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EVALUATION DES RISQUES DE STOCKAGE DES DECHETS RADIOACTIFS

par

R.B. Lyon et E.L.J. Rosinger

RESUME

Les buts des études d'évaluation des risques de stockage des

déchets radioactifs sont: de déterminer les caractéristiques qui empê-

chent l'échappement des radionuclides d'une installation de stockage à

grande profondeur, d'évaluer le degré d'efficacité probable de ces

caractéristiques et de déterminer les conséquences possibles de la

situation prévue et des situations concevables mais peu probables. Les

caractéristiques principales â analyser comprennent la nature insoluble

de la forme même des déchets, la résistance de leur conteneur à la cor-

rosion ou aux dégâts mécaniques, l'efficacité de la barrière rocheuse

massive et la rétention et dilution des radionuclides dans le ndlieu

superficiel. La modélisation sur ordinateur est appliquée dans une

technique appelée "analyse des voies de transmission" pour réunir let

résultats expérimentaux, les résultats pratiques et la compréhension des

phénomènes correspondants de sorte à avoir une évaluation de l'effet

résultant sur l'homme et l'environnement.
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RISK ASSESSMENT FOR RADIOACTIVE WASTE DISPOSAL

by

R.B. Lyon and E.L.J. Rosinger

ABSTRACT

The objectives of risk assessment studies for radioactive

waste disposal are: to specify the features that prevent the escape of

radionuclides from a deep disposal vault, to estimate how effective

these features are likely to be, and to determine the potential con-

sequences of the expected situation and conceivable but unlikely situ-

ations. The major features to be analysed include the insoluble nature

of the waste form itself, the resistance of its container to corrosion

or mechanical damage, the effectiveness of the massive rock barrier and

the hold-up and dilution of radionuclides in the surface environment.

Computer modelling is used in a technique called "pathway analysis" to

bring together the experimental data, field data and understanding of

the relevant phenomena into an assessment of Che resultant effect on man

and the environment.
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1. INTRODUCTION

All of man'*- activities carry some degree of risk. Some of

these activities could be avoided, yet we choose to continue them

because they carry some benefit which we judge, generally implicitly, to

balance the risk incurred. A good example of an activity involving a

relatively high risk, which we choose to accept for the benefits gained,

is our widespread use of automobiles.

Risk associated with radioactive waste disposal can be ac-

cepted in the same way if we consider certain aspects carefully. First,

since disposal of these materials is a part of the total nuclear elec-

tricity generation system, we must consider the effects on the environ-

ment and the risks to people generally, now and in the distant future.

These effects and risks must then be considered in the light of the

benefits gained from the electricity generated. Second, we must con-

sider specifically effects on the local environment and on the people

who would be employed at the facility or living nearby.

The complex which we have to assess consists of a vault, 500

to 1000 m deep in a plutonic igneous formation, and its associated

surface facilities. There will be access shafts and a grid of rooms for

emplacing the waste containers, which will either be placed in drilled

holes or in excavated trenches in the floors of the rooms.

To carry out risk assessments, we gather together and assimi-

late Information from a wide range of disciplines. Often the data are

interpreted by detailed analysis using computer models or by the devel-

opment of empirical correlations. Sometimes only a qualitative inter-

pretation is possible, with identification of the future research neces-

sary to quantify the risk. The research and development, which will

provide the data and basic understanding of the relevant phenomena, is
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underway in a number of organizations such as: Atomic Energy of Canada

Limited (Whiteshell Nuclear Research Establishment (WNRE) and Chalk

River Nuclear Laboratories (CRNL)); Energy, Mines and Resources Canada

(Canada Centre for Mines and Energy Technology (CANMET), Geological

Survey of Canada (6SC) and Earth Physics Branch (EPB)); Fisheries and

Environment Canada (Inland Waters Directorate (IWD)); and many uni-

versities. This report briefly describes the main aspects of the risk

assessment studies and, in some cases, illustrates the factors to be

taken into account by presenting preliminary assessments and extrapola-

tions. These preliminary studies will be increasingly refined and

supported by experimental data as the research and development programs

progress.

It is convenient to divide the risk assessment studies into

two major parts - the pre-closure assessment and the post-closure

assessment. The pre-closure period encompasses the time during which

the nuclear waste vault is operational and requires attention by man.

It includes the construction, demonstration, commercial operation and

backfilling phases, and we assume it will last until at least the year

2025. The post-closure period starts when the vault has been back-

filled, the surface facilities have been removed and the surface environ-

ment returned to its original state or freed for some other use.

2. PRE-CLOSURE ASSESSMENT

Risk assessment studies for the pre-closure phase will be

similar to other studies carried out for nuclear facilities and be

subject to well-developed licensing procedures. They will, thtrtfore,

be outlined only briefly here.

;iiatfHT^vi;t^
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Social and economic studies will be undertaken to assess the

effects of increasing the labour force, employment opportunities, the

expanded economic base and the loads on existing services and facilities.

Safety assessments will be undertaken to estimate the proba-

bility and consequences of accidents, with particular attention to

situations where radioactive material might be released. Radioactive

and non-radioactive emissions during normal operation will be estimated,

based on experience with other facilities and handling operations.

Pathway analysis calculations of radionuclides through the

environment and their uptake by man will be performed, using the esti-

mates of the radioactive emissions. Such calculations provide the basis

for estimating potential dose to man.

Safeguards procedures will be specific to ensure that unautor-

ized diversion of nuclear material does not go undetected, and security

operations will be designed to prevent theft or sabotage.

The results of the pre-closure assessment studies will be

documented in Environmental Impact Statements and Facility Safety

Reports for review and approval by the appropriate regulatory authori-

ties. Because of their experience with other nuclear facilities,

Ontario Hydro will be assisting AECL in tha pre-closure studies.

3. POST-CLOSURE ASSESSMENT

The only significant potential risk to man, which we have

identified for the post-closure phase, is the prospect that groundwater

may penetrate to the waste, leach out radionuclides and carry then to

the surface. Thus the objective of the risk assessment studies for the



post-closure phase is to determine the integrity and reliability of the

various barriers and protective features which prevent this transfer of

radionudides to man.

These barriers or protective features are (Figure 1): the

integrity of the waste form itself, its container, the buffer material

surrounding the container, the backfill and sealing material, the mas-

sive geological barrier, and finally dilution and retention in the

eavironment.

Each of these features is considered in turn.

3.1 WASTE FORM

First is the waste form itself, which could be irradiated fuel

or vitrified waste.

The irradiated fuel consists of irradiated uranium oxide

pellets, contained in zirconium alloy sheaths. In this form, the fuel

sheath has already survived severe temperature and water flow conditions

in a reactor for more than a ysar. In fact, eight bundles have remained

in the core of the NPD power reactor at Rolphton, Ontario, for sixteen

years and they are still intact . The fuel sheath is thus expected to

continue to provide containment. Further containment is provided by the

very stable uranium oxid* matrix. To quantify the integrity of this

barrier, we must know the rate of leaching of radlonuclides from the

uranium oxide pellets and the rate of dissolution of the uranium oxide

matrix itself. The leach rates of various radionuclides from irradiated
144

UO, fuel arc being measured at WHK£. From results of leaching of Ce
154

and Eu from fuel pellet sagMntt, it has bean inferred that th«

dissolution rat* of the fuel matrix in an unlimited amount of either

distilled water or tap water, equilibrated with atmospheric gases, is
..4 i

lass than 1 x 10 of the original a'aount prasant, per yaar. This would



- 5 -

P & DILUTION AND RETENTION IN BIOSPHERE $ & § £ • £ !

•
mm

BACKFILLED
EXCAVATION HWHI

FIGURE 1: Features Protecting Man from Nuclear Waste



imply that total dissolution of the segments would take more than 10 000

years if the rate remained constant. This extrapolation assumes that

the dissolution rate is not limited by the availability of water, of

dissolved gases or by the removal rate of the reaction products. In

fact, it is expected that the flow rate of water past the U0_, if water

penetrated the container at all, would be very low.

In addition, UO, is virtually insoluble in reducing environ-
(2 3̂

ments ' ' (< 0.1 ug/kg water at 25°C), but is more soluble in the

presence of oxidizing or complexing species (particularly fluorides,

carbonates and sulfates). The vault chamber will probably contair an

oxidizing environment for only a limited time after being backfilled,

and the container should keep the fuel isolated from water for this

period. A reducing environment could be assured by the incorporation of

suitable reducing agents into the buffer material.

The effects of temperature on complexation equilibria are

being investigated at WNRE, and at the University of Waterloo. There is

also the possibility that passivating oxide or hydroxide layers inhibit

dissolution under conditions where UO. is soluble, and this is also

being investigated at WNRE. Thus, there are good reasons to expect that

the used fuel will provide a relatively insoluble waste form.

A great deal of research work has been, and is being, carried

out on the second possible waste form - vitrified waste. In Sweden,
/A)

predictions have been made of the time taken to dissolve glass blocks

containing waste, pieced in a disposal vault. For the case where

leaching of the glass is limited by the supply of water, and based on

the solubility of silicic acid in water, the estimated leach fraction

was 3 x 10~ per year of the original weight of the glass, or complete

dissolution in approximately 3 million years.
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In I960, twenty-five glass blocks containing small quantities

of high-level fission product waste were placed in flowing groundwater

at a depth of 4 metres at the CRNL site ' . Measurements indicated
90

that the leach rates of Sr from these glass blocks corresponded to 4 x
—8

10 of the original mass leaching per year after three years and 8 x
_a

10 after 15 years. This would indicate times to total dissolution of

25 million years for the rate at three years and 125 million years for

the rate at 15 years.

The CRNL glass blocks were made from nepheline syenite. The

high melting temperature required for the production of this glass makes

it less attractive as a practical contender for our purposes. However,

studies at Battelle Northwest Laboratories with borosilicate glasses,

which are more suitable, indicate that glass which remains intact and

non-crystalline would be dissolved to a depth of less than one milli-

metre in 100 000 years in slowly moving water at 25°C. The same glass,

even after crystallization by heat treatment would be dissolved to a

depth of only one centimetre in the same time. The higher temperature

for vitrified waste over the first hundred years or so would result in a

higher initial leach rate. However, the container is expected to iso-

late the glass from the groundwater through this period.

Extrapolations such as these obviously neglect many complexi-

ties of long-term behaviour. However, the low solubility of the glass

does give confidence that it will provide a highly effective barrier to

the escape of radionuclides.

3.2 WASTE CONTAINER

The waste container is the subject of detailed study in which

parallel approaches are being taken. The first approach is design and

demonstration of a simple container which would be expected to last for

at least a hundred years. Candidate materials for the simple container

include stainless steel, Incdnel, Hastelloy, titanium and copper.

^
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The second approach is the development of a long-term con-

tainer which would last for thousands of years. One option being ex-

plored for long-term containment is the use of lead in a composite

container. Our research in this area is at an early stage but studies

have been carried out in Sweden on composite steel containers with an

outer lead layer and a titanium shell.

A group in the Swedish Corrosion Research Institute has esti-

mated that the steel/lead/titanium container would remain completely

intact for at least 300 to 1000 years. This failure time is based on

localized corrosion. They suggest also that the lead could act as a

cathodic protector for the inner steel cylinder. In this case, a large

fraction of the lead might have to be corroded before the steel con-

tainer would fail. The Swedish group postulates that the corrosion of

lead in the vault will be limited by the availability of oxygen. Based

on this, it would take 1.8 million years to oxidize all the lead in the

container. It is also suggested that the corrosion products might slow
(9)

down the corrosion rate if they are not carried away. Gelin has

calculated the lead levels and the time required for complete dissolu-

tion on the basis of levels of sulphate and carbonate in the groundwater

under the Swedish vault conditions. He estimated that it would require

700 billion years before the lead in the container would be carried away

by groundwater.

3.3 BUFFER AND BACKFILL

Buffer material may be placed around the container. Factors

influencing the choice of buffer material include its physical proper-

ties (thermal stability, compressibility, permeability) and its chemical

properties. It will be chosen to Impede the movement of water, to con-

dition incoming water to reduce its capability for corroding the con-

tainers and dissolving the waste, and to have suitable chemical proper-

ties to attenuate radionuclides which might be leached out. The simplest
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concept Is to use crushed rock excavated from the vault, nixed with

filler material such as bentonite clay. Backfill material, use;d to fill

the rest of the rooms and shafts, could differ from buffer material

since it has only to provide physical support and to impede wat&r move-

ment. Studies on buffer and backfill material ate being undertaken by

the University of Western Ontario acd the University of Quebec.

For the risk assessment, it is necessary to draw on all of the

vault studies - leaching of the waste, corrosion of the container, and

transfer through the buffer and backfill material - to develop models

which can be put together to estimate the behaviour of the system as a

whole. Such models can then be used to estimate the rate at which

radionuclides might be expected to leave the vault and enter the geo-

logic formation.

3.4 GEOLOGIC FORMATION

3.4.1 Pathway Studies

A wide range of studies is in progress which will provide

design information and safety assessment data relating to the barrier

provided by the geologic formation. Involved in these studies are

Energy, Mines and Resources Canada, Fisheries and Environment Canada,

consultants, universities and manufacturers.

Investigations are being carried out on specific formations to

develop tools and techniques, and to acquire generic information on the

internal structure and hydrogeology of plutonic igneous rock masses. No

steps have yet been taken to select the actual site for the vault. We

have completed our second year of field investigations by drilling at

the CRNL and WNRE sites.
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Geochemical studies have been initiated at WNRE and in several

Canadian universities. Generally, the studies indicate that radionuclides

which are cations in solution tend to be sorbed on rock surfaces quite

effectively. For anionic species, such as iodine and technetium, a

suitable buffer is being designed to act an a specific scavenger. Work

presently in progress at WNRE suggests that, for example, oxides and

sulfides of lead or copper may be suitable.

The hydrogeologic and geochetnical information will be incorpo-

rated into computer programs for the risk assessment studies. One of

these is the GARD program (Geochemical Assessment for Radionuclide

Disposal), developed at WNRE. Input data to GARD consist of the effec-

tive water velocity, volume flow rate, effective path length and para-

meters for a simplified geochemi:al model. The output is the rate at

which radionuclides would traverse the pluton barrier. Radioactive

decay during transport is taken into account. The chemistry model

assumes that the description of all radionuclide/rock/solution inter-

actions can be combined Into one parameter K which is assumed to be

constant for a given radionuclide. The resulting model is specified by

a set of partial differential equations which are solved analytically by

the Laplace Transform technique, similarly to the method used by

Burkholder*11*.

With the information available so far, we have done a "first

cut" analysis for the pluton pathway for all the radionuclides of inter-

est. The results indicate that most of the radionuclides will decay to

minute quantities before they finish traversing the barrier. Calcula-

tions 1 methods are being improved in two major areas. First, hydrogeo-

logical models are being developed at IWD and WNRE and second, chemistry

research is providing a basis for the development of a more sophisticated

chemical model. There is still a wide range of uncertainty on aumy of

the parameters used in pluton pathway analysis. Nevertheless we believe
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ve have developed realistic estimates of the effectiveness of the

features which protect man and the environment from the radioactive

material. The results of this "first cut" analysis are encouraging.

3.4.2 Potentially Disruptive Events

Various potentially disruptive events or phenomena have been

and are being r-,nsidered, such as earthquakes, erosion, intrusion by

man, meteor*' .e impact and glaciation.

While earthquakes are always possible, they tend to occur near

previously faulted zones. Siting of the facility in a stable region of

the Precambrian Shield away from fault zones makes the possibility of a

major earthquake remote.

It is unlikely that erosion or future periods of glaciation

will have an effect down to the depths under consideration.

Man-made intrusions into such a facility have been analyzed.

Nuclear war and sabotage are not likely to breach the facility. It has

been calculated , for example, 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 sabotage leading to con-

tainment failure is also considc

buried and the facility sealed.

Q 3 )tainment failure is also considered remote , once the waste has been

Estimates have been made of the size and frequency of meteor-
(14)ites which can cause damage at significant depth. One estimate

suggests that the frequency of a meteorite impact causing a release from
—12

a facility 500 to 1000 m deep is less than 10 per year. Such events

or phenomena have been considered in several studies in Sweden and the

United States. So far none appears to be of significant importance to

the safety of the vault.
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3.4.3 Vault Perturbations

Of interest, however, are the various perturbations to the

properties of the existing system, caused by the excavation of the vault

and emplacement of the material, i.e., heat-generating radioactive ma-

terial, structural material, unintended material (nitrates from explo-

sives etc.) and backfill. There will l>e a chemical transient as the

mixture slowly reverts to some equilibrium state, and a temperature

transient. The extent of the temperature transient will be signifi-

cantly different for fuel than for vitrified waste. The peak in the

transient for vitrified waste is expected to occur about thirty years

after the vault is backfilled, with subsequent cooling, whereas the

transient for fuel is expected to last much longer, due to the presence

of long-lived actinides such as plutonium and americium. The tempera-

ture rise could have significant effects on the rates of chemical reac-

tions, and the effects of thermohydraulic gradients and thermal stress

must be estimated. Temperature effects on the chemical reactions are

being studied at universities and at WNRE. Also, a groundwater flow and

solute transport model, which will predict the transient temperature

distribution, is being developed at IWD. Peak temperatures can, of

course, be limited by choice of waste-packing density, but the system

must be optimized, since the wider the spacing between waste packages,

the more costly the mine.

CANMET ia carrying out an underground heater experiment in a

mine at Sudbury to verify thermal and stress analysis computer codes and

to assess rock properties and responses on a large scale and under

appropriate boundary conditions. Fisheries and Environment Canada is

studying the possibility of initiating hydrogeological tests coupled to

the heater tests. WNRE is applying the method of linear elastic frac-

ture mechanics (LEFM) to predict long-term crack growth under the

influence of the stresses in the rock caused by excavation and by

heating.
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The end product of the geologic formation studies will be an

estimate of the rate at which radionuclides covld enter the surface en-

vironment .

3.5 SURFACE ENVIRONMENT

Retention and dilution in the surface environment provide

further major barriers which reduce transfer to man. Research into the

movement of radionuclides in the environment is underway in the Environ-

mental Research Branches at CRNL and WNRE as well as at various nuclear

sites and research institutions around the world. Some of the results

of these studies are assimilated by the use of computer programs. Typi-

cal of these is the R/tffO1 ' system (RAdioactive Materials Management)

'developed at WNRE. As input, this program requires a model of the

system under consideration in the form of compartments with pathways

between. Transfer coefficients define the fractional rate of transfer

between compartments. The program predicts the time-dependent contents

of the compartments, taking Into account radioactive decay. Most effort

is required to estimate the transfer coefficients. Detailed finite

difference or finite element codes may be used to estimate their values

for some pathways; for others, their values may be inferred from mea-

sured transfer rates (for example those of fallout plutonium) between

various compartments in the biosphere. These surface pathway analysis

studies give the estimation of the radiation dose to man. This provides

a basis for judging the acceptability of the disposal concept from the

radiological point of view.

4. CONCLUSION

The risk assessment considerations and procedures which are

underway fox the pre-closure and post-closure phases of the disposal
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facility for radioactive wastes have been described. The efficiency aid

reliability of the multiple barriers in sequence between the radioactive

material and nan are being assessed, using information from a wide range

of scientific disciplines and studies.

Preliminary results have been presented which estimate the

probable efficiency of the barriers. Until a deeper understanding of

the relevant processes has been developed, conservative estimates erring

on the safe side must be used when the complete study is assembled.

However, our preliminary results indicate that the multiple barriers

should provide sufficient redundancy of protection, and that the dis-

posal facility can be accepted as safe by the scientific community, the

regulatory and environmental bodies and by the general public.
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