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FOREWORD

The Technical Review Committee on Underground Disposal (TRCUD) 
advised the International Atomic Energy Agency on its programmes involving the 
underground disposal of radioactive waste over a period of ten years (1978-1988), 
until it was replaced by the International Radioactive Waste Management Advisory 
Committee (INWAC), whose broader scope covers the present Agency Programme 
on Radioactive Waste Management. One of the recommendations of the TRCUD 
was that the Agency prepare a document on the state of the art of radioactive waste 
disposal, describing what is known about the techniques of waste disposal and of the 
evaluation of safety of waste repositories.

Accordingly, in 1988 the IAEA Secretariat initiated development of the present 
report. Over the period 1988-1990 three Consultants Meetings and an Advisory 
Group Meeting were held. Experts from ten Member States, the Commission of the 
European Communities and the Nuclear Energy Agency of the OECD participated 
in this series of meetings. Actively participating in the first two meetings was Alf 
Larsson, the former Chairman of the TRCUD, who also chaired the August 1989 
Advisory Group Meeting. The document owes much of its content, organization and 
tone to Alf Larsson’s contributions to its early drafts.

The duties of Scientific Secretary through the Advisory Group Meeting in 
August 1989 were performed by Ivan Vovk. David Squires acted as Scientific Secre
tary for the Consultants Meeting in December 1989, and Michael Bell served as 
Scientific Secretary for the Consultants Meeting in May 1990 and performed the 
final revisions to the text to take into account the recommendations of the experts 
who participated in that meeting. The Secretariat expresses its gratitude to all who 
contributed to the development of the report.
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1. INTRODUCTION

1.1. PURPOSE AND SCOPE

The safe management of radioactive wastes constitutes an essential part of the 
IAEA programme. A large number of reports and conference proceedings covering 
various aspects of the subject have been issued. The Technical Review Committee 
on Underground Disposal (February 1988) recommended that the Secretariat issue 
a report on the state of the art of underground disposal of radioactive wastes. The 
Committee recommended the need for a report that provided an overview of the 
present knowledge in the field.

This report covers the basic principles associated with the state of the art of 
near surface and deep geological radioactive waste disposal, including examples of 
prudent practice, and basic information on performance assessment methods. It does 
not include a comprehensive description of the waste management programmes in 
different countries nor provide a textbook on waste disposal. Such books are 
available elsewhere.

Reviewing all the concepts and practices of safe radioactive waste disposal in 
a document of reasonable size is not possible; therefore, the scope of this report has 
been limited to cover essential parts of the subject. Exotic disposal techniques and 
techniques for disposing of uranium mill tailings are not covered, and only brief 
coverage is provided for disposal at sea and in the sea-bed. The present report 
provides a list of references to more specialized reports on disposal published by the 
IAEA as well as by other bodies, which may be consulted if additional information 
is sought.

Material for this report has been collated from IAEA publications, published 
material from Member States and international organizations. In addition, reports are 
indicated where supplementary information on special subjects can be found. Two 
newly published documents [1,2] are of particular value for understanding the basic 
principles behind the safety of radioactive waste disposal. The contents of these 
reports have been used in the development of this report. It is expected that the state 
of the art will evolve over time, and this report will need to be periodically updated.

1.2. STRUCTURE OF THE REPORT

This report is divided into nine sections. Section 2 provides essential back
ground information, including a brief description of the different types of waste, 
safety standards that should be met in the disposal of radioactive wastes, and the 
basic concepts of waste disposal. Section 3 describes the nature and contribution of 
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natural geological barriers to the isolation of radioactive wastes, and Section 4 deals 
with the nature and contribution of the engineered barriers to the performance of the 
disposal system. These chapters comprise a discussion of the overall waste isolation 
system.

Section 5 describes the siting process and the goals of site characterization in 
terms of determining the technical suitability of the site. Section 6 presents actual 
waste disposal concepts that have been implemented and conceptual repository 
designs that are being planned.

Section 7 describes the performance assessment methods available for 
demonstrating that the goals of safe waste disposal have been achieved.

Finally, Section 8 considers some aspects of the institutional framework for the 
safe disposal of radioactive waste, and Section 9 summarizes the major conclusions 
that can be drawn from the report.

2. BACKGROUND INFORMATION

In this chapter, background information on the sources of radioactive waste, 
standards for disposal of radioactive waste and basic concepts of waste disposal are 
presented.

2.1. NATURE OF RADIOACTIVE WASTE

2.1.1. Sources of radioactive waste

All uses of radioactive materials in nuclear fuel cycle industry, agriculture, 
research and medicine generate waste, much in the same way as other human 
activities. These wastes, which generally contain atoms that undergo radioactive 
decay and emit radiation, are referred to as radioactive wastes.

The largest amounts of radioactive waste are produced by activities related to 
the nuclear fuel cycle. In the nuclear fuel cycle, radioactive waste is a by-product 
from mining and milling of uranium ores, the enrichment process, fuel fabrication, 
operation of nuclear reactors, reprocessing of spent fuel, and decommissioning of 
nuclear facilities; in some cases, unreprocessed spent fuel itself is considered a 
waste. The estimated volumes of radioactive waste generated in the nuclear fuel 
cycle (excluding uranium mill tailings) in the year 1990 are presented in Table I [3]. 
Radioactive wastes produced by use of radioactive materials in agriculture, research,
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TABLE I. ESTIMATED QUANTITIES OF RADIOACTIVE WASTE ARISINGS 
IN THE NUCLEAR FUEL CYCLE IN 1990 [3] 
(Uranium mill tailings are not included)

* LLW = low level waste.
b ILW = intermediate level waste.

c HLW = high level waste.
d SF = spent fuel.

LLW‘ 
(m’)

ILWb 

(m3)
HLWC 
(m3)

SFd 

(t)

OECD Europe and the Pacific 159 000 11 400 1 500 7 600

OECD North America 119 000 8 500 1 100 5 600

Developing countries 20 000 1 400 200 900

Eastern Europe 68 000 4 900 600 3 300

World 366 000 26 200 3 400 17 400

medicine and industry also contribute to the volume of waste to be managed. These 
wastes contain much smaller quantities of radioactive materials, although sometimes 
in high concentrations.

2.1,2. Classification of radioactive waste

Radioactive wastes can be classified in different ways according to source, 
form (i.e. solid, liquid or gaseous), radioactivity levels, amounts of long and short 
lived radionuclides, intensity of highly penetrating radiation, final disposal 
requirements, or toxicity. For a number of years the IAEA [4] has used the general 
classification system presented in Table II.

Many countries use classification systems which depend on the particular 
requirements of the waste management process that is to be implemented. Ulti
mately, classification based on requirements for safe disposal of radioactive wastes 
seem to be of greatest use and widest application. Initially, the regulatory bodies, 
in co-operation with the implementor, set requirements (criteria) on the characteris
tics of the waste for safe disposal. These criteria may involve several different fea
tures beside the radioactivity level and radionuclide content, such as heat generation, 
chemical and physical stability, chemical content of flammable or toxic chemicals, 
and source. However, disposal criteria are primarily based on radiological protection 
requirements from which the criteria for isolating the waste from the biosphere are

3



TABLE II. GENERAL CHARACTERISTICS OF WASTE CATEGORIES THAT 
AFFECT DISPOSAL

Waste category Important features

I. High level, long lived High beta/gamma emission 
Significant alpha emission 
High radiotoxicity 
High heat output

II. Intermediate level, 
long lived

Intermediate beta/gamma emission 
Significant alpha emission 
Intermediate radiotoxicity 
Low heat output

m. Low level, long lived Low beta/gamma emission 
Significant alpha emission 
Low/intermediate radiotoxicity 
Insignificant heat output

IV. Intermediate level, 
short lived

Intermediate beta/gamma emission
Insignificant alpha emission
Intermediate radiotoxicity
Low heat output

V. Low level, short lived Low beta/gamma emission 
Insignificant alpha emission 
Low radiotoxicity 
Insignificant heat output

derived. The isolation efficiency may vary with time, provided any radioactive 
releases from the disposal system will be within acceptable limits.

The waste categories shown in Table II can be combined into three principal 
groups:

Long lived, high level;
Long lived, intermediate and low level;
Short lived, intermediate and low level.

In several countries, this distinction has important functional consequences as 
the wastes in the different categories will be disposed of in a different manner and, 
possibly, in different repositories.

The determination of the radionuclide content of the waste is of great impor
tance in order to categorize it in one of the groups mentioned above for its 
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appropriate handling and disposal. Various methods have been developed for this 
purpose. For example, inductively coupled plasma techniques have been used to 
monitor the plutonium content of wastes. In addition, many nuclides can now be 
analysed in the packaged waste with sufficient accuracy, by the use of techniques 
such as gamma spectrometry. Difficulties still exist, however, in measuring some 
important long lived nuclides, especially alpha emitters and weak beta emitters. New 
methods, such as neutron activation methods and fission counters, have helped to 
improve this situation. Specific factors, such as the distribution of the radionuclides 
within a package, are considerations in evaluating the representativeness of the 
results from any such measurements.

Owing to the difficulties in measuring the radioactivity content of radionuclides 
in some packaged wastes, it may be necessary to rely on indirect methods, such as 
using information on the source of the waste to ‘back-calculate’ the content of certain 
radionuclides. This procedure can be ‘calibrated’ to some extent by normalizing to 
certain key radionuclides, such as l37Ce and “Co, which are easily determined by 
direct measurement.

A special problem with regard to the classification of wastes for disposal 
relates to radioactive waste having a very low content or concentration of radio
nuclides, which would make it possible to treat the material as ordinary ‘non- 
radioactive’ waste. The selection of suitable ‘exemption’ criteria for such wastes is 
presently a matter for deliberation in international circles as existing national 
practices show substantial variation [5-7].

It is common practice to rely on the waste classifications provided by the waste 
producer and/or the waste processor. As a result, the actual classification of waste 
is done before the waste package arrives at the disposal facility. This practice 
emphasizes the importance of establishing reliable quality assurance and quality 
control programmes for the entire waste handling chain. These programmes will help 
assure that the criteria for acceptance of wastes for final disposal at a particular 
repository are fulfilled.

2.2. SAFETY STANDARDS FOR RADIOACTIVE WASTE DISPOSAL

The two basic objectives of safe waste disposal are:

(1) to protect man and his environment from the harmful effects of radioactive 
waste;

(2) to dispose of the waste in such a way that the transfer of responsibility to future 
generations is minimized.

A considerable amount of work at the national level has been devoted to 
translating these objectives into applicable safety requirements, principles, criteria 
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and goals. In some cases, the development of national safety standards for waste 
disposal is at a fairly advanced stage, particularly for short lived, low and inter
mediate level waste. Some countries have disposal standards that are explicitly 
formulated while others use protection objectives which may be achieved in different 
ways. Despite the diversity of the various national standards, the two basic safety 
objectives are clearly shown in all of them.

The IAEA has identified a set of safety standards in Ref. [1]. These standards 
focus on the post-closure phase of a waste disposal facility. There is no particular 
need for a separate set of standards for the operational or pre-closure phase because 
this phase is essentially covered by already existing standards applied to other facili
ties. Although the IAEA document explicitly applies to disposal of high level waste, 
similar principles and criteria apply to disposal of other types of radioactive waste 
as well. What may be different for other categories of waste is the ease with which 
the standard is met and the impact the standard may have on the disposal concept 
for the specific waste disposal safety standards for a given country. The IAEA safety 
standards for disposal of high level waste are summarized in the following sections. 
For near surface disposal of low and intermediate level waste (LILW), which is not 
treated in Ref. [1], similar principles, appropriately revised, should be applied. The 
Agency plans to develop a specific standard applying these principles to near surface 
disposal of LLW.

2.2.1. Safety principles

Responsibility to future generations

The following four principles express the concern of today’s waste producers 
for future generations and inhabitants of other countries:

(1) The burden to future generations shall be minimized by safely disposing of 
high level radioactive wastes at an appropriate time, technical, social and 
economic factors being taken into account.

(2) The safety of a high level waste repository in the post-closure period shall not 
rely on active monitoring, surveillance or remedial actions after the time when 
control of the repository is relinquished.

(3) The acceptable risk to future generations from the disposal of high level radio
active wastes will be no greater than that which is acceptable to present 
generations.

(4) Radiation protection of populations beyond national boundaries will be no less 
stringent than that for the population where the disposal takes place.
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Radiological safety

The overriding health concern related to radioactive wastes is the potential 
hazard from radiation. The following principles express the radiological protection 
goal of waste disposal:

(1) The predicted annual doses due to releases from a high level waste repository 
shall be less than the dose upper bound as defined by national authorities. In 
most Member States, the dose upper bound is apportioned from the annual 
average dose value of 1 mSv for prolonged exposures.

(2) The safety of a high level waste repository shall be such that the predicted risk 
of a health effect in a year to an individual of the critical group from disruptive 
events is less than a risk upper bound appportioned by national authorities from 
an individual limit of risk of health effects of one in one hundred thousand per 
year.

(3) Any radiation dose that may result shall be as low as reasonably achievable.

2.2.2. Technical criteria

Technical criteria have been established to ensure compliance with the safety 
principles described above. These technical criteria are grouped under the overall 
systems approach, the waste, the repository and the site [1],

Overall systems approach

(1) The long term safety of high level radioactive waste disposal shall be based on 
the multibarrier concept and shall be assessed on the basis of the performance 
of the disposal system as a whole.

The waste

(1) Waste acceptance criteria shall be established for radionuclide content 
consistent with the repository design.

(2) The waste form shall be solid with chemical and physical properties favouring 
retention of radionuclides and appropriate to the disposal system.

The repository

(1) The high level waste disposal system shall be designed for substantially 
complete isolation of radionuclides for an initial period of time within the 
post-closure period.
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(2) The repository shall be designed, constructed, operated and closed (sealed) in 
such a way that the post closure safety functions of the natural barriers are 
preserved.

(3) The waste emplacement configuration of a repository shall be designed in such 
a way that emplaced fissile material will remain subcritical.

The site

(1) The repository shall be located at sufficient depth to protect the emplaced waste 
from external events and processes, and in a medium having properties that 
restrict the deterioration of the physical barriers and transport of the 
radionuclides to the accessible environment.

(2) To the extent practicable, the repository shall be located to avoid proximity to 
valuable natural resources which are not readily available from other sources.

2.2.3. Assurance of compliance

To assure compliance with the safety principles and adherence to the technical 
criteria, assurance criteria have been established. These criteria are described below.

Safety assessment

(1) The assessment of compliance of the waste disposal system with the safety 
principles shall be based on performance models that are validated to the extent 
possible.

Quality assurance

(1) A quality assurance programme shall be established for all activities and 
system components related to safety and system performance.

The safety standards listed here present a flexible framework into which 
national authorities can fill in the details, such as the numerical values for specific 
requirements and upper bounds, if applicable, for certain components of the disposal 
system. Although the IAEA has developed these safety standards, there is a need for 
development of standards for other areas. These include the following:

The period for safety assessments

(1) The disposal system for radioactive waste must provide isolation for thousands 
of years. Safety assessments must consider performance for long periods of 
time. For example, some countries prefer to introduce a time cut-off of, say.
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10 000 years for dose calculations. Other countries attempt to formulate 
specific long term standards which are intended to be independent of future 
societal and environmental factors. In any case, variables used forjudging the 
performance must be selected with the time period for the assessment in mind.

Human intrusion

(1) It is difficult to assess the risk due to future humans inadvertently or 
deliberately intruding into a waste disposal facility, mainly because such an 
assessment involves predicting future actions of man, a highly variable 
component of the system.

Transboundary considerations

(1) Radioactive releases do not respect national borders; moreover, present 
borders may be meaningless in the long term. Safety Series No. 99 [1] should 
be used to formulate standards of universal validity by Member States.

2.3. DISPOSAL CONCEPTS

2.3.1. Overview

A number of disposal concepts have evolved as a result of the common 
problems faced by all countries producing and using radioactive materials in 
research, industry or in medicine or as by-products of nuclear power generation or 
military use. Although these concepts may differ in detail, they all have the goal of 
ensuring that man and the environment are protected from hazards associated with 
radioactive waste.

Originally, the radioactive wastes resulting as residues from radioisotope 
application in medicine, industry and research were disposed of by dispersion and 
dilution in natural reservoirs after an interim storage period allowing for some decay. 
The anticipation of larger waste quantities such as radioactive by-products of nuclear 
energy made it necessary to develop new management methods and. in particular, 
to base the disposal on the principles of concentrating and confining the waste in 
order to ensure isolation of the radioactive materials from the biosphere.

To achieve isolation, a ‘multiple barrier’ enclosure concept has been 
developed. In this concept, several barriers are used to delay or prevent radionuclide 
migration into the surrounding environment. The multiple barrier system as a whole 
ensures the isolation of the waste radionuclides from the biosphere, although the time 
periods in which particular barriers are of primary importance may differ. 
Engineered barriers are generally most important for the initial few hundred years 
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while the natural, geological barriers are of higher significance for longer periods 
of several thousands or even tens of thousands of years. The relative importance of 
each barrier as a function of time depends on the type of waste, the repository design 
and the site characteristics.

A question related to waste disposal is the extent of reliance on institutional 
controls to ensure safety after repository closure. Such controls may include 
restriction of access to the disposal facility during a period of active institutional 
control, as well as use of passive controls. The types of institutional control that are 
appropriate are likely to vary according to various national attitudes and waste types.

2.3.2. Applications

Immediate dispersal can only be used for limited amounts and low con
centrations of radionuclides if the standards of the International Commission on 
Radiological Protection (ICRP) are to be met. Very low level radioactive effluents 
from waste treatment plants of nuclear reactors and reprocessing facilities are today 
discharged to rivers, to the ocean and to the atmosphere. Delayed dispersal and sub
sequent extreme dilution were used as the primary safety mechanism for sea dumping 
of solid low level waste. However, the practice was discontinued in 1983, in part 
because of widespread public opposition and a non-binding resolution passed by the 
signatories to the London Dumping Convention, which placed a de facto moratorium 
on sea dumping.

Concentration and confinement of radioactive wastes is the only concept 
currently under consideration in the development of repositories for their disposal. 
Radioactive wastes require confinement for shorter or longer periods of time 
depending on the characteristics of the radionuclides contained in them. Waste con
taining radionuclides with short half-lives will need confinement for relatively short 
times (e.g. hundreds of years) while long lived nuclides will require longer confine
ment (e.g. tens of thousands of years). After a very long period of time, in some 
instances millions of years, if any remaining radioactivity in the waste is released 
and dispersed into the environment, it will be of the same level as the naturally occur
ring radioactivity in the environment.

Repositories for radioactive wastes can broadly be categorized into two 
groups: near surface disposal facilities and disposal facilities located at great depth. 
Extensive operational experience exists for disposal of low level wastes in near 
surface disposal facilities. Some experience has been accumulated on the operation 
of deep repositories for LLW and ILW. For HLW and SF, limited first experience 
is being gained by experimentation in general deep underground laboratories and 
pilot facilities.

The repository programmes have progressed to different stages in the various 
Member States. Some countries have well established routines for disposal of low 
and intermediate level waste while others are currently developing or applying siting 
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techniques and conducting the necessary parallel research to complement disposal. 
In the latter countries, wastes are being stored, awaiting the construction of appropri
ate repositories. Considerable work is also under way to develop appropriate siting 
methodologies and to find suitable sites for high level wastes. Many countries have 
also instituted extensive research and development programmes for high level waste 
disposal. There are not yet any HLW or used fuel repositories in the licensing 
process or in operation. The relatively small quantities produced so far allow safe 
storage near nuclear facilities, where control of radioactive material is required 
anyway.

3. NATURE AND FUNCTION OF NATURAL BARRIERS

3.1. INTRODUCTION

The existence of natural barriers that can isolate radionuclides from the 
environment and the long term stability of these barriers are the principal reasons 
for the geological disposal of radioactive waste. The characterization of a potential 
disposal site is directed at establishing the favourable and potentially adverse aspects 
of the geological environment as they relate to the performance of the natural 
barriers. The key characteristics of the geological environment that need to be con
sidered in determining the efficacy of natural barriers in isolating waste from the 
biosphere are as follows:

— Physical isolation and stability;
— Hydrogeological transport processes;
— Geochemical conditions and processes.

The biosphere is not considered here to be part of the system of natural barriers, 
although several processes in the biosphere contribute to the retardation or dilution 
of radionuclides. Consideration of the biosphere in assessing the performance of a 
repository system is discussed in Section 7.

Transport by groundwater is the principal mechanism for the migration of 
radionuclides to the biosphere, and therefore disposal concepts generally rely on the 
existence of a geological environment in which the fluxes and velocities of ground
water in the vicinity of the repository are sufficiently small to provide adequate isola
tion. This can be achieved by locating the repository in appropriate geological 
environments including the following:

(1) Rocks of very low water content and permeability (e.g. evaporites);
(2) Rocks that are not saturated with groundwater (e.g. the unsaturated zone);
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(3) Rocks with potentially very low contents of mobile water and very low 
permeability (e.g. argillaceous rocks);

(4) Fractured rocks of low intrinsic permeability, in which radionuclide transport 
would be controlled by the fracture network (e.g. crystalline rocks in low relief 
terrains).

All these geological environments can, under certain circumstances, be found 
both at or near the surface and at great depth.

3.2. CHARACTERISTICS RELATED TO ISOLATION OF THE WASTE FROM 
THE BIOSPHERE

3.2.1. Physical isolation and stability

Emplacement of waste below the earth’s surface uses the surrounding rock as 
a physical barrier to events and processes that could cause releases to the environ
ment. The processes and events that could influence the rate of radionuclide release 
can be placed into three main groups: (1) geological and tectonic processes, (2) cli
matic events and (3) human induced processes. A strict separation of these three 
groups is not possible, however. For example, large climatic changes, which in cer
tain circumstances could be induced by man, can have a significant influence on the 
rate of geological processes, such as erosion.

In general, the effectiveness of the isolation, and also the suitability of the 
hydrogeologic and geochemical regimes, increases with depth. However, the depth 
chosen for a repository must be balanced against practical constraints related to 
engineering considerations, operational safety and cost. The bases for depth selection 
vary with the category of the waste, both in terms of the potential hazard and the 
volume of the waste. The data required for making a decision on the depth of a 
repository with respect to the geotechnical aspects of the design are generally avail
able for many rock types or can be obtained as part of the studies conducted for the 
siting and design of a repository.

The potential for various natural events and processes also has a major 
influence on the depth chosen for a repository. At relatively high latitudes and eleva
tions, where a return to glacial conditions is likely during the period of interest for 
a repository for high level wastes, glacial erosion could remove large thicknesses of 
the overlying rocks, and permafrost could extend to depths of several hundred meters 
if the glacial event is sufficiently extensive. For countries at lower latitudes, climatic 
changes may be of equal significance, since large variations in rainfall are likely to 
occur. Climatic changes in general can have major effects on the groundwater flow 
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system, including increases in precipitation and recharge, a rise in the elevation of 
the groundwater table, the lowering of the sea level and, at high latitudes, the altera
tion of the groundwater recharge pattern because of partial or permanently frozen 
ground. For these reasons, disposal at sufficient depth to prevent exhumation of the 
repository by glacial action or other erosional processes and to reduce the influence 
of climatic changes on the groundwater flow system is an important consideration 
at high latitudes. At lower latitudes, and especially for repositories sited in the 
unsaturated zone, the timing and magnitude of climate induced changes in water table 
elevation is an important factor in depth selection.

Other aspects of the geological environment that are important to ensure suffi
cient isolation are the spatial separation of the repository from active volcanic centres 
or major fault zones to minimize the potential for disruption by igneous activity or 
large scale faulting. The effect on repository isolation of such tectonic activity is 
determined through site specific performance assessment.

Another tectonic phenomenon of particular importance to physical isolation for 
a near surface repository is vibratory ground motion and surface fault movement, 
which have the greatest effect on engineered barriers. It has been well established 
that such damage caused by seismic events generally decreases with depth, as results 
in Japan and elsewhere have confirmed [8], However, there is remaining uncertainty 
about the effect of seismic events on the groundwater flow system, on the time 
needed for the system to return to its previous state and on the treatment of such 
effects in performance assessments. These uncertainties can be reduced through site 
specific investigations.

Neotectonic deformation and the resulting rates of erosion are also considera
tions in evaluating physical isolation characteristics. In many areas being studied for 
potential repository sites, uplift or subsidence is occurring for a variety of reasons, 
including a continuing response at higher latitudes to the last glacial advance and 
general tectonic deformation. The effects of these deformations on the disposal 
system include, in the case of uplift, an increase in the rates of erosion with a poten
tial reduction in the thickness of rock overlying a deep repository and removal of 
part or all of the cover for a shallow ground repository. In the case of subsidence, 
the effects would be favourable, with a decrease in the rates of erosion, or even 
deposition of sediments overlying the repository.

Another effect of uplift (or a reduction in sea level) is increased incision of new 
or existing drainage systems. In the case of subsidence, additional effects may 
include the potential for flooding of coastal or low lying areas. In both cases, the 
rate of incision and the potential for flooding are affected by climatic change. Such 
large scale tectonic activity may also influence the deep groundwater flow system. 
The information needed to evaluate the above factors as they relate to the stability 
of the natural geological barriers and the isolation capability of a particular site can 
be obtained through site characterization.
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3.2.2. Hydrogeological transport processes

For most disposal concepts the most likely mechanism for the release of radio
nuclides to the biosphere is transport in groundwater, and hence the characteristics 
of the hydrogeological environment in which the repository is located are of prime 
importance. In the United Kingdom, for example, specific preferential hydro- 
geological characteristics were used for defining areas of suitable environments for 
the deep disposal of LLW and ILW (9). The preferred hydrogeological environments 
for waste isolation are likely to be characterized either by predictable groundwater 
flow paths, preferably long and resulting in the mixing with older, deeper water or 
leading to discharge at sea, or by very slow local and regional groundwater 
movements in areas with low regional hydraulic gradients.

The key parameters that are required to characterize the hydrogeological 
system are the groundwater fluxes, velocities and flow paths, which are in turn 
defined by the regional hydraulic gradients, and the hydraulic conductivities and 
porosities of the different stratigraphic units and structural features of the geologic 
setting. The hydrogeological characteristics are then used to develop mathematical 
models of the flow system, both at the regional scale and at the scale of the 
repository. These models are required for analysis of the dynamics and transport 
characteristics of the groundwater flow system and for sensitivity analyses. Such 
models also act as guides to site characterization, so that the investigation of the site 
can be guided in part by the results of the modelling.

The modelling of groundwater systems has developed rapidly over the last 
twenty years, and preliminary performance assessments have been done using 
borehole data [10, 11). The demonstration that the geological environment will act 
as a sufficiently good barrier to radionuclide migration over an extended period 
requires further efforts, supported by site specific data obtained during site charac
terization for use as input to the performance assessments. Numerous verification 
and validation studies of the various models have been carried out and others are 
continuing, mainly through international initiatives such as HYDROCOIN [12]. 
However, site specific data are needed to support these validation activities.

3.2.3. Geochemical conditions and processes

The geochemical conditions and processes in the host rock serve as a barrier 
by providing an environment that slows or prevents the degradation of engineered 
barriers and limits the rate of mobilization and transport of radionuclides when they 
are released from the repository.

In general, the most favourable geochemical conditions include a high pH, 
reducing environment, well buffered by minerals in the rock, with low concentra
tions of complexing ligands. The appropriateness of a particular geochemical system 
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is, however, highly dependent on both the waste type and the repository design. This 
is particularly important when engineered structures are expected to be stable for 
long periods of time or have a potentially large interaction with the host rock.

Natural geochemical buffering of pH by rocks is generally quite well under
stood [13] and can readily be characterized for a particular host rock. Recent studies 
have, however, indicated that two areas should receive greater attention. The first 
involves rock interactions with high pH fluids, which would be produced by 
concrete, a major component of many repository designs [14], Other pH altering 
reactions that are now being studied intensely involve sulphide mineral oxidation. 
Some observations [15] suggest that such oxidation during the operation of the 
repository may produce localized zones of low pH, which may adversely affect 
engineered structures, and this issue is currently receiving additional attention.

The characterization of the oxidation-reduction (redox) conditions in geologi
cal environments is receiving a great deal of interest at present [16, 17]. A question 
that remains to be resolved is whether natural groundwaters are in redox equilibrium 
— a key factor for chemical thermodynamic modelling related to performance of 
engineered barriers and radionuclide transport [18].

Of the complexing ligands that may influence radionuclide transport, most 
uncertainty is probably associated with dissolved organic complexes. Such complex
ing may be particularly important in those sedimentary rocks that have relatively 
high concentrations of organic material. Very little data on the colloid concentrations 
in relevant groundwaters are available, but recently techniques for colloid sampling 
and characterization have been greatly improved, and two comparison exercises have 
been performed on the different techniques available. Data on the stability of such 
colloids, their interaction with key radionuclides and their transport properties in 
relevant rocks are required, and several initiatives to obtain these data are now under 
way, an example being the Colloids and Complexants Working Group [19]. The 
development of simple models and modelling the effects of colloids on radionuclide 
transport have been recommended [20].

Work is progressing on the expansion and rationalization of geochemical data
bases [21] and on the verification of codes [22] for modelling both rock-water inter
actions and radionuclide speciation and solubility. These models have yet to be 
validated, but international co-operation efforts in this respect are under way, 
including the INTRAVAL project [23] and the CHEMVAL project [24].

Since the identification of microbial activity as a potential issue [25], studies 
have shown that it can occur in many relevant rock types [26]. A simple modelling 
approach has been developed to examine the consequences of such activity [27] and 
a more co-ordinated approach to the study of this factor is being pursued [28].

Recently, programmes have been developed and are being further extended for 
coupling geochemical and transport codes [29]. This work is still at a relatively early 
stage, but already a forum exists for code verification which also intends to tackle 
the much more ambitious problem of validation [24],
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3.3. GEOLOGICAL ENVIRONMENTS OF INTEREST FOR WASTE 
DISPOSAL

As was outlined in Section 3.1, geological environments that are potentially 
suitable for waste disposal are those where the associated fluxes and velocities of 
groundwater in the vicinity of the repository are as low as possible. Geological 
environments potentially suitable for disposal are divided in this section into 
evaporite deposits, unsaturated rocks and saturated rocks. Saturated formations are 
themselves subdivided into those that act like porous media and those in which 
discontinuous flow in fractures predominates.

3.3.1. Evaporite deposits

Although all rocks contain some water, either as water of crystallization, 
surface bound water or inclusions, rocks like rock salt or anhydrite are characterized 
by minimal porosity and water content. Mechanical disturbance during repository 
construction or the heat emitted by the waste may cause some migration of fluid brine 
inclusions towards the underground openings or the heat sources [30, 31], but this 
would be localized and would be unlikely to provide a route for radionuclide 
transport. In the normal evolution scenario, no releases would occur from such a 
repository as long as the host rock remains intact.

The problems associated with rock salt are different for bedded salt and salt 
domes. For example, salt domes have become more compacted during their 
formation and inhomogeneities have been folded and disrupted, while bedded salt is 
likely to have retained its original sedimentary structures. Models that describe the 
mechanical response of the salt have been developed, but coupled models for fluid 
migration combined with mechanics are under development.

Evaporites are soluble, and if the integrity of the salt formation itself or of the 
surrounding hydrogeological barriers is lost through natural processes, failure of the 
shaft seals or human intrusion, localized groundwater flow may occur. Flow 
modelling is difficult in such a situation because of the formation of barriers and the 
resulting changes in the groundwater density. A considerable amount of effort has 
recently been focused on this subject [20], although very few data on radionuclide 
retardation in such systems are available. Research at the Gorleben salt dome in the 
Federal Republic of Germany indicates that, in the past, there have been large 
changes in the rates of salt dissolution at the contact zone between the salt dome and 
the overburden mainly because of climatic changes and in particular glacial erosion. 
A large amount of effort is being expended on modelling these effects [32] including 
the introduction of coupled processes due to the movement of the solution front.

There has also been a limited amount of work on anhydrite, of potential interest 
for low and intermediate level waste storage in Switzerland, in which karst structures 
could form. Localized dissolution could form a network of open fissures, although 
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fissure sealing by gypsum is also possible. More field investigations are required 
before any confidence can be placed on the evaluation of any particular anhydrite 
formation.

3.3.2. Unsaturated geological formations

Some near surface disposal facilities and deep repositories in arid 
climates can be built above the water table. Because of capillary effects, water in 
unsaturated rocks is found only in the smallest pores, and this has the advantage that 
open holes will not fill with water and ponding should not occur. This effect can be 
used in the disposal concept by, for example, leaving an air gap between the waste 
container and the walls of the waste emplacement borehole rather than using a 
microporous backfill, such as bentonite, which may saturate in such a system.

Repository dryness and the very low rates of water movement often found in 
unsaturated rocks make them attractive candidates for waste disposal. In addition, 
waste transport may occur through a microporous system, which provides a great 
potential for radionuclide retardation by sorption and may also act as a filter for 
colloidal species. A considerable problem, however, is the difficulty of mathemati
cally modelling flow or radionuclide transport in such systems. This has been 
identified as an area requiring effort in both model development and in the provision 
of input data for the models. Unless the geological structure of the site is particularly 
simple, further complications may be caused by perched water tables, which pose 
particular problems for both site characterization and modelling.

In some cases, in near surface sites, the water table has intersected the 
repository structure. As the depth of the water table invariably fluctuates seasonally 
or in response to heavy rainfall, this exposes parts of the repository structure to 
wetting and drying cycles, which are likely to be detrimental. Near surface facilities 
may be susceptible to flooding in the event of abnormal rainfall [33). For deeper 
structures, this effect is less important, but the long term changes induced in the 
water table by climatic evolution need to be considered.

3.3.3. Saturated geological formations

Most effort worldwide is focused on disposal in saturated environments. Rocks 
in such environments can be considered to act with respect to groundwater flow 
either as porous or as fractured media, with groundwater advection and possibly 
diffusion and the transport of radionuclides being controlled by different properties 
of the rock mass.
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3.3.3.1. Geological media with porous flow

In porous rocks containing few structural discontinuities, the flow of water or 
the diffusion of components in the situation where advective fluxes are negligible can 
occur relatively uniformly throughout the bulk of the rock. In certain situations 
where the groundwater flow velocities are very low or where diffusion is the rate 
controlling mechanism, such rocks have the advantage that they can offer the entire 
rock matrix for sorption. In addition, certain types of these rocks possess one major 
advantage that is not often recognized — namely, that they can be more readily 
characterized and modelled, which reduces uncertainties in performance assess
ments. Other rock types included in this category pose more problems, because of 
the difficulties in modelling the process of dispersion. It has proved extremely 
difficult to measure in the field the coefficients that govern the dispersion process, 
and substantial problems are often encountered in radionuclide transport modelling 
that takes into account dispersion, although techniques based on a statistical approach 
to dispersion are under development.

In many argillaceous rocks the hydraulic conductivity may be so low that the 
accurate determination of any hydraulic paramater may prove impossible, and even 
the meaning of such terms as ‘porosity’ and ‘hydraulic head’ in such rocks is unclear, 
since complex and poorly understood physical and chemical processes such as 
osmosis have a significant influence on any measurement. In such cases, diffusion 
is likely to dominate over advection, and hence the determination of the advective 
flow characteristics of the rocks may not be critical. These rocks suffer from two 
other major problems: (1) they often contain inhomogeneities, whose location and 
influence on the bulk properties of the rock mass are difficult to assess; and 
(2) because of their low hydraulic conductivities, they are always in a transient state. 
This may mean that the normal steady state models used for radionuclide transport 
studies can provide only first approximations for movement in such environments.

Hence, the variation of transport properties with the structure and the texture 
of the rock may have to be taken into account. Diffusion might be the dominating 
transport process in the clay matrix itself, but Darcian flow may occur through any 
higher permeability channels, such as sand horizons and fracture zones. There are 
several approaches to modelling this system, but it may be difficult to obtain 
appropriate input data. Obtaining reliable data from downhole tests is complicated 
in such systems, while the validity of extrapolations from laboratory data may be 
questionable because it is extremely difficult to preserve the in situ conditions of clay 
samples in the laboratory. This is an area in which further work is continuing both 
in the field and in the development of models [34-36].
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3.3.3.2. Geological media with fracture flow

In many rocks, flow occurs predominantly in distinct, isolated features that can 
often be generally classed as fractures or faults but could include a wide range of 
geological discontinuities. The bulk hydrogeological properties of such rocks, when 
they are present in an area of low relief, can be quite attractive, with low water fluxes 
and velocities, but the localization of the groundwater flow in these more conductive 
zones presents many problems.

At one extreme, an intensively fractured rock can be considered an ‘equivalent 
porous medium’ and modelled as such. At the other extreme, fractures can be 
modelled individually, if they are sufficiently rare and distinct. Although, in both 
cases, appropriate characterization of the geological environment would be required, 
the modelling of the groundwater flow system is likely to be straightforward. Even 
here, however, problems occur in the modelling of radionuclide transport when 
diffusion into the connected porosity of the matrix has to be taken into account [37]. 
The diffusivity of the rock matrix is difficult to measure, and there are some 
indications that it may vary with distance from the fracture surface due to 
weathering [38] which would give rise to modelling difficulties.

In reality, rock characteristics do not usually lie at one of the extremes above 
but rather somewhere in the middle. As a result, considerable problems arise from 
the requirement for some kind of ‘averaging’ procedure to fit the type of model 
chosen. Work is under way to develop methods of modelling fissure networks, to 
consider transport in such models, and to test them against field studies [39).

Another complication arises because transport in ‘fractures' may be further 
localized in distinct channels. Characterization of such channels has proved to be 
difficult, but development work is under way [40].

4. ENGINEERED BARRIERS

Engineered barriers are features of the disposal system made or altered by man 
during construction, operation or closure of a repository. They consist of man-made 
components that include the waste form or matrix, the waste container or package, 
and the buffer mass or backfill, as well as natural materials that have been modified 
to function as barriers. These engineered components are designed to provide 
practically complete confinement of the waste radionuclides for a predetermined 
period of a few hundred to a few thousand years. After that time, they are likely to 
be degraded, allowing penetration of groundwater to the waste material. Their role
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TABLE III. ENGINEERED BARRIERS AND THEIR FUNCTIONS

Engineered barrier Function High level examples Low level examples

Waste form To immobilize 
radionuclides

Cladding, glass, 
synroc, spent fuel 
pellets

Cement 

bitumen, 
resins

Waste package Containment Canister of 
steel, cast iron, 
copper, titanium, 
ceramics or 
metal-ceramic

Steel drum

Buffer mass or 
backfill

To stabilize underground 

openings, delay 
access of groundwater, 
delay release or 
transport of 
radionuclides

Bentonite, mixed 
with crushed 
rock, remoulded 
host clay, air 
gap. For seals 
also resins, 
bitumen cement

Concrete, clay, 
sand, soil

then becomes one of limiting release of dissolved radionuclides, providing further 
retardation by sorption, and of limiting the solubility of the dissolved radionuclides 
as they move through the geological environment.

To predict the effectiveness of the engineered barriers quantitatively as a 
function of time, the designer needs information about their physical and chemical 
properties as well as the geological processes at the site that may change those 
properties. Whether potentially disruptive events can be accommodated or mitigated 
by engineered barriers to maintain waste isolation is also taken into account during 
the design process. The main factors affected by the design of engineered barriers 
are the flow characteristics and chemistry of groundwater in the vicinity of the 
barriers, the mechanical and thermal stresses imposed on the barriers, and the 
performance objectives of each component in terms of containment and control of 
releases.

Where the option of retrievability is required by regulation or for economic 
reasons, such as fissile material recycling, the design of the engineered barriers must 
be adapted accordingly.

Table III identifies types of engineered barriers that have been recognized 
together with functions these barriers are intended to perform.
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4.1. WASTE FORM

The primary role of the waste form, e.g. an inert matrix in which the 
radionuclides are distributed, is to constrain the release of the radionuclides. Key 
parameters are the stability of the distribution of the radionuclides within the matrix 
and the rate of physical and chemical degradation of the matrix. Mechanistic under
standing of the degradation process supports empirical modelling approaches. For 
high level waste the waste form matrix is usually UO2 (in case of direct disposal of 
the used fuel) or borosilicate glass (in case of reprocessing). Alternative waste forms 
also being studied are synroc and ceramics.

For low level waste, the waste is generally formed by a solid matrix of resin, 
bitumen or concrete in which sludges, evaporation residues or compacted solids are 
dispersed. Burnable low level waste, such as contaminated clothing, plastics, paper 
or wood should preferably be incinerated and the ashes incorporated in a matrix 
material unless it is possible to store them until the contained radionuclides have 
decayed to insignificant levels.

An extensive database on leaching of spent fuel [41] has been built up in 
Canada, Sweden and the United States of America. Therein laboratory measure
ments are supported by theoretical studies and field observations. It also contains 
data on the release of the nuclides l29I and IMCs from the UO2 matrix by grain 
boundary diffusion as well as data on the UC^ recrystallization rate in particular 
environments.

An experimental database with some support from mechanistic modelling also 
exists for vitrified reprocessing waste (42, 43]. Fairly simplistic modelling 
approaches have been undertaken in connection with an experimental study on active 
high level waste glass by a joint Japanese, Swedish and Swiss research group. Some 
data and a summary of the state of the art on alternative high level waste forms are 
given in Ref. (44). Extensive testing of leached products from radioactive waste 
forms has been described in Refs [45, 46].

The database on organic matrices, polymers and bitumen, for low and inter
mediate level waste, is rather limited [47]. The immobilizing function of such 
matrices is often neglected in the safety analysis; a more realistic evaluation might 
make it possible to apply less conservative assumptions.

4.2. WASTE CONTAINERS

Waste containers are primarily designed to provide complete isolation of the 
waste matrix during a defined period of time. The latter is determined by the 
resistance of the container material to corrosion and disintegration. In some cases 
the container is designed to fulfil the additional function of providing radiation 
shielding during emplacement operations.
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To ensure mechanical strength, usually metallic construction materials are 
selected. However, ceramic and metal-ceramic waste containers are also being 
considered [48].

Two techniques are being applied to assure long term survival of waste con
tainers: either selection of corrosion resistant material such as copper, stainless steel, 
titanium or ceramics [48, 49], or providing additional wall thickness to allow for 
partial corrosion by using cast iron or carbon steel [50].

In both cases the effects of the physical and geochemical environment expected 
in the postclosure phase play an important role. Uniform corrosion rates are well 
established [50], but localized corrosion such as stress pitting and stress corrosion 
cracking as well as corrosion of welds and seams require further site and design 
specific studies.

Conditions in which mechanical failure could occur after corrosion due to 
stresses from rock movements or swelling after wetting of buffer and backfill 
materials are under study [49]. Brittleness and the practicality of fabrication have so 
far discouraged the use of ceramic and metal-ceramic containers, but new studies 
have recently been initiated [48], In spite of very long lifetimes derived from natural 
analogues, e g. for copper at least a million years, because of some lack of under
standing of pitting corrosion processes, it is conservatively assumed that early failure 
of containers may occur, e.g. after 500 to 1000 years.

4.3. BUFFER MASS AND BACKFILL

In any repository concept buffer mass and backfill materials play an important 
role. They are selected to fulfil several functions, the combination of which varies 
with the particulars of a given disposal system. The main functions are:

— to fill any voids in the repository around the waste package and in excavated 
areas, to thereby increase the structural stability and decrease permeability;

— to reduce the volume and the movement of water as well as its channelling 
within the repository;

— to provide chemical buffering around the waste packages;
— to retard migration of the radionuclides should they be released from the waste 

package; and
— to provide sufficient heat conduction.

Materials fulfilling some or all of these functions have been intensively studied 
on a laboratory scale and in field tests. Further empirical results will be collected 
during repository construction. Bentonite, Fuller's earth, clays, zeolites and various 
cements are being considered for these purposes. Depending on the part of the 
repository to be backfilled these materials may be mixed in varying proportion with 
crushed host rock.
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FIG. 1. Example of complex multiple seal technique illustrating how a deep repository shaft 
might be sealed (NAGRA [56]).
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4.3.1. Controlling groundwater movements

To assure that groundwater flows around the waste package the buffer mass 
is chosen to have a lower permeability than the host rock. This can be achieved with 
bentonite owing to its swelling capacity or with special cements [51]. The host rock 
around the backfill altered by excavation damage can act as a high permeability zone. 
Research on combining grouting of this zone with backfill emplacement is taking 
place at the Stripa underground laboratory in Sweden [52],

Extensive experiments and use of natural analogues in combination with theo
retical models have demonstrated the stability of bentonite in a range of environ
ments [53]. When bentonite is converted over long periods of time to a more stable 
clay, it continues to have good qualities to act as a flow barrier [51]. The flow barrier 
properties of bentonite tend to deteriorate in a hyperalkaline environment, e.g. owing 
to the proximity of large quantities of concrete [54]. Alteration to montmorillonite 
to form zeolites is expected to change the hydraulic properties of bentonite 
drastically.

To study the long term behaviour of cements in geological systems, chemical 
models are being developed which can simulate the evolution with time [55]. As long 
as the changes in hydraulic properties are not quantitatively evaluated the estimates 
are made on a conservative basis, e.g. that the permeability of concrete resembles 
that of compressed sand after a few hundred years.

In addition to backfilling, buffer masses are used to construct seals. Such seals 
may be required at different scales and at different locations within the repository. 
Their design ranges from purely physical to complex multiple seals, employing 
mechanical and chemical components [51], e.g. Fig. 1 [56], Iterative performance 
assessment is used to determine the required functions of the seals, such as limiting 
the access of ground water to the waste packages or retarding the migration of leached 
radionuclides. An IAEA report has been recently issued, reviewing the state of the 
art with reference to proposed sealing designs in several Member States [51].

4.3.2. Controlling radionuclide transport

The retardation capacity of the buffer mass is mainly determined by two 
physico-chemical properties: sorption and chemical buffering. Sorption is enhanced 
by the occurrence of sorbing minerals, such as zeolites or clays, in the flow path, 
or by the addition of specific substances, getters, selected for their retention capacity. 
By buffering pH and the redox potential the chemical species of radionuclides are 
defined. These, in turn, determine the solubility as well as the sorption of the radio
nuclide species. Extensive studies have been and are being made to clarify the 
complex interplay between host rock, groundwater chemistry, waste package 
degradation products and waste and their effect on radionuclide transport.
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The two materials most widely studied as chemical barriers are clays, e.g. 
bentonite and Fuller’s earth, and cements. The swelling capacity of the former 
reduces the advective component of radionuclide transport to negligible values. 
Transport then occurs predominantly by the slow process of diffusion. In addition, 
clays and zeolites are strong adsorbents [54], The discrepancy observed between 
predicted diffusivity based on batch experiments and that directly measured has led 
to the postulation of an additional surface diffusion mechanism [57]. Measurements 
of apparent diffusivities of actinides suggest that two or three diffusion mechanisms 
occur in parallel [58]. The effective retardation by clays in which many radio
nuclides are trapped allows for significant decay during transport. A recent review 
of the chemical behaviour of clays as repository backfill has been published by 
Grauer [59].

Sorption by cements has been extensively studied with the aim of selecting the 
most effective composition and enhancing their retention capabilities by addi
tives [60]. The hyperalkaline environment of cement pore water results in very low 
solubilities for some radionuclides. Since anionic species of radionuclides are 
generally poorly sorbed, it is worth expanding the empirical and theoretical basis for 
sorption of species of I, Cl", and Tc4" which are often identified as key contributors 
to dose in performance assessment.

The importance of chemical buffering lies in defining the aqueous speciation 
of key radionuclides. As anionic species are generally mobile, it is useful to tailor 
the chemistry of the environment around the waste package to prevent their 
formation. Very high pH causes the formation of poly-hydroxy anions, hence pH is 
optimized to minimize their formation, while being high enough to ensure low 
solubilities of other nuclides. Solubility limits constrain the release rates of certain 
radionuclides. Tailored backfills have also been considered to ensure reducing 
conditions, e.g. by adding iron minerals to bentonite, again with the aim of reducing 
the solubility of key radionuclides like technetium and neptunium [61]. The model
ling of redox buffering is complicated in repositories with large inventories of 
organic materials which act as redox buffers as well, but only in the presence of 
appropriate microbial catalysts.

An important aspect of chemical barriers is the evolution with time of their 
effectiveness with regard to nuclide solubility and transport. Besides the 
predominantly considered parameters pH and redox potential, the concentration of 
specific complexing ligands may also be of significance. Experimental investigations 
and modelling of chemical parameters are continuing [62], Extensive work is in 
progress on pH buffering by cements and its evolution over longer time 
periods [63, 64], Controversy currently exists on pH buffering by bentonites, which 
is complicated by the water chemistry in such a surface charged, microporous 
environment.

Another important role of the backfill barrier is to prevent the migration of 
colloids, on which radionuclides may be adsorbed, due to filtration effects. The same 
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holds for large organic complexes of radionuclides. There is a fair amount of 
evidence that compacted clays are particularly suitable for this purpose. Because of 
the insufficient understanding of the importance of radionuclide transport by colloids 
or organic complexes, more site specific investigations in this area are desirable.

4.3.3. Control of heat conduction

In the case of heat emitting wastes, the waste loadings and buffer backfills are 
designed to ensure that the temperature in the vicinity of the waste package is kept 
within acceptable limits. Peak temperatures in the backfill and near field host rock 
generally occur in a relatively short time, i.e. a few hundred years after emplacement 
of high level waste or spent fuel. While resaturation is taking place on the outside 
of the backfill buffer barrier, thermal drying may still be going on closer to the waste 
package. The modelling of coupled systems with both heat and groundwater 
movements is very complicated, but is maturing at a rapid pace and is being 
supported by a considerable volume of laboratory and field experimental data; see, 
e.g. Ref. [65]. The effect of elevated temperatures on the host rock is also being ana
lysed to assess adverse conditions that may develop [66).

The increase in temperature in repositories containing large amounts of cement 
is also being studied since the heat of hydration released from cements may lead to 
relatively high temperatures. The effect of this heat source can be limited either by 
operational practice, such as granulation before emplacement, or the choice of 
cement composition [51].

5. SITING AND SITE CHARACTERIZATION

5.1. REPOSITORY SITING

The siting of radioactive waste repositories at locations that have adequate long 
term stability, predictable future behaviour and ability to meet other operational 
requirements remains one of the major tasks facing disposal agencies. However, 
decisions on repository siting must satisfy not only technical guidelines but also allow 
for social and political concerns. As is common with many major industrial or com
mercial developments, it has become important to provide opportunities for involve
ment in the site selection process.

Experience in several countries shows that there is no standard approach to 
selecting a repository site. Section 5.1.1 presents a generic methodology. In practice. 

26



however, this method will need to be modified to suit local conditions, the types of 
waste requiring disposal and the regulatory framework within which disposal must 
take place. Seeking ‘the best site’ is not necessary. What is required is to select a 
site that, as part of the overall waste disposal system, meets the applicable national 
standards. The waste disposal agency must therefore demonstrate that a chosen site 
is adequate and, in some countries, also demonstrate that concepts offering obvious 
advantages have not been overlooked.

The importance of incorporating a conceptual repository design and prelimi
nary performance assessment into repository siting, from the earliest steps of the 
process, has been demonstrated by experience in many countries [67]. As the process 
of siting becomes progressively focused on a smaller number of options, perfor
mance assessments which in increasing detail examine generic concepts and designs, 
then several sites or groups of sites, and eventually a few sites, help considerably 
in making decisions. This technique also helps to direct both research and design 
work onto critical issues related to the long term performance of a repository.

5.1.1. Siting a waste repository: a typical approach

Considering the long term performance requirements for any repository con
cept, the first step in siting has usually been to screen large areas of a country for 
either suitable types of host rock of sufficient size [68, 69] or for generally suitable 
hydrogeological environments characterized by the presence of selected rock forma
tions, in particular, structural and topographic settings [9).

At this stage of the siting process, before much specific geological information 
is available, owing to the variety of formations and environments which may need 
to be considered, repository design and performance assessment are at very prelimi
nary and conceptual levels. Nevertheless, these types of study can give preliminary 
indications of comparative operational safety, feasibility, costs and, of course, long 
term radiological safety. This information may allow some options to be eliminated 
or discarded. This coarse level of study can also help to demonstrate that no options 
offering obvious advantages have been overlooked.

The next phase in siting might be to look, within the areas defined by the 
selected geological environments, for sites which are apparently suitable from a 
variety of technical and non-technical viewpoints [70]. Not the least important of 
these is usually the availability and accessibility of the site. What defines these two 
factors will very much depend on national and regional approaches to land owner
ship. The availability of sites which are suitable with respect to size, access, terrain, 
lack of valuable natural resources (minerals, hydrocarbons, geothermal energy, 
etc.), population density, potential impacts on the natural environment, and the 
ability to characterize the geological environment, among other factors, may limit 
the search very rapidly to a few, or a few tens of, possible locations. In general. 
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preference is given to a site in more homogeneous geological environments because 
it is easier to model the processes occurring at such a site.

Once a manageable number of sites have been identified for consideration, a 
mechanism needs to be identified to reduce this number to allow for the selection 
of a few preferred sites or one site. This mechanism will be very dependent on the 
resources which can be committed, but, in general, it has been deemed sensible prac
tice to go as far as possible on the basis of available information which does not 
require major investigations of any of the candidate sites [71]. The amounts and 
quality of geological and environmental data available may vary from site to site, and 
the implications of any consequent uncertainties need to be considered carefully in 
the process of comparison.

Some countries (e.g. the United States of America and the United Kingdom) 
have used the techniques of multi-attribute decision analysis [72] to address the com
plexity and large number of factors that must be considered in the selection process. 
This approach assigns various weights to an ‘attribute’ (factor) for comparing one 
attribute against another. The inputs to this, and similar types of analysis, include 
expert opinion and preliminary performance assessments which can quantify many 
different attributes falling within general areas, such as long term radiological safety, 
operational safety, feasibility and ease of construction and operation, the transport 
of wastes to the site, non-radiological environmental impacts, and costs.

An ideal site would be one in which the attribute would be relatively insensitive 
to wide variations in the comparative weightings of these areas. A feature of this 
approach is to allow for expected uncertainties in, for example, the results of future 
performance assessments to be incorporated, and their effects on siting to be assessed 
before making large commitments of resources to major site investigations.

The approach described above allows the identification of a small number of 
potentially suitable sites. In some cases, a number of iterations of the process may 
be necessary to select favourable sites. In the USA and the UK, a reasonable amount 
of effort has been spent on this stage of the analysis. The process has enhanced an 
overall understanding of the nature and properties of sites at the broadest level and 
has not allowed any particular aspect to be overemphasized.

The final stage in siting involves the detailed and comprehensive investigation 
and characterization of one or more of the sites which now have been identified. 
There has been considerable discussion on the number of sites to be investigated 
before selection of the preferred site [73]. There is no ‘correct’ answer to how many 
sites should be investigated and to which level of detail they should be investigated. 
The number of sites to be investigated must be weighed against the resources that 
would need to be put into a more extensive programme of site investigations, and 
the political and public acceptability of any such determination is a decision that will 
vary from country to country.

Having described this approach, we have to repeat that a number of other, 
equally suitable approaches exist. For example, it might be strategically appropriate 
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to begin the site selection process by assessing what may be considered potentially 
acceptable sites before embarking on a wider siting exercise. A clear case would be 
the assessment and characterization of sites where waste is already stored or gene
rated. A repository at such a site may eliminate the need for transporting wastes and 
may also minimize the environmental impact of repository construction by locating 
it at an existing industrial complex.

Between these two approaches, there exists a broad spectrum of other possible 
approaches to siting. The important factor in all cases is to ensure that the final selec
tion of a site is guided by the results of a thorough assessment of long term repository 
performance, and a detailed characterization of one or more sites.

5.2. SITE CHARACTERIZATION

The information to be acquired during site characterization depends on the 
needs of the repository design process and the performance assessment needed for 
licensing. The extent of the remaining investigations will depend on the stage of site 
investigation reached at the time of site selection. If, as suggested in the preceding 
section, extensive site investigations are deferred as late as possible in the siting 
process, the site selection decision may largely be made on the basis of pre-existing 
data. In such cases, extensive site characterization investigations remain to be done. 
In other cases, the investigations may be at a very detailed level at the time of site 
selection, including underground exploratory excavations, so that only very specific 
questions remain to be answered, such as confirming the hydrogeological conditions 
and geological sequence beneath the site.

Regardless of the approach taken for site selection, full characterization of at 
least one site will be essential [73, 70]. The division of site investigation into phases 
will allow for a progressive understanding of the geological environment. In this 
way, the data can be periodically evaluated to determine if the site remains suitable 
(as a possible repository) for continued investigations. The iterative evaluation by 
performance assessment is also important for modifying or redesigning the site 
investigation to best meet the needs of site characterization. In general, studies will 
move from the broad regional level to detailed localized investigations, moving in 
parallel with design and iterative performance assessments. As site investigations 
progress, they will move from surface based testing and remote sensing to in situ 
testing in exploratory excavations (trenches, shafts or galleries). When sufficient 
information is available, the repository design will fully incorporate the data on the 
geological and hydrogeological conditions of the site. The approaches to the key 
areas of investigation are summarized below.
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5.2.1. Geological structure

An understanding of the three-dimensional geological structure of a site, in 
particular the nature and location of major discontinuities which may influence 
groundwater movement, is a basic concern of site characterization. Traditional 
exploratory methods such as mapping, drilling and logging boreholes, and geo
physical techniques are useful for producing three-dimensional models on a broad, 
regional scale, provided the structure is not extremely complicated, but must be 
supplemented by detailed studies of the local hydrological situation [74].

An issue of concern in drilling boreholes for investigation of geological struc
ture, as well as for subsequent hydrogeological and geochemical characterization, is 
to avoid damaging the integrity of the geological environment. Boreholes may, for 
example, connect otherwise separate aquifers and modify fluxes that have been 
established over many millions of years. Care must be taken in siting boreholes, their 
numbers should be minimized, and adequate sealing measures must be considered 
where necessary.

An understanding of the detailed geological structure of a site, particularly for 
a deep repository, is possible only by means of excavations that allow direct observa
tion and in situ testing. Underground excavations are therefore an integral part of 
site characterization. Exploration of the site and repository design thus proceed 
together with the excavation of the repository. Drilling and testing ahead of tunnels 
and between excavations allow a full picture of the rock volume affected by reposi
tory construction. Adverse features of the rock mass can be avoided, or their effect 
mitigated, by design modifications. Exploratory boreholes could be removed by min
ing shafts or tunnels along their traces.

Tectonic events, such as earthquakes, during the pre-closure period have the 
potential to affect repository operations and must be considered in designing reposi
tory facilities. During the post-closure period, disruptive events and processes such 
as movement on a fault and volcanism could affect the groundwater conditions at the 
repository or the integrity of an engineered barrier. Site investigations therefore 
include an evaluation of the potential for these kinds of tectonic events [73]. A stan
dard approach is to rely on surface mapping, shallow geophysics, exploratory drill
ing and trenching, and age dating. The investigations of earthquake potential history 
of movement on faults, and recency of volcanism will provide information on the 
likelihood of a disruptive event occurring in the vicinity of the repository, which can 
then be incorporated into the evaluation of pre-closure radiological safety or total 
system performance assessment.

5.2.2. Hydrogeological properties

For most disposal concepts, a substantial portion of performance assessment 
rests on a model of radionuclide transport in groundwater. Consequently, much of 
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the site investigation programme is inevitably aimed at producing data for the 
groundwater flow models, and at data which enable a picture of past groundwater 
fluxes (palaeohydrogeology) to be built up in order to help validate the predictive 
flow models. Most of the techniques for measuring groundwater flow parameters, 
both in situ and in the laboratory, are now in place, as the result of developments 
within the last 30 years. The Stripa programme has culminated in the testing of a 
validation methodology whereby diverse modelling approaches are being used to 
predict flows within a large volume of rock, which are then measured in subsequent 
excavations [75].

In general, hydrogeological investigations in boreholes will seek first to estab
lish groundwater head distributions in various formations, together with broad pat
terns of hydraulic conductivity. In some cases, it will be possible to measure flow 
rates. All this information can be combined with the three-dimensional structure 
model to produce flow models at different scales, from regional, through local, to 
a ‘near field’ scale. The different types of flow model currently being used require 
information at various levels of observation density, and a current issue of concern 
is that of determining how much data need to be obtained to calibrate the models at 
each scale. To date, most models have been constructed and calibrated on very 
sparse information.

Validation of flow models, in contrast to calibration, involves palaeohydrogeo- 
logical interpretations of a site. Much of the information needed to make such 
interpretations comes from hydrochemical studies.

5.2.3. Geochemical properties

One of the key issues of concern at present is the acquisition of groundwater 
samples adequate to detailed hydrochemical analysis. High quality samples of 
groundwaters and pore waters uncontaminated by drilling fluids can provide clear 
evidence by measurements of the age or chemical constituents of the water, and of 
flow patterns and groundwater residence times in particular formations. These can 
give considerable support to predictive models of future fluxes. Standard analytical 
techniques for major elements and a variety of isotopes can be applied, provided ade
quate samples can be obtained.

The trace element chemistry of groundwaters can also be used to assess the 
long term behaviour of natural series radioisotopes, and analogues of other radionu
clides, in the particular geological environment of the site. Analytical techniques are 
now able to measure the concentrations of these elements at levels commensurate 
with those expected in waters which have contact with buried wastes. Much current 
effort is focused on obtaining such data as a site specific indicator of the mobility 
of key radionuclides.

The characterization of the mineralogical and geochemical properties and sta
bilities of rock surfaces exposed to migrating radionuclides is a matter for conven
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tional analytical techniques. The amount of such information (e.g. the abundance and 
distribution of sorbing mineral phases) which might be required will depend on site 
specific performance assessments. One of the key areas of interest in clay formations 
is the developing understanding of the complex interplay between geotechnical, 
hydraulic and geochemical properties, all of which affect the mass transfer rates.

5.2.4. Geotechnical properties

The evolving design of a repository is highly dependent on the acquisition of 
basic data on the geotechnical properties of the host rock and other formations that 
might be penetrated by shafts or access galleries. In some geological environments, 
the in situ stress regime in the rock is also very significant to the design. The struc
tural geology, and in particular the discontinuity distribution in hard rock forma
tions, also influences the size and shape of cavities that can be excavated. The 
thermal response properties of the rock may also be of very great importance. Much 
research has gone into providing an extensive database in this area.

While there is much experience on the construction of underground openings 
in hard rock and salt, there is much less experience regarding similar excavations 
in clay, although considerable development work in clay has been done in recent 
years. It has been shown to be feasible to excavate and support plastic clays in a 
simpler manner than had been previously envisaged [76].

In general, the data requirements for geotechnical design studies can be met 
with a limited measurement programme, by using existing techniques.

5.2.5. Geological evolution of the site

Palaeohydrogeological and geotechnical studies can provide a considerable 
amount of information on how a site has evolved over geological times. Information 
on relict flow regimes and stress states is indicative of past rates of uplift, subsidence 
or erosion, and of climatically or tectonically induced changes in groundwater 
behaviour. These types of study are essential indicators of how a site might be 
expected to behave in the future. They can be combined with evidence on neotectonic 
activity (recent fault movement or initiation, volcanic processes, etc.) to help vali
date evolutionary models or to provide data on the probabilities of occurrence of 
specific events in the future. The application of these types of study to disposal sites 
is relatively novel, and they are complementary to studies of the surface characteris
tics of a site and to studies of the impact of the repository on the behaviour of the 
geological environment.
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5.2.6. Surface characteristics

Studies of the surface environment are directed at two central issues:

(1) the geomorphology of the area with respect to potential future erosion, surface 
water flow patterns, and soil types and distributions; and

(2) the present and future ecological environment with respect to both potential 
radiological and non-radiological impacts of construction and operation of a 
repository.

The techniques of geomorphological and ecological surveys are well estab
lished and would include detailed parallel studies of pedology, surface water hydro
logy, climate and rainfall history, current and future ecological systems, changes in 
land use patterns and socioeconomic impacts from development and population 
movements.

The time-scales over which predictions might be required and, consequently, 
the scope of the data needed will depend on the type of repository envisaged. Deep 
repositories may require more detailed studies of geomorphological changes as a 
consequence of major climatic change and tectonic activity (e.g. the effects of sea 
level change, rises in water table, glacial erosion) [70], Modelling techniques which 
attempt to link such changes with the palaeohydrogeological studies in Section 5.2.5 
have been developed recently [77].

An additional area where surface characterization may be required is the defi
nition of new access routes for road or rail connections, and civil engineering studies 
for these and new harbour facilities.

5.2.7. Natural resource potential

An issue related to human intrusion is the potential for natural resources at the 
site. The potential natural resources may include metallic and non-metallic minerals 
and groundwater. Early site screening should consider existing evidence for natural 
resources. Site characterization activities also include investigations and assessments 
of potential natural resources. In assessing the potential for natural resources, the 
uniqueness of any potential natural resource and potential economic value in the fore
seeable future for any potential natural resource is a matter for consideration [78].

5.3. EXPERIENCE WITH THE SITING PROCESS IN MEMBER STATES

5.3.1. Germany

Since the early 1960s, the radioactive waste disposal policy in the former 
Federal Republic of Germany was based on the assumption that all categories of 
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radioactive waste are to be disposed of at depth, priority being given to disposal in 
rock salt because of the stability of salt formations shown by their geological history. 
Rock salt is considered to be a favourable host rock on account of:

— its mechanical behaviour and thermal conductivity;
— the extremely low permeability for liquids and gases;
— the absence of mobile groundwater;
— its favourable geochemical properties; and
— its common occurrence over large parts of northern Germany.

The selection of the Gorleben site was based on comparative analyses of a 
number of sites, evaluating available data and information on salt domes. The screen
ing process was first performed on behalf of the Federal Government and subse
quently on behalf of the State Government of Lower Saxony, where a large number 
of salt domes are present.

The requirements of the site characterization programme, derived from the 
safety criteria published by the Federal Government, are to provide all data neces
sary for the site specific performance assessment and the information necessary for 
the detailed layout and optimization of the repository and for its safe operation.

The characterization of the Gorleben site has been taking place since 1979. An 
area of about 300 km2 around the site has been investigated by a number of bore
hole and surface investigations, which have included more than 100 exploratory 
boreholes, some 300 groundwater test wells, core drillings, wells for pumping tests, 
four deep drillings into the flanks of the dome, two shaft pilot drillings, and a com
prehensive seismic surveying programme [79].

The results of these investigations confirmed that the site had potential for the 
construction of a repository, and, in 1983, the Federal Government gave approval 
for the construction of an exploratory mine to obtain a more complete picture of the 
internal structure of the salt dome. The number of exploratory boreholes drilled from 
the surface and their locations have been limited by the requirements of the safety 
criteria and to maintain the integrity of the salt dome as a barrier to radionuclide 
migration.

The focus of the investigation has now shifted towards shaft sinking, which is 
currently in progress. After two shafts are sunk, about 25 km of drifts will be driven 
and connected by cross-cuts as part of the underground exploration. In addition, a 
total of about 120 km of pilot boreholes and fully cored exploratory boreholes will 
be drilled towards the margins and the interior of the salt dome.

The underground exploration of the salt dome’s interior will be carried out to 
a depth of 840 m. It is expected that the site characterization programme, including 
the associated research and development and geotechnical work, will take several 
years to complete.
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5.3.2. Sweden

The approach taken to the siting of the Swedish repository for low and inter
mediate level radioactive waste (SFR) serves as an example of an assessment relying 
on available data. Investigations carried out in connection with the siting of an 
intermediate storage facility for spent fuel, which was eventually located at the 
Oskarshamn nuclear power station at Simpevarp, had provided the Swedish Nuclear 
Fuel and Waste Management Co., SKB, with a good knowledge of the geological 
environments of several of the sites proposed for the SFR. SKB finally proposed a 
location close to the Forsmark nuclear power station. The site had good geological 
characteristics, a suitable infrastructure, a good harbour and a low population 
density [80].

The application for approval to operate the facility, which was reviewed by the 
Swedish Nuclear Power Inspectorate (SKI), included general descriptions of the 
geology and hydrogeology of the site and a preliminary safety analysis, based in part 
on data from a small number of boreholes.

The information provided was deemed sufficient by the government for 
approval to build the repository. Swedish legislation allows the SKI to issue detailed 
instructions regarding the collection of additional safety related data during the con
struction of the repository. Before the repository could be licensed for operation, a 
final safety analysis had to be submitted to the safety authorities.

5.3.3. Switzerland

In Switzerland, the decision regarding the number of sites to be investigated 
for the selection of a repository location for low and intermediate level waste was 
made by Nagra. This number was intended to be a compromise dictated by economic 
considerations, which favour the earliest possible reduction to a single site, and by 
geological uncertainties, which lead to an understandable tendency to increase one’s 
options. In the high level waste disposal programme, a regional investigation has 
been conducted of the crystalline bedrock, with a total of seven deep boreholes in 
northern Switzerland. The plan is to select within this region one or two smaller 
areas for more intensive characterization with closer borehole arrays; only one site 
will eventually be selected for full characterization, which will include the construc
tion of a shaft. Before this point can be reached, two potentially suitable sedimentary 
environments are to be investigated and brought to a level of knowledge similar to 
that of the crystalline programme. At this stage, a choice will be made between the 
option of disposal within sediments or crystalline rocks. The target date for startup 
of operation of a HLW repository is the year 2020. This date was selected in view 
of the relatively small volume of HLW and the advantage of an interim period of 
decay.
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For low and intermediate level wastes, the time-scales for disposal are much 
shorter, and therefore Nagra initially decided to initiate parallel site investigation 
programmes in three different rock types. Since then a fourth potential site has been 
identified. The repository design has been limited to cover only LLW and ILW with 
very low concentrations of long lived radionuclides. All the potential sites are acces
sible by horizontal tunnelling, and initial plans involved early tunnelling at all three 
sites in order that the investigations progress as rapidly as possible. Unexpected 
delays due mainly to regulatory and legal problems have led to a revision of this 
strategy. The scope and duration of the investigations before tunnel construction 
have been significantly expanded, and an experimental tunnel is now planned at only 
one or two of the sites [81],

5.3.4. United Kingdom

The siting process for a deep LILW waste repository in the UK is based on 
selecting a suitable hydrological regime rather than focusing on investigating host 
rock formations. Understanding of the types of low groundwater flow regime found 
in deep clay formations and massive fractured rocks has increased immensely in the 
last ten years, almost entirely as a result of research into radioactive waste disposal. 
Coupled with a greater confidence in modelling such low energy, low flow environ
ments, this caused a reappraisal of the ‘salt-clay-granite’ approach to selecting deep 
repository sites, built on requirements for disposal of high level, heat emitting 
wastes. It became apparent that the selection of sites for deep disposal of less ther
mally active wastes needed to be based more on defining suitable large scale 
hydrogeological environments, with the focus on long groundwater return times, a 
very slowly evolving regional groundwater regime and a reduction in emphasis on 
the host rock itself [82]. The features of the geological environments thought to be 
most suitable are characterized by:

(1) a high level of confidence in the predictability of the local and regional 
hydrogeology with a minimum of geological complexity;

(2) long groundwater return paths to the surface, preferably resulting in progres
sive mixing with older, deeper waters, or leading to discharge to the sea. Such 
slow ground water movements are usually associated with areas of low regional 
hydraulic gradient and/or low hydraulic conductivity;

(3) ease of construction to allow economic repository design;
(4) meeting many other widely accepted guidelines regarding the regional and 

local significance of mineral deposits, geothermal gradients, seismicity, for
mation depth, etc.
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In the UK, the types of geological environments containing rock formations 
which meet the above requirements are as follows:

(a) inland sedimentary basinal environments;
(b) seaward dipping and offshore sediments;
(c) low permeability basement under sedimentary cover;
(d) hard rocks in low relief terrain; and
(e) small islands.

Since these five geological environments cover such a large part of the UK it 
was considered reasonable to try to reduce the initial area of search by concentrating 
at the outset on areas where the geological environment was predictable and the 
structure was as simple as possible. The environments were thus placed in order of 
preference, with respect to their relative geological complexities and the consequent 
degree of difficulty thought likely to be encountered in both investigating and assess
ing them:

Group 1: types d, e and b (in areas of low geological complexity); 
Group 2: types a and b (in areas of greater geological complexity); 
Group 3: type c.

It was decided to investigate first the potential of Group 1: hard fractured rocks 
in low relief terrain, small islands and offshore dipping sediments in areas of simple 
structure. The safety assessment modelling teams felt that Group 3 (basements under 
sedimentary covers) offered such a potential that it was also investigated from the 
start, regardless of potential complexities. It was also considered to be conceptually 
quite different; consequently, assessment in greater detail was deemed important. 
Two additional ‘offshore’ concepts were included at this stage; disposal beneath the 
continental shelf in either hard, fractured basement rocks (mainly beneath the 
Atlantic Ocean around the north-west of Scotland), or in the seaward dipping sedi
ments beneath the North Sea. Both concepts involved gaining access to a repository 
via an oil platform type structure. In the hard basement rocks the repository would 
be little different in form from one situated below the land, but for the sediments 
a matrix of large diameter shafts was proposed to contain the waste.

Reducing the still considerable area of search on the UK mainland down to a 
short list of sites involved applying a variety of non-geological factors to the assess
ment of both areas, and to the initial list of several hundred potentially available sites 
in those areas. Planning and non-radiological environmental impact considerations 
had an immediate effect in considerably reducing the geological area of interest, and 
matters such as the size and shape of sites further reduced the list of sites. Following 
this initial sifting, the iterative process of arriving at a short list of about ten sites 
eventually made use of multi-attribute decision analysis, very similar to that already 
used during the choice of sites for disposal of high level waste in the USA [72,83]. 
Attributes considered covered issues such as post-closure radiological safety, the 
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safety and costs of transport of wastes to the repository, repository construction 
costs, the operational safety of various repository designs, and the many facets of 
local and national impacts. The geological input to this model involved assessing 
sites in terms of their predictability (basically, how simple it would prove to charac
terize them adequately and answer the most probable critical questions arising from 
the safety assessment) and the availability of proven techniques to obtain the relevant 
data in the rock types and environments concerned. The latter factor obviously mili
tated against the offshore concepts, where detailed characterization would be both 
difficult and expensive. Additional geological input was incorporated in attributes 
dealing with construction costs and the general ‘robustness’ of a concept, essentially 
reflecting the level of confidence in being able to develop and operate a repository 
in a particular environment using current, well tested technology. Again, these 
attributes militated strongly against the offshore concepts in comparison with the 
land based alternatives.

When a final short list emerged from the analysis NIREX decided to concen
trate its initial field investigations on the two sites with the greatest ‘nuclear 
experience’ (Dounreay and Sellafield), reserving its investigation of any other short
listed sites in the event that neither of these prove suitable.

5.3.5. United States of America

In the USA, the site screening process for a commercial HLW repository 
began in 1977. The process of identifying potential sites began with nationwide 
studies that involved a variety of rock types [84], This screening, using existing data, 
culminated in the identification of nine candidate sites. In 1982, the US Congress 
then enacted the Nuclear Waste Policy Act (NWPA), which defined a process for 
site selection and required the Secretary of Energy to first develop and issue siting 
guidelines [78]. Five sites were nominated as candidates for detailed charac
terization. Environmental Assessments (EAs) were required for each candidate site. 
These EAs addressed the requirements of the siting guidelines of the United States 
Department of Energy (DOE) and the regulations of the United States Nuclear 
Regulatory Commission (NRC) [85]. A comparative analysis was carried out of the 
five nominated sites and the three that were recommended for detailed characteriza
tion. The recommended sites were subject to review and approval by the President. 
In 1987, the US Congress amended the NWPA of 1982 and identified Yucca Moun
tain, Nevada, as the site for characterization. The decision was primarily based on 
socioeconomic considerations. In amending the NWPA, the US Congress nullified 
a DOE requirement that sites in at least two different geological environments should 
be studied in depth before presenting one for construction authorization. In 1988 a 
site characterization plan (SCP) [46] was prepared by the DOE which compiled all 
the available data on the Yucca Mountain region and described plans for conducting 
extensive characterization of the site and its region. The SCP describes 106 proposed 
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studies in geology, hydrogeology, geochemistry and engineering geology that will 
generate the data necessary for the repository design and performance assessment. 
The document describes surface and underground testing investigations that are 
expected to take five to seven years to be carried out. In 1989, the USNRC, the State 
of Nevada and the public provided their official comments to the DOE about the ade
quacy of the SCP as well as comments concerning clarification or correction during 
the site characterization process.

5.3.6. Japan

In Japan, the Power Reactor and Nuclear Fuel Development Corporation 
(PNC) is responsible for research and development activities on geological disposal 
of high level radioactive wastes. The project is being conducted in several phases. 
Phase 1 involves preliminary investigations of geological media and has been com
pleted; Phase 2 involves selection of candidate sites; in Phase 3, disposal techniques 
at a candidate site will be demonstrated; and, in Phase 4, repositories will be con
structed and operated.

In Phase 1, different geological media in Japan were classified according to 
hardness, fracture characteristics and rock mass characteristics, and their siting pos
sibilities were assessed. Two typical groups of rocks in Japan, igneous and meta
morphic rocks, and sedimentary rocks, were classified according to the above 
characteristics and ranked as to their fitness for disposal sites. Igneous and meta
morphic rocks that are massive and predominantly fractured, and multilayered, 
homogeneous sedimentary rocks that are less fractured and soft to medium hard were 
identified as promising host rocks for repositories. The former group is represented 
by granitic rocks, and the latter includes tertiary sandstone, mudstone and shale. 
Rocks of both groups are widely distributed in Japan and are found in formations 
deeper than 1000 m.

An extensive research and development programme is in progress in the Tono 
area in the central part of Japan. The study area includes an experimental uranium 
mine with no commercial production history. In situ experiments in geology, hydro
geology, surface hydrology, hydrogeochemistry, tectonics, natural analogue investi
gations and rock mass mining characteristics are in progress.

Another in situ research and development site is located in the Komishi area 
in the northern part of Japan. Here tests are being conducted in an iron mine in the 
crystalline basement [86],
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6. REPOSITORY CONCEPTS AND OPERATION

6.1. GENERAL

The objective of radioactive waste disposal is to ensure that man and the 
environment are adequately protected from exposure to radiation. The disposal 
options considered in this report rely on concentration and confinement implying 
waste isolation and the construction of some kind of facility, usually termed a 
repository.

In general terms, deep geological formations of very low permeability have the 
greatest potential for long term isolation of radioactive waste. All types of radio
active waste could be disposed of by deep geological disposal. However, more 
economic alternatives are available for radioactive wastes that contain only either 
short lived radionuclides or low levels of long lived radionuclides.

During decommissioning of nuclear installations, large quantities of waste are 
generated, which are of such low radionuclide content that they do not require treat
ment and disposal as radioactive waste. In addition, the operation of certain nuclear 
installations and the use of radionuclides in medicine, research and industry generate 
waste, some of which may be exempted from control. The IAEA has published a 
document that gives basic criteria for exemption of radiation sources and practices 
from further regulatory control [6].

Near surface disposal in unlined trenches and pits or in engineered structures 
is a disposal option which is being practiced in a number of countries. Shallow 
ground disposal provides a lesser degree of waste isolation than deep disposal. 
Shallow disposal structures are exposed to natural processes such as flooding and 
erosion, and to human intrusion. In a number of Agency publications, the rationale 
for shallow ground disposal has been discussed, and the conclusion has been reached 
that a shallow ground repository requires institutional control over the site [87], The 
physical barriers, which isolate the waste from the biosphere, are designed to remain 
effective at least as long as institutional control of the site is maintained. Waste 
acceptance criteria are defined to ensure that concentrations of wastes after this time 
are acceptable. In general, wastes included in categories IV and V of Table II are 
acceptable for shallow ground disposal.

The length of the institutional control period for near surface disposal varies 
for individual countries depending on the types of waste to be disposed of, the 
characteristics of the disposal site, and the regulatory programme that is established. 
On the basis of the period of institutional control and other site specific and reposi
tory specific characteristics, it is possible to derive waste acceptance criteria. The 
Nuclear Energy Agency of the OECD/NEA [88] has defined three types of waste 
acceptance criteria for shallow ground repositories:
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— limits on the concentrations of radionuclides in wastes according to their 
half-lives;

— limits on the total activity of radionuclides to be disposed of at a given 
repository;

— performance standards for waste forms and waste packages.

Wastes that do not meet the concentration or total activity acceptance criteria 
for shallow ground disposal need to be placed in other types of repositories offering 
more efficient confinement.

Many concepts have been considered for the disposal of significant quantities 
of long lived wastes, including disposal in space, nuclear transmutation and such 
exotic ideas as emplacement in subduction zones or in the Antarctic ice cap. The only 
concept that is being considered at present is emplacement in deep geological forma
tions, either on land or under the ocean floor. Sea disposal is an option which has 
been used by some countries for disposal of low and intermediate level radioactive 
waste (see Section 6.4).

In this report, the term ‘deep’ is used for disposal at depths greater than a few 
tens of metres and refers also to disposal concepts that in other Agency publications 
have been called ‘intermediate depth’ disposal and disposal in ‘rock caverns’ or ‘rock 
cavities’. In practice, all repositories where disposal takes place in underground 
caverns, cavities, rooms, drifts and boreholes are considered deep, while the term 
‘shallow’ is used for facilities where the waste is no more than a few tens of metres 
from the surface and the disposal units are filled from the surface, for example, 
trenches, pits and mounds.

Many repository concepts are possible, in different host rocks, at different 
depths and with extremely variable isolation capabilities. The important factors that 
control repository design are the duration of the radiation hazard from the waste and 
the rate at which it generates heat. High level (HLW), or category I waste, is most 
demanding since it combines long lived radioactivity with a high heat generation 
rate. Designs for deep repositories are influenced by:

— the nature and characteristics of the host rock;
— the geological and hydrogeological characteristics of the site; and
— the volumes and relative magnitudes of the different categories of radioactive 

waste.

Some repository concepts have been developed for just one type of radioactive 
waste, e.g. only HLW, but the disposal of all waste categories in a single deep 
repository has been considered, particularly by some countries with small nuclear 
power programmes.

Repository design is an iterative process and the design may be modified as 
new data about the site are generated during site characterization. A number of 
examples for different repository designs are described in the following sections.
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Several shallow ground repositories are in operation, and many of the designs 
described below refer to existing facilities. The operation of such repositories has 
resulted in the accumulation of a good deal of operational experience. For deep dis
posal, a distinction is required between repositories for category I waste (HLW and 
SF) and repositories for other waste categories. A few repositories for LLW and 
ILW have been built and operated, occasionally as research facilities and usually foi 
short periods of time. Repository designs can refer to actual facilities or be only con
ceptual. Limited operational experience is available.

No deep geological repository for category I waste is in existence at this time. 
Consequently, all repository designs for such waste are still conceptual in nature.

Many countries have found it'appropriate to establish a national waste manage
ment organization with responsibilities in the management of radioactive waste. 
These responsibilities may vary in scope, but may include waste treatment, waste 
transportation and waste disposal. In relation to waste disposal the task may include 
research and development, construction and operation of repositories both shallow 
and deep. The organization may be either governmental or private or a mixture of 
the two.

6.2. SHALLOW GROUND DISPOSAL

Shallow ground disposal of radioactive wastes has been practised since the 
1940s. Available experience shows that the practice can meet the safety require
ments, provided that the sites arc carefully selected and repositories are designed and 
operated by taking into account the characteristics of both site and waste. Depending 
on many factors such as the sources and the characteristics of the waste, the charac
teristics of the site, climatic conditions and legislative requirements, different reposi
tory designs have been adopted in different countries. The repository may, for 
example, as a whole or in part be located above the original ground level or totally 
below grade. It may further be provided with engineered barriers, or the waste may 
be placed directly in contact with the geological material.

This section gives some specific information on design parameters, construc
tion, operation and monitoring for shallow ground disposal. Most information is 
derived from examples of repositories already licensed and in operation, but some 
ideas are based on concepts which have not yet been implemented. For the sake of 
brevity, information on the individual repository designs is incomplete; the reader 
interested in specific and detailed descriptions is invited to consult the references.

6.2.1. Design parameters

A number of factors affect the design and construction of a shallow ground 
repository. Ideally, the system of waste management, which includes disposal. 
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should be considered as a whole, starting with the generation of waste and ending 
with its disposal. In such a case the design parameters could be chosen such as to 
generate an optimized system. In practice, however, some factors may already be 
fixed. This is, for example, the case when wastes have been conditioned before the 
repository design was established. Although it is possible to consider reconditioning 
or repackaging the waste, in reality there must be very strong reasons before that 
option is enforced, thus placing strong constraints on the subsequent management 
steps.

A list of design considerations for a shallow ground repository will include the 
following:

— waste amounts;
— waste properties (radionuclide content, waste form, packaging);
— site characteristics (e.g. climate, topography, soil and other near surface 

material, permeability, geotechnical factors, groundwater flow, water-table 
variations, wildlife, population density and distribution);

— technical feasibility including costs; and
— regulatory and statutory requirements and criteria.

For a shallow ground repository sufficient general knowledge and experience 
exist today to allow the design of a facility with adequate isolation capability under 
a great variety of geological and environmental conditions.

6.2.2. Construction

The first shallow ground repositories to be constructed were of very simple 
construction, merely trenches and pits into which waste was dumped and sub
sequently covered with soil. Since then, disposal units have been better adjusted to 
the waste and the site characteristics resulting in improved waste isolation. Also, 
better methods of monitoring leakage from the repositories have been introduced. 
Further, better quality assurance/quality control programmes have been imple
mented for the construction phase as well as for the wastes reaching the repositories.

6.2.3. Operation

Around the world there is already extensive experience in the operation of shal
low ground repositories. On the basis of existing experience, a number of factors 
can be identified as being of great importance for the safe operation of shallow 
ground repositories. These include:

— establishment of an overall waste management policy and disposal strategy, 
including well defined plans for operation and closure of the repository;

— capable management of the repository;
— qualified and properly trained operational staff;
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— establishment and implementation of a waste classification programme as a 
basis for waste acceptance criteria;

— development and implementation of a quality assurance/quality control 
programme for the waste and for the disposal operations;

— maintenance of suitable records and documentation for the waste placed in the 
repository.

6.2.4. Monitoring

To confirm system performance, monitoring programmes are established for 
shallow ground repositories. Monitoring can demonstrate compliance with the per
formance objectives of the repository as given by the competent authority or in 
national legislation. Also, it can increase general scientific and technical knowledge 
in the area and contribute to the improvement of the models used to predict the 
impacts of shallow ground repositories.

For monitoring a shallow ground repository, wells are normally drilled around 
the site and water samples are regularly taken for analysis. When a drainage system 
is installed, any leakage can be controlled. In addition to water analyses, the monitor
ing programme often also includes environmental sampling. The main purpose of the 
monitoring programme is, in many cases, to demonstrate compliance with licensing 
requirements.

6.2.5. Experience in shallow ground disposal

Shallow ground repositories can be split into two groups: repositories with and 
without engineered barriers. Repositories without any engineered barriers where the 
waste is placed directly into trenches or on a prepared surface or ground have been 
successfully used for low level waste, especially in arid areas and where the reposi
tory is located in permeable ground. Trenches in permeable materials, provided the 
bottoms of the trenches are always above the water-table, succeed in limiting mobili
zation of radionuclides since any incoming water percolates quickly and the contact 
time between water and waste is quite limited. The performance of the system can 
be improved by topping the trenches with impermeable covers. In some cases, 
hydraulic barriers formed by layers of very coarse material have been suggested to 
protect the trenches from lateral inflows. The same material placed on the bottom 
of the trench can improve drainage or accelerate removal of water from the waste 
at the bottom of the trench. Radionuclides mobilized from the waste will percolate 
through the ground, where sorption processes will retain most radionuclides. 
Tritium, some anions and radionuclides which form ionic complexes will not be 
retained and have been observed to migrate in some cases.

When trenches have been located in impermeable material such as clay, there 
have been cases where trenches filled with water and overflowed, causing release 
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of radionuclides to the environment. This has led to closing some sites. To overcome 
this problem, suitable drainage systems have been used to collect and, if necessary, 
treat the water before it is released into the environment. Drainage systems have been 
used both in repositories without engineered barriers, e.g. Drigg and Barnwell, and 
in repositories with such barriers such as Centre de la Manche.

There is a trend to increase the engineered barriers in new repositories as has 
been done in France where the repository in the Centre de 1’Aube will be equipped 
with more advanced engineered barriers than the Centre de la Manche. In the United 
States of America (USA) several of the new LLW disposal sites being developed 
place greater reliance on engineered barriers, such as concrete vaults. Also there is 
a tendency to dispose of waste more deeply, even low level waste. In the United 
Kingdom (UK), for example, the policy regarding disposal of low level waste has 
been changed; no further shallow land repositories will be constructed, except for 
the expansion of the Drigg facility. Future LLW shall be disposed of together with 
ILW in deep repositories, mainly for economic reasons.

Germany plans to place all categories of radioactive waste in deep repositories. 
LLW could be sent to the Konrad mine if licensing can be completed successfully, 
or be placed in the Gorleben repository together with long lived waste. In some coun
tries, siting shallow ground facilities is meeting strong public and political opposi
tion; this may induce more waste disposal organizations to turn to deep repositories 
for the disposal of all waste categories.

6.2.5.1. Repositories without engineered barriers

Many repositories for LLW disposal consist of earthen trenches in which waste 
packages are placed, and are then backfilled and covered with earthen materials. 
Three examples can illustrate the state of the art for this type of repository: shallow 
ground repositories in Sweden, the Barnwell site in the USA and the older trenches 
in the Drigg site in the UK.

According to Swedish policy shallow ground repositories for very low level 
wastes can be established. One fundamental principle is that the repository shall be 
located at the nuclear site and in such a way that leakage of radionuclides into the 
local environment shall not significantly change existing radiation exposure levels in 
the area. Further, the activity inventory in the repository must be so low that institu
tional control of the repository, for radiological reasons, must not be required for 
more than 100 years after closure. This will place rigid restrictions on the total 
activity that can be disposed of in the repository.

The waste packages are emplaced directly on the ground and subsequently 
covered by at least 1 m of soil and clay to prevent water intrusion. The waste 
disposed of is ordinary trash containing clothing, paper, plastics, wood, packing 
material and scrap. Before disposal, the waste is normally compacted and covered 
by plastic to prevent contamination during handling; no conditioning is performed.
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Provisions are made for monitoring water leakage from the repository. Up to 
1989, three sites have been licensed; one each at the Oskarshamn and Forsmark 
nuclear power plants (NPPs) and one at the Studsvik nuclear research centre. The 
combined capacity of the repositories at the NPPs is roughly 10 000 m3 and the 
approved activity limit is only 100 GBq at each site. It is however, sufficient to take 
care of more than 80% of the ordinary low level trash waste generated at the respec
tive plants up to the year 2010. So far, only small quantities have been disposed of. 
In the monitoring programme no leakage of radionuclides has been detected during 
the first two years of operation at Oskarshamn. Figure 2 illustrates the emplacement 
of waste packages on the ground surface at the Forsmark facility.

The Barnwell site. South Carolina, USA, was opened in 1971 and at present 
receives about 34 000 m3 of waste per year. The total capacity of the site is esti
mated to be about 800 000 m3 of waste although, for reasons of public policy, the 
site is scheduled to close in 1993.

The soil is primarily clay, but a certain percolation of water occurs. The dis
posal system consists of trenches with slightly sloped floors covered with a layer of 
sand to facilitate collection of percolating water in trench drains. The trench drain 
ends in a sump which is monitored for at least five years. Furthermore, a number 
of pipes allow the collection of the trench drain water for analysis.

Waste, packaged in boxes, drums and casks, is stacked neatly in the trenches. 
Higher activity wastes are conditioned with concrete, bitumen or other low leach
ability materials or placed in high integrity containers to achieve structural stability. 
Unstabilized wastes are disposed of in separate trenches. The space between the 
waste containers is filled by dry soil; the cover of the trench consists of a 0.6 m layer 
of native clay and a 0.9 m layer of soil.

The disposal site at Drigg occupies about 1.3 km2 of coastal land in Cumbria, 
western United Kingdom, and consists of a landfill where waste has been placed in 
unlined trenches. Most waste consists of slightly radioactive trash, such as paper, 
packing materials, protective clothing, electric cables, scrap metal and tools. This 
type of waste has been placed in the trenches untreated and without packaging. In 
some cases, waste is packaged in 200 L drums, in paper sacks or in plastic. The total 
volume of LLW disposed of at Drigg up to 1986 is about 650 000 m3.

The site at Drigg is on glacial deposits composed of clay, gravel and sand, 
more or less stratified. The hydrogeology at the site is rather complex; the glacial 
deposits have overall low permeability and confine the water of the underlying 
aquifer constituted by the sandstone. However, some permeable horizons can be 
found within the glacial deposits. One of the regulatory conditions imposed on the 
use of the site is that trenches should not penetrate the clay layer in the glacial 
deposits, in order to keep the system isolated from the aquifer. The trenches are 
deliberately drained; collected water is monitored and discharged into a river which 
flows directly to the sea. Spot check samples are taken by official inspectors for
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FIG. 2. Emplacement of waste packages on the ground surface at the Forsmark facility.



independent analysis. At present, disposal at Drigg is carried out in concrete lined 
trenches.

6.2.5.2. Repositories with engineered barriers

Many shallow ground repositories in operation are equipped with engineered 
barriers, i.e. concrete liners, and drainage systems for control of water infiltration. 
They are usually located above the water-table, but in Japan, for example, there is 
a proposal to establish a repository where wastes will be disposed of in vaults below 
the water-table. Also in India, in some repositories, disposal units may be below the 
water-table, at least during the rainy season. To illustrate the state of the art of 
shallow ground repositories with engineered barriers, examples from France, India 
and Czechoslovakia will be discussed below.

Since 1969, most French LLWs and ILWs have been disposed of at the Centre 
de la Manche, located in the north of France, in the La Hague peninsula with a 
coastal type of climate. The estimated total capacity of the repository is about 
500 000 m3 of waste. The total radioactivity expected at the end of its operating 
life, which will be in the early 1990s, is approximately 1.7 x 1015 Bq for ^Sr and 
1.3 x 1016 Bq for 137Cs. Wastes suitable for disposal in the Centre de la Manche 
come from different sources. As an example, the volume of waste disposed of in 
1981 was roughly 25 000 m3, with 45% coming from nuclear reactors, 39% com
ing from the rest of the nuclear fuel cycle, and 16% from research, medicine and 
other sources.

Regulatory authorities have established a limit of 0.1 Ci/t (3.7 x 109 Bq/t) 
for the levels of alpha radioactivity present in the waste packages. Wastes are gener
ally immobilized by producers and packaged in accordance with the specifications 
of the National Agency for the Management of Radioactive Wastes (ANDRA). The 
repository is operated by ANDRA, which has strict control over the waste packages 
received for disposal as well as on the disposal operations. The operational 
experience of the Centre de la Manche has been good, and neither serious incidents 
nor unacceptable releases have been reported.

In view of the hydrogeological characteristics of the site — the water-table is 
usually found at a depth of 6 to 15 m — and of the large rainfall, protection of waste 
packages from water is the basic feature of the repository. This is achieved by exten
sive use of engineered barriers in the trenches excavated below the ground and by 
emplacement of wastes in disposal mounds located above the original ground 
surface. Figures 3 and 4 show examples of these two types of disposal unit [33].

The period of institutional control over the site is considered to be 300 years. 
A catchment system surrounding the tumulus and monoliths collects any water that 
might have penetrated through the structure. Samples are taken at 20 points and ana
lysed. In addition, the groundwater below the repository is regularly checked.
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(b) Plan view of a concrete walled trench

(d) Reinforced monoliths

FIG. 3. Different trench designs at the Centre de kt Manche, France [33],
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concrete layer

(a) A disposal mound

,^1 General view of a disposal unit composed of a 
concrete monolith overlain by a mound

FIG. 4. Schemes of disposal at the Centre de la Manche, France [33].
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Since the Centre de la Manche is expected to be filled by the beginning of the 
1990s, a new repository known as the ‘Centre de 1’Aube’ has been developed. The 
repository is designed according to the same general principles as the Centre de la 
Manche, but more emphasis is placed on engineered barriers. It began operation in 
1991.

Another facility which enhances site performance using engineered barriers is 
located at Tarapur, 100 km north of Bombay on the west coast of India. The area 
has a humid climate with about 1800 mm of rainfall during the four month monsoon 
period. The soil zone has a poor storage coefficient and low transmissibility of water.

The facility accepts solid waste from the nearby Tarapur NPP and reprocessing 
plant wastes, which do not generate significant heat and pose no criticality problem. 
The 100 000 m2 site receives approximately 1000 m3 of waste per year.

Unlined trenches are only used for suspected active wastes and short lived 
wastes. Spun concrete receptacles in unlined trenches are used for short lived low 
and intermediate level trash (see Fig. 5).

Reinforced concrete trenches of proven design and special waterproof tiling 
are used for the remaining low and intermediate level wastes and for alpha contami
nated wastes in limited amounts.

Tile holes, which are steel lined spun concrete receptacles of high integrity and 
with waterproof tiling, are used for all wastes with high radioactivity content and for 
alpha wastes. The unlined trenches are often totally covered with clayey soil while 
the tile holes are totally filled with concrete and waterproof treatment is used as a 
top sealing.

Clean cement-sand (1:3) mortar

Waterproof plastering

FIG. 5. Cross-section of spun concrete receptacles in unlined earth trenches (dimensions in 
centimetres). Tarapur, India [89].
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FIG. 6. Typical cross-section of a reinforced cement concrete trench (dimensions in centi
metres). PCC: precast cement concrete. Tarapur, India [33].

For regular monitoring of the groundwater, special wells are drilled in a grid 
pattern in the repository. The performance of the site is checked by regular inspec
tion [33].

Figures 5 to 7 show some of the disposal methods used at the Tarapur 
repository.

In Czechoslovakia one near surface disposal facility has been constructed at 
Dukovany, and another one is under construction at Mochovce. They are both 
located close to existing nuclear power plants. The repositories are intended for low 
and intermediate level waste from the Czechoslovak nuclear power programme and 
are constructed in a similar way; the trenches have reinforced concrete walls that 
have been made water proof and are divided into modules.

Because of the shallow depth of the water-table, the Dukovany repository is 
designed as an above ground structure while the Mochovce repository has a conven
tional construction with the trenches excavated in the ground. Filled trenches will 
be covered with concrete caps, a layer of impermeable soil, and by overburden 
graded for drainage.

The waste to be disposed of must be solid or solidified (in bitumen or cement) 
and chemically stable. It is expected to be packaged in 200 L drums but other waste 
forms can also be accepted for disposal.
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FIG. 7. Typical details of a tile hole (dimensions in centimetres). RCC: reinforced cement 
concrete. Tarapur, India [33].
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Each disposal module has a capacity of 1500 standard 200 L drums. The maxi
mum radioactivity inventory in each repository expected in the year 2020 is about 
7 X 1015 Bq. The results of safety analyses have shown that if water seeps into the 
disposal modules, the efficiency of the concrete walled structures may not prove 
sufficient since they allow water to penetrate at rates of 10“6 m/s. To attain the 
required level of 10“9 m/s, it was necessary to provide the structures with an addi
tional barrier; in the case of Mochovce, a 2 m thick clay layer has been added 
whereas in Dukovany the required degree of isolation has been obtained by a 0.3 m 
thick layer of asphalt-propylene-concrete.
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FIG. 8. Layout of land disposal facility, Rokkasho, Japan.



FIG. 9. Conceptual view of reinforced concrete pit, Rokkasho repository, Japan.



The wastes are emplaced in the disposal modules by means of a remotely 
operated crane.

The monitoring system consists of measuring samples of soil and vegetation 
from the nearby area (quarterly), surface and groundwater (monthly) and gamma 
dose rates (weekly). In the samples, total alpha, beta and gamma activities are deter
mined, together with the total amount of ^Sr and the gamma spectrum.

In Japan, applications for the construction of a shallow land repository have 
been submitted to the authorities. The Japanese site is located at Rokkasho village, 
Aomori Prefecture, northeastern Japan. It is located on marine terraces about 
40-50 m above sea level (Fig. 8).

The bedrock at this site is Tertiary sandstones and tuff. The Quaternary 
deposits, unconformably overlying the Tertiary, are extensively distributed in this 
area and are divided into terrace deposits (mainly composed of medium to coarse 
sand), volcanic ash and alluvium deposits of a thickness of about 3 m. The disposal 
units will be located directly on Tertiary rocks. The regional climate is characterized 
by cool and short summers and cold and long winters. The water-table is about 2 m 
below the ground both before and after site grading work and rises almost to the 
ground surface during snow melting and after heavy or continuous rainfall.

Disposal will take place in concrete pits, mainly below the water-table. The 
wastes to be buried are conditioned liquid waste concentrates, spent resins, waste 
sludge and solid wastes generated by nuclear power plants. The wastes are condi
tioned with cement, bitumen or polyester and contained in 200 L steel drums. For 
transportation, the waste drums will be placed in standard containers at the nuclear 
power plant. They will be transported by a special ship assigned exclusively to this 
service. One pit can accommodate approximately 5000 drums. After the drums have 
been placed in the pit, the void space between the drums will be filled with mortar, 
and a reinforced concrete cover will be emplaced. The burial area will be backfilled, 
and a 4 m thick earth covering 4 m thick will be placed over the top of the pits 
(Fig- 9).

In the first phase, 40 000 m3 of waste will be disposed of during a period of 
10 to 15 years. Afterwards the facility could be expanded as needed. After closure, 
the site will remain under institutional control for approximately 300 years.

6.3. DEEP GEOLOGICAL DISPOSAL

Deep geological repositories have been designed for all waste categories, and 
for some types of waste deep repositories have been constructed and operated. The 
technical factors involved in the design, construction and operation of deep reposito
ries are similar to those for shallow repositories and include the following:

— waste amounts and properties;
— site characteristics;
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— technical feasibility, including costs; and
— regulatory and statutory requirements and criteria.

Design and development of deep repositories evolve through stages; design 
iterations can take into account the findings of investigations, construction and opera
tion, and of performance assessment.

Safe disposal of radioactive waste in deep repositories requires a series of oper
ations to be carried out, ranging from waste conditioning and packaging to waste 
emplacement in the disposal locations and sealing of the repository. These operations 
require a number of services and facilities, including for example, waste receipt 
facilities, ventilation, power generation, safety provisions, workshops and decon
tamination areas. For these, well proven methods and technologies satisfying mine 
safety standards are available.

Broad definitions for the various waste categories have been established. Waste 
conditioning techniques have been developed and applied on an industrial scale. 
Waste package content, radioactivity, heat output, packaging and production sched
ules have been defined for some applications [89].

Technological capability for the construction of deep repositories is also avail
able as it is based on current drilling, tunnelling and mining technology. Direct 
experience is being obtained from specific tests (e.g. tunnelling in plastic clays in 
Belgium, and dry drilling in salt and tuff in Germany and the USA, respectively).

Waste emplacement techniques have been demonstrated in a few cases for low 
and intermediate level wastes in Sweden and Germany and tests with transuranic 
wastes are planned to be conducted in the USA at the Waste Isolation Pilot Plant 
(WIPP) facility.

Backfilling and sealing of underground cavems/vaults, holes, galleries and 
shafts have been practised in the past in mining, drilling and underground civil 
engineering works. For the purpose of radioactive waste disposal, various potential 
backfill and seal emplacement techniques and materials have been identified and are 
being investigated, with emphasis on their performance under repository conditions. 
Tests and experiments are or have been performed on this particular issue for various 
materials and for different concepts [51],

Reliable cost estimates for the construction and operation of future repository 
concepts can be made on the basis of present day practice and experience in mining, 
civil engineering and the nuclear industry. The experience already gained in con
structing and operating some deep repositories can also be used for cost estimates. 
The cost evaluations and analyses made up to now indicate that the various concepts 
of deep disposal may vary significantly in construction and operation costs.

Some degree of surveillance and monitoring is required during the construction 
phase as well as during the phase of operation. Additional surveillance may be 
desirable after repository closure for reasons other than strict performance 
confirmation.

57



During construction and operation, national regulations for mining, environ
mental protection and nuclear safety must be considered. The requirements of min
ing authorities may, for example, include surveillance and monitoring of possible 
water leakage and stability of excavations. The radiation safety requirements dictate 
that during operation, radiation exposures and contamination be monitored in the 
facility and in the surrounding area, in order to confirm that individual and popula
tion doses arc kept below the regulatory limits. This is normal practice in the nuclear 
industry. Surveillance and monitoring after the closure of deep repositories are 
matters national authorities have to decide. The safety of a deep repository should 
not rely on active monitoring, surveillance, institutional controls or remedial actions 
after the time when the control of the repository is relinquished.

6.3.1. Deep repositories for LLW and ILW

Deep disposal facilities for LLW and ILW have been or are being constructed 
and operated in some countries: Germany (Asse and Morsleben), Sweden (Fors- 
mark) and Czechoslovakia. The WIPP facility in the USA is ready to start a testing 
phase with transuranic waste.

In other countries deep disposal facilities are being constructed or are in the 
licensing process: examples arc the Konrad facility near Salzgitter in Germany and 
the disposal facility at Olkiluoto in Finland. Brief descriptions of these facilities are 
given below.

Asse (Germany)

The Asse salt mine, located in a salt dome in Germany, was exploited for 
potash and rock salt production from 1908 to 1964. Thereafter, it was operated as 
a pilot national repository for the disposal of LLW and ILW, in addition to its main 
purpose of an underground research laboratory. The disposal rooms for LLW were 
large excavations at the 775 750 and 700 m levels below the surface. These rooms 
have been sealed, after being backfilled with crushed salt. For ILW a disposal cavern 
about 500 m below the surface was used. In this salt mine 124 500 containers of 
LLW and 1300 drums of ILW were emplaced between 1967 and 1978. After that 
time, no more waste was disposed of, and activities are restricted to experiments on 
the interaction of HLW and rock salt, especially with regard to the planned reposi
tory in the Gorleben salt dome. A new repository for disposal of LILW is being 
developed on a commercial scale in the former Konrad iron mine [90].

Morsleben (Germany)

In the former German Democratic Republic an existing salt mine near Mors
leben was selected and adapted as a central repository for low and intermediate level 
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wastes from nuclear reactors and from the production and use of radionuclides. The 
repository is located in a large salt dome [91].

Three procedures have been used for disposal at Morsleben:

— stacking of 200 L drums in disposal rooms;
— emplacement of solid, unpackaged or unconditioned waste directly into an 

underground cavity; and
— in situ solidification of liquid low level waste in a disposal cavity.

Influence of heat and radiation on the rock salt has been investigated by in situ 
experiments.

SFR (Sweden)

In April 1988, the Swedish Final Repository at Forsmark (SFR) started accept
ing LLW and ILW. The repository was built in crystalline rock, about 60 m under

FIG. 10. Tunnels and caverns in construction Phase I, SFR, Forsmark, Sweden.
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the sea bottom. It consists of different types of chambers adapted to the disposal of 
various types of waste containing short lived radionuclides. For long term safety, the 
repository is located in rock with low groundwater flow and relies on engineered bar
riers between the waste and the rock [92].

Wastes accepted at Forsmark contain short lived radionuclides produced 
mainly in nuclear power plants and in the central storage facility for spent nuclear 
fuel. These wastes are solidified in cement or bitumen or dewatered in large concrete 
tanks.

The basic design goals of the SFR are to ensure that

— the radioactivity is contained to such an extent that the calculated dose to the 
most exposed member of the public will be well below 0.1 mSv/a;

— control after closure of the facility is not necessary; and
— the repository is adapted to the existing and planned waste types.

The main part of the construction has been the civil engineering work, espe
cially the excavation of about 430 000 m3 of solid rock by conventional techniques 
and the construction of buildings on the surface, operations facilities and rock 
caverns for 60 000 m3 of waste. A second construction phase for the disposal of 
additional 30 000 m3 of waste is planned to be completed around the year 2000.

The layout of the rock chambers has been adapted to the different waste types, 
their radioactivity content, composition and handling requirements. The waste pack
ages, containing about 90%, of the activity are placed in the 50 m high silo shaped 
cavem (Fig. 10) while waste with lower activity content is placed in the horizontal, 
60 m long rock chambers. The waste in the silo is surrounded by an extensive barrier 
system consisting of

— the waste form and waste package (steel or concrete);
— the concrete wall of the silo (about 1 m thick);
— a bentonite clay buffer; and
— the rock mass.

When the facility is in full operation, about 6000 m3 of waste will be received 
annually. During its first year of operation, the SFR was put into active operation 
area by area, starting with the rock chambers.

WIPP (USA)

The WIPP in the USA is a repository constructed in a bedded salt formation 
for the disposal of transuranic wastes from defence activities [93]. The surface facili
ties have been completed and the underground development consists of a test area 
and a disposal area, covering together 775 m by 1.560 km in a single disposal 
horizon, about 660 m below the surface (Fig. 11). Two shafts, 3.66 m and 1.83 m 
in diameter and drilled to a depth of about 660 m, and about 4 km of exploratory
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FIG. 11. Layout of WIPP facility, Carlsbad, New Mexico, USA.
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FIG. 12. Layout of Konrad facility (dimensions in metres).

drift tunnels and rooms have been constructed The experimental programme has 
been designed to study thermal and structural interactions, plugging and sealing of 
boreholes and shafts and waste interactions with the repository environment. In 
1991, the WIPP is expected to start a five year test programme with contact handled 
(i.e. low level) transuranic wastes. If this testing is successful and compliance with 
environmental standards is demonstrated operation will begin.

The Konrad facility (Germany)

The Konrad facility in Germany is a former iron mine in sedimentary rock 
[94], The host formation is covered by several argillaceous formations, acting as a 
supplementary barrier. The repository is planned for radioactive waste with low heat 
output (650 000 m3 of waste with a total radioactivity of about 1017 Bq and a total 
heat output of 1O4 W).

The waste will be stacked in a series of large volume disposal galleries to be 
constructed along an inclined panel between 1300 and 850 m below the ground 
(Fig. 12). The galleries containing wastes in drums or contaminated components can 
be backfilled and sealed, as can the rest of the mine. The licensing procedure for 
construction and operation is pending, with disposal operations to start after licence 
issuance.

Olkiluoto (Finland)

The Olkiluoto repository in Finland is constructed in hard rock, at a depth of 
50 to 100 m [95]. The repository is located near a power plant and will accommodate
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FIG. 13. Layout of Olldluoto facility.

about 14 000 m3 of non-heat generating compacted and bituminized wastes and 
about 1000 m3 of activated metal components. The total radioactivity of the waste 
is estimated to be about 2 x 1016 Bq.

The underground part of the repository consists of a waste vault with two silos 
(in the lowest half of the repository) and auxiliary facilities (Fig. 13). Bituminized 
waste will be placed in one silo and dry LLW in the second one. The diameter of 
the silos is 22 m and the height about 25 m. The silo for bituminized waste will be 
lined with a 50 cm reinforced concrete wall which functions as an extra barrier. 
Handling and emplacement of the waste will be performed remotely.

Backfilling of the disposal vaults will be done with crushed and ground host 
rock, and the major water bearing fracture zones crossing the access tunnels will be 
sealed with concrete plugs. The upper end of the tunnel will be filled with crushed 
rock and boulders to prevent human intrusion. The vertical shaft will be filled with 
crushed rock and concrete plugs.

6.3.2. Conceptual designs for deep repositories for LLW and ILW

In some countries, deep repositories for LLW and ILW are in the conceptual 
design phase. An example is the deep underground cavern concept developed in 
Switzerland [56, 71).

In this concept, the waste will be disposed of in underground concrete lined 
caverns with access through horizontal adits. Auxiliary facilities are also foreseen 
underground. Various rock types are being considered for such a repository.
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FIG. 14. Perspective overview of type B repository installations, Nagra, Switzerland.



Waste, conditioned with a variety of materials (cement, bitumen, polymers) 
would be solidified in drums, which then would be encased in concrete containers. 
The containers would be stacked in the disposal caverns (Fig. 14).

After the repository had been filled with waste, underground voids would be 
backfilled with a special cement, and adits and other connections with the surface 
would be sealed.

To optimize waste containment, various waste types would be emplaced in 
separate sectors of the repository. Site selection is currently under way.

6.3.3. Conceptual designs for deep repositories for HLW and spent fuel

Some of the concepts described in the preceding paragraphs are suitable for 
the disposal of long lived wastes that generate minor amounts of decay heat. Concep
tual designs for repositories for HLW and spent fuel (SF) also take into consideration 
significant quantities of heat generated by radioactive decay of the contained 
radionuclides.

At present, no repository for HLW or SF is in operation. However, many 
countries are investigating potential host rocks. Some have developed underground 
research laboratories, and others have developed conceptual repository designs. The 
level of design development depends on the amount of site specific information that 
has been obtained.

There is no urgency to dispose of HLW and spent fuel since vitrified HLW 
and spent fuel can safely be stored for many years. Heat generation rates in the waste 
suggest storage times ranging from 10 to 70 years, depending on the host rock and 
repository design, to accommodate temperature conditions in the repository host 
rock.

The following sections describe conceptual designs for repositories for heat 
generating waste in different host rocks under consideration.

6.3.3.1. Repositories in rock salt

Salt formations have several attractive features as potential host rocks for deep 
repositories. They have negligible permeability and extremely low water content. In 
addition, they are easily mined or drilled with existing technologies, and their high 
thermal conductivity expedites dissipation of the heat released from the waste.

The thermomechanical behaviour, also called creep, of salt will provide a 
natural mechanism for sealing cavities and boreholes. Rock salt was the first geologi
cal medium suggested for the disposal of HLW [96],

Several countries have considered the possibility of using salt formations 
(bedded salt and salt domes) for disposal of HLW, including Denmark, France, 
Germany, the Netherlands, Spain, the USA and the former USSR. In situ experi
ments have been carried out in a number of salt mines to investigate important
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aspects of disposal in salt (Lyons, Kansas and Avery Island, Louisiana, USA; Asse 
and Morsleben, Germany; WIPP, New Mexico, USA). The experiments have been 
aimed at the investigation of thermal effects, thermomechanical effects, radiation 
effects, brine migration, borehole and shaft sealing, waste emplacement, and other 
effects.

The programme in the USA has considered disposal of HLW and SF in both 
bedded salt and salt domes. Repository concepts have been developed for the two 
types of salt formation. However, work was discontinued because legislation 
selected the Yucca Mountain site in volcanic tuff before detailed site specific reposi
tory concepts could be developed.

Conceptual designs for repositories in salt domes have been produced in the 
Netherlands and in Denmark. The Dutch plan is to stack many waste containers in 
deep boreholes drilled from access drifts excavated inside the salt dome. Since no 
specific dome has been chosen, design has not proceeded beyond the conceptual 
stage. The Danish disposal concept is similar, with the important difference that the 
disposal boreholes would be drilled directly from the surface. In Denmark, a candi
date salt dome has been identified (Mors salt dome), but work has not advanced 
beyond the conceptual stage since no nuclear power plant has been built in the 
country.

In France and Spain, work is still at the site investigation stage.
In Germany, work is going on to characterize the Gorleben salt dome. The 

results of the surface exploration programme have confirmed the suitability of the 
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Gorleben salt dome for further investigation and have justified the excavation of the 
shafts. By the end of 1997, completion of the underground exploration programme 
is planned. If the underground investigations yield positive results and the plans have 
been approved by 2002, construction of the repository can start, and the first 
emplacement of radioactive waste may begin in the year 2007.

The design for the Gorleben repository is shown in Fig. 15 [10]. All disposal 
areas will be on one level. The final position and shape of the repository in the salt 
dome will depend on the geological conditions encountered within the salt dome. In 
the reference design, HLW canisters are placed in unlined boreholes drilled verti
cally downwards from the disposal level. The plannd stacking height of the HLW 
canisters is about 300 m. The boreholes will be closed, without backfilling, with a 
plug which will consist of compacted crushed salt or salt concrete. The individual 
disposal drifts will be backfilled with crushed salt and sealed from the rest of the 
operating mine by a horizontal seal of salt concrete. After the disposal operations 
have been completed in a specific field, this disposal field and — later on — the 
whole disposal floor, will be sealed by dams. The dams will have a complex structure 
whose exact composition has yet to be determined. After the operations are com
pleted the shafts will be backfilled and sealed. The objective of shaft sealing is to 
achieve permeabilities which are comparable with those of the surrounding geologi
cal formations.

The repository design is based on an integrated nuclear electricity production 
of 2500 GW-a. The repository will accept all waste from reprocessing (and, possi
bly, conditioned spent fuel) and about 50% other wastes.

The safety criteria require that, even in the very unlikely event of radionuclide 
transport by water, individual dose rates would not exceed the value of 30 mrern/a 
(0.3 mSv/a). It is assumed that the barrier system guarantees no leakage at all during 
the first 1000 years, no matter what the circumstances.

To meet the safety criteria, the different kinds of waste would be placed in 
separate areas. Heat generating waste will be emplaced in deep boreholes (300 m), 
dry drilled from access galleries at the 840 m level. Other types of waste will be 
disposed of in chambers. Borehole and chamber dimensions are determined by the 
waste data. Among other things, the size and layout of the mine workings are 
designed to match the quantity and properties of the waste packages.

In developing the underground excavations, safety offsets would be main
tained, at least 200 m from the flanks of the dome and at least 300 m from its top. 
A safety pillar, where no waste is emplaced, will be left around each shaft.

6.3.3.2. Repositories in hard rocks

Hard rock is a term that may refer to a large variety of materials, including 
igneous and metamorphic rocks and also some sedimentary rocks such as hard lime
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stones and sandstones. Hard rocks occur abundantly in the earth’s crust and practi
cally all countries have access to large bodies of hard rocks at various depths.

Some hard rocks have very favourable physical and chemical properties.
They exhibit great strength which makes them resistant to erosion and allows stable 
openings to be constructed. There is widespread experience in mining and perform
ing underground construction work in such rocks. Hard rocks are usually character
ized by very low intrinsic permeability; however, the presence of fissures and 
fractures is responsible for increasing the bulk permeability of the rock, occasionally 
to relatively high levels. Hard rocks of low permeability are being considered as 
candidates for waste disposal; however, even favourable bodies of hard rock are 
likely to contain some discontinuities that carry a limited amount of circulating 
groundwater.

A large part of site characterization in hard rocks consists of studying the frac
tures and their hydraulic properties.

Sealing and plugging techniques have been developed for controlling the 
hydraulic conductivity of single fractures or of complex fracture systems.

A number of countries have considered hard rocks as potential media for 
disposal of HLW and SF: Argentina, Canada, Finland, France, India, Japan, the 
Republic of Korea, Spain, Sweden, Switzerland, the UK and the USA. One of the 
most detailed concepts for a repository in deep hard rock has been developed in 
Sweden (KBS-3). A short description of the concept is given below.

KBS-3 (Sweden)

To meet a requirement of Swedish law, reactor owners had to demonstrate in 
conceptual studies that HLW or spent fuel could be disposed of in a manner which 
fulfils very high safety requirements. The KBS-3 concept, as presented in 1983, has 
been accepted by the Swedish government as adequate to demonstrate the feasibility 
of disposal [97].

The repository is intended for the disposal of SF from the entire Swedish 
nuclear power programme, that is 7000 t of spent fuel. It is proposed that the spent 
fuel will be stored for 40 years for cooling, encapsulated in copper canisters with 
wall thickness of 10 cm and voids filled with lead or compacted copper powder (hot 
isostatic pressing), and moved to the repository for disposal.

The disposal zone will be in crystalline rock at a depth of at least 500 m. 
Access to the repository will be through vertical shafts. A system of parallel tunnels 
with vertical disposal holes will be excavated at the appropriate depth. The canisters 
will be surrounded by a buffer consisting of highly compacted bentonite. The 
emplacement procedure is illustrated in Fig. 16. When disposal operations in the 
repository are concluded, drifts and shafts will be backfilled with a mixture of 
bentonite and sand.
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FIG. 16. Canister emplacement in the SKB concept [98].

After the concept was approved, the Swedish Nuclear Fuel and Waste Manage
ment Co. (SKB) continued its research work on all scientific topics related to the 
KBS-3 concept in order to further improve its scientific base and to find an optimized 
technical solution that can be implemented shortly after the turn of the century. In 
parallel, SKB is also studying other disposal concepts and working on site selection.

Disposal concepts considered by other countries in hard rocks may differ in 
some aspects, such as the choice of materials or sealing procedures, but in general 
are similar to the Swedish concept.
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6.3.3.3. Repositories in argillaceous formations

Argillaceous sediments are the most abundant sedimentary materials. They 
present the most extreme variability from the viewpoints of dimensions, 
homogeneity, mineral composition and geotechnical, hydraulic and geochemical 
properties. When clay rich layers are sufficiently thick and homogeneous they can 
be a favourable host rock for the isolation of long lived radioactive waste. In fact 
argillaceous formations at their best offer low permeability, high sorption capability 
for most radionuclides and high plasticity. Ail of these are properties that contribute 
to reliable long term isolation.

However, the relatively high plasticity of argillaceous sediments, while 
favourable to maintaining the integrity of the host rock, presents engineering difficul
ties since al) underground openings in clays require extensive support.

Several countries have considered the possibility of using argillaceous forma
tions (plastic clays, mudrocks, marls, shales, etc.) for the disposal of HLW and SF, 
including Belgium, France, Italy, Switzerland and the USA. At present, the 
programme in the USA is concentrating on another host rock, while French studies 
are still in the siting phase. However, conceptual designs have been developed for 
deep repositories in clay both in Belgium and in Italy. The Belgian design has been 
developed for boom clay at the Mol site while the Italian concept could be applied 
to a number of sedimentary basins, provided an adequately thick layer of relatively 
homogeneous clays is found.

The boom clay at Mol is about 100 m thick and is found between 160 and 
270 m below the surface. The repository would consist of a series of tunnels exca-

F1G. 18. Deep borehole concept for argillaceous repositories 134/.
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FIG. 19. Sequence of events in constructing a deep borehole, emplacing waste and sealing. 
The geological profile is schematic and the disposal system adaptable.



vated in the central section of the clay layer. The tunnels would be supported by a 
concrete liner. Two shafts would be required for safe operation of the repository. 
HLW canisters would be placed in the centre of the disposal tunnels, which would 
be backfilled with concrete. Experiments are going on at this time to optimize back
filling and sealing of the repository. The concept is shown schematically in Fig. 17.

The Italian concept consists of placing the HLW canisters in deep boreholes 
drilled from the surface. Many sedimentary basins in Italy are filled with argillaceous 
sediments that can be as thick as hundreds and even thousands of metres. Even on 
the assumption that the low permeability zone would be only 200 m thick, the con
cept remains very attractive. The chief advantages of a deep borehole facility are 
economics and ease of operation. The facility would be intrinsically modular and 
boreholes would be drilled as they are needed. The concept is illustrated schemati
cally in Fig. 18 [34],

A critical aspect of disposal in deep boreholes drilled in clay formations is 
backfilling and sealing of the boreholes. The sequence of operations required to fill, 
backfill and seal a disposal borehole is shown schematically in Fig. 19.

Plans exist for an experimental programme aimed at demonstrating the feasi
bility of the deep borehole disposal concept, including demonstration of borehole 
drilling, waste emplacement and sealing [98].

6.3.3.4. Repositories in tuff

The USA plans to dispose of spent fuel and HLW in an unsaturated tuff forma
tion at the Yucca Mountain site in Nevada [73], Japan has also expressed interest 
in tuff as a potential host rock.

Tuff is formed by the accumulation of glassy fragments from an explosive vol
canic eruption. Depending on the conditions of the eruption, the resulting rock may 
be glassy or microcrystalline. The only tuffaceous rock that is currently a candidate 
for a repository is a welded, devitrified tuff consisting of a very fine grained inter
growth of quartz, cristobalite and alkali feldspar, with minor amounts of smectite 
clay.

The proposed repository would be above the water-table in the unsaturated 
zone. The candidate rock would have a porosity of about 10% and one to three frac
tures per metre. To compensate for the natural fractures, seals can be built into the 
repository . In the ambient state the pores are partially filled with water. The reposi
tory should be about 300 m below the eastern flank of Yucca Mountain, while the 
water-table at the site is between 150 and 300 m below the proposed repository 
horizon. The rock units beneath the repository contain layers of zeolites which are 
known to be effective in retarding radionuclides.

The geological repository will consist of surface facilities, underground facili
ties and shafts and ramps connecting the surface and underground facilities. A sketch 
of the conceptual layout is shown in Fig. 20.
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The repository is intended to accommodate 70 000 t equivalent of spent fuel 
from civilian power reactors and defence high level wastes. The defence waste will 
be vitrified and poured into metal containers.

The disposal horizon is in a welded tuff formation that is sufficiently thick and 
large to accommodate the repository. Existing information about the site indicates 
that an area of about 8.7 km2 would be available underground for waste emplace
ment; current plans call for using about 5.7 km2.

The main component of the underground layout is the emplacement panel — 
a volume of rock in which the waste would be emplaced. The panels would be about 
420 m wide, parallel to the main drifts, and 450 to 960 m long, perpendicular to the 
main drifts. Spaced within each emplacement panel would be a number of emplace
ment drifts, in which boreholes would be drilled for the emplacement of waste. The 
preliminary layout calls for 18 emplacement panels; this layout is based on an areal 
power density of 137 kW/ha to keep the rock in the repository above the boiling tem
perature of water and thus convert all water to vapour. The vapour is expected to 
migrate through the connected pores in the rock matrix and be driven off to the 
atmosphere. Waste emplacement operations would follow the order used for panel 
development.

In the conceptual design for the site characterization plan (SCP), the reference 
waste emplacement mode is vertical emplacement. In this mode (Fig. 21), the 
boreholes, about 7.5 m deep and about 75 cm in diameter, would be drilled vertically 
into the floor of the emplacement drifts, and a single container of waste would be 
emplaced in each borehole with an air gap of 7 cm between the container wall and 
surrounding rock. The 7 cm air gap between the container (waste package) and the 
surrounding host rock is intended to function as a barrier to prevent water from 
reaching the waste package. An alternative mode that has been considered is horizon
tal emplacement; in this mode, much longer boreholes, possibly extending nearly 
120 m, would be drilled horizontally into the walls of the emplacement drifts, with 
a number of waste containers emplaced in each hole.

To protect the waste container in vertical emplacement, a support plate would 
be inserted into the bottom of the borehole, which would be lined with a metal casing 
to a height exceeding that of the container. After the container has been emplaced 
in the borehole, a metal plug of adequate thickness would be inserted to provide 
shielding from radiation, crushed tuff would be packed on top of this shielding, and 
finally the borehole would be closed with a metal cover.

The emplaced waste would be retrievable for 50 years after the start of 
emplacement. Thus, after the waste emplacement period, which is scheduled to last 
26 years, a ‘caretaker’ period of 24 years, which is expected to include extensive 
monitoring for comparison with earlier design and performance predictions, would 
begin. At the end of the caretaker period the repository would be prepared for perma
nent closure by backfilling the underground areas and.permanently sealing the shafts 
and ramps.
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FIG. 21. Diagram of a vertical waste emplacement borehole at Yucca Mountain repository.

Proposed concepts for sealing shafts and ramps from the surface include sur
face barriers, shaft fill, settlement plugs and station plugs. The surface barrier would 
consist of a shaft cover, a collar core and an anchor-to-bedrock plug seal. The shaft 
fill may consist of crushed tuff. The fill would be supported by the settlement plug 
to prevent the development of a surface depression, which could lead to the ponding 
of surface water.
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Similar concepts are proposed for sealing the access ramps. If necessary, dams 
would be installed at intervals in the ramp to encourage the downward flow of water 
through the tuff rather than down the ramp. These dams would consist of a material 
that is less permeable than the undisturbed rock. However, in the unsaturated zone, 
the flow of water is expected to be negligible, and hence no dam may be needed.

Boreholes from the surface of Yucca Mountain will be contained within pillars 
inside the underground repository and may be sealed by conventional cement plug
ging and the emplacement of granular material. Current plans for the repository at 
Yucca Mountain call for backfilling the underground openings at repository closure 
rather than soon after waste emplacement — because backfilling is not necessary to 
ensure mechanical stability during the retrievability period. The material selected for 
backfilling is the tuff excavated during construction of the repository.

6.4. ALTERNATIVE WASTE DISPOSAL CONCEPTS

6.4.1. Sea disposal

Disposal of packaged low level radioactive waste into the sea is an alternative 
to disposal in land based repositories. Sea disposal was practised in a selected area 
of the North Atlantic Ocean between 1949 and 1982; from 1967 untill 1982, the 
operations were performed either as OECD/NEA co-operative projects or under 
NEA surveillance. Sea disposal has been studied since 1949 and regularly practiced 
by several European countries in the past; it remains under consideration by some 
countries. It is technically feasible with negligible environmental impact, in part 
because of the enormous dilution potential of the sea. Since 1983, there has been a 
non-binding moratorium on sea disposal of radioactive waste while certain issues 
raised by the London Dumping Convention (LDC) parties are resolved.

6.4.2. Seabed disposal

Disposal of high level waste or spent fuel in suitable geological media beneath 
the ocean floor at a depth of at least 4000 m is a potential alternative to geological 
disposal on land. In the seabed concept, the safety of the system would be ensured 
by multiple barriers, both engineered and natural, for geological disposal; in addi
tion, there is a supplementary factor of high dilution within the seal.

The design of waste packages suitable for seabed disposal is almost the same 
as for geological disposal on land, i.e. waste packages consist of the waste form, the 
canister and any additional containers or overpacks.

A study of the engineering feasibility of seabed disposal was commenced in 
1977 in the framework of the Seabed Working Group established under the Radio
active Waste Management Committee of the Nuclear Energy Agency.
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For the emplacement of waste packages beneath the ocean floor, for a detailed 
study two methods were chosen among several proposed concepts. One is the 
emplacement of strings of waste canisters in drilled holes; the other one is burial in 
the ocean floor by free falling penetrators.

These two options have been found to be technically adequate for emplacing 
the wastes at suitable depths into sediments beneath the ocean floor. To date, the 
general feasibility of seabed disposal has been established by the efforts of several 
countries and international organizations. Further research is needed to reduce the 
remaining uncertainties, such as pore water migration in the sediment, the adsorption 
properties of the sediments, and deep sea biological activity, before actual disposal 
schemes could be implemented. Because of legal and jurisdictional issues raised by 
the London Dumping Convention, interest in subseabed disposal is quite low at 
present.

7. PERFORMANCE ASSESSMENT OF 
DISPOSAL SYSTEMS

7.1. INTRODUCTION

As discussed in Section 2 of this report, different types of safety principles can 
be established for radioactive waste disposal systems. In some countries, detailed 
criteria have already been developed for different waste types, whereas in other 
countries the protection objectives have been set and criteria have to be developed 
by those responsible for performing disposal. In the latter case, these criteria are still 
under development. Because of the time-scales over which radioactive materials 
remain hazardous, compliance with these criteria can be assessed only by means of 
predictive models that describe the behaviour, or the ‘performance', of the disposal 
system. In the case of waste containing short lived radionuclides, such assessments 
extend over hundreds of years after closure of the disposal facility. In the case of 
waste containing long lived radionuclides, the performance assessments must con
sider the behaviour over tens of thousands of years. In addition to such 'post-closure' 
assessments, the radiological (and non-radiological) safety of the repository before 
closure (‘pre-closure’) must be analysed. Performance assessments are an iterative 
process that are conducted periodically to aid in developing the site characterization 
programme to support site selection, for design and for licensing. The emphasis of 
this document is, however, on the use of performance assessments to evaluate perfor
mance during the post-closure period.
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A major review of the state of the art of performance assessment methods was 
conducted in Paris in 1989 by the OECD/NEA, the IAEA and the Commission of 
the European Communities. The results of this symposium on Safety Assessment of 
Radioactive Waste Repositories has led to the development of a collective opinion 
by expert groups advising these international organizations that safety assessment 
methods are available to evaluate adequately the potential long term radiological 
impacts of a radioactive waste disposal system, and that appropriate use of safety 
assessment methods, together with sufficient site specific information, can provide 
the technical basis for decisions on the safety of specific disposal systems [99].

FIG. 22. Simplified flow diagram illustrating the iterative nature of performance assessment 
and site characterization. Only some principal steps and feedback loops are illustrated in 
order to keep the diagram comprehensible. In particular, preliminary sensitivity and uncer
tainty analyses need to be undertaken before site characterization programmes and repository 
designs are developed.
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7.1.1. Definition of performance assessment and safety assessment

The IAEA [100] defines ‘performance assessment’ as an analysis to predict the 
performance of a system or subsystem, followed by comparison of the results with 
appropriate standards or criteria. When the system under consideration is the overall 
disposal system and the performance measure (or criterion) is the radiological impact 
or some other global measure of impact on safety, performance assessment is the 
same as safety assessment. Regardless of whether system performance or subsystem 
performance is being considered, a common goal is to use the best available methods 
and all available information as effectively as possible, including information from 
the field, from the laboratory and from natural analogues.

Assessment of system and subsystem performance plays a critical role in 
repository development programmes, and methodologies for performance assess
ment are accordingly receiving a substantial amount of attention at an international 
level. Figure 22 illustrates the iterative nature of site characterization, performance 
assessment and design, where site information and preliminary designs are used to 
conduct performance assessments that can be used to improve designs and guide 
further site investigations. This iterative process continues until the regulatory 
criteria can be met and the site can be licensed. While specific safety criteria may 
differ from one country to the next, and from one waste disposal concept to the next, 
increasing consensus has been reached on a general approach for performance 
assessment, even if the details of implementation differ from one disposal site or con
cept to another.

7.1.2. Types of assessment

7.1 .2.1. System and subsystem

For post-closure performance assessments, disposal systems can be con
veniently described in terms of three major subsystems:

(1) the repository and its contents, including all engineered barriers (i.e. waste 
inventory, waste form, container, buffer, backfill, seals);

(2) the geosphere (i.e. the host formation and surrounding rocks including fluids 
and gases capable of transporting radionuclides); and

(3) the biosphere, including soil, shallow aquifers, surface waters, the atmo
sphere, biota and man.

In practice, the study of all the behaviour of the complete disposal system is 
usually conducted by analysing radionuclide transport through particular subsystems 
and appropriately handling the interface between these subsystems. Regulatory 
criteria may demand separate assessments, or such assessments may prove useful in 
site selection or in the optimization of engineering design. The remainder of this 
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section will emphasize overall system assessments, as they are of utmost importance 
in reaching final licensing decisions.

7.1 .2.2. Generic and site specific assessments

Generic assessments are not based on data representative of any particular site 
and may be undertaken for different reasons:

(1) to assist in deciding among different disposal concepts;
(2) to assist in demonstrating the safety of, or in gaining acceptance for, a particu

lar disposal concept;
(3) to guide the development of site characterization programmes; and
(4) to demonstrate the use of performance assessment methods and techniques that 

may later be used for site selection or licensing.

Generic assessments have been carried out in most countries with nuclear power pro
grammes, particularly for HLW disposal [97], but also for LLW disposal [56]; such 
assessments have also been carried out at an international level [10].

Site specific assessments are an integral part of the decision making process 
during the siting, characterization, design, construction, operation, decommission
ing and sealing of radioactive waste disposal systems. For any particular site, an 
updated system assessment is performed whenever significant new information on 
the site is obtained. Such assessments form a crucial part of the licensing documenta
tion for disposal systems.

7.1.3. Elements of performance assessment

The general framework for performance assessment can be considered to com
prise a number of interrelated and iterative elements. One possible breakdown, con
sistent with previous IAEA practice [10], includes seven elements:

(1) identification of all categories of features, events and processes (FEPs) that 
could initiate release of radionuclides from the waste and cause their transport 
through the geosphere and biosphere to man, or influence release and transport 
rates;

(2) definition of scenarios (combinations of features, events and processes) of 
critical importance that should be assessed in characterizing disposal system 
performance;

(3) estimation of the probabilities of occurrence of these scenarios (elements 1, 2 
and 3 are collectively referred to as ‘scenario development’);

(4) development, verification and validation of models, databases and computer 
codes to represent the disposal system and to simulate its behaviour;

(5) calculation of the consequences of each scenario (4 and 5 are collectively 
referred to as ‘consequence assessment’);
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(6) estimation of the uncertainties in the results and identification of the parameters 
and assumptions that are of most importance (‘uncertainty and sensitivity anal
ysis’); and

(7) comparison of results with the appropriate standards or criteria.

The emphasis given to each of the seven elements may vary according to the 
purpose of the assessment and the level of understanding of the system. For example, 
in preliminary assessments designed for screening sites and analysis of engineering 
options, it may be sufficient and appropriate to consider only the most likely 
scenarios for radionuclide release and transport and to deal with probabilities and 
uncertainties mainly qualitatively. A full system assessment designed to provide 
input for final decisions on disposal sites and methods would generally require as 
comprehensive and quantitative a treatment as possible.

The remainder of this section deals with each of these elements in turn.

7.2. SCENARIO DEVELOPMENT

7.2.1. Systematic approaches

Although the general approach described above has been shown to be useful 
in a number of system assessments [10], it should be recognized that its detailed 
implementation may require sophisticated computing techniques to handle the poten
tially large number of resulting scenarios. Nonetheless, the approach has been exam
ined in detail by a working group of the NEA and appears to have international 
consensus behind its logical and systematic implementation. One practical approach 
discussed by this group comprises the following iterative steps:

(1) Identification of al) possible categories of features, events and processes, and 
classification by several possible schemes attempting to ensure completeness 
(e.g., natural, human induced, and waste and repository induced);

(2) Preliminary screening of this list according to explicit screening criteria (e.g. 
consequence or likelihood of occurrence) to eliminate those that are 
unimportant;

(3) Combination of the remaining features, events and processes into a set of 
scenarios (usually those remaining will form part of a single base case scenario 
that includes all features, events and processes reasonably likely to occur); and

(4) Screening of this set of scenarios according to explicit criteria and establish
ment of a final set of representative scenarios for detailed modelling and conse
quence analysis.

Normally at the end of this procedure, a base case scenario will remain, along 
with a number of ‘critical/disruptive’ scenarios that incorporate all of the features, 
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events and processes of the base case, plus one or more perturbing features, events 
and processes (e.g. volcanism or faulting). Where required by regulation, the proba
bility of occurrence of each of these scenarios will need to be estimated on the basis 
of the occurrence probabilities of the component features, events and processes. In 
addition to its use in performance assessment, this list of scenarios will form an 
important basis for site characterization programmes.

7.2.2. Probability estimates

The probability of occurrence of features, events and processes can be esti
mated in a meaningful way only on a site specific basis. Several different methods 
may be used, depending on the type of event or process under consideration and the 
data available.

Existing frequency data may be used to estimate a probability distribution func
tion (PDF) when sufficient data are available to demonstrate cyclicity and to provide 
a basis for projection into the future. A model of the physical system and a sampling 
procedure for Monte Carlo simulations can be used to estimate a PDF (‘modelling 
approach’), if the physical system is well understood, can be incorporated into a 
computer code, and there are sufficient data to generate a realistic PDF. A probabil
ity model (e.g. Poisson) can be used to derive a PDF (‘axiomatic approach’) if there 
are sufficient data to determine randomness and there is a likelihood of future 
randomness. In addition, subjective judgement is needed in applying any of these 
techniques or in the absence of a usable technique.

Probability estimation, particularly in the case of rare or non-periodic geologi
cal events and processes, may prove difficult owing to lack of available data to make 
meaningful estimates. In such cases, expert judgement and peer review are methods 
that are used to estimate the probabilities of rare events. Great care must be taken 
to demonstrate that a safety assessment is robust with respect to a variety of equally 
defensible assumptions that may be made in estimating probabilities of occurrence 
for particular events and processes (and, therefore, scenarios) on the basis of existing 
site data.

7.2.3. Probabilistic simulation

Extensive research and development work has also proceeded on an approach 
to modelling site evolution over periods of thousands to millions of years, known as 
the ‘probabilistic simulation’ approach [76]. In this approach, performance of the 
entire disposal system is modelled in a time dependent way. One model, which 
encompasses the disposal system and its possible evolution, accounts for all impor
tant couplings between features, events and processes. However, justification for the 
use of such a model will depend on the quality of the data likely to be available in 
the relatively near future.
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7.3. CONSEQUENCE ASSESSMENT

7.3.1. Model development

Predictive models need to be developed for the purpose of assessing the conse
quences for each of the representative scenarios in the final set. In practice, most 
emphasis is placed of the base case scenario, and on those disruptive scenarios that 
are likely to have the greatest impact on system performance.

Three types of models can be distinguished: conceptual, mathematical and 
computer. A conceptual model consists of a set of hypotheses that define the 
behaviour of a particular system. Conceptual models are developed on the basis of 
existing knowledge of the behaviour of the type of system under consideration, 
available data for the system under consideration, and expert judgement. Mathemati
cal models consist of the set of equations that represent the conceptual model. The 
mathematical models are then usually implemented numerically in a computer code, 
although analytical solutions may be available for simple subsystems or very prelimi
nary assessments. Simplifications are almost always introduced when going from 
real world conditions to conceptual models, to mathematical models, to implementa
tion in a computer code. Confidence in these models is provided through verifica
tion, validation and comparison with natural analogues.

7.3.2. Confidence building in models

7.3.2.1. Verification

Verification is the process of showing that the computer code derived from a 
mathematical model has been correctly implemented and meets its design require
ments, that is, that the equations have been correctly encoded and solved. This 
involves developing codes using qualified software (developed under a quality assur
ance programme), subsequent checking of the code to determine whether the 
programming is correct, and comparison of computed results with analytical solu
tions or other numerical solutions in benchmarking exercises. In addition to national 
code verification activities, several well known international verification activities 
have been undertaken. Examples of the latter include INTRACOIN, HYDROCOIN, 
CEC CHEMVAL, COMPAS and the NEA PSAC User Group.

7.3.2.2. Validation

Validation is the process of comparing model predictions with independent 
field observations and experimental measurements. In practice, it may be very 
difficult to fully validate any of the conceptual models used in performance assess
ments of underground disposal systems, primarily because of data limitations and the 
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length of the performance period. Therefore, a model can be considered appropri
ately ‘validated only when sufficient testing has been performed to ensure an accept
able level of predictive accuracy [100]. The acceptable level of accuracy 
(acceptability) is judgemental and will depend on the specific problem or question 
to be addressed by the model. Generic criteria for model validation should be 
developed.

An example that demonstrates the need for generic criteria is in the develop
ment of conceptual models ‘alternative’ to models constructed from prevailing expert 
judgement about system behaviour. Where competing alternative conceptual models 
exist to describe critical features, events and processes or the behaviour of particular 
critical elements of the disposal system, carefully designed tests must be developed 
within the context of a site characterization programme that can discriminate between 
the competing models. It is not sufficient to collect data simply to ‘confirm’ one 
particular conceptual model or another. If it is not possible to distinguish between 
such alternative conceptual models that are equally supported by existing data, 
neither model can be said to have been appropriately validated, and the model lead
ing to the most severe consequences will have to be used for assessment purposes.

Although expert judgement is important to the validation of system assessment 
models, data should be relied on to the extent possible. Multiple lines of evidence 
and multidisciplinary approaches are needed for the validation of such models. For 
example, where data from different disciplines support a single conceptual model, 
greater confidence may be placed in the use of that model. Further confidence may 
be gained in the use of particular conceptual models for subsystem behaviour through 
less direct methods, notably by comparisons with the behaviour of natural systems 
that contain naturally or artificially produced radionuclides or materials that may be 
used as engineered barriers in the repository (natural analogues). Archaeological 
evidence on the behaviour of man-made materials in the natural environment also 
provides evidence that can be useful in building confidence in models.

Natural analogues can be used in developing conceptual models (in particular, 
to ensure that all significant processes have been included), specifying data and 
boundary conditions for modelling purposes and validating the mathematical model. 
Analogues may be particularly useful in the process of building confidence in models 
of multiple coupled processes since natural systems are inherently interactive and 
provide a self-consistent database. In addition, analogues may play a useful role in 
building confidence in most types of long term performance prediction. However, 
thus far, it has been difficult to use the majority of analogue studies in a quantitative 
sense [101]. An important challenge for the quantitative use of natural analogues lies 
in being able to adequately specify the initial and boundary conditions of the ana
logue system.

Natural analogues may play a useful role in building public understanding of 
the performance assessment processes and the expected performance of the waste 
disposal system.
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7.3.3. Modelling of the subsystems

Sections 3 and 4 of this report discuss the function of natural and engineered 
barriers. In discussing the functions of the barriers, these sections also summarized 
the information requirements for modelling the performance of the barriers. This 
section briefly summarizes key information requirements for modelling the perfor
mance of the barriers and the biosphere. It also discusses data requirements for 
modelling critical disruptive scenarios.

7.3.3.1. Modelling of engineered barriers

A great deal of information is available for modelling the performance of 
engineered barriers in the repository although work is still ongoing. For example, 
the dissolution and leaching of the waste matrix and general corrosion of the con
tainer have been extensively studied, and models have been developed for uniform 
corrosion processes and the dissolution of freshly vitrified high level waste. Less is 
known about localized (e.g. stress corrosion cracking) and catastrophic corrosion 
processes and the leaching behaviour of spent fuel and aged vitrified wastes (with 
hundreds of years of radiation damage). In addition, low level waste forms and radio
nuclide concentrations are often poorly characterized, and the contents of canisters 
may be uncertain (see Section 2).

Barriers intended to minimize groundwater flow and radionuclide transport 
from the repository include the buffer, backfill and seals (see Section 4). The design 
and material selection for these barriers have been reasonably well established by 
laboratory and field studies, and their combined performance over long periods of 
time is the subject of much additional research and testing [51, 52].

7.3.3.2 Modelling of natural barriers

Uncertainties remain in assessing the performance of natural barriers, many of 
which can only be resolved by obtaining site specific information in underground test 
facilities at proposed repository sites. Several countries have developed underground 
research laboratories to obtain site specific information to develop and improve 
geochemical and hydrogeological models. In the absence of such information, ‘con
servative’ assumptions are made in performance assessments done to date to com
pensate for the uncertainties in modelling geosphere behaviour and evolution. This 
approach is acceptable for preliminary performance assessments but site specific data 
and models will be needed for licensing.
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7.3.3.3. Modelling of the biosphere

The patterns of radionuclide transport through the biosphere are better under
stood. The major uncertainties occur when the evolution of the biosphere in the 
future and the changing patterns of human behaviour are considered. International 
organizations (NEA, IEA) have efforts under way to attempt to develop consensus 
on an approach to handle uncertainties in long term dose assessments. One consider
ation is an alternative criterion (such as a release limit or goal) that would avoid the 
need to model the biosphere far into the future.

7.3.3.4. Modelling of critical scenarios

Models of critical (disruptive) scenarios are similar to those for the base case, 
but with the effects of one or more low probability disruptive features, events and 
processes (e.g. volcanism or faulting) superimposed. Considerable attention in site 
characterization will be devoted to investigating the probability and consequences of 
disruptive events and processes. A notable case is that of unintentional (inadvertent) 
human intrusion into the repository, e.g. via exploratory drilling. Inadvertent human 
intrusion may effectively short circuit the system of natural and engineered barriers 
and allow radionuclide releases directly into man’s environment. Indeed, interna
tional experience in developing methodologies for evaluating human intrusion 
scenarios suggests that consideration of human intrusion is an important factor in 
assessing the overall risks presented by radioactive waste disposal systems [102].

7.3.4. Analysis methods

Two types of performance analysis can be undertaken; they are referred to as 
deterministic and stochastic analyses. These techniques are complementary, and both 
will be used in a comprehensive safety assessment of the repository system and its 
subsystems.

7.3.4.1. Deterministic analyses

Deterministic analyses are the classical methods used in predictive mathemati
cal modelling of system behaviour. They require a good understanding of parameter 
values, as well as of the physical and chemical processes acting within the disposal 
system. Parameter values are considered to be exactly known in such analyses, and 
the effect of uncertainties in these values may be demonstrated by conducting 
‘bounding’ analyses that provide bounding or extreme estimates of system perfor
mance. It is not always clear for complex models, however, which combination of 
input parameters will lead to bounding estimates of system performance.
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7.3.4.2. Stochastic analyses

Stochastic analytical methods require the use of a sampling algorithm (e.g. 
Monte Carlo, Latin hypercube or importance sampling) to select numerous values 
for each uncertain input parameter from a distribution function defined for that 
parameter and a procedure for statistical ‘post-processing’ of the resulting output dis
tribution function. Such methods are particularly useful for characterizing variability 
and uncertainty in the parameters that are used in the modelling effort to define the 
physical and chemical characteristics of natural systems. A well known example of 
application of these techniques is SYVAC, the Canadian System Variability Assess
ment Code [103]. The principal drawbacks of using such techniques are the large 
number of simulations (often many thousands) required to obtain converged results 
for radioactive waste disposal applications and the difficulty of providing meaningful 
distribution functions for many of the uncertain parameters. The requirement for a 
large number of simulations imposes the practical constraint that the models describ
ing system behaviour must be simplified versions of the detailed research models. 
It must be demonstrated that the simplifications introduced do not lead to non
conservative representations of reality. Distribution functions must be derived on the 
basis of the available site characterization data and, usually, must be weighted with 
a high degree of subjective judgement; however, comprehensive methods are being 
pursued to aid in the development and justification of distribution functions [104],

7.4. SENSITIVITY AND UNCERTAINTY ANALYSES

The process of determining the degree to which the predicted system or sub
system behaviour depends on particular assumptions or parameters is called sensitiv
ity analysis. Uncertainty analysis is used to quantify the extent to which the predicted 
performance of any system or subsystem may differ from the actual performance.

7.4.1. Sensitivity analysis

The predicted system behaviour depends on four types of parameters: 
(i) initial conditions; (ii) boundary conditions; (iii) implicit parameters (usually cons
tants) that are built into the code; and (iv) explicit parameters that must be provided 
as input data. In addition, sensitivity to the different general assumptions on the sys
tem behaviour can be obtained such as whether a particular process needs to be 
included in model development or not. Sensitivity analyses of the first type allow an 
estimate of the influence of changing parameters on the predicted system behaviour 
for the purpose of identifying those parameters that affect the system behaviour 
strongly or to a negligible extent. Sensitivity analyses of the second type are under
taken to demonstrate that a simplified model is adequate for the purpose of a particu
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lar assessment or to indicate needs for changes in subsystem design. Both types of 
analysis are crucial for the establishment of priorities for resource allocation in site 
characterization and repository design programmes. Many well established tech
niques exist for sensitivity analysis, such as single parameter variation, multi
parameter variation and the adjoint method [105]. An intercomparison of these 
different techniques has been undertaken [104, 106].

7.4.2. Uncertainty analysis

Uncertainties in system performance assessments can be considered to arise 
from three sources:

(1) uncertainty in the evolution of the disposal system over the time scales of con
cern (‘scenario’ uncertainty);

(2) uncertainty in the conceptual, mathematical and computer models used to 
simulate the behaviour and evolution of the disposal system (e.g. owing to the 
inability of models to represent the system completely, approximations used 
in solving the model equations, and coding errors); and

(3) uncertainty in the data and parameters used as inputs in the modelling.

It may not be possible to express all uncertainties quantitatively. For example, 
techniques were discussed in Section 7.2 to deal with the issues of how to identify 
all relevant scenarios and how to estimate the likelihood of any particular scenario. 
The confidence in performance assessment results in terms of these uncertainties 
may be difficult to express quantitatively. Also, the question of how well models 
represent the real world may be difficult to address quantitatively (Section 7.3.2). 
A variety of techniques have been developed to deal with the uncertainty that the 
available information for a given site is representative of the conditions of the site. 
These can be categorized into (i) statistical methods (e.g. experimental design/ 
response surface methods or Monte Carlo methods); (ii) stochastic methods; 
(iii) interpolation methods; and (iv) differential analysis methods. The most 
appropriate technique(s) to use can be determined only by considering the problem 
at hand.

Not all uncertainties are reducible. Irreducible uncertainty, perhaps more 
appropriately referred to as variability, will always exist in natural systems owing 
to their complexity and the impracticability of completely characterizing such sys
tems. Although this type of variability can be evaluated quantitatively, the potential 
difficulty of characterizing a site relative to variability may be one important element 
in site selection programmes (see Section 5).
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7.5. COMPARISON WITH CRITERIA

A key issue in site characterization and repository design programmes is to 
know when sufficient data have been collected and the design has been sufficiently 
optimized. One measure of sufficiency is when a system performance assessment 
indicates that the relevant performance measure or regulatory criterion has been 
satisfied with a reasonable level of assurance. Complete assurance will normally not 
be possible in the case of wastes with very long lifetimes; the level of assurance that 
is required can, however, only be defined on a country, site and waste specific basis. 
The important point is that system and subsystem performance assessments need to 
be conducted early in disposal system development and iteratively throughout the site 
characterization and repository design process. Overall analyses of uncertainty will 
provide an indication of the level of confidence in the result and point towards the 
possible need for further refinements to methodology, site characterization or design 
optimization. Sensitivity analysis can then be used to point towards those particular 
parts of the assessment where further work would be of most benefit in increasing 
confidence (decreasing uncertainty) in the assessment result.

7.6. QUALITY ASSURANCE

Quality assurance comprises all those planned and systematic actions necessary 
to provide adequate confidence that a structure, system or component will perform 
satisfactorily. Quality assurance is an important management tool in applications of 
modem technologies and is extensively used in the nuclear industry. Quality assur
ance methods are being applied to repository design and site characterization pro
grammes in a number of Member States. The need to generate confidence in 
repository performance assessments dictates that quality assurance methods also be 
applied, as appropriate, to relevant aspects of data collection, model development, 
computer code development and integrated assessments. Proper use of such proce
dures will help to ensure that correct input data are used, the changes to models and 
data are controlled and documented and that traceable records are kept. These mea
sures will contribute to reducing uncertainty and increasing confidence in perfor
mance assessment results.

7.7. PEER REVIEW

Critical peer review forms an integral part of the scientific process for gaining 
acceptance of a new concept. Scientific work is published in the open literature 
where it is available for detailed review by experts in the field and can be challenged 
and where alternative hypotheses and interpretation of the results can be proposed.
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Eventually, through this process, a concept can become generally accepted by the 
scientific community or one of the alternative interpretations may become accepted. 
The peer review process is also fostered by scientific meetings, workshops and sym
posia, where researchers present and exchange information that may help to cor
roborate or may raise questions about scientific works until a consensus can be 
developed. These methods are particularly useful in a rapidly developing field such 
as repository performance assessment.

A particular example of the use of peer review is a specially organized review 
by a group of individuals who have expertise in the type of work being done, but 
who were not personally involved in, or responsible for, the work. These experts 
review the documentation of the work, ask questions of the scientists doing the work 
and document the results of their review, stating whether their review supports the 
conclusions reached by the researchers or whether alternative interpretations seem 
possible or preferred, based on their knowledge and experience. Such methods have 
been applied extensively in the Swedish KBS programme and more recently in a 
WATRP review of the UK/NIREX programme organized by the IAEA. Such 
methods can provide a highly credible, well documented process for supporting a 
course of action or provide a basis for an alternative approach and can be of signifi
cant value in repository performance assessment.

8. REGULATORY AND INSTITUTIONAL ASPECTS

8.1. REGULATORY PROCESS

Disposal of radioactive wastes involves a number of issues that are being 
addressed through a reasoned decision making process. The IAEA has published 
general guidance on the development of regulatory procedures for licensing of waste 
disposal facilities [107, 108]. The regulatory and implementing functions appropriate 
to various technical stages of repository development are described below.

In most countries, the regulation of waste disposal programmes is carried out 
by a body which may be a single national authority or a system of authorities desig
nated by the government. The organization which is responsible for the safe disposal 
of radioactive waste is required to implement several stages leading to the operation 
of the repository, i.e. repository site selection, site characterization and construction, 
operation, closure and long term surveillance of the repository, if any of these stages 
are likely to provide the basis for the structure of the licensing system.

In establishing licensing procedures, it is important for the regulatory body to 
state clearly what is needed to demonstrate compliance with the regulations. Vague 
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procedures or criteria can result in prolonged delays in securing authorization to pro
ceed with construction. If the procedures for reviewing the information provided to 
the regulatory body by the waste disposal organization are clearly defined and fre
quent discussions between the two bodies occur, it becomes easier to resolve any 
problems that might develop. The role and involvement of other parties will differ 
depending on the laws of Member States, but, with clear procedures and criteria 
available, the regulatory process is more likely to be focused on important aspects 
of the safety case rather than on problems related to the regulatory process itself.

8.2. FINANCING

It is a general principle of waste disposal (Section 2) that, since the present 
generation benefits from the exploitation of nuclear energy, it is reasonable that this 
generation should bear the financial burden of waste disposal. This principle has 
been implemented by a number of countries, where the cost of waste disposal is paid 
for by those generating the waste. In some cases, this takes the form of a charge per 
kilowatt-hour produced and consumed. The sums collected are used for research and 
development in waste disposal and are intended to be sufficient for the construction 
and operation of the necessary disposal facilities. In some countries, funds are also 
designed to cover the decommissioning of nuclear facilities, waste storage and the 
conditioning of the waste before disposal.

8.3. PUBLIC INVOLVEMENT AND UNDERSTANDING

Public perception and understanding are increasingly important factors in 
repository siting and development. Therefore, the goal of public involvement is to 
provide those considering themselves to be affected by the repository programme 
with a clear understanding of repository development and its potential effects. This 
can be achieved by giving them access to information on the process of site charac
terization and on the design of the repository system and providing explanations on 
the measures being taken to ensure their safety and to protect the environment from 
unacceptable impacts associated with radioactive waste disposal. An important con
cept that can be communicated to the public in this process is that selection of the 
actual site is likely to depend on both technical and non-technical factors, but the site 
selected would be one that fully satisfies the radiological protection and safety 
requirements.

As described in Section 8.1, the disposal programmes are likely to proceed 
through several distinct regulatory and technical stages. The activities involved at 
each stage vary between different countries and between different types of facility 
in one country. However, experience to date has shown that it is important to involve 
the public at the earliest possible stage.
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8.4. INTERNATIONAL CO-OPERATION

Subjects as complex as the disposal of radioactive waste benefit from interna
tional co-operation, which is particularly important in this case because of the long 
times involved and because of the uncertainties inherent in predicting the effects on 
future generations. A situation has evolved where Member States, through a variety 
of mechanisms, co-operate, through information exchange, in developing methodo
logies for performance assessment and general objectives and standards for waste 
disposal. Co-operation is particularly important for smaller countries and for those 
with less developed industrial infrastructures. Waste disposal standards that have 
been developed through international co-operation may be better accepted by the 
relevant authorities and the public than locally or nationally developed standards. To 
this end, the IAEA is planning to develop a Radioactive Waste Safety Standards 
(RADWASS) series of documents to assist member states in implementing their 
radioactive waste management programmes.

There has been extensive international co-operation in the radioactive waste 
management field over the last few years. This co-operation has involved several 
international bodies such as IAEA, OECD/NEA, CEC, United Nations Environment 
Programme and International Commission of Radiological Protection. The benefits 
of international co-operation have been felt throughout the field of radioactive waste 
management.

There has been much discussion in recent years on the possibilities and practi
calities of having international or regional repositories for some categories of waste. 
For example, there seem to be considerable benefits in locating the relatively small 
volumes of high level wastes that will be generated by many smaller countries in 
international repositories, perhaps sited on a regional basis. Regional or international 
repositories for disposal of spent sealed sources from developing Member States 
appear to have similar benefits. There are no technical or economic reasons why this 
might not eventually take place.

9. CONCLUSIONS

(1) Considerable experience is now available on disposal of radioactive waste. 
Operating experience is extensive with regard to disposal of low level waste 
in near surface facilities, and also to some extent with regard to the disposal 
in deep repositories of non-heat-generating wastes containing longer lived 
radionuclides. No disposal of long lived and heat generating waste has yet 
occurred although some experience has been derived from simulation studies 
in underground laboratories.
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(2) Radioactive waste disposal is of worldwide significance since all countries use 
radioactive materials in industry, medicine or research and many rely on the 
use of nuclear fuel for power generation. International consensus exists on the 
fundamental principles and basic standards which are to be used in the disposal 
of radioactive waste. The way such principles and standards are translated into 
operational procedures and regulatory requirements differs from country to 
country.

(3) Experience shows that working out international safety standards can posi
tively affect the attitude of the public towards national waste disposal 
programmes.

(4) There exist technical possibilities and economic incentives to build centralized 
international waste disposal facilities.

(5) There is considerable experience in the investigation of sites for disposal of 
radioactive wastes, and investigation techniques are sufficiently mature to 
allow acquisition of the data needed to characterize and evaluate the suitability 
of sites for development as repositories. In selecting a site for a repository, it 
is neither necessary nor practical to seek the ‘best’ site, but to locate the reposi
tory at a site where the geological and hydrological conditions, together with 
the repository's engineered barriers, are adequate to make the site meet the 
national objectives for safe disposal of radioactive waste.

(6) Experience in carrying out performance assessments already exists and is 
expanding, covering not only the behaviour of individual components but also 
of the entire multiple barrier disposal system. Adequate and tried methods exist 
for many elements of performance assessment. Extensive international pro
grammes are under way to improve and refine performance assessment 
methods (e.g. scenario development, assignment of probability distributions 
and model validation) as well as to verify and validate performance assessment 
models. Natural analogues have great potential usefulness for model develop
ment and validation purposes.

(7) Performance assessments are repeated iteratively for each step towards reposi
tory realization, including site investigation, site selection, site characteriza
tion, barrier design, construction, operation and closure.
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