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FOREWORD

At the request of the Steering Committee for Nuclear Energy, this report has been
prepared by two consultants, Messrs. J.O. Blomeke (United States) and
K.D.B. Johnson (United Kingdom), and the Secretariat working under the guidance of
the Radioactive Waste Management Committee (RWMC) of the OECD Nuclear Energy
Agency. It follows the report entitled, Long-Term Management of High-Level
Radioactive Waste — The Meaning of a Demonstration, which was published by the
OECD/NEA during 1983. The purpose of this report is to summarise past
achievements and current intentions within Member countries which contribute to the
demonstration of high-level radioactive waste management.

The RWMC is an international committee of senior government experts familiar with
the scientific, technological, and environmental issues involved in radioactive waste
management. It draws on the best expertise to review developments in the
technologies of radioactive waste treatment, storage, and disposal. One of its
objectives is to improve the general level of understanding of waste management
issues and strategies, particularly in waste disposal.

Despite the complex and technical nature of the many waste management steps, this
report has been written for a large audience, to be of particular use to non-scientific
policy-formers and decision-makers in NEA Member countries. It is based on the
situation in April 1985.

The information contained does not, in any way, commit the OECD or its Member
governments.
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SUMMARY

This report complements previous documents published by the OECD/NEA addres-
sing the principles that underlie safe management of radioactive wastes, and that
constitute the demonstration of high-level waste management technology. It explains
to what extent the various steps in high-level waste management have already been
demonstrated and reviews the current activities that lead to additional demonstra-
tions of this technology. Much of the work necessary for demonstration has already
been done, or has been carried to an advanced stage. This technology includes
processes and techniques for:

* Solidification of high-level liquid waste and encapsulation of this waste, or spent
fuel, into canisters that are believed to be suitable for geological disposal;

* Interim storage of the waste in either solid or liquid form;
* Transport of packaged, solidified waste or spent fuel;
* Design and construction of geological repositories, and the emplacement and

retrieval of waste before final closure of the repositories.

It must now be decided to what extent the present concepts are sound, and to what
degree the industrial-scale steps are adequate for implementation of the technology
that is involved. Improvements are certain, and further demonstrations are foreseen.
These will continue to increase confidence in the safety of the overall waste
management systems as applied to specific cases.

Some issues related to the long-term behaviour of a repository, and to the possible
radiological consequences, cannot be demonstrated in the conventional manner.
Indirect demonstration requires judgement by experts and policy-makers alike, and
this judgement is very dependent upon an understanding of possible future processes
and events, and on mathematical modelling to predict the likelihood of those future
events and their consequences. The most important aspect of that judgement is the
prediction of future radiological impacts that could arise. Evidence is accumulating to
support predictions that the radiological impacts during many thousands of years
would be only a fraction of natural background, provided that adequate care is taken in
building, operating, and closing a repository located at an appropriate site. Evidence is
already substantial that any impact, even in the very distant future, would be at a level
below that which our present society finds acceptable compared with other risks
accepted in everyday life.

The following aspects can be only indirectly demonstrated since they involve long
periods of time. They have reached the degree of demonstration described below.



1. Prediction of the physical stability of mined cavities at ambient temperatures is
well understood from mining experience in salt and hard rocks such as granite. For
soft rocks, the stability will depend upon the characteristics of the backfill and
structural materials which can be included in predictive models.

2. Normal and abnormal mechanisms for migration of radionuclides from reposito-
ries have been generally identified. Which of these mechanisms are relevant for
the future evolution of a repository system depends on the repository site.

3. Techniques for closure and sealing of repositories have been demonstrated, but
validation of their long-term performance is lacking.

4. The ability to construct mathematical models that predict repository and
environmental behaviour over long periods of the future is now conceptually
demonstrated. Some of these models are very sophisticated, but confidence is
growing in their predictions. The reliability of results has been demonstrated, in
some cases, by intercomparison of different modelling techniques; however, in
many instances the models need validation.

5. Generic data in support of models may, in many respects, be adequate. More
data, and therefore R&D efforts concentrating on specific sites, are required to
assist in the validation of some aspects of model predictions against the real
world. This is an aspect of demonstration that continues to be necessary and is
being pursued.

Appendix A lists significant demonstrations in the many areas of high-level waste
management. Appendix B summarises several direct demonstrations that have been
completed and some of the work on indirect demonstrations that is underway, and
describes a number of underground laboratories that have been established to obtain
data that are essential to the support of predictive models of long-term repository
performance.
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1. INTRODUCTION

This report complements two others previously published by the OECD/NEA. The first
describes the principles involved in the safe disposal of all types of radioactive
wastes [1 ] . It covers the goals of waste disposal in terms of the protection of health
and the environment, and responsibilities to future generations. The disposal options
are described for various waste types, and the considerations pertaining to passive
systems, perpetual care, and retrievability are presented. In putting these principles
into practice, the need is emphasized for the assessment of the behaviour of disposal
systems and potential radiological impacts, taking into account the probabilities of
various scenarios for radiological impacts.

The second report addresses the public concern regarding demonstration or the
accomplishment of safe management of high-level waste*, including its disposal,
before the use of nuclear power is expanded [2]. It concludes that, while the
demonstration of many short-term management steps can be direct, the demonstra-
tion of safe long-term disposal deep underground should consist of two parts:

* One direct, to prove that a disposal system could be safely and economically built,
operated, and closed without compromising long-term safety, using available
mining and engineering experience. This may involve designing and building one or
more demonstrational facilities of appropriate dimensions.

* One indirect, to make a convincing evaluation of the system's performance and
long-term safety on the basis of predictive analyses confirmed by a body of varied
technical and scientific data, much of it derived from experimental work.

High-level waste management activities are shown schematically in Figure 1. They
consist of a complex series of operations carried out over a period of years, or even
decades, and culminate in a disposal system that isolates radionuclides from the
biosphere for many thousands of years. The demonstration of treatment, storage, and
transport technologies has essentially been done, and the remaining work required to
demonstrate the direct part of safe disposal could be completed in several years. The
second part of the demonstration necessarily involves making judgements about what
will happen over much longer periods of time. Uncertainties in far-future situations and
probabilistic events will always exist, and they must be taken into account in a

For the purposes of this survey, high-level waste is defined as: (1) the liquid waste containing most of
the fission products from reprocessing irradiated reactor fuel (spent fuel); (2) the solids into which such
liquid waste has been converted; and (3) spent fuel which is not reprocessed.



Figure 1 HIGH-LEVEL WASTE MANAGEMENT
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scientific assessment of long-term radiological and environmental impacts as well as
in the design, construction, and operation of the disposal system. Competent national
authorities will have to satisfy themselves that the proposed waste management
technologies can meet both short- and long-term safety objectives. Several countries
have already established regulatory and review procedures by which this can be
achieved, and some governments, notably those of Sweden, France, the Federal
Republic of Germany (FRG), United Kingdom (UK), and the United States of America
(USA), have endorsed the feasibility of high-level waste disposal. The level of
confidence in our ability to predict the performance of waste management systems
increases as supporting evidence is collected from research, development, and field
testing, and as our predictive techniques improve and support each other.

Since the late 1940s, radioactive waste management topics have been freely
discussed at the international level, and an extensive scientific literature has evolved.
Various national scientific societies, the Commission of the European Communities
(CEC), the OECD/NEA, and the International Atomic Energy Agency (IAEA) have all
been instrumental in establishing contacts between experts and in promoting
co-operative international research and development programmes. This document
draws on the wealth of information available, and presents a summary of the current
status of the principal activities. The survey does not include all of the research and
development that has been done on high-level waste management: a conscious effort
was made to include only the most relevant work that constitutes or contributes
directly to demonstrated technology within the conceptual framework of Figure 1.

2. THE NATURE OF HIGH-LEVEL WASTE AND THE BASIS OF LONG-
TERM MANAGEMENT

At the time of its discharge from the reactor, the spent fuel is intensely radioactive and
generates significant heat (one tonne of spent light water reactor (LWR) fuel typically
generates about 2 000 kWof thermal decay power from radioactive decay at the time
of its discharge from the reactor. Thin drops to only 10 kW after one year, one kW
after 10 years, and 300 W after 100 years). For this reason, it is first stored under
water for a period typically ranging from several months to several years (Figure 1). In
those countries where fuel reprocessing has been adopted as part of the nuclear fuel
cycle, the fuel is then transported to a reprocessing plant where high-level liquid waste
arises from the separation of re-usable uranium and plutonium. This waste contains
almost all of the radioactive material which is left after the separation operation.
Chemically, it contains 99.9 per cent of the non-volatile fission products, about
0.5 per cent of the uranium and plutonium, and virtually all of the other transuranic
elements that have been formed in the fuel during irradiation. It also contains some
other inactive material from the reprocessing plant. In modern processes, this liquid is
concentrated by evaporation to a smaller volume and is then stored as a liquid in tanks.
It is generally accepted that this material should be solidified, for reasons of economy
as well as safety, at the earliest practical time.

The quantity of solidified high-level waste from spent fuel reprocessing is relatively
small: an individual's energy consumption throughout his life in an industralised
society corresponds to only a few hundred cubic centimeters, or about a cupful. The

11



total high-level waste generation equivalent to one year's operation of a large power
reactor is of the order of a few cubic meters. However, it should be noted that the
volumes of other wastes that are generated in the nuclear fuel cycle having lower
levels of radionuclide contamination and heat generation are several hundred times
greater.

The management process therefore involves interim storage of liquid waste, the
conversion of liquid waste to a solid form, the subsequent storage of this solid for a
period that may range from a few years to several decades to allow further decay of
radioactivity and heat, and finally, the transport and disposal of the solid waste.

Some countries, particularly Canada, Sweden, and the USA, are examining the option
of disposing of spent fuel without the reprocessing step. This is the so-called
once-through fuel cycle. The fuel is a solid ceramic material which can, itself, serve as a
form suitable for long-term storage, although it would probably require additional
conditioning before disposal.

The most favoured disposal concept, either for high-level waste from reprocessing or
for spent fuel, involves the emplacement of packaged waste deep underground, with
no intention that it would be subsequently retrieved after the repository is closed. It
can nevertheless be a part of some geological disposal concepts to envisage
monitoring or early retrieval for precautionary reasons during the period of time while
the repository is still open. Another disposal concept is disposal beneath the ocean
floor. Progress towards this option is described separately in Section 5 of this
report.

The most probable mechanism for escape of radionuclides from a repository is by
leaching or dissolution and transport in flowing ground water. In order to immobilise
the wide variety of elements in high-level liquid waste, preference has been given in
many countries to vitrification, which incorporates the radioactive elements in a
massive glassy material. A massive block of glass in a metal container is easier to
handle safely than the dry powder which would result simply from drying and
calcination of the high-level liquid waste, and it is much more resistant to leaching and
dissolution by ground water. Glass is physically stable, chemically inert, easy to
produce, and it can incorporate a wide variety of radionuclides. Although evidence
indicates that glass is a satisfactory waste form for disposal, it is thermodynamically
unstable. Thus, research is continuing in some countries on alternative crystalline
matrices that may possess even more desirable characteristics under some disposal
conditions.

Because of the radionuclides the waste contains, heat is generated by radioactive
decay, but at a rate that decreases with time. Depending on the host rock chosen for
disposal, it may be easier and cheaper to dissipate this heat initially in a surface
storage facility than in a deep underground repository. Most countries are therefore
planning surface storage for a period of 20 to 60 years before underground disposal of
either solidified high-level waste or spent fuel.

It is unlikely that the nuclear power reactors, reprocessing plants, and waste
management facilities will all be at the same location; hence, transport of the canisters
of solid waste will probably be required one or more times within the chain of
management operations, at intervals which will depend on the geographical locations
of the individual facilities, and on safety and economic considerations.
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3. WHAT MUST BE DEMONSTRATED

To establish confidence in our ability to manage high-level waste safely with the
proposed strategy, it is necessary to show that technologies are available so that:

* High-level liquid waste can be stored for as long as a decade, or more, following its
generation;

* Solid forms for high-level waste can be made that are suitable for disposal;

* Plants can be designed to solidify and package waste on an industrial scale, under
highly radioactive conditions;

* The high-level solidified waste or spent fuel can be stored in a readily retrievable
mode for about 50 years;

* The waste can be safely transported;
* Repository designs are feasible in engineering terms;
* Repository operations, backfilling, and closure can be achieved in the manner

envisaged in the design without compromising the long-term integrity of the
repository;

* Stress fieids are sufficiently understood and predictions of distortions below
ground can be made to allow stable structures to be created for emplacement;
prediction of the impacts of any changes in the zone affected by the repository that
will occur after closure can be estimated;

* All significant mechanisms by which radionuclides might return to man can be
identified and analysed, and are amenable to predictive modelling;

* Mathematical modelling of repository behaviour and radionuclide transport is
feasible, and the results are sufficiently reliable for confidence in their validity;

* The data needed by the models can be acquired, and are sufficiently reliable for
their purpose;

* The results of safety assessments for the operating and post-closure periods are
consistent with long-term safety objectives;

* All safety objectives can be achieved without imposing an unacceptable economic
burden on implementing agencies and governments.

The indirect demonstration of acceptable safety for high-level waste disposal, as
defined in Reference 2, will have some residual uncertainties and will require that a
judgement be made by the responsible national authorities. They will have to satisfy
themselves that the nature and extent of scientific evidence show a sufficiently deep
understanding of the issues involved, and that the proposed solutions can meet the
long-term safety objectives.

4. WHAT HAS BEEN DEMONSTRATED AND WHAT IS PLANNED

Appendix A lists the main activities contributing to the demonstration of the
technology involved in high-level waste management, and indicates the countries in
which most of this work has been carried out. Many of the activities are elements of
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CEC, NEA, or bilateral programmes. They are, therefore, supported by extensive
international co-operation and usually with significant funding. The individual
contributions to most of the activities are too numerous to reference completely in this
document. Since much of the work has been reported at major international
conferences over the past 25 years, the published proceedings of key meetings [3-
15] are recommended as general references and as a guide to more detailed
information.

4 .1 . High-Level Liquid Waste Storage

High-level liquid waste has been stored in tanks as acid or alkaline solutions and
sludges for periods ranging from a few ysars to as long as four decades [16-19].
Some of the older tanks are simply encased in concrete and buried underground, but
many modern storage tanks are housed in concrete vaults that are enclosed in
industrial-type buildings. Although the experience with liquid waste storage has not
been uniformly good, the causes of tank failure are well understood. Experience over
the past 30 years has shown that high-level liquid waste can be stored safely, under
constant surveillance, in properly constructed tanks that have been provided with
adequately engineered safety features.

4.2. Solidified Waste Forms

The most thoroughly tested solid matrix for high-level waste is borosilicate glass
which has been under investigation since the early 1960s. The ability of this glass to
accommodate the variety of elements in high-level waste has been well demonstrated.
Borosilicate glasses containing as much as 35 per cent by weight of high-level waste
oxides can be prepared reliably. They exhibit low solubility in natural waters at
temperatures up to about 100°C, they are resistant to radiation, stable in air at
temperatures up to 500°C, and can be formed and packaged in equipment made of
conventional materials.

These characteristics have been demonstrated on many occasions by direct laboratory
measurements of their physical and chemical properties [14, 20, 22, 23]. Radiation
stability has been demonstrated both by irradiation of glasses in nuclear reactors and
by studies of glasses containing radionuclides which simulated the radiation effects of
high-level waste over very long periods of time.

Many other waste forms have also been developed [22-25], They include other types
of glass, crystalline ceramics, coated particles, calcines, concretes, cements, and
various metal and ceramic matrix forms. Of these, only SYNROC [26], a synthetic
rock, is currently receiving significant attention. Work is underway to establish its
performance when containing high level waste, and to obtain preliminary cost
estimates.

In those countries where disposal of spent fuel without reprocessing is being
considered, the metal-clad uranium oxide pellets themselves have been considered a
potential waste form. Studies of the dissolution or leaching of spent fuel that have
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been conducted in Sweden, Canada, and the USA show very low rates for the
actinides and most fission products [34, 37, 38]. Further work is underway to
establish an understanding of leaching mechanisms and to determine what degree of
encapsulation is needed for disposal of spent fuel in different repository environ-
ments.

4.3. Industrial-Scale Waste Solidification and Spent Fuel Encapsulation

A number of waste solidification plant designs have been completed during the past
25 years, and most of them have been taken to the point of fully costed proposals.
Technically, they vary widely because of the different waste forms and solidification
processes under consideration. Early designs were based on producing sintered solid
materials or nepheline syenite glass. During the 1960s, effort began to concentrate on
glassy materials with phosphate or borosilicate matrices. More recent designs exist for
production of ceramic/metal materials, hot-pressed blocks, and waste in the form of
coated ceramic spheres.

These plants are designed tc operate with very high levels of radioactivity, and for
remote operation and maintenance, decontamination, accident prevention, off-gas
cleaning, and liquid effluent treatment. Most are demonstrably acceptable designs and
some, like PIVER [44], have in fact led to pilot-scale or full-scale operation with actual
high-level waste.

A facility at the Idaho Chemical Processing Plant in the USA has converted over
10 000 m3 of high-level liquid waste to calcined, granular solids from 1964
to 1980 [39, 40], and a new facility has since been in operation there. However,
additional treatment would be necessary to convert this calcine to a waste form
suitable for disposal, e.g. to a glass or polyphase ceramic form such as SYNROC.

For the borosilicate glass matrix, the earliest demonstrations of manufacturing
methods at high radioactivity levels were completed in Canada, the UK, France, and
the USA in the 1960s, but only in France was the technology carried to the
construction of a full-scale industrial glass-making plant— the AVM {Atelier de
Vitrification de Marcoule) [41 , 48]. This plant (see Appendix B) has provided an
outstanding demonstration, and several countries are adopting the process under
license for their own use.

Examination of pilot-scale and industrial-scale products has shown that they are of a
quality comparable with laboratory preparations. This is important because most of
the data used for performance assessments of disposal systems have been obtained
from small samples prepared in the laboratory.

Encapsulation of spent fuel in steel canisters for interim storage or temporary
emplacement in pilot repositories was demonstrated for Project Salt Vault and at the
Engine Maintenance, Assembly and Disassembly (EMAD) facility in the USA. In
Sweden, a packaging specification for disposalof spent fuel is based on the integrity of
a thick, high-purity copper canister over hundreds of thousands of years. Inactive
trials, with the fuel assemblies embedded in molten lead or hot isostatically pressed
copper powder within the canister, have been carried out [34], Design and testing of
metal canisters for the disposal of spent fuel have also been done in
Canada [35, 36].
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4.4. Interim Storage of Spent Fuel and Solidified High-Level Waste

The interim storage of spent fuel from light water reactors in water pools has been
extensively demonstrated worldwide for over 25 years [52], and this has been shown
to be a safe and economical way to store fuel for an extended period following its
discharge from the reactor. However, a variety of concepts for dry storage of the fuel
have been studied, and some that may be suitable for longer-term storage have been
demonstrated [53, 54]. The latter include the use of concrete silos, metal casks, and
vaults above ground, and storage in dry wells and other engineered structures at
intermediate depths below ground. Large away-from-reactor spent fuel storage
facilities have been constructed in Sweden and the FRG.

Blocks of high-level waste glass have been stored in their metal canisters for as long as
15 years in holes in concrete blocks and in specially designed pods [44, 51]. Larger
scale demonstrations have been provided by the storage of granular calcine in
stainless steel bins housed in underground concrete vaults in the USA [16], and by the
operation of the PIVER and AVM storage systems [48]. Heat is removed by either
natural or forced circulation of air in all these facilities. Many other countries have
conceptual designs for either air-cooled or water-cooled interim storage of solidified
high-level waste [55], and there is a high degree of confidence that such storage
facilities could be constructed and operated safely over very long periods of time.

4.5. Transport

There are established regulations developed by the IAEA for the international transport
of radioactive materials [61 ] . Every type of transport cask design that is in use in the
world has been subjected to impact tests, drop tests, and fire tests to demonstrate
compliance with the regulations, and in the thousands of shipments of spent fuel
during the past 25 years, there has been not one case of serious radiation exposure
resulting from an accident. There have been no shipments of solidified high-level
waste, but the same regulations would apply as for spent fuel and similar shipping
systems would be used. Based on the past experience of transporting spent fuel, there
is no reason to doubt that canisters of waste can be shipped safely.

4.6. Repository Design Concepts

Many existing repository designs could be constructed safely using well established
mining technology. The earliest design from the 1960s is based on the use of
emplacement holes in the floor of rooms mined in salt [65]. Other concepts are based
on mined tunnels with waste emplaced in the tunnel walls or in the tunnels
themselves, and on deep drill holes with waste emplacement from the
surface [11 , 68] (Fig. 2). A list of typical designs appears in Appendix A. Machinery
for the mining operations, for emplacing canisters of high-level waste in the vertical
holes in the mine floor, for retrieving the canisters, and for placing backfill material has

16



Figure 2 PERFORMANCE ASSESSMENT PROCEDURE USING SYVAC
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been demonstrated in the field [69-71 ] . These designs take account of the heat to be
generated and the nature of the geology, and therefore the risk of disturbance of the
overburden by thermal expansion is negligible. The technology for tunnelling and
boring exists for most of the geologies, and the designs assume little, if any, advances
beyond what is demonstrably possible in current engineering practice. Many of these
designs are generic, and typically they are based on an emplacement density of two or
more thousand tons of 40- to 50-year-old fuel (or the high-level waste from
reprocessing this amount of fuel) per square kilometer of mined area.

All of the above designs are based on the disposal of packaged, high-level waste or
spent fuel. However, one concept that was investigated for almost 10 years proposed
the disposal of about 300 000 m3 of alkaline high-level waste solutions and sludges in
the metamorphic basement rocks, or sedimentary Triassic rocks, that underlie the site
of the Savannah River Plant in the USA [66]. Although these investigations yielded
much information that was strongly supportive of the concept, they were limited to
data obtained from surface explorations. The recommendations for in situ investiga-
tions were never carried out [67] due to the presence of a large freshwater aquifer
over the basement rocks, and to political objections.
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4.7. Repository Operations and Closure

The most significant demonstrations of waste emplacement, monitoring, and retrieval
in an underground repository have been those performed in the USA with spent fuel. In
Project Salt Vault (1965-1967), 21 canisters of irradiated Engineering Test Reactor
fuel assemblies were lowered 300 m into a salt mine and placed in dri>! holes in the
floor where thermal and radiation effects were monitored for 19 months. The fuel was
then removed from the mine and returned to its source [69]. In 1980, 11 LWR fuel
assemblies ware encapsulated and placed in holes in the granitic rock in the floor of
the 400-m-deep Climax mine in Nevada, and monitored for three years before being
returned to the surface [70]. More details of these projects are given in Appendix B. In
the FRG, there are plans to complete demonstration facilities during the late 1980s at
the Asse mine in which a limited number of canisters of high-level waste will be
emplaced and monitored [90]. Many other countries have long-range plans for
underground test and evaluation facilities that will serve to demonstrate emplacement
methods.

Design studies in the USA indicate that conventional engineering techniques and
equipment can be used to retrieve waste within a few decades after its emplacement

Figure 3. Testing of Bentonite Clay as a Buffer Material (Stripa Project)
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and before the repository is backfilled and sealed [86, 87]. However, less conven-
tional methods must be envisioned for later retrieval of the waste in the very unlikely
event that this should ever become necessary.

As a part of decommissioning, all repository concepts rely on backfilling and sealing
tunnels, shafts, and boreholes for structural stability and to prevent them becoming
channels of easy groundwater flow through the repository. Potential backfill and
sealing materials and techniques have received considerable attention [91 , 92], and
cementitious grouts and bentonite clay, in particular, have shown great promise as
sealants (Fig. 3). Vigorous field demonstration programmes on plugging and sealing
are under way in Sweden [71], the USA [93], and the FRG [94, 95], and this work
will eventually be extended to all rock types that are considered for repositories.

4.8. Prediction of Physical Stability of Repositories

Virtually all the evidence on this subject is the result of existing mining and tunneling
experience and its science and technology. This evidence is direct, and in the case of
salt extends several centuries into the past. Although mining experience is a good
guide, the objective of mining is often to support the roofs and sides of cavities only
long enough for the extraction of the ore bodies. The most reliable experience can be
obtained from case histories of large permanent openings in such rocks as granite
which have been excavated to house power stations and other industrial operations. In
salt, cavities of great size can be excavated if pillars are left to support the roof at
regular spacings. The salt flows at a slow rate (creeps) depending on the temperature
and the stresses to which it is subjected. In soft rocks such as clay, collapse is almost
certain to occur if the cavities are not lined. Nevertheless, there is little doubt that
construction of repositories in all the media currently being studied is possible provided
adequate techniques for excavation and support are used. At the same time, these
techniques must minimise fracturing of the rock and the possibility of increased water
flow in the zone immediately adjacent to the repository.

Heat from waste emplaced within a repository is a potential cause of stresses and
distortion in hard rocks; for plastic, water-saturated clay media, increased pore
pressure can be generated. Such effects can be reduced by allowing the waste to
decay in interim storage for a suitable time span, by diluting the radionuclides with
inert matrix materials when manufacturing the waste form, or by reducing the
emplacement density of the waste packages in the repository. The ability to calculate
heat flow in repositories has been assessed theoretically [101], and confirmed by
underground in-situ measurements (Appendix B), (Fig. 4).

4.9. Mechanisms by Which Radionuclides Can Return to Man

To establish realistic mathematical models, one must anticipate the ways in which
radionuclides could be carried from a repository to man. Since a deep geologic
repository is a passive system with no expectation for long-term human involvement,
the only plausible mechanism for transport of radionuclides is that due to groundwater
movement. This mechanism is the basis of all performance modelling predictions, and
is dealt with in detail later. All other potential mechanisms involving, for example.
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Figure 4. Situ Heat Test in Granite (Grimsel Laboratory)

release of radionuclides attached to dust particles and their resuspension in the air, are
excluded under normal circumstances.

Potential abnormal events must also be considered, and many scenarios have been the
subject of scientific analysis. Most things that can happen to a sealed repository have
limited consequences, and the probability of occurrence of disruptive events is very
low. The analyses performed on topics such as earthquakes, flooding, glaciation, and
volcanism indicate that the radiological risks associated with such events are of no
greater significance than those associated with the mechanisms of dispersion which
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may happen under normal circumstances. It has been demonstrated that these
abnormal events can be incorporated into the models of future repository beha-
viour.

Accidental or intentional intrusion by later generations has also been taken into
account. However, after a period of 300 to 500 years, the radiotoxicity of the waste
drops to about one-fiftieth of its level at the time of emplacement. Institutional control
over repositories, particularly administrative records and site markers, can minimise
inadvertent intrusion during the first few centuries of a repository's life, which is the
period of maximum radioactivity leveis.

4.10. Mathematical Models of Repository and Environmental Behaviour,
and Radiation Doses to Man

The first models were developed in the 1960s but the most significant progress
occurred in the late 1970s. Many research teams are today involved in this
activity [109], and international comparison of models and their results is now
widespread.

The principles behind these predictive models are similar: the behaviour of the waste
pact .age and its repository environment are described in mathematical terms so that
the radiological impact is calculable. (The waste package refers to the system of
barriers that is projected to help isolate the radionuclides from groundwater, especially
during the first several centuries after waste emplacement. In addition to the waste
form and metal canister, these barriers may include an additional metal envelope
called the overpack, and a backfill material such as bentonite clay that may be used to
fill the space inside the burial hole.) A wide variety of effects can be included and the
way that different processes interact is also numerically described. Where data exist
from the field, parts of the mathematical predictions can be validated by comparison
with the real world. In those cases where numerical values for some of the properties
are not well known, the models usually take either an assumed value chosen to be on
the safe or pessimistic side of the most likely value, or a range of possible values. The
calculations can be very complex, and can often only be handled by large modern
computers.

The predictive models or submodels now deal with:

• Each radionuclide present, its decay half-life, and its energy release;
• The properties of the waste form, the ieach rates of radioisotopes from the

waste;
• The dissipation of heat through the host rock;

• The corrosion rates of canisters and overpack materials.

In some geologic formations such as rock salt, there may be no release of radionuclides
to accessible groundwater. In other formations such as most hard rock repositories
where groundwater is present, even in small quantities, the models deal with:

• The water permeability and radionuclide sorption properties of the backfill and any
buffer or backfill material used in the waste emplacement holes;
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* The permeability of the host rock, groundwater flow patterns through fractured
rock, and their combined influence on water behaviour over greater distances;

* The sorption of the radionuclides from the groundwater on the surface of the rock
fractures;

* The solubilities of these radionuclides in the local groundwater (which limits the
quantity of material carried away from the waste);

* The effects on the groundwater flow patterns of repository heat which in the
near-term warms local groundwater and makes it tend to rise;

* The effects of different geological strata in the path by which water may reach the
biosphere (and their effects on flow and sorption of individual radionuclides);

* The dilution and distribution of contaminated water entering the biosphere with
the surface water (rivers, lakes, oceans, or near-surface groundwater);

* The distribution and uptake in sediments and biota;
* The radiation dose to man associated with drinking water, food consumption,

inhalation, immersion, and other direct exposure pathways.

Although it has been demonstrated conceptually that each of these processes can be
represented in mathematical models, and that these separate models can be linked
into a complex computer program describing the whole disposal system, much work
remains to be done before such models can be applied to actual cases. Unfortunately,
because of the long time-scales involved, the modelling of these processes can be
tested only by references drawn from small-scale experiments addressing the various
chemical and physical processes in turn, although some confidence may be gained by
comparison with natural analogues.

It cannot be claimed that all of this has been done perfectly. The first large
computerised models of the 1970s were an enormous stride forward, but they were
criticised on points of detail where assumptions were seen as being too simplified. This
has led laboratory and field workers to research topics which improve the
understanding and numerical information that seems to be necessary. Secondly, it has
led the mathematical modelling teams to carry out analyses of the sensitivity of the
final computed answers to particular parts of the model. In this way some concerns
have been shown to be of little relevance and others of greater importance. The early
models usually used safe or pessimistic values where data were sparse, rather than the
most likely values. Nevertheless, these calculations usually yielded results which
supported the long-term safety of the disposal concepts. Also, models or submodels
can be intercompared to check for consistency (see Section B.2.2), and such
international comparisons increase confidence that modelling can provide realistic
predictions of the performance of geological repositories.

The strength of such modelling demonstrations lies in the fact that computer programs
of the type described are all leading to broadly similar conclusions. This contributes to
our confidence that the results of modelling are indeed reliable as a basis for
comparison with the radiological safety objectives adopted by national authorities.
There is a general feeling in the technical community that the development of detailed
physical, geochemical, and mathematical models is now of less concern than the
coupling between the models and the adequacy of the data used. These data must be
specific to the sites eventually chosen for repositories, and should still be improved in
some areas by continuing research work.
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4.11. Data in Support of Models

A great deal of scientific information in support of repository models is available, and
the amount of this information continues to grow. Most of it is obtained from
laboratory studies but some comes from larger scale tests in the field and from
observations of natural analogues. Laboratory studies have provided much informa-
tion that is essential to an understanding of the interactions between repository
environments and components of the waste package.

Field studies have been carried out to provide data on a variety of environmental
parameters such as groundwater flow patterns and radionuclide migration rates. The
instrumentation for field measurements has been demonstrated in several locations,
and it is one purpose of underground laboratories (Appendix B.3) to refine these
instruments and measurement techniques in order to provide more reliable and
realistic data for modelling the near field where temperatures and radiation are at the
highest levels (Fig. 5).

Comparison of nuclear waste repositories with natural or man-made analogues can be
relevant if differences in release, transport, and biological uptake mechanisms can be
properly taken into account. All the field data that are available to us from ancient

Figure 5. Detection and Mapping of Fracture Zones within Granite (Stripa Project)
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Figure 6. Recovered fracture sample from the Canadian Underground Research Laboratory showing the
piston ring recovery method

artifacts, observations of buried glass blocks in Canada, the Oklo natural fission
reactor in Gabon, Africa, the thorium deposit at Morro do Ferro, Brazil, and uranium ore
deposits in Australia, Canada, and the USA demonstrate that leaching rates of such
materials under natural conditions tend to be very much lower (sometimes several
orders of magnitude) than is indicated by laboratory measurements [116].

Underground laboratories are being built in potential or representative geologies in
order to obtain realistic and reliable data for in-situ geological conditions.

4.12. Economics

Many estimates of waste management costs have been made but they are not
generally on a comparable economic basis. Cost estimates are specific not only to
particular process and design parameters but also to the location, the type of
geological media under consideration, and the method of financing that is used.
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The INFCE Working Group 7 concluded that high-level waste management will cost
about 1 to 2 per cent of the value of the electricity produced [122], while a
comprehensive USA study concluded the total cost, including R&D, could lie in the
range of 2 to 6 per cent of the customer's cost of electricity [123]. These and other
supporting studies [76, 77, 124-127] indicate that disposal in repositories will
represent about 1 to 3 per cent of the cost of electricity, or at least half the total
high-level waste management cost. Although these costs are small compared with the
value of electricity, the absolute sums of money are large. For example, in a recent
study, the estimated total repository cost in 1981 US dollars for an8.1-km2

repository containing spent fuel ranged from $7.6 billion in salt to about $9 billion in
granite [128].

Various methods of funding have been examined and implemented. In the USA a legal
and administrative framework has been established to fund high-level waste disposal
from a levy on nuclear electricity generation [129]. Several other countries (e.g.
Belgium, Finland, France, the FRG, Spain and Sweden) have also institute!
arrangements to provide a fund for the eventual disposal of waste. The ability to
legislate for sufficient and assured funding is therefore being demonstrated.

5. DISPOSAL BENEATH THE OCEAN FLOOR

Much of the preceding discussion applies in an analogous way to possible disposal
within the ocean floor. There is a 10-year-old research and development programme
to assess the feasibility of disposing of high-level radioactive waste by burial in the
deep ocean floor. Since 1976 a Seabed Working Group organised by the OECD/NEA
has co-ordinated data exchange and continuing R&D on behalf of Member countries
which participate: Canada, the Commission of European Communities, France, the
Federal Republic of Germany, Japan, the Netherlands, Switzerland, the United
Kingdom, and the United States [ 131 ] . At present, data are less extensive than those
for deep geologic repositories, but potential sites, experimental techniques, environ-
mental and engineering problems, and radiological assessments have all been
studied [131, 132]. Elongated, finned penetrators dropped from several hundred
metres above the sea floor have been tested for empiacing the waste at depths of 30
to 50 m in the clay sediments on the ocean floor. Deep-hole drilling beneath the ocean
floor is an optional method of waste emplacement that has been demonstrated in
other programmes over the past 20 years, and much of the technology that could be
used for retrieval has been developed in deep-water, off-shore drilling operations.

The predictive modelling of possible radiological impacts is similar to land-based
geological disposal concepts. The waste form, the container material, and the finely
divided deep-ocean sediments have all been shown to provide very effective barriers to
radionuclide migration.

Demonstration that seabed disposal is a safe, reliable, and publicly acceptable method
for high-level waste disposal is a long way off. Further research and demonstration
activities are being pursued within the current five-year plan of the NEA Seabed
Working Group with a view to assessing the engineering and environmental feasibility
of this concept.
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Appendix A

AN INVENTORY OF SIGNIFICANT DEMONSTRATIONS

NOTE : This inventory is not intended to be comprehensive. It does not include every
relevant activity, but is limited to only the most significant.

Topics
Activities and Demonstration

Project

4.1. Interim stor-
age of high-
level liquid
waste.

4.2. Demonstra-
tion of suit-
able waste
forms.

• Demonstrated
characteristics of
borosilicate
glasses.

— Waste load-
ing.

Belgium, France,
UK, USA.

UK, USA.

Canada,

USA.

Australia, Canada,
France, FRG,
Japan, UK, USA.

France, UK, USA.

Tank storage and intertank transfer of
high-level waste has been routine prac-
tice at reprocessing plants for 40 years
[16-19].

Sorption of many radionuclides on clays,
which, after firing, were immobil-
ised (1950s) [27].

Incorporation of high-level waste into
nepheline syenite glass (1950s) [28].

Established compositions and properties
of calcined solids (1960s) [6, 7].

Demonstration of potential suitability of
other waste forms (1970s) [10,14,
22, 24].

Ability to accommodate 5-35% of waste
solids is demonstrated. Insensitivity of
properties to variations in waste feed is
d e m o n s t r a t e d by l a b o r a t o r y
tests [6, 17].
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Topics Activities and Demonstration
Projects

— Leach resis-
tance.

Resistance to
radiation.

Many countries,
CEC.

Belgium, Canada,
France, UK, USA,
CEC.

France, FRG, UK,
USA, CEC.

Thermal stabil-
ity.

France, FRG, UK,
USA.

Stability under
natural condi-
tions.

Canada.

USA.

Solubility of
spent fuel.

• Suitability of
packaging mate-
rials.

Canada, Sweden,
USA, FRG.

Belgium, Canada,
France, Sweden,
FRG, UK, USA.

Good leach resistance in pure water is
demonstrated in numerous laboratory
tests. Tests are established for interna-
tional comparison of results [23,
29, 30].

The variation of leach rates in different
ground waters provides data on which
the understanding of leaching mechan-
isms can be based [20, 2 1 , 23].

Samples irradiated in reactors and accel-
erators, and samples doped with short-
lived radionuclides receive doses equal to
those expected in a repository over many
millenia without marked effects on mate-
rial properties [10, 14, 2 1 , 23].

Stability demonstrated at temperatures
up to 500°C by a variety of physical
tests. Combined effects of high tempera-
tures and radiation doses have also been
investigated. Stability over a wide range
of conditions is demonstrated on labora-
tory samples [14].

Glass blocks made in I962 and buried in
wet sandy soil below the water table
showed little degradation occurs [31].

Archeofogical evidence of corrosion of
glass artifacts and naturally occurring
glasses from various environments con-
tribute to demonstration of long-term
behaviour [32, 33].

Leaching studies of spent fuel Sweden,
pellets show probable suitability of spent
fuel for disposal under expected reposi-
tory environments [34, 37, 38, 149].

Various metals and alloys such Ca-
nacla,as stainless steel, carbon steel,
copper, titanium, and high nickel alloys
have demonstrated physical properties
which are attractive for waste packag-
ing [14]. The demonstration of suitability
derives from:
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Topics

4.3. Demonstra-
tion of indus-
trial-scale
waste solid-
ification.

• Conceptual de-
sign of solidifica-
tion plants.

* Industrial-scale
operations.

Country

Canada.

UK.

France.

USA.

Belgium, FRG.

Canada.

USA.

Activities and Demonstration
Projects

— short-term laboratory tests;
— laboratory measurements confirming

the scientific understanding of degrad-
ation processes;

- laboratory tests under accelerated
aging conditions;

— in situ tests.

Engineering designs prepared in 1960 for
a moving belt furnace/crucible system.
Remote mechanical handling [42].

"FINGAL"; costed engineering designs
in 1961 for liquid waste and slurried
glass formers fed into a heated pot. The
weld-sealed pot was also foreseen as the
disposal canister [43].

"PIVER"; designed in 1962 for a contin-
uous liquid feed to a rotary kiln and then
to a melter furnace from which the
glass/waste mixture flowed into a sto-
rage container [44].

Designs developed for various calcination
and v i t r i f icat ion process f low-
sheets [4, 6] . They culminated in the
construction of the Waste Calcinating
Facility in Idaho and the Waste Solidifica-
tion Engineering Prototype facility at
Hanford.

"PAMELA"; costed engineering designs
For joule heated ceramic melter [45].
Plant is under construction at Mol.

Non-radioactive demonstration of cal-
ciner-ceramic melter process for
10 kg/hr of borosilicate glass [46].

The Idaho Waste Calcining Facility
demonstrated feasibility of calcining
high-level waste and interim storage of
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Topics Activities and Demonstration
Projects

France.

UK.

France.

USA.

* Quality of waste
forms from in-
dustrial-scale fa-
cilities.

• Encapsulation of
spent fuel for
disposal.

Belgium, France,
FRG, Japan, UK,
USA.

France, UK, USA.

Sweden.

Canada.

the granular solids (1960-1980) [40].
The Waste Solidification Engineering Pro-
totype facility produced 33 canisters of
calcine and glass using three basic pro-
cess flowsheets (1965-1970) [47].

PIVER pilot plant demonstrated high-
level waste vitrification on a batch
basis (1960s-1970s) [44].

FINGAL fully active pilot plant demon-
strated high-level waste vitrification on a
batch basis (1963-1964) [43].

The AVM industrial pilot plant has
demonstrated routine vitrification of
about 800 m3 of liquid high-level
waste (1978-1983) [41] (See Appen-
dix B.1).

The Nuclear Waste Vitrification Project
produced two canisters of borosilicate
glass from reprocessing 2.3 tons of irra-
diated LWR fuel using the spray cal-
ciner/in-can melting process [49]. The
Defense Waste Processing Facility at
Savannah River and the West Valley
Demonstration Project have been de-
signed and construction is under-
way [13,50].

Future plans include operation of indus-
trial vitrification facilities in many coun-
tries [15].

Laboratory examinations of vitrified high-
level waste from large-scale facilities
have demonstrated similar properties to
those of laboratory products [10, 51].

Fuel was placed in copper canisters,
back-filled with molten lead or copper
powder, and sealed by electron beam
welding or hot isostatic pressing at one-
third to full scale [34].

Titanium canisters with internal struc-
tural support sealed and tested for use in
spent fuel disposal [35, 36].
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Topics

4.4. Demonstra-
tion of safe
interim stor-
age.

4.5. Demonstra-
tion of safe
transport.

Country

FRG.

Many countries.

Canada.

USA.

Canada, FRG,
Sweden, USA.

France.

CEC.

USA.

Many countries.

France.

Activities and Demonstration
Projects

Construction of different multilayer canis-
ters for spent fuel disposal in
salt [149].

Storage of spent fuel in water countries
pools has been demonstrated for about
25 years at numerous reactor sites and
reprocessing facilities [52]. Dry storage
has been practiced to a more limited
extent [53].

Dry storage ofWR-1 CANDU fuels in
concrete silos since I974 has shown no
evidence of fuel deterioration [56].

Encapsulation and dry storage of spent
fuel in silos, dry wells, and vaults was
demonstrated at the EMAD facility,
Nevada, 1979-82 [57] (see appen-
dix B.1).

Designs are established for central sto-
rage facilities for spent fuel. The CLAB
(wet storage) [58], and Gorleben (dry
cask storage) [59], became operational
in 1984-85.

Storage of vitrified high-level waste from
the PIVER and AVM plants in an air-
cooled vault has been demonstrated
(1978-present)[60].

Comparative assessment made of air-
and water-cooled high-level waste sto-
rage concepts [54].

Storage of granular calcine in bins within
vaults has been practiced in Idaho
since 1964 [16].

Engineering designs exist for
dry storage of vitrified high-level
waste [55].

PIVER and AVM facilities demonstrated
the simplicity of an on-site road trans-
porter and the existence of safe in-plant
handling technology [44, 48].
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Topics

4.6. Demonstra-
tion of con-
ceptual repo-
sitory de-
sign.

Country

USA, UK.

France, Japan,
Sweden, UK.

Many countries.

Belgium.

Canada.

Denmark.

Finland.

France.

FRG.

Netherlands.

Sweden.

Switzerland.

Activities and Demonstration
Projects

Carried out spectacular proofs of the
integrity of transport casks under crash
conditions [62, 63].

Have ships operating which have already
safely delivered thousands of tons of
spent fuei in casks [64].

Have demonstrated in practice the safe
transportation of spent fuel in casks by
road and rail [64].

Conceptual design of a repository in clay
at the Mol site [72, 73].

Conceptual designs for in-floor and in-
tunnel emplacement of nuclear fuel in
crystalline rock [74].

Conceptual design for deep borehole
emplacement of high-level waste in the
Mors salt dome [75].

Conceptual design of waste emplace-
ment in floor of tunnels mined in gran-
ite [76].

Conceptual designs for tunnel and in-
floor emplacement of high-level waste in
crystalline rock at 500 to 1 000 m
depth [77].

Designs for a repository in salt at the
Gorleben site with emplacement in drill
holes below mined tunnels [78, 79].

Conceptual design for a repository in salt
at 600 to 800 m depth [80].

Conceptual designs for final storage of
spent fuel (KBS-3) or high-level waste
(KBS-1) in a mined crystalline rock repo-
sitory [81,82] .

Conceptual designs of vitrified high-level
waste or spent fuel emplacement in a
crystalline rock repository as deep
as 1 500 m [83].
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Topics

4.7. Demonstra-
tion of repo-
sitory opera-
tions and
closure.

• Waste emplace-
ment, monitoring
and retrieval.

* Repository clo-
sure.

Country

UK.

USA.

USA.

USA.

USA.

FRG, Netherlands.

USA.

Belgium.

Sweden.

USA.

Activities and Demonstration
Projects

Conceptual designs for emplacement in
tunnel floor and in backfilled tunnels in
hard rock mines [84, 127].

Conceptual designs for waste emplace-
ment in horizontal and vertical drill holes
in salt, basalt, and tuff [86-89].

Conceptual design of a repository for
storage of alkaline waste solutions and
sludges in metamorphic bedrock [66].

Project Salt Vault: 21 canisters of ETR
fuel placed in 300-m-deep salt mine;
monitored, and retrieved 19 months
later (1965-1967) [65].

Climax Project: 11 encapsulated LWR
assemblies emplaced below a tunnel
mined in granite; monitored and retrieved
three years later (1980-1983) [70].

Demonstrations of waste emplacement
in salt at Asse mine are planned
for 1986-1990 [90].

Design studies show feasibility of waste
retrieval before repository clo-
sure [86, 87].

Demonstration of waste emplacement in
clay tunnels planned at Mol for the
early 1990s [73].

Sealing procedures using bentonite and
bentonite-sand mixtures have been de-
m o n s t r a t e d in g r a n i t e a t
Strips [71 . 82].

Bell Canyon borehole field test in salt
demonstrated that a cementitious grout
plug could provide a high flow restriction
under lithostatic pressure typical of repo-
sitory depths [96].
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Topics Activities and Demonstration
Projects

4.8. Prediction of
physical sta-
bility of re-
positories.

All countries.

Measurements of
heat flow, stress,
water flow, and
rock movement.

USA.

FRG.

Sweden.

UK.

Belgium, Italy.

Mining experience related to their
national geology; methods of predicting
stress levels and modes of movement or
collapse are demonstrated. Many have
tunnelling experience. This is direct
demonstration of the ability to construct
repositories and of indirect value in pre-
dicting long-term behaviour.

Project salt vault demonstrated that heat
flow, plasticity, brine migration, and
stress generation in bedded salt with
radiation can be measured and compared
with theoretical predictions [65]. Analo-
gous data were obtained for granite at
Climax test [70]. Data in absence of
radiation were obtained for basalt at
Hanford, for tuff at Yucca Mountain, and
for domal salt at Avery Island [97] (ap-
pendix B.1).

Experience at Asse shows that heat and
salt flow can be accurately measured and
predicted [79, 90]. This work is being
extended to include measurements in
presence of radiation (see appen-
dix B.3).

Experiments in the Stripa mine demon-
strate that predictions of flows are con-
sistent with measurements, and that
stress measurements can be related to
model calculations [82, 98] (see appen-
dix B.3).

Experiments in Cornish granite establish
heat flow measurement techniques [84];
extensive measurements made of hydro-
logic and engineering properties of crys-
talline rocks [85].

Experiments in clay validate heat dissipa-
tion model and determine model para-
meters [99]. Underground laboratory at
Mol is equipped for measurements of
rheological behaviour, in situ pore water
pressure, and permeability (see appen-
dix B.3).
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Topics Activities and Demonstration
Projects

Canada.

4.9. Mechanisms
by which ra-
dioactivity
could return
to man.

* Mechanisms
which have been
studied in detail.

UK.

Many countries.

Japan, UK, USA.

CEC, Belgium,
Sweden.

FRG, USA.

USA.

CEC, Belgium.

Sweden, Canada,
USA.

Groundwater flow modelling is underway
in granite at the URL (see appen-
dix B.3).

Early FINGAL work showed that there is
no significant volatilisation from borosili-
cate glasses below 400°C [100].

Have demonstrated the likely rates at
which various waste forms can be dis-
solved and carried away by groundwat-
ers[10, 14].

Have shown that earthquake damage
below ground is less than at surface, that
below ground damage can be related to
distance and strength of earthquake epi-
center, and that statistics exist on earth-
quake frequency which are of value to
statistical modelling of effects on reposi-
tory behaviour [102-104].

Have shown that formation of complexes
and colloids can be an important
mechanism for transport of ao.inide spe-
cies under some conditions [105-106].

Have demonstrated mathematical ways
of dealing predictiveiy with likelihood and
consequences of flooding [107, 108].
Has, by literature survey, demonstrated
that meteorite strikes are not significant
at repository depths normally conside-
red [109].

Has calculated probabilities of
failure of repositories in clay and shown
that probabilistic analysis is applicable to
geological systems [110].

Have considered the effects of glaciation
and shown that the effects are limited in
depth to about 100 m [111-113].
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Topics

4.10. Mathema-
tical mo-
dels of re-
pository
and envi-
ronmental
behaviour
and radia-
tion dose
to man.

4 . 1 1 . Demonstra-
tion of ra-
dionuclide
migration
and data
acquisition
for model
validation.

Country

Many countries.

Canada, FRG,
CEC, France,
Sweden, UK,
USA.

Australia, Canada,
France, USA.

Canada.

Sweden.

USA.

Many countries.

Activities and Demonstration
Projects

Have demonstrated ability to produce
computer models of
repositories in various geological me-
dia [68] . International
comparisons of prediction by mathema-
tical modelling demonstrate that compa-
rable results are obtained from most of
the more advanced model codes when
limited to migration in the far-field geo-
logy — one of the most significant bar-
riers [115] .

Have demonstrated a further ability to
model total disposal systems, including
waste package performance, near-field
effects, and time dependent radiation
doses to man [68, 149, 150]. Validation
of these models, insofar as possible, by
in-situ experiments in underground labo-
ratories in the presence of both heat and
radiation is needed.

Monitoring of long-lived radionuclide
migration from ore bodies in Ranger Mine
(Australia), Waterbury Lake (Canada),
Morro do Ferro (Brazil) [117] , Oklo (Ga-
bon) [118] , and in the USA [119] .

Monitoring of radionuclides from 25 vitri-
fied waste blocks in wet, sandy soil at the
Chalk River site [31] .

Single fracture and three dimensional
tracer migration tests in the Stripa mine;
tests of hydraulic conductivities and
groundwater chemistries [120] .

Monitoring the migration of radioisotopes
from underground nuclear explosion test
site in Nevada [116] .

Laboratory studies of radionuclide reten-
tion on natural rocks and minerals. In situ
experiments of hydraulic and geoche-
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Topics Activities and Demonstration
Projects

4.12. Waste ma-
nagement
costs and
methods of
financing.

• Estimated costs.

Demonstrated
method of
assured finan-
cing.

mical parameters are planned in under-
ground laboratories in Belgium, Canada,
FRG, Sweden, Switzerland, Japan, and
the USA [121].

Estimated total high-level waste mana-
gement cost lies in the range of 2 to 6%
of the cost of nuclear-generated electri-
city, about half of which is repository
cost [76, 77, 122-127].

Nuclear Waste Policy Act of 1982 esta-
blished a surcharge on nuclear-generated
electricity for financing disposal of high-
level waste [130]. Belgium, Finland, the
FRG, France, Spain, and Sweden have
instituted comparable arrangements.
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Appendix B

DESCRIPTIONS OF SELECTED DEMONSTRATIONS
AND UNDERGROUND RESEARCH LABORATORIES

B. 1. DESCRIPTIONS OF TYPICAL DIRECT DEMONSTRATIONS ALREADY
ACHIEVED

8.7.7. Atelier de Vitrification de Marcoule (AVM, France) [41, 48, 133]

The PIVER pilot plant demonstrated, in the 1970s, the feasibility of a process for
incorporating high-level liquid waste from fuel reprocessing plants in a suitable
borosilicate glass. The pilot plant operated successfully, and the containers of glass
that it produced were put into simple air-cooled holes in a concrete block set in the
ground. This success led to the construction of the AVM.

In the AVM, liquid waste is fed continuously to a rotary calciner where it is evaporated
to dryness and decomposed to oxides at 600 to 900°C. The calcine is mixed with
glass-forming raw materials and raised to a temperature of 1 150°C in a melting pot.
The resulting glass is periodically poured into 150-L refractory steel canisters
(about 360 kg of glass in each canister), which are subsequently welded shut,
decontaminated, and then placed in vertical storage shafts in a nearby concrete block.
During storage, heat is removed from the canisters by air circulation. All process feed
and control operations, off-gas cleaning techniques, and remote maintenance and
canister handling methods have been demonstrated.

The plant began operation in June 1978 and is still in use. Through September 1984,
there have been 15 operating campaigns and the plant load factors have increased
from about 50 per cent initially to 85 per cent during the last four campaigns. There
have been only two unscheduled shutdowns for decontamination and maintenance. A
total of 1067 full canisters of glass containing about 151 million curies of
radioactivity were produced in the course of more than 27 000 hours of operation.
This quantity of vitrified waste corresponds to more than 13 000 tonnes of spent
fuel.

Two vitrification facilities will be built at La Hague in the near future: one is scheduled
to be commissioned in 1986, and one in 1989. Each facility will be designed to handle
the waste from reprocessing 800 tonnes year of spent LWR fuel, and each will be
capable of storing 4 500 canisters of glass. This process is available on license to
other countries and has been adopted for installation at Sellafield (UK) in the
late 1980s [134].
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B. 1.2. Project Salt Vault (USA) [68]

Project Salt Vault, carried out in a disused salt mine in Lyons, Kansas from 1965
to 1967, was a field test of the disposal of high-level waste under realistic operating
conditions. The objectives of the project were (1) to obtain information regarding the
characteristics of salt formations that are pertinent to the dispose! of high-level waste,
and (2) to demonstrate the equipment and techniques that might be used in an actual
repository. Spent fuel assemblies from the Engineering Test Reactor in Idaho provided
the source of radiation and decay heat, and these assemblies were supplemented by
electrical heaters for testing purposes.

In November 1965, seven canisters, each containing two fuel assemblies, were
lowered through a 300-m-deep shaft into a motorised, shielded cask, and carried to a
prepared area in the mine where they were lowered into holes drilled in the floor. The
canisters were exchanged twice for fresh ones at six-month intervals to increase the
total radiation dose to the salt and to gain additional experience with the handling
equipment and techniques. After the objectives of the experiment had been met or
exceeded, all fuel assemblies were removed from the mine and returned to Idaho in
June 1967.

In the course of this project, the feasibility and safety of handling highly radioactive
materials in an underground environment was successfully demonstrated. The effects
of heat and radiation on the small brine inclusions that are trapped in rock salt were
observed and analysed, the stability of salt under the combined effects of heat and
radiation was shown, and the capability of solving minor structural problems by
standard mining techniques was demonstrated. The information and data obtained on
the deformational characteristics of salt made it possible to arrive at suitable designs
for a disposal facility.

B. 1.3. Spent Fuel Encapsulation and Dry Storage Testing at the Engine
Maintenance, Assembly and Disassembly (EMAD) Facility (USA)
[57, 135]

The EMAD facility, located at the Nevada Test Site, has demonstrated technology for
encapsulation and dry storage of spent fuel. From March 1978 through March 1982,
17 pressurised water reactor fuel assemblies were used for demonstrations of storage
in dry wells, concrete silos, and air-cooled vaults. In addition, spent fuel packages
were prepared for use in the Spent Fuel Test-Climax (see B. 1.4). The dry well system
consisted of lined holes drilled in the alluvial soil with the fuel canisters suspended from
a concrete shield plug. Dry well loading and retrieval was accomplished using a
rail-mounted transfer shield system. The concrete silo system was designed to store
the same type of fuel package as was used in the dry wells. Fuel emplacement in silos
and its later retrieval was accomplished inside the large EMAD Hot Bay. The air-cooled
vault located inside the Hot Bay was designed to hold 24 canister shield plug
packages, and all three storage systems were equipped for temperature monito-
ring.

The demonstration utilised 14-inch-diameter (35.6 cm) stainless steel canisters with
threaded lids, and a remotely operated tungsten inert gas welding system was used to
apply a seal weld between the canisters and lids. However, satisfactory closures of
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both carbon steel and stainless steel canisters were demonstrated with tungsten inert
gas and plasma arc welding systems, as well.

B. 1.4. Spent Fuel Test-Climax (USA) [70, 136]

The Climax spent fuel test at the Nevada Test Site began in 1980 to test the feasibility
of storing spent fuel at a plausible repository depth in a typical granitic rock, and to
provide data on the influence of heat and radiation on granite. In this test, eleven spent
fuel assemblies sealed in stainless steel canisters were transported to Climax in a
shielded cask, and transferred to a 420-m-deep underground vault in granite using a
remotely controlled hoist. Transfer of the canisters from the underground receiving
station to emplacement holes was by a shielded, remotely controlled rail vehicle. The
first batch of canisters was replaced annually over the succeeding three years.

This provides a convincing demonstration that a safe and reliable packaging and
retrieval procedure is available in an engineered form suitable for routine use by
operating personnel without significant radiation exposure. The technical data that
have been acquired during the storage phase and post-retrieval period of cooling show
that no significant degradation of rock mass properties resulted from the storage of
highly radioactive heat-generating wastes in this granitic rock.

B.2. DESCRIPTIONS OF TYPICAL INDIRECT DEMONSTRATIONS IN PROGRESS

B.2.1. SYVAC, A Predictive Computer Model of Repository Behaviour
(Canada) [137]

SYVAC is a computer program developed at the Whiteshell Nuclear Research
Establishment for the predictive modelling of disposal system behaviour over very long
periods of time. The main program links together a series of submodels representing
the parts of a real system. One of these submodels simulates the behaviour within the
repository, another models the geosphere surrounding the repository, and the third
models the biosphere above the geosphere. A central issue which is being addressed
by SYVAC methodology is the treatment of uncertainties associated with prediction of
the far future. One uncertainty is how valid the models are in representing the real
system. A second source of uncertainty, even when a specific site is considered, is due
to errors in measurement of data used as input to the computer program.
Measurements may accurately define what is happening at a particular experimental
site, area, or borehole, but there may be doubts about how representative they may be
of larger volumes of rock, or how applicable they may be to a different design concept.
SYVAC takes account of uncertainty by doing a system variability analysis. This
requires a probabilistic approach (well developed in other areas of scientific analysis),
providing a range of predictions as a function of their likelihood, rather than showing a
single prediction. The final result is presented as the probability of a maximum dose to
an individual in the most exposed group, during the first million years after the
disposal. Figure 7 is a pictorial representation of what is involved in doing this, using
SYVAC or any of the other several similar codes.
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Figure 7. An Artist's Impression of an Installation for the Disposal of High Level Nuclear Waste in
Rock Formations
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In a typical assessment with SYVAC in which 1 730 iterative calculations were
performed, taking into account a range of failure times for the waste canisters and a
series of possible values for geosphere and biosphere parameters, results indicated
that in 730 of the cases no dose would arise within one million years, and the
probability of a dose exceeding 1 per cent of natural background for the most exposed
individual was 1 in 200 .

B.2.2. INTRACOIN: An International Comparison of Predictive
Models [115, 138]

An international co-operative project, INTRACOIN, to compare models for transport of
radionuclides in water through geologic media was initiated by Sweden in 1 9 8 1 .
Canada, Finland, France, Sweden, Switzerland, the FRG, UK, and USA have entered
over 15 computer programs in this project. Its scope is limited to far-field radionuclide
movement; however, the far-field safety barrier is so significant that this study is a
major contribution to long-term safety predictions. The different codes are each
applied to a series of benchmark problems which were set at three levels: (D the
numerical accuracy of the codes, (2) the capability of the codes to describe in-situ
measurements, and (3) the quantitative impact of choosing modelling strategies on
the nuclide transport calculations in a typical repository scenario assessment.

About 4 5 0 computer runs which have been contributed to level one results generally
show good agreement. Deviations in results have been explained to be due to different
implementation of boundary conditions, interpretation of input data, or to truncation
errors. The results from level two emphasize the importance of continued work on
validation, i.e., assurance that the models give a good representation of the actual
processes occurring in real systems. In level three work, a limited sensitivity analysis
has been performed shedding light on the importance of different phenomena in
repository safety analyses. The interest in INTRACOIN has led to the creation of a new
study called HYDROCOIN, which concentrates on models for ground water flow
calculations.

B.2.3. MIRAGE, Migration of Radionuclides in the Geosphere [147]

This project puts together the co-ordinated efforts of about 4 0 European Community
laboratories and of the Joint Research Center at Ispra. A part of the work concerns
exercises for intercomparison of flow and geochemical codes developed within the
Community [148] .

B.3. UNDERGROUND LABORATORIES

B.3.1. Strips, Sweden (Granite) [120, 139]

This mine, operated at a depth of 3 5 0 m as a NEA-sponsored project, has been used
since the late 1970s to demonstrate modern methods of hard rock tunnelling, for
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geochemical and geohydrological studies of ground waters at great depths, and for
the measurement of backfill material properties after placement. It has also been used
extensively to develop and test scientific instrumentation for monitoring underground
repository structures, and much data of value to mathematical modelling have been
obtained. Current investigations are concerned with (1) the detection and characte-
risation of fracture zones in the vicinity of a repository, (2) a three-dimensional tracer
migration experiment, (3) studies of ground water flow and radionuclide transport in
fractured rock, and (4) borehole and shaft sealing tests.

B.3.2. Asse, FRG (Salt) [79, 90]

From 1967 to 1978 the Asse salt mine served as a prototype repository for disposal of
more than 125 000 drums of low- and intermediate-level radioactive wastes. During
and since that time it has also been used for a variety of R&D projects that are essential
to the development of a repository for high-level waste. Much of the work has been
undertaken as cooperative programmes with the CEC and the USA. Tests with heated
model canisters, which are among the most significant investigations, have provided
data on heat distribution, the mechanical behaviour of salt, the release phenomena of
water and gas, and the corrosion of materials. A test emplacement, storage, and
retrieval of several canisters of real, vitrified high-level waste (to be acquired from
either the USA or France) is planned to begin in 1986.

B.3.3. Mol, Belgium (Clay) [73, 140]

An underground laboratory in a clay formation was completed in 1984. It consists of a
30-m-long horizontal gallery, extending from the foot of a 230-m-deep shaft. This
required the development of construction technologies such as an appropriate ground
freezing technique for the shaft sinking and during mining, and the emplacement of
liners for structural support of the mined openings. During the construction,
auscultation of the clay was performed for surveying its geomechanical behaviour. At
the end of the construction, an additional small shaft and a horizontal tunnel section
were constructed in the unfrozen clay at a depth between 230 and 250 m. The latter
works have demonstrated the technology for performing vertical and horizontal drilling
at these depths without making use of the freezing technique.

In-situ tests concerning the corrosion of materials, leaching of waste forms, thermal
effects, radionuclide migration, geochemical and hydrological properties of the clay,
and mining and backfilling techniques are planned for the very near future. A larger
facility is planned for construction in the late 1980s.

B.3.4. The Grimsel Rock Laboratory (Granite) Switzerland[141]

The Grimsel Rock Laboratory, about 50 km south of Lucerne, has been established to
demonstrate the suitability of the crystalline rock in Switzerland as a potential host for
nuclear wastes. A broad experimental programme has been mapped out, with
emphasis on the areas of geophysics, tectonics, hydrogeology, and radionuclide
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migration. The overall objectives are to (1) test the applicability of the results obtained
elsewhere, (2) study aspects of repository concepts that are specific to this region,
and (3) acquire appropriate expertise and practical experience.

B.3.5. WIPP (Salt), NSTF (Basalt), G-Tunnel (Tuff), USA [142]

The US Department of Energy is investigating domal and bedded salt, dense basalts,
tuffaceous rock, and crystalline rock as potential media for high-level waste
repositories. Underground laboratories have been established at the Waste Isolation
Pilot Plant (WIPP) in bedded salt in southeastern New Mexico, the Near Surface Test
Facility (NSTF) in basalt at Hanford, Washington, and at the G-Tunnel in welded
volcanic tuff at Yucca Mountain Nevada Test Site.

The WIPP is intended to demonstrate on a full pilot scale the technical and operational
methods for permanent isolation of defense wastes emplaced in salt [93]. This
includes a full-scale storage demonstration using about 180 000 m3 of alpha-
contaminated low- and medium-level wastes, and tests using up to 40 canisters of
defense vitrified high-level waste. Two shafts, 3.66 m and 1.83 m in diameter, drilled
to a depth of 659 m, and about 4 km of exploratory drift tunnels and rooms have
confirmed subsurface geology. The future test programme is designed to study
thermal and structural interactions, plugging and sealing of boreholes and shafts, and
waste package interactions with the repository environment [143].

The NSTF was constructed in a basalt flow 100 m below ground to establish
experimental techniques, and to monitor the behaviour of basalt in response to high
temperatures and pressure. Three tunnels, each about 200 m long and connected by
two test rooms, each more than 100 m long, were excavated into the side of a
mountain. To date, the experimental programme has emphasized full-size canister
heater tests to determine the thermo-mechanical behaviour of basalt, a block test to
determine the pressure- and temperature-dependent deformational properties of
basalt, and an overcoring stress measurement test to assess the suitability of different
overcoring techniques [144].

Several thermomechanical and hydrologicai field experiments in volcanic tuff are under
way 425 m below ground at the G-Tunnel complex. An in-situ water migration/heater
experiment and a heated block test are examples of the work that is providing data
that are useful in the evaluation of tuff as a candidate repository host rock [145].

B.3.6. URL, Canada (Granite) [146]

Since 1979, Canada has been developing an underground research laboratory in a
massive granitic batholith. A hydrogeological monitoring network has been installed,
and extensive information was gathered on conditions in the rock mass prior to
excavation. Shaft excavation has been completed, horizontal development of the
testing level (at a depth of 245 m) will begin in late 1985, and completion of the
laboratory is scheduled for 1986.

The effects of excavation on the integrity of the rock and on the physical and chemical
characteristics of the groundwater in the rock surrounding the URL are being studied.
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Later experiments will study the efficacy of seals and grouts, the effect of heat and
pressure on conditions in fractured rock, and the transport of radionuclides through
fractured rock. As part of these experiments, the engineered components of a waste
package (electrically heated container, buffer, and backfill) will be emplaced to
determine the performance of the coupled multi-component system. The development
of instrumentation for the experimental programme is well advanced.

These facilities are available for co-operative use by other countries.

Figure 8. Results of smooth wall blasting in the lower shaft station area of the Canadian Underground
Research Laboratory
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Appendix C

CONTRIBUTORS TO THE REPORT

The survey was prepared by two consultants:

Mr. K.D.B. JOHNSON, "Trelowen", 11 Trevallion Park, Feock, Truro, Corn-
wall TR3 6RS, United Kingdom, (formerly at UK Atomic Energy Authority)

and
Mr. J.O. BLOMEKE, Oak Ridge National Laboratory, P.O. Box 10, Oak Ridge,

Tennessee 37830, United States

The final editing was done by Mr. Blomeke.

The content of the survey was reviewed by the NEA Radioactive Waste Management
Committee, the membership of which was the following in February 1985:

AUSTRALIA

COSTELLO, J.M., Environmental Science Division, Australian Atomic Energy Com-
mission, Lucas Heights Research Laboratories

CAIRNS, R.C., Counsellor (Atomic Energy), Australian High Commission, London
(United Kingdom)

AUSTRIA

KREJSA, P., Head, Waste Management, Osterreichisches Forschungszentrum Sei-
bersdorf

BELGIUM

DEJONGHE, P., (Chairman), Directeur general adjoint, Centre d'Etude de I'Energie
Nucleaire, Mol

LAMBOTTE, J.M., Ministere de la Sante Publique, Service de Protection contre les
Radiations lonisantes, Brussels
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DETILLEUX, E., Directeur General, Organisme National des Dechets Radioactifs et des
Matieres Fissiles (ONDRAF), Brussels

VAN DE VOORDE, N., Chef de Departement principal des Installations de Traitement
de Residus Radioactifs, Centre d'Etude de I'Energie Nucleaire, Mol

CANADA

ROSINGER, E.L.J., Head, Environmental and Safety Assessment Branch, Atomic
Energy of Canada Limited, Whiteshell Nuclear Research Establishment

RUMMERY, T.E., Director, Waste Management Division, Atomic Energy of Canada
Limited, Whiteshell Nuclear Research Establishment

WAGSTAFF, K.P., Waste Management Division, Atomic Energy Control Board,
Ottawa

DENMARK

SKYTTE JENSEN, B., Head, Chemistry Department, Danish Energy Agency, Research
Establishment Riso

FINLAND

EUROLA, T., Department of Nuclear Safety, Finnish Centre for Radiation and Nuclear i
Safety '

FRANCE

BARTHOUX, A., Agence Nationale pour la Gestion des Dechets Radioactifs (ANDRA),
Paris

LEFEVRE, J., Directeur charge des effluents et dechets radioactifs, Commissariat a
I'Energie Atomique, Centre d'Etudes Nucleates, Fontenay-aux-Roses

FEDERAL REPUBLIC OF GERMANY

GORGEN, R., Bundesministerium des Innern, Bonn

REUSE, B., Bundesministerium fur Forschung und Technologie, Bonn

ROTHEMEYER, H., Physikalisch-Technische Bundesanstalt, Braunschweig
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GREECE

AMARANTOS, S., Greek Atomic Energy Commission, Nuclear Research Centre
"Demokritos"

IRELAND

CUNNINGHAM, J., Nuclear Energy Board, Dublin

TURVEY, F., Nuclear Energy Board, Dublin

ITALY

BRONDI, A., ENEA- C.R.E. Casaccia

GHILARDOTTI, G., Assistant to the Vice President and Managing Director, AGIP,
Milan

ROLANDI, G., Head, Reprocessing and Waste Division, ENEA - C.R.E. Casaccia

SUSANNA, A., ENEA/DISP, Roma

PIERMATTEI, S., ENEA/DISP, Roma

JAPAN

ARAKI, K., Deputy Director, Department of Environmental Safety Research, Reactor
Safety Research Centre, JAERI, Tokai Research Establishment

CHIJIYA, M., Director, Office of Emergency Planning and Environmental Radioactivity,
Nuclear Safety Bureau, Tokyo

DOI, K., Senior Engineer, Nuclear Fuels Development Division, Power Reactor and
Nuclear Fuel Development Corporation, Tokyo

OKUI, Y., Director, Nuclear Fuel Division, Atomic Energy Bureau, Science &
Technology Agency (STA), Tokyo

OTSUKA, K.,Director, Nuclear Energy Industry Division, ANRE, Ministry of Interna-
tional Trade and Industry, Tokyo

YAMADA, H., Director, Nuclear Energy Division, Ministry of Foreign Affairs, Tokyo

NETHERLANDS

BAAS, J.L., Director, Radiation Protection Division, Ministerie van Volkshuisvesting
Ruimtelijke Ordening en Milieubeheer, The Hague
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VERKERK, B., Co-ordinator, Nuclear Waste Programme, Netherlands Energy
Research Foundation (ECN), Petten

WEBER, J., Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer,
The Hague

NORWAY

AAMODT, N.G., Director, Institutt for Energiteknikk, Kjeller

PORTUGAL

ORTINS DE BETTENCOURT, A., Departement de Protection et de Surete Radiologi-
que, Laboratorjo Nacional de Engenharia e Technologia Industrial, Lisbon

SPAIN

GUTIERREZ JODRA, L., Consejero, Consejo de Seguridad Nuclear, Madrid

LOPEZ PEREZ, B., Director del Departamento de Residuos Radiactivos, Junta de
Energia Nuclear, Madrid

SWEDEN

LARSSON, A., Swedish Nuclear Power Inspectorate, Stockholm

PAPP, T., Swedish Nuclear Fuel and Waste Management Company (SKB), Stock-
holm

SNIHS, J.O., Department Director, National Institute of Radiation Protection,
Stockholm

SWITZERLAND

FLURY, H., Chef de la Division "Combustible" et du Projet "Gestion des dechets
radioactifs", Swiss Federal Institute for Reactor Research, Wurenlingen

NIEDERER, U., Head, Waste Management Section, Nuclear Safety Inspectorate,
Wurenlingen

ROMETSCH, R., Societe Cooperative Nationale pour I'Entreposage de Dechets
Radioactifs (NAGRA), Baden
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TURKEY

GOKSEL, S., Head, Health Physics Department, Cekmece Nuclear Research and
Training Center

UNITED KINGDOM

FEATES, F.S., Director, Nuclear Waste Management, Department of the Environment,
London

FLOWERS, R.H., Fuel Processing Director, Atomic Energy Research Establishment,
Harwell

SCHNEIDER, K.R., Waste Management Development, British Nuclear Fuels Limited,
Risley

UNITED STATES

BROWNING, R.E., Director, Waste Management Division, Office of Nuclear Material
Safety and Safeguards, US Nuclear Regulatory Commission, Washington

COOLEY, C , Office of Civilian Radioactive Waste Management, US Department of
Energy, Washington

HARMON, K.M., International Program Support Office, Battelle Pacific Northwest
Laboratory

PERGE, A.F., Office of Civilian Radioactive Waste Management, US Department of
Energy, Washington

COMMISSION OF THE EUROPEAN COMMUNITIES

GIRARDI, F., Division Head, Nuclear Fuel Cycle Safety, Joint Research Centre, Ispra
(Italy)

ORLOWSKI, S., Chef de la Division Cycle du Combustible Nucleaire, Commission of
the European Communities, Brussels (Belgium)

INTERNATIONAL ATOMIC ENERGY AGENCY

HIRLING, J. , Head, Waste Management Section, Division of Nuclear Fuel Cycle,
International Atomic Energy Agency, Vienna (Austria)
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SECRETARIAT

OLIVIER, J.-P., Head, Radiation Protection and Waste Management Division, OECD
Nuclear Energy Agency, Paris (France)
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MANCHESTER. BELFAST.

UNITED STATES OF AMERICA - ETATS-UNIS
OECD Publications and Information Center. Suite 1207.
1750 Pennsylvania Ave.. N.W. WASHINGTON. D C 20006 - 4582
Tel. (202) 724.1857

VENEZUELA
Librcna del Esle. Avdl F. Miranda 52. Edifkio Galipan.
CARACAS 106. Tel. 32.23.01/33.26.04/31.58.38

YUGOSLAVIA - YOUCOSLAVIE
Jatoslovensia Knjiga. Knez Mihajlova 2. P.O.B. 36. BEOGRAD
Tel. 621.992

L a commando proveMM de pays oil I'OCDE n'a pit encore desitne de deposiuire peavent ctrc idressccs i :
OCDE. Bureaa da Publications. 2. me Andre-Pascal. 75775 PARIS CEDEX 16

Orders and inquiriei from counlrics where ules agents have not yet been appointed mav be sent to:
OECD. PablKaikxu Office. 2. rue Andre-Pascal. 75775 PARIS CEDEX 16.


