to one rad of

absorbed radiation dose.

Heprocesslnt

The chemical processing of irradiated nuclear fuel to recover

uranium and plutonium, and to separate radioactive waste (mainly fission

products).

Storage

The emplacement of waste materials with the intent and in such

a manner that the material can be retrieved later.

Transuranium elements

•laments with atomic numbers greater than 92. They Include

neptunium, plutonium, americium and curium.

Vitrification

The Incorporation of high-level wastes (mainly the oxides of

metals formed as fission products) into glass.
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