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FOREWORD 

This report is addressed to administrative and technical authorities 
responsible for or involved in planning, approving, executing and reviewing 
national waste-management programmes. In the more technical sections of 
the report, the administrator will need to consult closely with earth scientists 
specializing in the respective areas. The report also contributes to an under-
standing among the several disciplines involved in the necessary investigations. 

A Consultants' Meeting was convened in Vienna from 28 November to 
2 December 1977 to make recommendations on the preparation of technical 
and safety reports concerned with the earth science and other studies required 
for the selection and confirmation of repository sites in deep geological for-
mations. The consultants suggested an outline for the present report. A working 
paper was drafted in October 1977 by T.F. Lomenick and R.B. Laughon (USA). 
The IAEA gratefully acknowledges the drafting of this report within the Waste 
Isolation Programme of the United States Department of Energy. The working 
paper was reviewed and revised at an Advisory Group Meeting held in Columbus, 
Ohio, from 22 to 26 October 1979 and by D.A. Gray (UK) and T.F. Lomenick 
(USA) from 3 to 7 December 1979 in Vienna. The report was then reviewed 
at another Advisory Group Meeting held in Vienna from 12 to 16 May 1980. 
The report was finally examined by the Technical Review Committee on the 
Underground Disposal of Radioactive Waste at a meeting in Vienna from 10 to 
14 November 1980. 

The IAEA has been active in the field of radioactive waste management 
for many years. In 1977, a draft proposal was prepared for a future integrated 
IAEA programme on the disposal of radioactive waste into geological for-
mations. An Advisory Group meeting held from 30 January to 3 February 1978 
confirmed the proposal and made recommendations regarding a programme to 
develop technical reports and guidelines in the field of underground disposal of 
radioactive waste. This programme is intended to cover the needs and interests 
of both developed and developing nations and will include the following general 
subject areas: 

Generic and regulatory activities and safety assessments 
Investigation and selection of repository sites 
Waste acceptance criteria 
Design and construction of repositories 
Operation, shut-down and surveillance of repositories. 

The present publication is part of the IAEA's programme to develop and publish 
guidelines and technical reports on these subjects. 



Approaches and methods for site investigations have, according to the 
different underground waste disposal options, many features in common which 
will be frequently repeated in the various reports prepared by the IAEA on this 
subject. The present report, being the first and most important of the series, 
was conceived as a comprehensive and basic document and prepared accordingly. 
Readers of other reports in this series describing other disposal options will 
therefore find many portions taken from this basic document, although there 
will be significant differences in the details of each option. 

A number of related publications have been or are being prepared within 
the IAEA's programme on the safe underground disposal of radioactive wastes, 
dealing with possible options for the disposal of high-, intermediate- and low-
level radioactive wastes in deep continental geological formations, in rock 
cavities at various depths, and in shallow ground. Publications in this series are 
as follows: 

Site Selection Factors for Repositories of Solid, High-Level and Alpha-
Bearing Wastes in Geological Formations, IAEA Technical Reports Series 
No. 177 (1977) 

Development of Regulatory Procedures for the Disposal of Solid Radio-
active Waste in Deep, Continental Formations, IAEA Safety Series No. 51 
(1980) 

Underground Disposal of Radioactive Wastes: Basic Guidance, IAEA 
Safety Series No.54 (1981) 

Shallow Ground Disposal of Radioactive Wastes: A Guidebook, IAEA 
Safety Series No.53 (1981) 

Safety Assessment for the Underground Disposal of Radioactive Wastes, 
IAEA Safety Series No.56 (1981) 

Site Investigations for Repositories for Solid Radioactive Wastes in Shallow 
Ground, IAEA Technical Reports Series No.216(1982) 

Other appropriate publications prepared under the Radiological Safety Standards 
Programme and the Nuclear Safety Standards (NUSS) Programme might be 
consulted under the various related topics. 

The IAEA gratefully acknowledges that the preparation of this publication 
was partially funded by the United Nations Environment Programme (UNEP) 
under its Project No. 0 1 0 2 - 7 4 - 0 0 2 with the IAEA. 



The Agency wishes to express its thanks to all those who took part in the 
preparation of the report, particularly to D.A. Gray of the Institute of Geological 
Sciences, London, who served as Chairman of the two Advisory Group meetings. 
The responsible officer at the IAEA for this report was K. Schneider from the 
Waste Management Section of the Division of Nuclear Fuel Cycle. The work 
was completed with the assistance of K.T. Thomas of the same division. 
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1. INTRODUCTION 

Nuclear energy is playing a continuing and increasing role in the power 
economy of many countries. These countries must establish appropriate systems 
for safe management of radioactive wastes resulting from the use of nuclear energy. 
The potential impacts of these wastes on man and the environment should be 
kept acceptably low. Releases of radionuclides from the disposed wastes may be 
acceptable provided their radiological impacts on man conform to the basic 
principles of radiation protection as defined by the International Commission on 
Radiological Protection (ICRP) and relevant national authorities. 

Underground isolation of radioactive waste is the disposal option that appears 
at present to be the most viable and is receiving the most support. For appropriately 
immobilized high-level and alpha-bearing wastes (including spent reactor fuel if it 
is declared a waste) and for certain other categories of solid wastes, disposal into 
a repository constructed at depth in a selected host rock is one of the options which 
is being developed to provide protection for man and his environment. A repository 
site typically includes a buffer zone around the waste disposal area as well as the 
repository itself where the wastes are emplaced. 

Studies on disposal systems and the search for potential repository sites are 
important components of national nuclear power programmes. Investigations of 
repository sites are directed toward the development of an accurate description 
of the geological and hydrological environment below the surface. This information 
will be the basis for assessing the capability of the site, by itself or as part of a 
multibarrier system, to isolate the waste from man and his environment. In the 
ideal case, investigations are generally first directed towards the selection of 
favourable geological environments containing appropriate host rocks. Subsequent 
site investigations are required to confirm that disposal of the radioactive wastes 
into the geological formations at a specific site is feasible and can meet safety 
criteria and licensing requirements. 

2. SCOPE 

This report reviews the earth-science investigations and associated scientific 
studies that may be needed to select a repository site and confirm that its 
characteristics are such that it will provide a safe confinement for solidified high-
level and alpha-bearing and certain other solid radioactive wastes. Site investigations, 
as used in this report, cover earth sciences and associated safety analyses. Other 
site-investigation activities are identified but not otherwise considered here. The 
repositories under consideration are those consisting of mined cavities in deep 
continental rocks for accepting wastes in the solid and packaged form. 
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The report covers the major earth-science activities, including identification 
of information needs, brief descriptions of the scientific techniques available for 
developing the required information, and methods for systematically applying the 
techniques to select and assess the suitability of specific deep geological disposal 
locations. The report assumes that no prior investigations have been undertaken, 
and outlines an idealized programme in which the following investigations proceed 
in a generally sequential manner: 

Step 1 : Definition of national disposal needs, geological disposal options and 
applicable investigative methods. 

Step 2: Surveys of broad, favourable-appearing areas. 
Step 3: Selection of specific regions and sites for detailed characterization. 
Step 4: Confirmation of site suitability in terms of waste isolation that depends 

upon geological characteristics. 

Most countries involved in nuclear waste disposal investigations have adopted 
the above approach. Some, however, have opted to investigate the detailed 
characteristics of a series of rock types in a comparative sense before proceeding 
to Step 3. The investigations discussed in this report are also generally applicable 
to sites used for such generic research or for development of reference data, as 
well as those that are potential repository sites. 

This report addresses a broad range of situations. Modifications may be 
necessary to reflect local conditions. In some cases all considerations may not be 
necessary to the extent indicated. On the other hand, while most major consider-
ations are believed to be included, they are not expected to be all-inclusive. 
Although the report assumes the use of existing technology for site investigations, 
it recognizes the potential of some developing technologies and identifies the 
areas where improvements are desirable. 

The term deep as used in this report is used solely to emphasize the distinction 
between the repositories discussed in this report and those for shallow-ground 
disposal. In general, depths under consideration here are greater than 200 metres. 
The term continental refers to those geological formations that occur either 
beneath present-day land masses and adjoining islands or beneath the shallow 
seas. 

One of the objectives of site investigations is to collect the site-specific data 
necessary for the different evaluations, such as modelling required to assess the 
long-term safety of an underground repository. 

3. WASTE AND DISPOSAL CONCEPTS 

Radioactive wastes are generated in all stages of the nuclear fuel cycle. 
In addition, some wastes are produced from medical practices and research 
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activities as well as from a host of industrial uses of radioactive materials. A very 
important source of wastes is that associated with spent fuel which may be 
reprocessed or disposed of directly to a repository. In the case of reprocessed 
fuel, essentially all the non-volatile fission products as well as the transuranic 
nuclides with the irradiated fuel will comprise this high-level waste stream. Less 
than 0.5% of the plutonium and uranium in the fuel will also be retained in this 
waste along with various activated metals and corrosion products. In the 'once-
through' fuel cycle, essentially all the fission products (including gases) and the 
actinides will be contained within the spent fuel rods. 

3.1. WASTES SUITABLE FOR DISPOSAL 

Radioactive wastes have a variety of different physical and chemical forms. 
They contain varying amounts of radionuclides with different half-lives and 
toxicities. In many cases the bulk characteristics make it necessary to convert 
the waste to another form that is more chemically stable and suitable for disposal 
before the waste is placed in its final repository. 

Radioactive wastes may be categorized in a number of ways. For this report, 
radioactive wastes have been categorized into five generic types for purposes of 
waste disposal. The matrix of these waste categories and applicable concepts for 
underground disposal are summarized in Table I [1 ], although it should be 
recognized that other classifications are possible. Depending on the category, 
wastes may have short (usually less than about 30 years) or long half-lives. The 
disposal practices considered here and given in the upper row in Table I are 
applicable for all kinds of radioactive wastes as long as they are in an immobile 
solid discrete form that meets waste acceptance criteria (the disposal of liquid 
wastes is not considered). The solid forms currently being considered most likely 
for disposal of highly radioactive wastes are monolithic glass or ceramic forms 
encased in an outer corrosion-resistant canister. The canisters typically considered 
today are cylindrical, in the range of 0.15 to 0.60 metres in diameter and 1 to 
4 metres long. Research and development work is continuing in all aspects of 
high-level waste management which may lead to other forms and canister concepts 
in the future. 

3.2. DEEP GEOLOGICAL DISPOSAL CONCEPTS FOR SOLID WASTES 

Disposal of radioactive wastes underground has been studied for more than 
20 years. From these studies various underground disposal options have evolved; 
these concepts are described in IAEA Safety Series No.54 [1 ]. 
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T A B L E I. T E N T A T I V E R E L A T I O N S H I P O F P R E F E R R E D D I S P O S A L O P T I O N S A N D R A D I O A C T I V E 

W A S T E C A T E G O R I E S 

Disposai o p t i o n s 

WASTE CATEGORY 
Disposai o p t i o n s High-level , 

long-lived 
I n t e r m e d i a t e - l e v e l , Low-level , 
long-l ived long-l ived 

In t e rmed ia t e - l eve l , 
shor t - l ived 

Low-level , 
shor t - l ived 

E m p l a c e m e n t in 
d e e p geological 
f o r m a t i o n s 0 

D r y 3 
Sol id , i m m o b i l i z e d , 
p a c k a g e d , s p a c e d 
f o r h e a t d i ss ipa t ion 

So l id , i m m o b i l i z e d , 
p a c k a g e d 

App l i cab l e , b u t m a y be 
m o r e s t r i n g e n t t h a n n e c e s s a r y e 

E m p l a c e m e n t in 
d e e p geological 
f o r m a t i o n s 0 

W e t b 
As a b o v e ; poss ibly 
w i t h m o r e 
e ng ine e r e d bar r ie r s 

As above ; poss ib ly 
w i t h m o r e eng inee red ba r r i e r s 

App l i cab l e , b u t m a y be 
m o r e s t r i n g e n t t h a n n e c e s s a r y e 

E m p l a c e m e n t 
in m i n e s 
o r cavi t ies 

D r y " N o t r e c o m m e n d e d Poss ib le , d e p e n d i n g 
on c i r c u m s t a n c e s 

Sol id , m a y be 
p a c k a g e d e E m p l a c e m e n t 

in m i n e s 
o r cavi t ies W e t b N o t r e c o m m e n d e d So l id , i m m o b i l i z e d , p a c k a g e d e 

E m p l a c e m e n t 
a t sha l l ow 
d e p t h s 

D r y a N o t r e c o m m e n d e d So l id , i m m o b i l i z e d , 
p a c k a g e d 

So l id , m a y be i m m o b i l -
ized o r p a c k a g e d E m p l a c e m e n t 

a t sha l l ow 
d e p t h s W e t b N o t r e c o m m e n d e d Possible; i m m o b i l i z e d , 

packaged , w i t h m o r e 
e n g i n e e r e d bar r ie r s 

Poss ib le ; so l id , i m m o b i l -
ized o r p a c k a g e d , w i t h 
m o r e e n g i n e e r e d bar r ie r s 

I n j e c t i o n of self-
s o l i d i f y i n g fluids i n t o 
i n d u c e d f r a c t u r e s in l ow-
p e r m e a b i l i t y s t r a t a 

N o t r e c o m m e n d e d 
May be poss ib le 

w i t h a d e q u a t e d e m o n s t r a t e d t e c h n o l o g y 
a n d ce r t a in r a d i o n u c l i d e s 

A p p l i c a b l e w i t h 
a p p r o p r i a t e t e c h n o l o g y 

Liqu id i n j e c t i o n 
i n t o d e e p , p e r m e a b l e 
f o r m a t i o n s 

N o t r e c o m m e n d e d 
May be poss ib le 

w i t h a d e q u a t e d e m o n s t r a t e d t e c h n o l o g y 
a n d ce r t a in r a d i o n u c l i d e s 

App l i cab l e w i t h 
a p p r o p r i a t e t e c h n o l o g y 

a Geological environments naturally isolated from moving groundwater, 
b Geological environments with some movement of groundwater, 
c Repository excavated especially for the disposal of radioactive wastes. 
d The mine or cavity may have resulted from natural processes or from extraction of minerals, or may be excavated especially for waste disposal. 
e May be preferred for countries with undesirable geological conditions at shallow depths. 



For high-level long-lived wastes, the leading concept being pursued by many 
nations is that of solidifying the wastes in canisters which are then emplaced into 
spaced boreholes in the floors of specially excavated repositories that are relatively 
deep (typically more than 200 metres below the surface). The same basic concept 
can be used if spent fuel is to be disposed of as waste, although the overall require-
ments for the long-term isolation of spent fuel are greater than those for reprocessed 
wastes. After disposal of the canisters, the boreholes and chambers would be back-
filled suitably and sealed. If the wastes to be emplaced are low-level, intermediate-
level or alpha-bearing wastes, they could be placed inside drums or special shielding 
containers and either stacked or remotely dumped into disposal rooms. Once a 
room has been filled with drums and containers it would also be backfilled with 
suitable material and sealed. Post-emplacement data collection and repository 
assessment in and around the repository may be continued for a limited period. 

The principal activities in evaluating sites for deep underground repositories 
are directed to the isolation of the high-level heat-generating wastes from either 
fuel-reprocessing systems or unreprocessed spent fuel. These wastes will require 
stringent siting conditions, because the host rocks and the surrounding geological 
barriers must confine the radioactive materials for long periods. For certain other 
waste types, including low-level solids, gases, tritiated materials, decommissioning 
materials and medium-level wastes with no long-lived radionuclides, less stringent 
conditions for disposal may be practicable as the waste will generate little or no 
heat and contain only small amounts of long-lived radionuclides. After suitable 
treatment and conditioning of these wastes, several options would be available for 
their final disposal. 

Deep underground repositories in this report are not to be confused with 
other concepts in the general area of geological disposal such as shallow-ground 
disposal, disposal in natural rock cavities or those originally excavated for other 
purposes, injection of liquids into deep saline aquifers, and injection of slurries 
into shales or similar formations by hydraulic fracturing methods. 

Different engineering designs are possible for a repository. The generally 
accepted concept for a repository, and the subject of the present report, involves 
sinking shafts into the selected rocks and the mechanical excavation of all required 
openings. An alternative scheme for the creation of cavities designed to receive 
low-level, intermediate-level and alpha-bearing waste involves solution mining. 
Once the desired volume and configuration for such a solution cavity has been 
created, the wastes could be introduced through a borehole extending into the top 
of the cavity. The only rock at present being considered for this approach is rock 
salt. A third concept could be to drill an array of deep holes into the host rock 
from the surface. This might be particularly appropriate for high-level waste, but 
its potential cannot yet be adequately assessed. 

An underground waste repository should fulfill two important and related 
functions: one is to isolate the waste in order to limit the entry of waste radio-
nuclides into the human environment to acceptable levels; the other is to protect the 
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waste f rom exposure to the dispersible effects of near-surface processes. Total 
containment, i.e. the assumption that there will never be a return of radionuclides 
to the human environment, may not be a realistic goal. Nevertheless, by emplacement 
in a repository sited and designed with a sufficient number of natural and/or man-
made barriers, the entry of the radioactive materials into the human environment 
can be limited. These barriers are: 

(a) Natural barriers: 
The geological formation in which the repository is sited and the surrounding 

geological environment; 
Retention by sorption along the possible pathways from the repository 

through the geological media to the human environment; 
Retention of radionuclides by the low volume of groundwater flowing 

through the repository for crystalline rock. 

(b) Man-made barriers: 
The physicochemical form of the waste (low leachability and low 

dispersibility); 
The corrosion-resistance of the container(s) (serves to delay access to the 

waste by groundwater); 
Additional engineered barriers, which can include low-permeability materials 

and geochemical barriers, in the repository. 

Rock types and their properties relative to deep geological disposal of 
radioactive wastes are discussed briefly in Section 4. 

It should be pointed out that , at the time of writing this report, no repository 
concepts for high-level wastes as discussed above have been taken to the con-
struction stage. However, investigations on various repository aspects have been 
completed and some demonstrations and in-place testing with radioactive sources 
have been undertaken. A summary of the general status of national programmes 
as of May 1980 is given in Appendix A. 

4. GEOLOGICAL REPOSITORY SITE SELECTION 

To accomplish the overall objective of radioactive waste disposal in deep 
geological formations the following should be satisfied: 

(a) Man should be protected from unacceptable radiological effects f rom 
disposed wastes. Safety assessments should evaluate the potential effects on man. 
Recommendations developed by the International Commission on Radiation 
Protection (ICRP Publication 26 [2]) should be implemented in accordance with 
relevant national requirements. 
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(b) A disposal site should provide a high degree of assurance that reliable 
prediction of a satisfactory long-term safety performance can be achieved. This 
implies in general that the geological/hydrological system should be relatively 
well understood and amenable to quantitative analysis. 

(c) The disposal site should be compatible with the characteristics of the 
wastes it contains and with the repository design to ensure that the site, the waste 
form and the engineered barriers provide adequate safety. The characteristics of 
these components should preferably be complementary. 

(d) The known potential resources or potential land uses should not conflict 
unacceptably with use as a repository. They should also be assessed for their 
long-term geological stability and the possible consequences of climatological 
changes. 

An essential characteristic of a repository is that the selected rock body be 
located in an area of favourable geological and hydrogeological characteristics 
such that the wastes, once emplaced, will be adequately isolated from man's 
environment for the relevant period of time. The characteristics of the disposal 
site, its location and the design of the disposal facilities will determine the type, 
quantity and conditioning of wastes that can be emplaced. 

Mechanisms for potential transport of radionuclides away from a disposal 
site are related to hydrological, geological, ecological and biological phenomena. 
The hydrogeological and geochemical characteristics of a disposal site are the main 
factors controlling the movement of radionuclides, since water is the most likely 
natural medium for off-site transport of radionuclides (see Table VIII). Where 
hydrogeological characteristics are less favourable then desired, it is usually possible 
to provide engineered means to enhance confinement. The characteristics of the 
disposal site and its supplementary engineered features provide the safety barriers 
for protection of man during the period of concern. 

4.1. SITE SELECTION FACTORS 

The characteristics of geological formations may be evaluated sequentially 
at national, regional and site-specific levels so that a site for an underground 
repository can be selected. The assessment of potential repository sites with 
regard to site selection factors permits the identification of favourable locations. 
These factors enter the site selection process at two stages: (a) the identification 
of areas worthy of more concentrated study using generic criteria, and (b) the 
evaluation of specific sites which emerge as having potential for location of an 
underground repository. 

The parameters affecting the suitability of a potential site are highly site-
specific. Thus it is not possible to offer specific guidelines or criteria that will 
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TABLE II. MAJOR SITE SELECTION FACTORS 

1. Topography 

2. Tectonics and seismicity 

3. Subsurface conditions: 
Depth of disposal zone 
Formation configuration: thickness and extent, consistency, uniformity, homogeneity 

and purity of strata 
Nature and extent of overlying, underlying and flanking beds 

4. Geologic structure: 
Dip or inclination 
Faults and joints 
Diapirism 

5. Physical and chemical properties of host rock: 
Permeability, porosity, solubility and dispersivity 
Inclusions of gases and liquids 
Mechanical and plastic behaviour of rock 
Thermal gradient: regional and local 
Thermomechanical and thermohydraulic responses 
Thermal conductivity and specific heat 
Sorption capacity 
Mineral content of water 
Radiation effects 

6. Hydrology and hydrogeology: 
Surface waters: occurrence, form volumes 
Groundwaters: occurrence, volumes, chemistry 

finally decide the selection of individual sites. Evaluation of data and development 
of criteria must be made for specific cases. However, factors can be identified that 
can indicate the general suitability of sites as potential repositories. By identifying 
these factors and the manner in which each may affect the safe utilization of a 
site, general guidance can be developed for application in selecting suitable 
repository sites. Major site selection factors are described in the IAEA Technical 
Report 177 [3], and a modified list of these factors is given in Table II. The 
factors are not listed in any order of priority because their relevance to the site 
selection process can vary in specific cases. These factors must be considered for 
each site. 
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FOR DEEP GEOLOGICAL REPOSITORIES 

7. Future natural events: 
Hydrological changes 
Uplifts and subsidence 
Seismicity 
Intrusions and faulting 
Climatological changes 
Topographical changes 

8. General geological and engineering conditions: 
Site area and buffer zone 
Pre-existing boreholes and excavations 
Exploration boreholes, shafts, tunnels and excavations 
Spoil disposal 
Waste transport 
Engineering and construction of repository 
Operational safety and stability of repository 

9. Societal considerations: 
Resource potential 
Land value and use 
Population distribution 
Jurisdiction and rights of the land 
Accessibility and services 
Other environmental impacts 
Public attitudes 

It is unlikely that any site will be found that incorporates all the advantageous 
factors. Neither is this necessary. For example, factors relevant to a salt dome 
will not necessarily be relevant to crystalline rocks. However, it is essential that 
the long-term safety requirements be satisfied, and to ensure this all the confine-
ment factors should be considered. 

4.2. PROPOSED HOST ROCKS 

In the following sections the three general groups of potential host rock 
types and their properties in relation to deep geological disposal of radioactive 
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wastes are discussed briefly. It should be emphasized that no geological medium 
with the capability to ensure isolation of the wastes should be omitted from 
consideration. 

4.2.1. Evaporites 

Rock salt, as bedded deposits, domal masses or other salt structures, has 
received most attention because of its favourable physical and thermal properties 
and its widespread occurrence as undisturbed units. 

Salt is highly plastic, more so than almost any other rock, and is thus able 
to seal naturally formed fractures as well as man-made and backfilled canister 
boreholes and repository rooms. This property makes salt largely impermeable 
to fluids. Other favourable properties of rock salt are high compressive strength, 
high thermal conductivity and easy mineability to provide a cost-efficient sub-
surface excavation. Hybrid salt and clay deposits also have promising 
characteristics. 

Because of its high solubility, circulating unsaturated groundwater could, 
over a long period, breach the geological integrity of a repository. Other potential 
disadvantages include: 

(1) Entrapped pockets of brine as well as fluid inclusions able to migrate 
towards heat sources under certain thermal conditions; 

(2) The likelihood of adverse package-rock interactions; 
(3) Low sorptive capacity; and 
(4) Possible salt movement (both natural diapiric movement and expansion 

movement due to the thermal loading from the emplaced high-level waste). 

Evaporites that exhibit low plasticity include anhydrite and gypsum. 
Gypsum is not viewed favourably as a repository medium because of its rather 
high content of water of hydration. In addition, potash salts are often a valuable 
resource. 

Anhydrite (calcium sulphate) has also been proposed as a host medium for 
repositories. However, only thick-bedded or massive anhydrite units at moderate 
depth are at present being evaluated. Anhydrite is chemically stable to high 
temperatures and has high thermal conductivity. Advantages of anhydrite relative 
to rock salt are (a) the absence of thermally influenced brine migration and 
(b) some sorptive capacity. However, anhydrite is known to be brittle and to 
fracture at temperatures and pressures expected from heat-generating high-level 
wastes. Dissolved cavities have been observed in some anhydrite bodies, indicating 
that it is somewhat soluble. Much attention will have to be paid to the accumulation 
of stresses and their sudden release as rock-bursts during the mining of large openings 
in anhydrite. 
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4.2.2. Other sedimentary rocks 

Argillaceous rocks have also been proposed as host formations for radioactive 
waste repositories. Research and development work in this field is largely centred 
on extensive deposits of clay, shale, mudstone and slates. The less consolidated 
formations display plasticity, very low permeability, high sorptive capacity and 
low solubility. 

Potential disadvantages include: 

(a) Dewatering of the hydrous clay minerals in response to the thermal load, 
and adverse effects upon rock-mechanical properties; 

(b) Presence of organic matter and gases; 
(c) Occurrence of inhomogeneities that are difficult to predict; 
(d) Possible difficulties in mining and keeping excavations open ; and 
(e) Low thermal conductivity. 

Calcareous formations are normally not plastic; they do not prevent circu-
lation of groundwater and are soluble in water. As a result, they are not prime 
candidates for waste-disposal repositories. In spite of these unfavourable properties, 
there are some stable dry mines in limestone formations, particularly where they 
lie between beds with low water permeability. This again emphasizes that a final 
decision regarding the location of a radioactive waste repository can only be made 
after a very careful, accurate and complete investigation of a given site and host 
rock. 

The arenaceous deposits (conglomerates, sandstones and coarse siltstones) 
are commonly permeable and are not generally accepted as desirable host rocks 
for high-level waste repositories. 

4.2.3. Igneous and metamorphic rocks 

Igneous and metamorphic rocks are considered by several countries as prime 
candidates for repositories for deep underground disposal of radioactive wastes. 
A variety of rocks such as granite, gabbro, basalt and tuff are examples of igneous 
rocks that have been considered as potential host rocks for waste repositories. 
They commonly occur in large volumes. Similarly, various types of gneiss, 
quartzite, psammite and migmatitic complexes are included in metamorphic rocks 
that are potential host rocks. These rock types generally demonstrate long-term 
stability, high rock strength, high chemical stability, moderately high thermal 
conductivity, and low porosity. In fractured crystalline rocks, alteration or 
deposition in the fractures can produce secondary minerals, which may include 
clay minerals with high sorptive capacities. Considerable mining experience in a 
variety of subsurface facilities has shown that the man-made openings of a 
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repository in such rocks can be expected to be very stable. Rocks formed by 
igneous and metamorphic processes tend to be brittle or non-plastic at depths 
considered for repositories, and are likely to have fractures and other secondary 
openings that can contain groundwater. The presence of rock inhomogeneities, 
largely the result of the nature, orientation and magnitude of fractures, makes the 
modelling of the hydrogeology in such systems difficult, but considerable advances 
have been made in recent years. 

The principal geologic occurrence of basalt is where large, plateau-like masses 
of comparatively young basalt have accumulated on continental areas. This rock 
also has a high compressive strength, but commonly exhibits fractures or vertical, 
columnar joints. Where massive, basalt is very impermeable; where fractured and 
jointed, it can transmit appreciable quantities of groundwater unless these openings 
contain secondary minerals. 

Many varieties of tuff exist with varying compositions and textures. These 
range from welded ash-flow silicic tuff , which is compositionally and mechanically 
similar to granite, to non-welded ash-fall andesitic or basaltic tuff , which may be 
highly impermeable and porous, and exhibits some plasticity under high mechanical 
stress. Many tuff deposits contain alteration minerals such as highly sorptive clays 
and zeolites both in the rock matrix and along primary or secondary fractures. 
Because of generally high porosity, tuffs usually contain significant amounts of 
water. 

Other rock types which have been considered are iron-ore formations and 
serpentante. 

5. OVERVIEW OF INVESTIGATIONS 
FOR SITE SELECTION 

The term site investigation encompasses those activities that are conducted 
in the course of evaluating a site as to its suitability for the location of a waste 
repository. These investigations become more and more detailed as the site 
selection process continues, and culminate in site confirmation studies undertaken 
at one or more suitable sites. These latter studies will continue simultaneously 
with the underground construction of the repository at the chosen site or sites. 

Selection of appropriate sites for underground disposal of solid radioactive 
wastes involves integration of programmes of investigative work derived from a 
number of disciplines. These include many branches of earth sciences, engineering, 
safety analysis, health physics, ecology and social sciences. The investigations 
include theoretical, laboratory and field activities carried out in a general stepwise 
fashion but with significant interaction between steps. At relevant stages of the 
investigations, appropriate regulatory bodies should be kept informed and will be 
involved in decisions. 

12 



An idealized general sequence of activities for site selection is shown in Fig. 1 
together with some of the major activities for each investigative stage. The 
investigations start with the recognition of a need for a repository and conclude 
with the selection of a site or sites which have suitable characteristics that are 
confirmed by detailed studies as meeting the safety requirements. Four principal 
steps in the process of site confirmation are shown in the boxes of Fig. 1. The 
steps are intended to be generic but it should be emphasized that all countries 
may not wish to move sequentially from Step 1 through 4. Some studies under-
taken at each step are likely to overlap in time with those within preceding and 
succeeding steps, and the level of activity in Steps 3 and 4 is likely to be far 
greater than in Steps 1 and 2. In many cases, significant iteration among activities 
in more than one step can be expected. Simultaneously with the site selection 
investigations, engineering design studies of the repository and modelling of various 
geoscience aspects are undertaken and will provide important interactions with 
site selection studies. Societal, ecological and national legislative issues are con-
sidered at each step of the site investigations and are dealt with according to 
national policies. 

Before the earth-science programmes shown in Fig. 1 are undertaken it will 
be necessary for the national authorities to develop a master plan in relation to 
needs and timing for a repository, primarily as dictated by national waste arisings. 
The investigations commence with desk studies and proceed through reconnaissance 
field work and laboratory studies to major field and laboratory research programmes. 
In most cases, the investigations undertaken in the various steps are similar, with 
emphasis gradually shifting from the generic to the site-specific. 

5.1. PLANNING AND GENERAL STUDIES 

The first step (Box 1 in Fig. 1) is to develop an overall site investigation plan, 
accumulate basic data and develop overall criteria. This plan is based on the 
needs and timing of the repository and it outlines a timetable for the site selection 
investigations. From this overview, key decision points are defined and the 
activities are subdivided into more discrete investigations. The manpower, materials 
and equipment, time requirements and costs are estimated and responsibilities 
for the investigations defined. Approval to proceed according to the plan and to 
provide the necessary resources must be obtained from the appropriate national 
authority. This plan is likely to require periodic revision depending upon the 
results of the investigations. 

The types and quantities of wastes to be emplaced in the repository are 
defined and characterized. The likely final form and packaging of these wastes 
are identified. Overall performance criteria for the repository are developed in 
conformity with national requirements. These criteria should take into account 
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• Review site select ion factors 
and techniques. I den t i f y 
potent ia l host rocks 

• Review data needs and site 
invest igat ion techniques 

• Develop repos i tory concepts 

• Review nucl ide migra t ion 
mechanisms, pa thway models 
and data 

• Review/select safety analysis 
methods: pe r fo rm generic 
safety analysis and sensi t iv i ty 
analysis to def ine impor tan t 
parameters 

O 
AREA SURVEY 

Object ive: Select potent ia l 
reposi tory areas 

• M o d i f y and expand plan as 
necessary 

• Establish cr i ter ia fo r 
p re l im inary site select ion 

• I den t i f y areas tha t meet 
area select ion cr i ter ia 

Select and inven to ry po ten t ia l 
host rock types 
Characterize po ten t ia l areas 
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M o d i f y nucl ide migra t ion 
models ; app ly models 
gener ical ly fo r potent ia l 
host rock types 

M o d i f y me thodo logy as 
necessary; pe r f o rm safety 
analyses fo r d i f f e ren t 
rock types 

© © 
PRELIMINARY 

SITE SELECTION 

Object ive: Select potent ia l site(s) 

3 1 
I f no t acceptable: 

M o d i f y and expand plan a 
necessary 

• Establish cr i ter ia fo r 
site c o n f i r m a t i o n 

• I den t i f y potent ia l site(s) 

• Select host rocks fo r 
invest igat ion 

• Characterize p re l im inary sites 

Expand site invest igat ion 
techniques as required 

Develop p re l im inary 
repos i to ry designs 

Test models w i t h data and 
m o d i f y as necessary; app ly 
models fo r potent ia l sites 

Expand and m o d i f y 
me thodo logy as necessary; 
pe r fo rm safety analyses fo r 
specif ic rocks and areas 

SITE 
CONFIRMATION 

Object ive: C o n f i r m acceptab i l i t y 
of f ina l site(s) 3 

Licensing, 
• design, 

cons t ruc t ion , 
opera t ion , 
shu tdown , 
surveil lance 

Select favourable site(s) 

Select specif ic host 
rock(s) 
Characterize site(s) in detai l 

Expand site invest igat ion 
techniques as required 

Develop detai led 
repos i to ry designs 
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Note: Ar each stage of the site investigations, societal, ecological and national legislative issues are considered. The regulatory body should be involved according to national 
requirements. The term rock in this table includes all earthen materials including unconsolidated material such as soil (see Glossary). 

FIG.l. Idealized sequence of investigations for site selection. 



acceptable radiation dose commitments, longevity of repository protection for 
the wastes, and geoscience and engineering performance needs for the repository. 
From these criteria, the geoscience criteria are established for selection of the 
general areas of interest for potential repository sites in Step 2. 

Site selection factors are developed and used as a primary basis for identifying 
general types of rocks that may be suitable as host rocks for a waste repository. 
Basic earth-science data are collected and sorted, from which the needs for new 
data are established. Information on available techniques for obtaining the new 
information is collected and sorted. 

As part of this first step, the available methodologies for safety analyses 
are reviewed and the basic methods are selected. Available methods and models 
for analysis of radionuclide migration are reviewed and the requirements for model 
development identified. Of particular importance will be models describing ground-
water movement and waste/groundwater/host rock interactions. From this point, 
a generic safety assessment is performed, including a sensitivity analysis, so that the 
parameters of importance in future site investigations can be defined. Repository 
concepts are developed in parallel with these site investigation activities and with 
work on pathway analysis. 

5.2. AREA SURVEYS 

As the above studies approach completion, the area survey stage (Box 2 in 
Fig. 1 ) is started. Its objective is to select areas that have potentially favourable 
characteristics for a repository and to reduce them to a few preferred areas for 
further study. This is done largely by desk and remote-sensing studies, supported 
by laboratory work and reconnaissance field visits as necessary. Activities include, 
among others, the mapping of geological formations, their lithologies and structure, 
topography and hydrological systems. As a general indication of the scale of this 
evaluation, mapping is usually done at a scale of the order of 1:250 000 but other 
scales can be used if they are more appropriate to a particular country. 

Based on available information, potentially suitable host rocks within a 
nation's territory are identified, and an inventory of areas containing these rocks 
prepared. The geographical distribution and areal extent of such rock masses, 
information on their homogeneity, depths, thicknesses, and tectonic and hydro-
logical settings are compiled. This information will serve as a prime factor in the 
identification of preferable study areas, which are then characterized. Many rock 
types or combinations of rock types could potentially isolate radioactive wastes, 
if located in an appropriate geological environment and if repository and waste 
form designs are compatible with the host rock body. Thus, factors other than 
host rock occurrences, such as length of groundwater flow path, topography, 
existing land use or transport problems may dominate the selection of favourable 
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areas. The size of areas identified might range from a few to thousands of square 
kilometres. Consideration should also be given during area selection to the location 
of existing mines or other surface penetrations which might affect the isolation of 
wastes. 

In larger countries or in those with complex geology, there may be a need 
to refine this selection in more than one step. In smaller countries or in those 
with extensive geological and hydrological information, it may be possible to 
identify specific potential sites directly. It may further be possible to narrow the 
location process very quickly in some countries where non-geological factors may 
dominate the selection process. 

Because of the relatively large size of many of the areas selected, it is probable 
that an area will contain many sites that might be suitable for detailed investigation. 
Therefore, criteria for selection of more specific sites are established at this stage 
so that potential sites can be defined. The work initiated in Step 1 on pathway 
analysis and its related model development, investigation techniques, safety analysis 
and repository design is continued and directed towards studies on appropriate host 
rocks. 

5.3. PRELIMINARY SITE SELECTION 

The objective of this stage is the selection of one or more potential sites for 
specific investigations which will provide detailed information and assessments on 
the characteristics of these potential sites (Box 3 in Fig. 1 ). Investigative techniques 
are expanded as necessary for the more detailed studies. Earth-science studies are 
generally similar to those in the previous step but are undertaken in significantly 
more detail and on specific host rocks. These will include laboratory and field 
studies and their associated office evaluations and should include limited deep 
drilling and sampling. At this stage, geological, climatological, hydrogeological, 
geotechnical, geophysical and geochemical data are collected and evaluated. 
Studies of the migration of radionuclides are carried out in detail with site-specific 
data. The geometry of the body of the host rock and relevant aquifers is defined. 
The investigations will include the collection of material for laboratory testing. 
Radionuclide migration and safety analysis methods and models are modified and 
applied to the specific conditions for the sites and host rocks under consideration. 
From these studies, criteria for the site confirmation studies are developed. 
Information is provided to allow for the preparation of preliminary repository 
designs for the individual sites. Some of the data required at this stage might be 
obtained from research sites elsewhere than at the selected potential repository 
sites. 

Data are evaluated and compared with criteria and other selection factors 
to select a preferred site(s) for which there is high confidence of its suitability 
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as a repository. One or more potential research sites may also be selected to 
collect data for evaluation of variations in properties in a single host rock and for 
comparison of various host rocks. 

5.4. SITE CONFIRMATION 

As the final site(s) is selected, site confirmation studies are conducted 
(Box 4 of Fig. 1 ). The objective of this step is to confirm the validity of results of 
earlier studies in greater detail and to confirm the acceptability of the site(s). 
Earth-science studies are expanded from those previously completed and are 
concentrated on the site(s) of interest. Details of the site(s) and its surroundings 
are defined through the use of many field, laboratory and boring studies. Site 
confirmation studies may or may not involve the development of special exploratory 
shafts, mined tunnels and subsurface test facilities. From the results of this work, 
detailed specifications are established for the engineering characteristics of the site 
so that the repository can be designed in detail. 

All the study results are brought together and summarized. Radionuclide 
migration analysis methods and models are further modified and applied to the 
additional detailed information about the specific host rock and site(s). Safety 
analysis methods and models are upgraded for the specific site(s), and a detailed 
safety analysis is performed using the information available. Careful comparisons 
with criteria are made to assure performance. Appropriate authorities are provided 
with sufficient information to permit decisions to be made on authorization for 
design and construction of a facility. During design, construction, operation, 
shut-down, sealing and surveillance of the facility, studies should be continued to 
provide additional detailed information applicable to site confirmation. 

A final site assessment based on all the investigations and evaluations may 
be prepared. Such an assessment would summarize all the relevant data, evaluations 
and conclusions derived from all site investigation, selection and confirmation 
activities. 

6. EARTH-SCIENCE INVESTIGATIVE NEEDS 
AND TECHNIQUES FOR SITE EVALUATION 

Geological conditions vary widely from country to country. Thus, to cover 
the various geological and hydrological factors pertinent to the safety of a nuclear 
waste disposal site, individual national investigations must be planned for their 
specific situation. Earth-science investigations have been under way for many 
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years, and a number of basic techniques exist which can be used essentially in 
their present form but modified for application to repository-site investigations. 
These techniques range from field methods, such as classical geological mapping, 
remote sensing and geophysics, to investigations of more specialized aspects in the 
fields of hydrogeology, geotechnology and geochemistry. It should be recognized, 
however, that only a portion of the techniques described here need be applied for 
any one site. 

The applicability of the various techniques is highly dependent upon the 
specific conditions in which the techniques are used. The utility and limitations 
of the techniques cannot be accurately described without significant detail. These 
discussions are not included in this report, but references to investigative tech-
niques are given in the Bibliography. 

In addition to these traditional methods, future developments in mineral 
exploration technology and data processing can be anticipated to deal with the 
specific information requirements of site evaluations for nuclear waste reposi-
tories. Such developments are of particular concern in geophysics and in 
evaluating the hydrogeology and hydrochemistry of fluids in potential host rocks. 

For these techniques to serve their intended purposes it is essential that, in 
planning basic programmes, a mechanism be established for the coordination of 
the various component tasks. Similarly, synthesis of the extensive data which 
emerge from the field investigations will require integration among a number of 
disciplines. 

The numerous site investigation techniques have been developed over many 

decades in many countries and employ a wide range of units of measurement. 

With the development of integrated studies for waste disposal, the use of dif-

ferent measurement units is proving disadvantageous in data exchange; it would 

clearly be preferable to adopt the common standard offered by SI units. 

6.1. REMOTE SENSING 

Remote sensing is a general term which refers to the measurement of certain 
properties of the earth by recording devices carried in satellites or aircraft. Its 
basis is the detection and recording of various parts of the electromagnetic spec-
trum coming from the earth. Excluding short-wavelength gamma rays, this spec-
trum ranges in wavelength from X-rays (1CT5 to 10- 2 /um) to microwaves and 
radio waves (800 ¿¿m or greater). Although airborne geophysics may be considered 
a remote-sensing technique, for the purpose of this report it is discussed separately. 

The sun generates the entire electromagnetic spectrum and is the energy 

source for detectable radiation, although much of this energy is scattered and 

absorbed by the earth's atmosphere and/or absorbed by the earth. Thus the 

original energy source for remote sensing is external to the earth itself. Solar 
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energy, which is reflected, constitutes the single most energetic source of 
radiation on the earth. Another radiation source occurs when living vegetation 
absorbs visible light by means of its chlorophyll and radiates energy of slightly 
longer wavelength. A third source, of varying wavelength, is given off by any 
material (e.g. water, soil, rock, vegetation or man-made features) at the earth's 
surface because of varying molecular responses for the various materials at var-
ious temperatures. The peak radiation occurs at wavelengths inversely propor-
tional to the absolute temperature of the material. Measurement of this type 
of radiation is the basis for the 'infra-red line scan' (IRLS). Not all electro-
magnetic radiation is detectable, owing to the scattering and absorption by the 
atmosphere. Research has shown the existence of certain 'atmospheric windows', 
or wavelengths transmitted with a minimum of atmospheric interference. Sen-
sors must therefore be designed to record wavelengths within these atmospheric 
windows, especially those for IRLS. 

Remote sensing may be subdivided in several ways. The systems involved 
are either active or passive, while the sensors are either imaging or non-imaging. 
For practical purposes the operational modes can be grouped as high-altitude, 
involving orbiting satellites, and low-altitude, involving manned aircraft. Both 
ultilize multiband sensors plus cameras and radar. Radiation signals can be 
recorded as either electrically digitized impulses or photographic images. The 
principal techniques are summarized in Table III. The resolution capability of 
the methods generally increases with a decrease in altitude of the sensing platform. 

The principal value of remote sensing is its ability to examine large areas, 
regardless of land access, vegetation or geological setting, expeditiously and at 
a relatively low cost per unit area. It provides data which, when properly inter-
preted and confirmed by ground control, reveal both surface and subsurface 
geological features. It thus complements conventional geological mapping in that 
it can readily identify regional geological structures which can then be further 
examined, as required, through ground geological and geophysical investigations. 
Aerial photography, the most widely used form of remote sensing, is particularly 
useful for detecting and providing base maps, faults, fractures, folds, lithological 
differences, land forms, topography and surface hydrological features. It must 
be recognized that accurate lithological identification and structural and hydro-
logical mapping require field confirmation. Some remote-sensing techniques are 
amenable to computerized enhancement and interpretation, but it is important 
to note that the ultimate value of remote sensing is derived from interpretation 
by experienced earth scientists. 

In many countries, aerial photographs and remotely-sensed data of one kind 
or another already exist and generally constitute a data base available for the 
effort of data searching and reproduction. All potential sources of remote-sensing 
imagery should be examined so that no unnecessary expenditure is incurred. With 
the expansion of satellite-derived imagery, large areas of the earth are currently 
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TABLE III. REMOTE SENSING - TECHNIQUES AND APPLICATIONS 

Mode Technique Data type Applications 

High altitude 
(limited resolution) 

(1) Multiband sensors 
(infra-red and 
visible radiations, 
radar in some 
oceanographic 
applications) 

(2) Photography 

Digital — convertible 
to imagery, photography. 

Black and white; 
colour; infra-red (for 
limited areas of the 
globe only). 

Area or regional studies: 
Infra-red — provides information on 
vegetation, moisture conditions, 
groundwater discharge. 
Visible — provides information on 
regional structures, major structural 
discontinuities, geomorphology and 
man-made features. 

Satellite imagery can be used in the 
preparation of small-scale, e.g. 
1:250 000, planimetric maps. 

Low altitude 
(high resolution) 

(1) Aerial 
photography 

(2) Multiband sensors 
(infra-red, visible, 
radiation and thermal 
scanning) 

(3) Radar, including 
side-looking 
airborne radar 
(SLAR) 

Black and white, colour 
and colour-false 
photographs. 

Digital — convertible 
to imagery, 
photography. 

Digital — convertible 
to imagery, 
photography. 

Regional and local studies of geological 
structure, topography, land 
forms, drainage, vegetation, 
man-made features. 
Topographic base map production. 

Regional and local studies. 

Similar applications to high-altitude 
multiband sensors described above, 
but better resolution. 

Regional and local structural geological 
features. Especially useful in regions 
with extensive cloud or forest cover. 



being surveyed and, owing to the nature of the orbits of the satellites, data for 
these areas are acquired repetitively. Costs for remote sensing vary, depending on 
the type of imagery obtained and the level of interpretation desired. 

6.2. GEOPHYSICAL TECHNIQUES 

A variety of airborne, surface and subsurface geophysical techniques have 
been developed. Traditionally, the roles of these geophysical surveys have been 
to determine the size and shape of specific rock masses and to identify the 
presence of anomalies that may represent mineral or other resources of economic 
value. 

Each geophysical technique, regardless of operational mode, is based on a 
capability to measure a physical property of the earth's crust. Variations in the 
magnitude of these properties may be derived from extraterrestrial (exogenous), 
terrestrial (endogenous) or induced sources, or from a combination of these. The 
measured variations have to be interpreted in terms of these effects and of the 
rock masses involved in the measurements. 

Of primary importance for geophysical surveying are magnetic, electromag-
netic and gravitational fields of terrestrial origin. Electromagnetic, electrical or 
acoustic energy may be induced into the earth to modify, enhance or override 
natural sources. Airborne, surface and subsurface techniques are summarized 
in Tables IV, V and VI, respectively. 

In the selection of sites for radioactive waste disposal, geophysical surveying 
has two important roles to play. The first derives from the traditional role of 
geophysical surveying, i.e. the identification of potentially economic resource 
deposits that may exclude a site from further consideration for waste disposal. 
The second, and more important, is the application of geophysical techniques to 
the characterization and mapping of fractures and other structural discontinuities 
and features. This second role requires geophysical systems especially tuned to 
targets and information of interest for both geological and hydrogeological 
requirements. To meet these requirements, an extension in the range, penetration 
and discrimination capability of present techniques beyond that commonly 
achieved is often necessary. 

To aid the interpretation of regional and local geophysical data, it is essential 
that a series of laboratory measurements on the rocks of interest be carried out 
to determine values for such parameters as formation factor, magnetic suscepti-
bility, electrical conductivity, density, permeability, porosity, thermal conduct-
ivity and acoustic velocity. These measurements should be made on representative 
specimens obtained from outcrop samples or borehole cores. 

The state of the art for most geophysical survey methods generally allows 
repeatable results to be obtained under similar operating conditions. However, 
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TABLE IV. AIRBORNE GEOPHYSICAL TECHNIQUES 

Technique Effects measured Potential application 

Magnetic Total natural 
magnetic field 

Detection of regional and local structural 
trends, depth and shape of magnetic rock 
masses; assessment of economic mineral 
potential; depth to basement rock. 

Aeromagnetic 
gradiometer 

Natural vertical 
magnetic gradient 

Same as magnetic but high resolution; 
thus potentially capable of detecting 
certain open fracture systems; high-
resolution detection of regional and 
local structural features; method in 
development stage. 

Electromagnetic Induced electrical 
magnetic fields 

Assessment of mineral potential; 
detection of fault or fracture zones. 

Gravity Density Indicates distribution and shape of rock 
masses; method is in development stage. 

Gamma-ray 
spectrometry 

Natural gamma 
radiation 

Detection and mapping of natural back-
ground radiation; concentration of 
radioactive minerals and assessment of 
igneous rock types. 

none of the methods is capable of producing a fully accurate interpretation of 
geological or hydrogeological conditions. Specifically, they cannot provide direct 
measurements of either the rates, directions and volumes of groundwater move-
ment, or the geochemistry of groundwater. Therefore, data derived from all 
geophysical studies at all scales of investigation must be interpreted in the light 
of complementary information arising from geological, hydrogeological and 
geochemical investigations. Comprehensive interpretations are thus a joint venture 
of all disciplines involved, and confirmation of interpretation of data from a 
drilling programme is needed at an early stage. 

Airborne geophysical techniques employ detection equipment in helicopters 
or fixed-wing aircraft. These include electromagnetic systems, gamma-ray spectro-
meters, magnetometers and gradiometers (gradiometers consist of two magneto-
meters attached at different elevations to the tail of the fixed-wing aircraft). 
Airborne surveys are used for covering fairly large tracts of land at relatively low 
cost and are therefore useful in regional studies. Table IV lists available methods 
and outlines the properties they measure and their potential applications to site 
investigations. 

Text cont. on p. 29. 
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TABLE V. SURFACE GEOPHYSICAL TECHNIQUES 

Technique Effects measured Potential application 

Gravity survey 

Magnetic survey 

Seismic reflection 

Seismic refraction 

Electrical 
resistivity 

Electromagnetic 

Magnetotelluric 

Radar 

Density of rocks (in relation 
to gravity field) 

Magnetic field 
(susceptibility) 

Seismic wave transit time 
(seismic velocity) 

Seismic wave transit time 
(seismic velocity) 

Resistance of ground to 
electrical current 
(electrical conductivity) 

Induced 
magnetic fields 

Natural electrical currents 
and magnetic fields 

Reflection of 
electromagnetic pulses 

Indication of shape and distribution 
of rock masses of different density 
such as salt diapirs, intrusions, 
reefs and ore bodies. 

Detection of regional and local 
structural trends; assessment of 
economic mineral potential. 

Determination of thickness and 
structure of stratified rocks and 
overburden; indication of structure 
in massive rocks; detection of faults, 
and other discontinuity systems 
such as fracture systems, igneous 
intrusions and shapes of diapirs. 

Determination of overburden thick-
ness and indication of bedrock structure. 

Indication of thickness of sedimentary 
layer, depth of overburden materials, 
occurrence of groundwater and 
structural features; detection of 
certain shear or fracture zones. 

Assessment of mineral potential; 
detection of faults and fractures. 

Detection of major subsurface 
structures, including layering; 
depth to basement and configuration 
of major sedimentary basins; 
indication of presence of highly 
saline groundwater and/or geothermal 
anomalies. 

Determination of depth to bedrock 
in non-argillaceous sediments; 
depth to groundwater in overburden. 
Method is in development. 
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TABLE VI. SUBSURFACE GEOPHYSICAL METHODS (BOREHOLE LOGGING) 

Mode Name of 
geophysical log 

Basis of method Application 

Electrical 

(requires 
uncased 
boreholes 
and presence 
of borehole 
fluid, except 
where 
indicated) 

(1) Spontaneous 
potential (SP) 

(2) Normal 
resistivity 

(3) Focused 
resistivity 
laterologs and 

(guard logs) 

(4) Induction 

Measurement of variations 
in natural potentials of 
lithologies in borehole. 

Measurement of formation 
resistivity using electrode 
spacings from a 
few to about 6 m. 

Measurement of formation 
resistivity by focusing 
the current into thin sheets. 

Measurement of formation 
conductivity by the 
measurement of secondary 
magnetic fields within 
the formation generated 
by an alternating magnetic 
field created by a 
borehole sonde. 

Lithological variations — presence of conductive or 
oxidizing/reducing minerals, dykes, etc. ; delineation 
of shale-sandstone sequences. Usually run in 
association with normal resistivity. 

Variations in lithology, porosity and groundwater 
salinity; formation penetration depends on the 
spacing of the electrodes; fracture analysis. 

Porosity and groundwater salinity; indication of 
occurrence of fractures, and conductive or 
oxidizing/reducing minerals. Higher resolution than 
normal resistivity logs. 

Measurement of porosity in dry sections of boreholes; 
indication of occurrence of fractures (can be made 
in dry boreholes). 



Radiometric3 

(can be run in 
cased or uncased 
boreholes with 

(5) Microresistivity 
(micrologs and 
microlaterologs) 

(6) Dipmeter 

(7) Radar 

(8) Fluid 
resistivity 

( 1 ) Natural gamma 

Measurement of small 
volumes of the formation 
immediately adjacent 
to the borehole wall. Done 
with miniature focused 
resistivity logs. 

Specialized use of 
microresistivity 
measurements; data from 
4 probes are fed to a 
computer for the computation 
of dips of bedding planes 
and fractures. 

Measurement of reflected 
pulses of induced 
electromagnetic energy. 

Measurement of variations 
in resistivity (conductivity) 
of borehole fluids. 

Measurement of natural 
gamma radiation by a 
scintillation counter 
located in a sonde. 

Porosity and lithological variations; fracture analysis; 
relative permeability (with mud-drilling fluids only). 

Determination of the dip (inclination) and strike of 
planar structures (bedding planes, fractures, etc.), 
intersected in the borehole. 

Gives 3-D picture of inhomogeneities inside a rock 
mass within a radius of approximately 80 m of a 
borehole. In development stage. 

Groundwater salinity; elevations of groundwater 
in-flow. Important for corrections to other logs. 

Radioactive elements are normally concentrated in 
clays and shales so the logs give data on 
lithological variations. 

a For a detailed description of these logs, see Nuclear Well Logging in Hydrology, IAEA Technical Report No. 126 [4], 



TABLE VI (cont.) 

Mode Name of 
geophysical log 

or without a (2) Gamma-gamma 
borehole fluid 
except where 
indicated) 

(3) Neutron-neutron 

(4) Neutron-gamma 

(5) Spectral gamma 

Basis of method Application 

Measurement of reflected Bulk density. Results can be disturbed by presence 
radiation from induced of high natural gamma background, 
radiation by gamma source. 

Measurement of neutrons Porosity. Results can be interpreted in terms of 
emitted from hydrogen water content, both free water and in minerals, 
atoms in the rock or pore 
fluid. The hydrogen atoms 
capture neutrons from a 
neutron source and emit 
neutrons with a different 
energy. 

Measurement of gamma 
emitted from hydrogen 
atoms in the pore fluid. The 
hydrogen atoms capture 
neutrons from a neutron 
source and emit 
gamma radiation. 

Measurement of natural gamma 
radiation over a spectrum 
of energies. 

Porosity. Results can be interpreted in terms of 
water content. Requires uncased borehole. 

Determination of lithological and mineralogical 
variations, including detection of K, U and Th. 
May provide interrelationship of different 
fissure systems. 



Acoustic ( 1 ) Acoustic or sonic 

(requires 
uncased borehole, 
preferably 
with a 
borehole ( 2 ) 3-D sonic 
fluid) 

(3) Sonic waveform 

(4) Downhole seismic 

(5) Televiewer 

to - j 

Measurement of time 
required for sound to 
travel a certain distance 
through formations sur-
rounding a borehole. 

Measurement of time 
required for reflection 
of induced sonic energy. 

Depiction of individual 
waveforms at discrete 
depths. 

Measurement of surface 
signal recorded by geophone 
clamped to side of borehole. 

Measurement of time for 
reflection of high-frequency 
acoustic pulses from borehole 
surfaces. Records a continuous 
image of a borehole wall. 

Used to measure local sonic velocity. The response 
for a given formation depends on its lithology, 
porosity and fracturing. Provides a check on cement 
emplacement behind casing. 

Determination of number and extent of fractures. 

Determination of number and extent of fractures. 

In combination with seismic data collected from 
surface geophones yields information on subsurface 
geology without the need to rely on closely 
spaced boreholes. 

Determination of fractures along the borehole. 



TABLE VI (cont.) 

Mode Name of Basis of method Application 
geophysical log 

Miscellaneous 
(uncased 
boreholes) 

Television 
camera 

Caliper 

Fluid temperature 

Flowmeter 

Gravimetric 

Magnetic 

Gives visual image of 
borehole wall, capable 
of recording image on 
videotape for play-back. 

Measurement of borehole 
diameter. Mechanical 
arms in contact with the 
borehole wall give a log of 
borehole diameter. 

Direct measurement of 
temperature variations 
of borehole fluid. 

Direct measurement of the 
flow of water, in a vertical 
direction, within the borehole. 

Measurement of in-situ 
rock density. 

Measurement of magnetic 
intensity and/or 
orientation. 

Examination and measurement of fractures and 
other discontinuities. Requires clear borehole fluid. 

Identifies fractures at the borehole; identifies 
cavitation or closure of certain formations 
intersected by the borehole; provides corrections 
to other logs for hole diameter variations; checks 
condition of casing. 

Heat flow within a particular region. Under 
pumping and non-pumping conditions can be 
used to derive information on groundwater flow. 

Determination of vertical hydraulic gradients, 
groundwater conditions, levels and amounts of 
inflow of groundwater; identifies casing leaks 
and condition of screens. 

Improves interpretation of regional data on 
rock density. 

Detection of magnetite or pyrrhotite-rich layers or 
bodies; improved interpretation of regional 
magnetic data. 



Ground-based surveys utilize but are not restricted to the same techniques 
employed in airborne surveys. Examples of additional tools include electro-
magnetic, electrical and seismic methods. Although ground studies cannot cover 
as much territory as airborne surveys during the same period, they generally 
provide much higher resolution than airborne data. Thus they are generally used 
for more accurate investigations of relatively small areas. Properties measured 
and potential application of ground-based methods to site selection and eval-
uation are presented in Table V. 

Subsurface geophysical measurements can be made by lowering into bore-
holes an electronically operated logging tool or sensor on the end of an armoured 
cable or wireline. Signals from the sensor are measured and processed at the 
surface, providing a continuous record of various formation and borehole fluid 
properties. The types of logs available and their application to site investigations 
for radioactive waste disposal are given in Table VI. 

Most borehole-logging systems were developed to operate in large-diameter 
boreholes drilled for petroleum exploration. However, during the last few years 
these systems have been adapted for work in the fields of minerals and water 
resources and are adaptable for use in the small-diameter boreholes which might 
be drilled to evaluate repository sites. 

Before logging and testing boreholes in non-soluble rocks, it may be advis-
able to flush well cuttings and fluids from the hole by repeated pulses of com-
pressed gas (air or nitrogen). This action cleans the walls of the hole, facilitates 
filling the hole with formation fluids, and enhances the quality of geophysical 
borehole logs. 

6.3. GEOLOGICAL INVESTIGATIONS 

Geological investigations related to the selection and evaluation of areas 
containing potential host rocks and of repository sites are incorporated at the 
reconnaissance, study-region, and candidate-site levels, and involve field, labor-
atory, borehole and in-situ studies. Such studies address both surface and sub-
surface conditions, and yield data and interpretations about: (a) the rock types 
present and their mineralogy, petrography and geochemistry; (b) the stratigraphie 
sequences, including any lateral and vertical variations; (c) the geological struc-
ture; and (d) the geotechnical properties of the candidate rocks. 

A knowledge of the regional and local geology is essential background to 
hydrogeological and geotechnical studies. Geological studies are also vital to a 
proper interpretation of geophysical data and in turn are aided by results 
obtained from the geophysical methods discussed in the preceding section. 

Considerable geological information exists in many countries in the publi-
cations of government agencies, universities, research institutes and learned 
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TABLE VII. ROCK DRILLING AND SAMPLING METHODS 

Drilling Depth Cutting Cores0 Core Inclined0 Deviation Geophysical 
method (m) produced produced dia. hole possible logging 

(cm) possible possible 

Cable tool <1000 Yes No — No No Yes 

Rotary 

(a) rock bit >3000 Yes No - Yes Yes Yes 
(b) percussion < 100 Yes No - Yes No Yes 
(c) diamond >3000 No Yes 5 - 2 5 Yes Yes Yes 
(d) reverse rotary ± 300 No Yes 5 - 8 Yes No Yes 
(e) wireline 3000 No Yes 5 - 2 5 No No Yes 

Side wall coring >3000" No Yes 1 - - -

Turbo-drill >3000 Yes No - Yes Yes Yes 

Air hammer ± 300 Yes No - Yes No Yes 

Injection drilling ± 1000 N o b No Yes Yes Yes 

Tube driving <1000 No Yes 5 - 5 0 Yes Yes Yes 

a Core length is less than 8 cm and core diameter 2.5 cm. 
b Recuperation of mix of rock samples and drilling fluid is possible. 
c Oriented cores require specialized equipment. 
d 'Vertical' holes commonly become inclined in difficult drilling conditions. 



societies. Industry, multinational agencies and special groups may also be sources 
of information. Although some existing studies may be outdated or lacking in 
detail concerning radioactive waste disposal, the sum of all such existing infor-
mation provides a valuable basis for planning and implementation of detailed 
investigations. 

Geological information can be obtained from a variety of sources, depending 
on the geological situation, including: 

The surface outcrops of rocks or indications of bedrock in the overlying 
surficial sediments and soils; 

Shallow trenches and/or auger holes made specifically to obtain rock samples; 
Soil tests and existing surface excavations related to engineering structures 

and to the recovery of mineral resources; 
Mines or other subsurface excavations; 
Pre-existing boreholes, including those drilled specifically to obtain samples 

and related information; 
Results from in-situ tests conducted in existing or new boreholes, and in 

subsurface mines from which geotechnical data are sought; 
Laboratory observations and measurements. 

As the site selection process develops, a necessary step will be the drilling 
of the test boreholes around the periphery of any candidate site, and finally the 
drilling of a limited number of boreholes within the site. There are many drilling 
techniques, and care is necessary in the selection of the method suited to the 
particular drilling requirement (a summary of the principal drilling methods is 
given in Table VII. In addition to the geological, hydrological and geotechnical 
data obtained from studies using these boreholes, valuable information can be 
acquired from studies in access shaft(s) and tunnels constructed before final 
acceptance of a site or before emplacement of any wastes. This latter information 
is especially pertinent because it reveals detailed information concerning the host 
rock within the small target zone destined to become the repository. 

6.3.1. Field mapping 

Field mapping is the most fundamental technique employed by geologists 
and serves two main functions. First, it is used to determine, in more detail than 
that provided by remote-sensing techniques, the areal distribution, the structure 
and the spatial relationships of bedrock, unconsolidated materials, glacial features 
and economic deposits, and the locations and orientations of geologic structures. 
Secondly, it enables samples to be systematically collected for subsequent detailed 
laboratory work (see Section 6.3.3). In recent years, the utility of field surveys 
has been enhanced by their integration with data derived from remote-sensing 
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and geophysical methods. Confirmation by field studies is essential in these 
cases for accurate interpretation. 

Data obtained during field mapping projects are illustrated on maps, cross-
sections or special three-dimensional diagrams. Bedding planes, folds, faults, joints, 
fractures, shear zones, surfaces of past non-deposition and erosion are the 
principal mappable features. Some geological features may be too small to be 
shown on maps, but they can be viewed and evaluated in the field as to then-
relevance to radioactive waste disposal. 

From the features observed at the land surface, cross-sections can be con-
structed which display the shallow geological structure. Where geological, bore-
hole and geophysical data are either already available or specifically acquired, the 
thickness and/or structural configuration of one or more key features may be 
determined and may be displayed on a geological map by contour lines. Other 
specialized information that may be shown on geological maps includes data on 
mineral resources and mineral-extraction sites, locations of boreholes, hydrogeo-
logical features and locations of potential geological hazards. 

Salt structures require particular investigations in addition to field mapping 
and related investigative procedures in order to obtain information on their 
diapiric history and present-day upward movement. The recent geological history 
of the upward movement of a salt dome can be established through detailed 
stratigraphie analysis of the non-salt formations affected by the salt intrusion. 
Shallow borings, trenching and geophysical profiling can supply additional evidence 
of upward movement as indicated in the surficial and near-surface sediments over-
lying the domes. Techniques to measure directly the current rates of upward move-
ments of salt domes are not yet available. Techniques being evaluated include 
precise levelling and acoustic measurements. Measurement of the very small 
rates of upward movement requires very high precision and reliability if the 
measuring period is to be kept reasonably short. 

If geological mapping has not been conducted over areas of possible interest, 
it must be done at an early stage in order to properly understand other relation-
ships, such as the subsurface geology, hydrogeology and possible occurrence of 
mineral resources. In such cases, reconnaissance mapping should be undertaken 
at a very early stage. 

6.3.2. Geological data f rom boreholes 

The usual reasons for drilling boreholes are to find and recover fresh water, 
to explore for and produce natural resources such as petroleum, natural gas and 
geothermal fluids, and to gather exploration data about possible mineral deposits 
or the suitability of engineering construction sites. The number of such boreholes 
drilled to date in most countries commonly exceeds several tens of thousands. 
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Boreholes provide direct geological information and, in many cases, indirect 
data by the use of one or more of the geophysical methods described in Table VI. 
Drilling penetration rates give an indirect indication of the rock type being encoun-
tered. However, well cuttings collected in a systematic fashion as drilling pro-
gresses and cores of rock recovered with special downhole equipment represent 
material which can be examined directly and evaluated more precisely. In addition 
to lithological information, the depth to individual rock units and their thicknesses 
can be determined. Direct measurements can be made in the laboratory of various 
characteristics such as porosity, permeability, fluid content, thermal conductivity 
and mechanical strength. Other direct information obtainable from boreholes is 
derived from various hydrogeological tests (see Section 6.4.1). 

The most widely used and most direct method of obtaining borehole data 
is the examination of well cuttings. Detailed examination of well cuttings provides 
a lithologie log which plots the rock types identified versus depth. The accuracy 
of the information as to depth and rock type depends on the drilling method. 
Coring techniques recover solid, continuous cylinders of subsurface rock for-
mations. Coring is applicable to both sedimentary and crystalline rocks. It pro-
vides much larger sized material for examination than cuttings and may be done 
from either surface or subsurface locations. Thus, cores are generally more amen-
able to laboratory analysis. Because of the added time and special equipment . 
involved, coring is more expensive than non-core drilling. The principal 
objectives in a coring programme are: 

Maximum recovery of rock from the interval(s) of interest, or of cores in 
as undisturbed a condition as possible so that moisture characteristics, fracture-
joint orientation and spacings, and the nature of any filling material are preserved; 

Minimized contamination of the natural rock fluids by drilling fluids; 
Preservation of good borehole wall conditions so that reliable results can be 

obtained from other downhole investigations. 

Coring can also be conducted in angled boreholes where the orientation has 
been purposely selected so that inclined targets in the subsurface can be inter-
sected. Standard drilling practice, whether coring is planned or not, usually 
includes hole-deviation surveys in any boreholes drilled to an appreciable depth. 
The determination of the exact orientation of the rock cores, which is essential 
for detailed study of fractures or other oriented structures, requires special tools. 

In many conventional-coring and diamond-coring operations, a single-tube 
core barrel is used, with the result that the cores are exposed to flushing by the 
drilling fluid as well as rotation from the coring bit. Double-tube barrels are used 
to eliminate the rotation influences of the coring bit. Although they are far more 
expensive, triple-tube barrels could be used to recover cores that have not been 
exposed to either fluid-flushing or cutting-rotation effects. 
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6.3.3. Laboratory studies 

Samples collected from surface and subsurface sources provide means of 
obtaining geological, geotechnical and hydrogeological data through various 
investigative procedures in laboratories. Many national geological survey organi-
zations, academic institutions, contract research groups and commercial firms 
provide the full spectrum of laboratory analysis capabilities in this area. 

Pétrographie studies on rock samples and thin sections of rocks with the aid 
of an optical microscope can provide information for identifying rock types, 
their texture and their mineralogical composition. The study of fine-grained rock, 
especially argillaceous sediments such as shales and clays, or where clay minerals 
compose part of the rock, requires the use of X-ray diffraction. Electron 
(scanning) microscopy, differential thermal analysis and microprobe analysis 
techniques provide additional information. 

Geochemical data on major and minor (trace) elements are derived from 
standard wet chemical analysis, flame photometry, atomic absorption spectro-
scopy, neutron activation and emission spectroscopy. Electron microprobe 
analysis can also be used to delineate chemical variations within selected small 
sections of the same sample. Rock samples are also necessary for various geo-
technical studies as described in Section 6.5.3. 

Where sufficient sample material is available for fluids in any stratum to 
be recoverable, geochemical analyses can be performed to determine the dissolved 
solids in these waters. Analyses of these fluids and other tests to determine the 
age of groundwater and possible recharge routes can be undertaken simultaneously 
with the other core analyses. Such approaches rely on determinations of 12 C, 
13 C, 14C, 1 8 0 , 2 H (deuterium), helium and uranium-decay-series isotopes by 
specialized radiochemical methods. 

6.4. HYDROGEOLOGY 

Groundwater movement is the principal mechanism for radionuclide 
migration and transport to man's environment after eventual corrosion of the 
canister and leaching of the wastes. Thus, investigations of the occurrence of 
groundwaters, their chemical characteristics and their flow conditions form a 
major component of the activities leading to the assessment of a repository site 
and, in particular, to the significance of the host rock and adjoining formations 
as geological barriers. In the case of salt, groundwater movement can also lead to 
dissolution of the salt formation. 
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6.4.1. Overview of hydrogeological studies 

It is essential that a good understanding be acquired of the groundwater 
hydrology of the region containing a potential host rock and of the repository 
site itself. This includes knowledge of the volumes of groundwater involved and 
their flow-rate velocities and directions, the hydraulic characteristics which 
influence these values and the geochemistry of the groundwaters throughout 
the area. 

For a host rock of salt, the emphasis of investigation should be placed on 
analysing aquifer systems which lie above, adjacent to and below the candidate 
zone. Intervening strata which restrict groundwater flow and which separate 
these aquifers from the candidate salt zones must also be evaluated to ensure 
their protection against flow of groundwater. The occurrence and movement of 
fluid inclusions within the host salt rock are also of prime importance. 

For host rocks with low solubility in water, effective porosity and hydraulic 
properties of the rock mass itself become the centre of investigation. Of these, 
permeability and hydraulic gradient are the essential properties by which to 
identify groundwater movement. The inference is made that in low-permeability 
host rocks such as granite and shale, groundwater movement is low — even 
under significant hydraulic gradients. Because fractures or related secondary 
channels are important even to this slow movement, characterization of the frac-
ture system by specialized hydrological tests which examine the hydraulic pro-
perties of both discrete and interconnected fracture systems are necessary to 
fully evaluate the groundwater hydrology. Consideration must also be given to 
the potential 'short-circuiting' effect of any borehole drilled into the host rock. 
This may be particularly important in low-permeability crystalline materials in 
which a borehole may constitute a gross perturbation to the undisturbed 
hydrogeological system. 

Although attention is clearly focussed on the groundwater system in the 
host rock, data and understanding of the relevant regional and local surface-
water systems are also important. Relationships between recharge from surface-
water sources and the regional groundwater flow should be established. The 
denudation history of the region should also be examined to ensure that relevant 
relationships between present and past surface-water and groundwater systems 
can be incorporated in the safety assessment of the site, with particular attention 
to the possibility of flooding. 

The aquifer system under examination should be that part of the entire 
underground space within which groundwater could transport radionuclides from 
the repository to locations where it makes an impact on man's environment and 
can be studied directly. Such studies should include predictions and evaluation of 
both undisturbed conditions and the transient perturbations that will be intro-
duced by construction of the repository and the emplacement of the wastes. 
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TABLE VIII. NATURAL MECHANISMS GOVERNING MIGRATION 
OF NUCLIDES IN A PERMEABLE MEDIUM 
(based mainly on Marsily et al., Ref. [5] A 

Mechanism Relevant effect 

Flow Movement of a nuclide at the velocity of the 
water. 

Diffusion Movement of a nuclide within the fluid under a 
concentration gradient. 

Dispersion Distribution of nuclides due to their velocity 
variations in porous media. 

Sorption Reversible interaction between mobile and 
immobile phases. It includes ion exchange, ion 
adsorption and filtration. It leads to a retardation 
of the nuclide relative to the velocity of 
the water. 

Immobilization Irreversible interaction between mobile and 
immobile phases. It includes, for example, 
precipitation and co-precipitation. 

Radioactive decay Process of natural radiochemical evolution 
which determines the final species ofradionuclides 
and their concentrations at the groundwater 
discharge zones. 

Construction will cause a modification to the pat tern of groundwater movement 
through the area, while emplacement of heat-emitting wastes may cause fur ther 
perturbations during the heating and cooling phases related to the decay of the 
radioactivity. Eventually, the effects of the constructional and thermal pertur-
bations will decline and conditions will approximate those existing originally. 

The groundwater chemistry of the host rock and other aquifers with which 
the host rock may be in hydraulic continuity will also be of major significance 
in the study. Particularly significant is the Eh and pH of the groundwater, especi-
ally in the flow path leading f rom the repository to the earth's surface. They 
are important in regulating the chemical interaction between the host rock and 
the radionuclides. This may lead to a retardation of some nuclides by sorption 
or to retention by precipitation. They may also help to identify natural hydro-
chemical trends which will help to characterize the flow system. 

Comprehensive analysis of the various aspects of the groundwater system 
will lead to construction of a system model which is first conceptual but which 
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develops into a numerical simulation of the groundwater flow. The model is 
intended to: 

( 1 ) Simulate the aquifer system well enough to permit adequate calculation 
of numerical responses of the system to emplacement of wastes f rom the reposit-
ory and to predict the concentration and movement rate of these radionuclides 
to discharge points into the human environment; and 

(2) Provide a basis for verification of the model by comparing the computed 
data with the independent observations describing the aquifer system's structure 
and behaviour. 

The model can be used to carry out a sensitivity analysis (a) to define signifi-
cant parameters, (b) to identify missing information that may be needed, and 
(c) t o indicate the degree of accuracy required. It will also form the primary 
basis for another more complete nuclide migration model, which also includes 
the effects of chemical phenomena within the groundwater system. These models 
will subsequently serve as predictive tools. The six main mechanisms that govern 
migration, identified in Table VIII, will have to be taken into account in the 
construction of models. 

6.4.2. Hydrogeological parameters and characteristics 

To quant i fy the relevant hydrogeological factors, various parameters and 
characteristics need to be evaluated both at the level of the individual geological 
formations in the area of interest and at the level of the aquifer system within 
the region in which the repository is placed. 

6.4.2.1. Hydrogeological characteristics of geological media 

Rocks possess two fundamental properties relevant to their hydrogeological 
characterization. Porosity (</>) is a measure of the unit pore space and may be 
applicable to flow (0 f ) and/or to diffusion ( 0 d ) mechanisms. Hydraulic conduc-
tivity (k) is a measure of the capability of a unit of rock to transmit water. When 
applied to practical field problems these properties must be supplemented by 
measurements of the hydraulic gradient (i), causing movement, and by integration 
of the f low through the full thickness of the saturated aquifer (m) by the concept 
of transmissivity (T) where T = k X m . It must be recognized, however, that the 
physical meaning of <p and T will differ as between rocks characterized by flow 
through fracture systems and those in which flow is either solely by intergranular 
flow or combined fracture and intergranular flow. 

Rock masses possess primary permeability governed by the processes which 
formed the rock mass. Rocks may, however, also possess secondary permeability 
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which can result f rom post-rock-formation processes such as fracturing or dissolu-
tion. In some crystalline and sedimentary rocks, secondary permeability is partic-
ularly important . A wide variety of definitions, measurement systems and units 
has arisen for the term permeability f rom its application in various earth-science 
fields. It is essential to differentiate between those definitions relating solely to 
the property of the rock and those in which the properties of the fluid (e.g. tem-
perature and viscosity) are also involved. 

A further property of a rock which is of significance for hydrogeological 
characterization is its diffusion capacity. This property is a measure of the ability 
of a roek unit to transmit fluids by diffusion and is dependent partly on the 
extent and configuration of interstices and partly on microfractures in the rock. 

6.4.2.2. Parameters of the groundwater system 

To quant i fy the various factors relating to both local and regional move-
ment of groundwaters within the overall circulation system in the vicinity of 
a potential repository, it is necessary to consider three groups of factors: 

The geological and hydraulic characteristics and geometry of the overall 
system and each of the bodies of rock masses of which it is composed (size, thick-
ness, shape); 

The boundary conditions of the flow system; 
The distribution of hydraulic heads in three dimensions, the hydraulic 

gradients and the resulting flow directions. 

The hydraulic head is the potential energy that causes water movement. It 
is measured in terms of elevation above any specific point in the groundwater 
system. 

Depending on whether the aquifers to be evaluated are unconfined (i.e. the 
top of the zone of saturation is at atmospheric pressure and displays a fluctuating 
water table) or confined (i.e. the water is under pressure within the aquifer), 
different equations are used to calculate hydraulic flows. Both conditions can 
be investigated by either pumping or injection tests in wells with measurements 
usually made in surrounding observation boreholes. Interpretat ion of such tests 
usually requires considerable expertise and experience, particularly in rocks where 
fracture systems predominate. 

6.4.3. Data collection techniques 

To define a regional groundwater system, initial investigations should include 
a literature search for available information followed by close integration with 
geological and geophysical investigations in the field and laboratory. Indications 
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of groundwater discharge, such as springs or seepages, should be mapped and the 
water sampled for chemical and isotopic analysis, as should water from all avail-
able wells and boreholes. Potential recharge rates and areas should be identified 
from hydrometeorological information, surface-water data and geological mapping. 

Groundwater flow systems may be defined initially by a model incorporating 
available topographic information combined with the elevations of the water sur-
face in wells, springs, rivers, lakes and swamps. First-order estimates of aquifer 
permeability and porosity can usually be obtained from such geological data. 

Based on this initial definition of the flow system, drilling programmes to 
determine the hydraulic head at various points can be carried out in parallel or 
in combination with drilling programmes to obtain geological information, to 
obtain values for the physical parameters of the aquifer system, and to obtain 
water samples for isotopic age-dating and chemical analysis. Drilling programmes 
may also be designed to better define the lateral and vertical boundary conditions 
of the flow system. 

When this type of information has been assembled, more precise modelling 
of the flow system can be undertaken. The results from the hydraulic model 
and the observed hydraulic heads must then be compared with those from the 
hydrogeochemical and age-dating studies; the model can only be regarded as 
satisfactory when compatible results are achieved. An integral part of the defini-
tion of the flow systems existing in the region of investigation is the determina-
tion of the magnitudes and distribution of values for aquifer parameters (0,k,T). 

6.4.3.1. Field and laboratory testing techniques 

Collection of hydrogeological data necessary for the quantitative evaluation 
of groundwater flow systems requires the extensive use of field and laboratory 
techniques. These techniques embrace the fields of well hydraulics, tracer tests, 
analytical chemistry and geophysics, as detailed in Appendices B and C. 

6.4.3.2. Groundwater chemistry and age 

The degree to which groundwater is in equilibrium with the rock with which 
it is in contact can also provide data on flow regimes. Analyses are needed for 
a range of major and trace anions and cations in both rocks and groundwater, 
together with supporting data on controlling parameters such as pH, Eh and tem-
perature. In addition, groundwater chemistry can be used to identify areas of 
recharge and to identify old and trapped waters. These techniques can supple-
ment the determination of flow rates and flow paths from the hydraulic analyses. 

The potential for interaction between waste forms or canisters and ground-
water or host rock can be determined by sampling the groundwater in the host 
rock and determining the in-situ Eh and pH conditions. In addition, investigation 
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of the ways in which such conditions could be varied by possible radiolytic effects 
on the groundwater induced by the presence of the radioactive wastes may be 
locally important. 

Analyses of certain chemical parameters can provide information both on 
the residence times of groundwater within a particular flow system and, in some 
cases, on either its absolute or its apparent age. Results enable a better under-
standing of (a) the relationship between surface and groundwater, and (b) the 
groundwater hydrology in terms of both regional flows and/or with respect to 
localized fracture flow, and thus provide additional data for modelling the system. 

6.4.4. Modelling and simulation 

The use of mathematical models to simulate surface water systems and aquifer 
systems and to predict the responses of hydrogeological systems to various per-
turbations has long been a practice in the general field of hydrology, particularly 
in water-resource planning in prolific aquifers. Rocks with low permeability, such 
as those that will be in a waste repository zone, are not usually modelled. 

Such simulations are applicable to the flow in aquifers around and within 
a potential repository site as well as to any flow that might exist within the host 
rock. However, for the immediate area of the repository, several critical 
differences must be taken into account: (1) the much longer forecast times 
needed for waste repository simulations; (2) the need to take dispersion into 
account; (3) the incorporation of thermal perturbation on water movement; 
and (4) the responses to thermally induced stresses, as these might affect hydraulic 
conductivity resulting from fracture enlargement, closure or generation. The 
relevant hydrological parameters in the groundwater models can then be modified 
to meet the geotechnical changes. 

Simulation will have to be developed with data from relatively few field 
collection points because it is desirable to minimize the number of borehole 
penetrations within potential repository sites. This is in contrast to conventional 
aquifer studies where more data collection points would generally be available. 
Repository simulations will also have to be designed to cover a wider or vertically 
more extensive range than many typical models. 

Thus, hydrological simulations relative to waste repositories may be 
sophisticated and capable of handling more interrelated variables than con -
ventional hydrological models. 

6.5. GEOTECHNICAL INVESTIGATIONS 

Historically, geotechnical or rock-mechanical investigations and measurements 
have been made in connection with engineering design and construction of sub-
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surface excavations such as mines, tunnels, aqueducts, subsurface power stations, 
pumped-storage facilities and storage caverns, which in some cases have been heated. 

More recently, the anticipated use of the subsurface for various energy-related 
purposes has emphasized the importance of geotechnical investigations. The need 
to confine high-level radioactive wastes for very long periods creates the need to 
forecast rock behaviour over long periods. This forecast requirement is to be aimed 
at evaluating the effects of long-term geotechnical behaviour on the waste isolation 
effects. Radioactive wastes generate both heat and radiation that may well 
adversely affect rock performance. Therefore, analytical procedures capable of 
forecasting the magnitude of stresses that could produce failure mechanisms 
have become necessary. Further, because stress levels are closely related to 
permeability in fractured rock, geotechnical properties are important to the 
hydrogeology of a waste repository site. 

The geotechnical properties of rocks depend upon: (1) mineral composition, 
(2) grain size and fabrics, (3) chemical constituents, (4) degree of weathering, 
and (5) physical discontinuities such as bedding planes, faults, fractures, joints 
and pore spaces. The presence of heterogeneous conditions, on whatever scale, 
is particularly important and should be examined in relation to gross rock pro-
perties both in the laboratory and in situ. 

Time-dependent deformation (creep) or fractures of rock masses under 
natural or applied stresses are of particular importance in evaluating the long-
term performance of a repository. Considerable information already exists on 
the creep behaviour of salt under mechanical and thermal loads. Although less 
information is available for non-salt rocks, more is needed on the behaviour of 
large volumes of these rocks under variable thermal conditions. This information 
may be obtained from model calculations and from field observations, large-
scale field tests and laboratory investigations away from the final selected site. 

6.5.1. In-situ borehole and laboratory measurements 

Relevant geotechnical studies fall into three main categories: in-situ lab-
oratory, modelling and predictive studies. The principal field-testing and 
measurement techniques pertinent to these categories are detailed in Appendix D. 
It should be noted that stress cannot be measured directly. Thus evaluation 
of its magnitude and direction in rock specimens or rock masses is calculated 
from measurements of displacement which can be obtained from a variety of 
testing and measurement techniques. 

The principal geotechnical laboratory tests are listed in Appendix E. 
Measurements of the thermal properties of significance in repository design 
must also be considered. 
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6.5.2. Supporting investigations 

In-situ demonstration tests will be required in the development of a waste 
repository at the proposed site. However, for generic purposes and for conveni-
ence, companion in-situ tests may also be conducted at research areas and in 
subsurface excavations away from the designated sites. Generally, these areas 
should possess geological and hydrological characteristics similar to the proposed 
repository sites, but they may not be subject to limitations such as mineral potent-
ial and unfavourable hydrogeological conditions. Research and development 
work at these facilities could include the full range of activities envisaged for a 
designated repository site, including radionuclide-migration field tests, borehole-
and shaft-sealing tests, testing of drilling methods and, perhaps most important, 
in-situ heating tests for studying thermal loading and rock response. 

One of the most comprehensive underground thermal-mechanical tests to 
date was initiated at the Stripa Mine, Sweden, in 1977. Other in-situ thermal 
studies have been conducted in the Asse salt mine in the Federal Republic of 
Germany, in Cornwall, UK, and, in the USA, at the Nevada test site, the Avery 
Island salt mine, Oak Ridge and the Hanford Reservation. Heater tests may 
range from the use of a single heater with the basic instruments for measuring 
temperatures and displacements to full-scale heater tests where a large number 
of heaters and associated instrumentation are emplaced to simulate full heat 
loading of a section of a repository. 

6.6. SEISMICITY 

In general, repositories will probably not be sited in areas subject to signifi-
cant seismic risk. However, such risk will need to be assessed as part of the site 
investigation studies. An analysis of the magnitude, intensity and frequency of 
historical earthquakes leads to an estimate of the expected time interval between 
shakes of given magnitude. Analytical methods identified in IAEA Safety Guide 
50-SG-S1 [6] will be of value in this context. Seismic theory, together with data 
from existing mines, indicates that effects due to seismic events may be greatly 
reduced at the depths proposed for repository construction. These seismic 
analyses usually relate only to short time periods in geological terms and must be 
seen in the perspective of the required lifetime for a repository. The analysis will 
usually relate to the operational period of the repository and will apply to the 
few centuries required for the decay of most of the fission products. The current 
concensus is that after a few centuries the direct effect of a seismic event on the 
waste isolation integrity of a backfilled repository may not be significant. How-
ever, this assumption will require careful analysis. Installation of a seismic 
monitoring network in the region of a repository may be desirable. 
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Recent movements experienced by geological formations at the surface and/or 
variations to historical geodetic data can indicate general tectonic instability and 
must be taken into account in siting activities. Continuing geodetic measurements 
may also indicate whether diapiric movements are occurring in salt domes. 

6.7. WASTE-WATER-ROCK INTERACTIONS 

The range of chemical and physicochemical interactions between the 
immobilized waste form, the canister and the backfill material, on the one hand, 
and the repository environment (specifically the rock and water), on the other, 
will need to be evaluated for all potential repository sites. Thus the site invest-
igation programme should include the acquisition of relevant data from both 
field and laboratory tests and measurements. The effects which should be con-
sidered include: 

Canister corrosion resulting from rock-water-canister interactions; 
Leaching of nuclides from waste as the result of rock-water-waste inter-

actions followed by subsequent migration of nuclides through the man-made 
and natural barriers; 

Chemical and mineralogical transformations in the wastes and rocks due 
to rock-water-waste interactions, especially at elevated temperatures and 
pressures, and deterioration of the rock-water-waste due to high radiation fields. 

The geochemical and physicochemical characteristics to be studied in this 
context are those of the host rock and the water it contains, and include: 

Chemical, radiochemical and mineralogical composition of rocks; 
Sorption capacities of minerals and rocks; 
Chemical and radiochemical composition of groundwater; 
Electrochemical properties of groundwater, such as reducing-oxidation 

potential, pH and conductivity; 
Effects of radiation and decay heat on the rock and on the groundwater. 

These characteristics can be measured by a variety of methods outlined in 
Table IX. Most measurements are made in the laboratory but some need to be 
studied in the field. For sites at which reliable data cannot be acquired during 
preliminary investigation stages, supporting studies may be needed from other 
sites to ensure the acquisition of data from similar geological conditions. Some 
such investigations are described in Sections 6.4 and 6.7.2, but judgement will 
be needed to determine the relevance of the data derived from such studies to 
the specific site under consideration. 
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TABLE IX. GEOCHEMICAL AND PHYSICOCHEMICAL PARAMETERS 
AND MEASUREMENT TECHNIQUES 

Study material Parameter Measurement techniques 

Rock samples, from outcrops, 
fissure surfaces, core material, 
subsurface excavations; rock 
in situ 

Mineral composition 

Chemical composition 
(qualitative and 
quantitative, including 
organic and inorganic 
carbon) 

Grain size distribution 

Natural radioactivity 
and dating 

Sorption properties: 
Ion-exchange capacity 
Distribution coefficient3 

(Kd) 
Diffusivity 
Relative migration 

velocity 
Precipitation mechanisms 

Microscopy (optical, electronic); 
X-ray diffraction; 
differential thermal analysis; 
thermo-gravimetric analysis; 
wet or dry chemical analysis 
(titrimetry, gravimetry); 
X-ray fluorescence; 
atomic absorption; 
optical spectrometry; 
mechanical sieving; 
sedimentation. 

a, ß, y counting; radiography; 
mass spectrometry directly 
on samples or after physico-
chemical separation. 

Batch and column experiments 
with radioactive tracers or 
other index ions followed 
by conventional chemical 
analysis or radioactive 
measurements; in-situ tests; 
batch and column techniques. 

Groundwater samples from 
springs, seepages, wells, 
exploration boreholes, 
subsurface excavations, 
core material. 

Major chemical ions 

pH, Eh, electrical 
conductivity 

Natural radioactivity 
and dating 

Wet or dry chemical 
(titrimetry, gravimetry); 
X-ray fluorescence; 
atomic absorption; 
optical spectrometry; 
polarography; 
potentiometry. 

Direct electro-chemical 
methods (conductivity, 
pHmetry); 
conductivity meter. 

a, ß, 7 counting; mass 
spectrometry directly on 
samples or after physico-
chemical separation. 

4 4 



T A B L E I X ( c o n t . ) 

Study material Parameter Measurement techniques 

Trace element content Mass spectrometry. 

Gas content Gas chromatography ; 
chemical sorption. 

Active biological content 
(qualitative and 
quantitative) 

Chemical analysis of organic 
materials, microscopy 
(optical, electronic); 
microbiological studies. 

a The reliability and significance of Kj results require careful assessment. 

6.7.1. Effects of decay heat, radiolysis and waste chemistry 

Significant studies should be directed towards determining the effects of 
decay heat, radiolysis and waste-form chemistry under repository pressures. 
Solid rock geochemistry should be examined as well as chemistry of both 
mobile and non-mobile groundwater, including water of hydration and fluid 
inclusion. In salt the occurrence, content and mobility of fluid inclusions 
will be particularly relevant. 

In addition to mechanical effects (Section 6.5), heat from the decay of 
radionuclides in the waste may cause complex chemical changes in the ground-
water. Some of these changes may affect natural barriers and therefore radio-
nuclide transport rates. A temperature gradient in salt may cause decrepitation 
and/or brine migration towards the heat source owing to differential thermal 
solutioning. Heat may alter geochemical properties by causing mineralogical 
changes such as dehydration, which may alter the sorptive characteristics of the 
rock. Also, the solubilities of many radionuclides in water increase with 
increasing temperature, thus permitting greater concentrations of radionuclides 
to enter into solution. Increases in temperature of groundwater will also 
decrease the viscosity and thus increase the flow rate of water. 

Although it is generally of small significance, radiation could adversely 
affect the repository environment in several ways. Two major possible effects 
are (a) the production of reactive chemical species including gases, and (b) the 
storage of energy. The possible reactive materials produced may include species 
such as peroxides, oxygen and nitric acid; and in brine, chlorates and bromates. 
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These oxidized species could accelerate corrosion rates on waste canisters, or 
they may react with minerals in the backfill or with the rock and thereby degrade 
their sorptive characteristics. The production of stored energy in the rock may 
also cause mineralogical transformations, which could result in volume changes 
and in decreased radionuclide sorption capabilities. Volume changes or excessive 
gas production may cause the rock to fracture. The combined effect of both 
these possibilities is likely to be offset, however, by the major increase in the 
number of sorption sites on the surfaces of the newly created fissures. 

In addition to radiation and heat, certain chemical substances that might 
be in the waste package may inhibit sorption processes. Such materials include: 

(a) Chelating or complexing compounds which can form stable solution 
complexes with actinides; 

(b) Some metals, which upon dissolution into groundwater may be preferen-
tially adsorbed by the geologic medium; and 

(c) Some waste forms which could give rise to acidic or alkaline ground-
water, causing degradation of the rock or backfill. 

These effects of heat, radiation and waste chemistry will be highly dependent 
on the geological environment. It is therefore necessary to assess their signifi-
cance in relation to the geology of each repository site. 

6.7.2. Supporting geochemical investigations 

In addition to laboratory experiments and in-situ testing, information on the 
geochemical behaviour of radioactive waste may be derived from several other 
sources: 

(a) The mathematical modelling of chemical equilibria; 
(b) Observed radionuclide transport from natural ore bodies such as uranium 

and thorium deposits and, in particular, the Oklo deposit in Gabon, 
Africa; and 

(c) Observed radionuclide transport from shallow burial grounds. 

Mathematical modelling of chemical equilibria in aqueous environmental 
systems is of great value in confirming the results of laboratory and in-situ inves-
tigations and in predicting the behaviour of complex systems that are very diffi-
cult to evaluate experimentally. Numerous geochemical models are available. 
However, when applied to the simulation of radioactive waste disposal, present 
models usually lack the reliable thermodynamic data for the actinides and for 
natural organic ligands, such as humic and fulvic acids. 

4 6 



There is much to be learned from ore bodies about how the natural environ-
ment immobilizes certain radionuclides and readily transports others. The natural 
reactor phenomenon at Oklo, in Gabon, Africa, is of particular interest because 
radioactive elements other than uranium and thorium are present and can be 
studied. 

Information on radionuclide migration at shallow disposal sites is also use-
ful because it provides real data for the calibration of mathematical radio-
nuclide transport models through soils. Understanding the geochemical behaviour 
of radionuclides at these sites is a useful step towards confident prediction of 
the geochemical behaviour of radionuclides in deep geological repositories. How-
ever, direct extrapolation from the surface to depth may not always be justified. 

7. APPLICATION OF EARTH-SCIENCE 
INVESTIGATIVE STUDIES 

This section outlines the application of desk, field and laboratory investigative 
techniques at the appropriate step of the investigative process. It also points out 
the relationship of earth-science information to safety analysis, repository design 
and other activities conducted during the site investigations. 

There are many ways of selecting potential sites and implementing site 
investigations. For example, sites may be located without going through a highly 
systematic sequence of investigations starting with studies of large areas. This 
may be possible if geographic size, geological conditions or other reasons make 
such a programme of stepwise reduction of areas of interest unnecessary or 
impractical. In this respect, the stepwise approach described in Section 5 and 
the subsequent subsections represents an idealized approach and is only intended 
to serve as a general guide for developing national programmes. 

For the principal steps in the investigative process listed below, the relative 
effort expended on each step will vary greatly depending on the quantities of 
waste, the geological environment, the host rock concerned, and other considerations. 
The principal steps are: 

(1) Planning and general studies 
(2) Area survey 
(3) Preliminary site selection 
(4) Site confirmation 

At each step of the process, integration is required among the earth-science 
investigations and concurrently evolving analyses of radionuclide transport and 
safety and further development of the repository concept. At all phases of site 
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investigations, desk studies are required which involve application of scientific 
theory and practice and use of existing data. As investigations proceed, the 
studies usually progress from the general to the specific. As the studies become 
more specific, more field or experimental data are needed and are used as a 
basis for the technical desk evaluations. 

Much valuable information can be obtained about a potential site during 
the early phases of site investigation without penetrating the ground. This can 
be done by the appropriate use of conventional geological investigative techniques 
and by the numerous remote-sensing and above-surface techniques available. 
Such techniques are also useful during the later phases of site investigations. 
However, penetration into the host rock by drilling is required before one can 
have confidence in the interpretation of the studies made at the surface and in 
order to obtain data not determinable by in-situ measurements. Indeed, even 
better information is obtained during construction and later stages of the 
repository operations, when man himself enters the geological environment to 
allow improved use of his investigative techniques. 

More than one technique is frequently available to obtain and/or analyse 
certain information. The selection of one particular method rather than another 
is based on the geological conditions at the site under investigation and on the 
resources available. For example, the spectral gamma borehole logging method 
would be appropriate for the location of fissures in a borehole drilled into a host 
rock which had been subject to uranium deposition in the fissures. On the other 
hand, it would not be appropriate to the location of fissures if no such secondary 
uranium enrichment had occurred. Space does not permit extensive description 
of the geological conditions in which the numerous techniques referred to can 
be applied. It can be said, however, that it is frequently beneficial to obtain 
similar information from the use of more than one technique in order to improve 
the reliability of the assessments and to obtain complementary information. 

It is clear that the degree of assurance of satisfactory performance of the 
selected site will be directly dependent on the quality of the plans, techniques 
and equipment employed in the investigations, and in the use of well-qualified 
personnel and modern methods for data analysis. 

7.1. PLANNING AND GENERAL STUDIES 

The initial planning (Box 1 of Fig. 1) requires coordination of many 
disciplines, including earth science, and a general knowledge of the kind of 
information needed and of the scientific techniques available to obtain that 
information. These activities must integrate input from administrative, nuclear 
and engineering experts to take into account the quantities and characteristics 
of the wastes to be disposed of, the location of major waste sources, the possible 
concepts for repository design, and the timing needs for a repository. 
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On this basis and from a knowledge of the geology, hydrology and hydro-
geology of the country, as well as general geochemical transport phenomena, 
radiation protection and safety analysis principles, selections are made of 
nationally acceptable repository performance objectives and waste confinement 
concepts. The development of other confinement concepts specially adapted 
to the needs and possibilities of the country may be required in some cases. The 
appropriate experts in the earth sciences and other natural sciences, engineering 
and safety analysis, develop the more promising confinement concepts into 
general repository designs, which indicate the size of a target site and the anti-
cipated interaction of the various barriers considered in the concepts. Information 
required for assessing the performance of the proposed barriers is then identified. 
The techniques available to provide the information are reviewed, and appropriate 
research and development programmes outlined. 

Based on the above information, a plan is prepared for the activities, timing 
and resources required for the next stage and, less formally, also for subsequent 
site investigation stages, which will depend on the outcome of the earlier stages. 
At this point only desk studies are required, and it is not usually necessary to 
apply most of the investigative techniques detailed in Section 6. However, the 
availability of these techniques should be reviewed and arrangements made to 
remedy any important deficiencies. 

Site selection factors are reviewed and priorities assigned. From this review, 
including an examination of the basic earth-science data, potential host-rock types 
are identified. Criteria are developed for selection of areas of potential interest. 
Safety analysis methodologies are reviewed and a basic method is selected and 
applied on a generic basis to identify the important parameters for which data 
will be needed. 

7.2. AREA SURVEY 

The area survey stage (Box 2 in Fig. 1 ) provides the reconnaissance information 
on the geological characteristics within a country that are needed to select general 
areas that may contain suitable locations for a repository site. This selection is 
made by comparing geological conditions (including the availability of potential 
host rocks) and other factors with the general site selection factors. 

First, an inventory of areas of interest is developed. A common approach is 
to delineate areas that contain potentially suitable types of host rocks. The data 
for such an inventory may in many cases be obtained from the literature. Remote 
sensing can be an important supplementary technique at this stage. The results 
of all these studies are displayed as a series of maps depicting: 
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The areal extent of candidate host rocks or regions containing them; 

Major geological and structural provinces and features; 

Geomorphology, seismicity, climatic regions, drainage systems, population 
density, the sources of nuclear waste and hydrogeological information, e.g. the 
groundwater yield of wells. 

The inventory provides the basis for selecting promising areas or research 
area by comparison with area selection criteria. Each area is then normally 
considered separately and represented in greater detail than in the inventory. 
A map scale of the order of 1:250 000 may now be appropriate. This would also 
allow indication from existing data of the location of significant features such as 
major individual faults, extensive fracture zones and mines. Field visits to areas 
of potential interest will usually be necessary. 

Also included at this stage is a review of pathway and safety analysis. Using 
the known characteristics of the areas and potential host rocks developed at 
this point, a preliminary safety analysis may be performed to provide guidance 
for activities in the next stage. Based on these and geological investigations 
performed to date, criteria are developed for selecting preliminary sites for more 
detailed evaluation. The techniques to be used for the subsequent more detailed 
site investigations are also selected. 

7.3. PRELIMINARY SITE SELECTION 

At this stage (Box 3 in Fig. 1 ) the areas are reduced to likely site(s) for 
detailed investigations. Relatively extensive field work is performed for the first 
time; potential host rocks and geological and hydrological conditions are 
characterized on a broad basis. In some cases this stage may be performed in more 
than one step. 

Studies of existing aerial photography, geological maps and geophysical 
surveys combined with limited geological studies in the field would normally 
produce sufficient information for selection of individual sites. Field work would 
probably consist of visits to the areas in question and some preliminary 
reconnaissance mapping. Questions regarding permission to investigate or use 
the area and the possible role of alternative land uses should be clarified before 
any more detailed work is initiated. 

Before the detailed work begins, a map scale of the order of 1:50 000 is 
generally required. To provide base data on topography, lineations, etc., low-
altitude remote-sensing surveys, especially aerial photography, may be used. In 
addition, existing maps from previous airborne geophysical investigations such as 
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magnetic, radiometric and electromagnetic surveys may provide valuable geological 
data on the area. Where salt domes are main targets, a limited number of gravi-
metric and seismic profiles on the ground may be useful in determining the size 
and shape of the structures. 

The potential sites or the research selected on the basis of the evidence 
collected so far are then investigated more closely. The subsequent work can 
usually be subdivided into geological mapping, surface geophysical surveys and 
borehole investigations, as discussed below. 

7.3.1. Geological mapping 

A detailed and multipurpose geological map on a scale of the order of 
1:10 000 would be required for each potential site. To complement this map, it 
is desirable to obtain low-altitude aerial photography on a similar scale. 

The geological map should show the distribution of rock types, outcrops, 
geological structures and features, as well as drainage systems, including water 
wells and the elevation of their water table, and topographic contours. Profiles 
showing the expected subsurface distribution of the rocks are desirable. 
Accompanying maps of soil types and thicknesses and of the types of vegetation 
at the site may also be prepared. During the mapping phase a decision may be 
made as to whether the site is worthy of further investigation in the light of the 
observed findings. The mapping may provide a basis for deciding whether surface 
geophysical investigations are called for. In some cases it may be necessary to 
drill some holes into the target rock in order to outline its distribution. The same 
boreholes may also serve to characterize groundwater conditions. Well in advance 
of extensive surface geophysical work and drilling, it is important to provide 
appropriate information, including planned future activities, to parties involved 
in the waste disposal activities and to the general public. 

7.3.2. Surface geophysical surveys 

Surface geophysical investigations can provide much additional data on the 
subsurface characteristics of potential sites. Geophysical surveys may be helpful 
in the siting of boreholes. 

Generally, the suitability of geophysical techniques applied will vary according 
to the geological setting. If salt domes are the target media, gravity and seismic 
surveys are undertaken. Sites with igneous or metamorphic rocks may utilize a 
combination of magnetic, electromagnetic and resistivity surveys in order to 
describe structural trends and to identify the occurrence and location of hidden 
fracture zones and faults, and even of unsuspected mineral deposits. Seismic 
techniques can also be used. A combined evaluation of earlier geological mapping 
and these geophysical surveys will show whether a site merits further drilling, and 
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may also assist in locating favourable sites for the boreholes. It is important to 
recognize, however, that surface geophysical methods will not determine 
quantitative hydrogeological parameters. Accordingly, an area cannot normally 
be rejected as unsuitable for a waste repository on the basis of geophysical test 
results in advance of confirmation of those results by drilling. 

7.3.3. Borehole investigations 

Boreholes provide the bulk of the subsurface information as well as samples 
of the rocks and groundwater. They provide a means to investigate in detail the 
hydrogeological conditions and the properties of the rock column at any site. 
Of all the studies at potential repository sites, it is likely that the results from 
borehole investigations will provide the most essential data for overall site 
evaluation, including the safety analysis. The amount of drilling at this stage 
should be kept at a minimum in order to limit the perforation of the host and 
overlying rocks. 

Shallow holes can provide data on the attitude and condition of near-surface 
structures such as layering and fracture zones. They also serve to study the 
hydrogeological conditions and to sample the rocks and groundwater. Drillholes 
to and beyond the depth considered for a repository provide the first opportunity 
to sample and investigate the rocks and fluids present at the target depth. In this 
sense the boreholes are essential and represent the first tangible evidence on sub-
surface conditions, in contrast to all geological and geophysical inferences obtained 
from earlier studies. 

The distribution of boreholes over the potential site area, their depth, the 
direction and inclination of drilling, and the number and types of cores, are all 
dependent on the nature of a specific site. Records should be kept of the rate 
and progress of drilling and of such things as core-recovery, difficulties in drilling 
due to rock conditions, and loss of drilling-fluid pressure. In special situations, 
drilling fluids may be marked with tracers to assist later interpretation of hydro-
geological observations. 

Geophysical logging can usually be conducted within a relatively short 
period and is therefore often the first investigation to be undertaken in the bore-
holes. The logs may be used to provide information for later geotechnical, 
hydrogeological and geochemical evaluations in the hole and the site. Geophysical 
observations are most important in providing a means of correlation between 
boreholes and they provide a basis for extrapolating from boreholes into the 
surrounding rocks. Commonly, a number of different measurements are made 
simultaneously, by combining the sensor tools on a single line for logging. Some 
indication of the range of logging technique may be noted by referring to Table VI 
and Appendix B. 
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Following geophysical logging, hydraulic measurements are usually made 
in the boreholes. It is desirable to make multiple measurements over isolated 
sections of the holes in addition to determinations for larger sections or for the 
entire length of the boreholes. In this manner the integrated results from a number 
of short sections can be compared with direct measurements of hydraulic 
conductivity for the larger sections of interest. The short-circuiting effect of the 
borehole must be considered when evaluating the test results. Combined use of 
temperature logs, fluid conductivity logs and flowmeter logs during static and 
pumping conditions can provide much information on the main hydrological flow 
systems penetrated by the borehole. 

Samples of groundwater should be collected from the boreholes for geo-
chemical analysis and isotopic dating. Sampling requires relatively long periods 
of pumping as well as repeated measurements, especially in the more impermeable 
rocks, to mitigate the disturbances caused by the drilling process. 

7.3.4. Preliminary site evaluation 

During and upon completion of data collection at this stage, formal but 
preliminary safety analyses are made, using the site-specific data. Modification 
of the safety analysis models is based on these data. If, from general safety 
analyses performed in the earlier site investigation stages, a limiting set of 
acceptable parameters has been identified, comparison of these limiting parameters 
with the site-specific data may allow a more rapid preliminary assessment of their 
potential to be made. In any case, the site-specific data provide input to those 
parts of the safety analysis that consider nuclide transport by groundwater, the 
geotechnical response of the site to geological events and to the presence of a 
repository with its content of waste. The models for these earth-science aspects 
of safety analysis are tested and modified as appropriate, based on the site-
specific data. Parts of the safety analyses can be run separately during site 
investigations and later combined with other aspects of the analyses. 

In parallel with the site investigation, preliminary repository designs, societal, 
economic and ecological studies are prepared for an integrated evaluation of the 
site. All these evaluations are then assessed in relation to objectives and criteria 
established earlier to provide for selection of the final host rock formation(s) and 
site(s) for confirmation. Detailed criteria are then developed for the site 
confirmation stage. 

7.4. SITE CONFIRMATION 

Detailed investigations are undertaken at this stage (Box 4 in Fig. 1 ) to 
confirm the results of the previous investigation and to confirm the suitability 

5 3 



of the selected host rock and site for a waste repository. Additional borehole 
investigations are needed to obtain a more fully detailed definition of the hydro-
geological, geological, geotechnical and geochemical conditions at the site. This 
information also provides a basis for the detailed repository design and for the 
radionuclide migration and safety analyses. 

The borehole investigations at this stage should include those studies that 
were only performed to a limited extent or entirely omitted during the preceding 
stage. They could include more time-consuming or sophisticated studies, such as 
determinations of hydraulic head at different depths, tracer tests to study ground-
water movements and/or the water and waste retention capacity of the rock, as 
well as special geophysical investigations. Additional drilling may be necessary, 
directed at uncharacterized parts of the site or at geological features for which 
more information is desired. A number of drillholes to less than repository depth 
may also be required for further characterization of the groundwater conditions 
and for additional sampling of the groundwater and the rocks. 

These additional borehole investigations would provide a better definition 
of the form of the groundwater table and its variations with time by increasing 
the number of observation points. Innovative techniques such as radar surveys 
may be applied to supplement the borehole data. The locations and quantities 
of groundwater recharge and discharge pertaining to the site are also investigated 
in greater detail. Pumping tests and in-situ measurements of hydraulic head, 
electrical resistivity, pH, Eh and temperature of the groundwater should be made. 
Additional information on groundwater ages will be collected to improve under-
standing of the water flow pattern. 

To provide information for the detailed repository design, in-situ measure-
ments of the magnitude and orientation of stress and strain are required, using 
borehole techniques. To characterize more definitively the conditions prevailing 
between the boreholes and the surface, special geophysical investigations are 
undertaken. Further development of techniques for this task may be desirable. 

Most of the detailed confirmation investigations are needed before the 
decision is made to proceed with construction and operation of the underground 
facility. Since a very substantial increase in scale of effort and expenditure is 
necessary for construction of the repository, it is appropriate to document and 
evaluate in depth all information so that firm bases for such a decision can be 
established. Information is also required about the conditions prevailing at the 
working depth for the facility as a basis for the repository design work. This would 
comprise collection and analysis of data for calculation of the near-field effects 
of the construction and operation of the repository, including the sealing aspects 
and the heat production and radiolytic effects of the waste. However, a balance 
must be struck between the desire for detailed data and the need to limit 
perforations in the overlying rocks. Detailed information for the layout of the 
repository and the safety evaluations may also be obtained from investigations 
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undertaken at repository depth after sinking an exploratory shaft. Such work may 
comprise near-horizontal drillholes and pilot tunnels. The repository design may 
be directed towards modular elements that can be adapted to conditions found 
at the depth to be used for the repository. 

The information obtained during the total site investigation programme 
is continually used to revise the radionuclide pathway analysis by adapting it 
to the specific characteristics of the site and its surroundings. The site-specific 
data are then combined with other safety-related data into a final detailed safety 
analysis for the planned repository. This safety analysis should consider, at a 
significant level of detail, the forecast of the future performance of the repository. 
The results of the safety analysis are then used in the assessment of the site's 
suitability and in the decision to begin construction. Further confirmatory 
investigations during construction will probably be required for a decision to 
commence operation. Such investigations could include in-situ tests on thermal, 
irradiation and geotechnical behaviour, hydrological conditions and radionuclide 
migration. 

Investigations may continue during the operational phase of the repository, 
including its shut-down and sealing, and until full assurance is obtained that the 
repository may be safely abandoned. If the studies at any stage do not confirm 
the suitability of the site, the repository site may have to be rejected and other 
sites selected and investigated. 

8. OTHER STUDIES 

In addition to the earth-science investigations, final assessments of the 
suitability of repository sites are based'on a number of other concurrently 
developed studies, including safety analyses, repository design, ecological and 
societal evaluations and others. These other aspects are briefly discussed in this 
section and, where appropriate, related to their interfaces with the earth-science 
investigations. 

8.1. SAFETY ASSESSMENTS FOR GEOLOGICAL WASTE REPOSITORIES 

The long-lived, high-level and alpha-bearing wastes from nuclear activities 
require isolation from the human environment which ensures that they will not cause 
radiation exposures to man in excess of acceptable levels in the near or distant 
future. The purposes of safety assessments are to calculate this expected safety 
performance of a waste repository system, to compare it with safety acceptance 
criteria, and to present the results for judgement by the appropriate regulatory 
bodies [7, 8], 
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Because of the special aspects of waste repository systems in deep 
continental geological formations and the expected performance of these 
repositories, it is not feasible to demonstrate empirically their effectiveness for 
waste isolation over very long periods of time. Analytical and mathematical 
modelling must therefore be used to predict the expected performance of the 
system. It is important that these models be validated by comparing their results 
with independent data obtained from field and laboratory studies. The results of 
the modelling can then be compared with safety criteria to allow the appropriate 
bodies to judge the suitability of the site. 

Safety analyses and their assessments are important in every phase of system 
development: system selection; site investigation; repository design, construction, 
operation, shut-down and sealing; and the licensing processes relevant to these 
phases. Information from the site selection and confirmation activities is vital 
to the successful safety assessment process, and vice versa. 

The safety assessment process starts with the identification and definition 
of phenomena1 that could initiate and/or influence the release and transport of 
radionuclides from the waste source to man. Like the site investigation process, 
the safety assessment process proceeds from general to site-specific studies. 
Appropriate site selection and repository design will reduce the risks of many of 
the phenomena to negligible levels. Thus, the site selection process is an integral 
part of the process for identifying potential phenomena which need to be 
considered in the safety analyses in that it may eliminate many processes or 
events from further consideration (e.g. earthquakes, flooding, meteorite impact, 
and perhaps human activities like inadvertent future drilling). In addition, the 
quantitative data obtained during investigation of a site and its host rock are 
important input to the analytical and mathematical modelling activities that 
evaluate the potential for transport of radionuclides from the repository through 
the geosphere to the human environment. 

Safety analyses and site investigations thus interact in an iterative manner 
that permits a better understanding of the site characteristics which are sensitive 
or important in the safety analyses. This in turn allows site investigations to 
concentrate on providing more information in those sensitive areas to improve 
the models and their empirical foundation with respect to site-specific 
characteristics. The input of hydrological, geological, geotechnical and geo-
chemical information is particularly important for the definition of potential radio-
nuclide migration mechanisms and pathways and for the geotechnical performance 
of the repository. The modelling of nuclide transport and the geotechnical 
responses can therefore be regarded as separate parts of the safety analyses which 
can be derived from or included in the earth-science sector of the site investigations. 

1 See Ref.[7] for a list of phenomena to be considered. 
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Valuable input to the safety analyses may be obtained not only from a 
repository site but also from similarly selected research and reference sites. Direct 
field investigations and experiments, for instance regarding radionuclide transport, 
may be required both in developing confinement and repository concepts and in 
producing experimental evidence to check and verify model calculations when 
repository sites are selected or developed. 

8.2. REPOSITORY DESIGN 

The design of a subsurface repository for solid, high-level or alpha-bearing 
radioactive wastes must consider, in addition to aspects generally involved in 
underground excavation and storage for other materials, the special requirements 
related to the confinement of the waste for very long periods, including effects 
of its radiation and heat production. The design will usually include the develop-
ment of engineered barriers and special excavation and construction techniques 
to limit radionuclide migration by supplementing the barriers occurring naturally 
at the site. Engineered barriers can employ different physical and chemical 
principles to improve waste confinement; it is therefore necessary to integrate 
the work of experts from many technical fields. Research and development work 
is required on both natural and engineered barriers and on the various processes 
that may affect them in the repository environment. Such work would include 
both theoretical studies and modelling, as well as laboratory work and field 
experiments. There will also be iterative interaction among site investigations, 
safety analyses and repository design. 

In addition to matters related to long-term isolation of the waste, repository 
designs must also incorporate the requirements for safe operation of the repository 
while it is being constructed, while it is being filled with waste, and before it is 
backfilled and sealed. In general, this involves application of well-known design 
principles for the containment of highly radioactive materials during handling. 
This is done to protect the repository workers and the public. It typically 
involves remote operations with the shielded and sealed waste. Particular attention 
must be given to access to material and personnel, ventilation control, and the 
systems for waste emplacement and for later backfilling and sealing. During the 
repository construction phase, safe and environmentally acceptable means for 
disposal of the mined rock-spoil need to be implemented. 

8.3. SOCIETAL FACTORS 

During the site investigations and before a repository is constructed or 
operated, its effects on society and the environment must be assessed in relation 
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to national procedures. Clearly, specialists with disciplines other than earth 
sciences must undertake these studies. The principal factors involved have been 
reviewed [9] and include: 

(1) The resource potential, if any, within the host rock. A judgement may 
be required on the relative value to the community of a mineral resource or the 
use of the host rock for disposal purposes - still a resource but different in kind. 

(2) The land value, land use and land ownership with regard to its impact 
on the community. 

(3) Estimation of the population distribution at the current time and in the 
future. This could include considerations relating to neighbouring provinces 
or countries. 

(4) The jurisdiction and rights of the land, taking into consideration 
government and private interests and controls. 

(5) The accessibility of the repository for movements of personnel and 
materials and the availability of services (e.g. electricity, water, materials, staff). 

(6) Other environmental impacts such as effects on the ecological systems 
and on land, water and air. 

(7) The attitudes of the public in the vicinity of the repository and the 
relations and communications between the public and repository officials regarding 
the repository. 

9. CONCLUSIONS 

(1) Various subsurface repository concepts for disposing of all categories 
of solid radioactive waste are being pursued actively by many Member States. 
Final assurance as to the suitability of the site and formation for waste disposal 
purposes can only be provided after data relating to a particular site have been 
acquired and after the performance requirements have been identified. 

(2) The long-term confinement of radionuclides in a repository and its site 
relies essentially on the absence of circulating groundwater where a soluble host 
rock is selected, or extremely low volume flow or slow movement where host 
rocks containing some water are involved. Accordingly, the hydrogeology of 
sites is of great importance. 

(3) A site with ideal characteristics is not necessary for isolation of radio-
active wastes. Furthermore, site characteristics can often be improved by 
engineered features. The relative importance of each barrier in a repository against 
release of radionuclides to the human environment depends on the host rock and the 
local geohydrological conditions. 
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(4) Current technology provides an extensive array of proven geological, 
hydrogeological, geophysical, geotechnical and geochemical methods by which 
national experts can examine the characteristics of the subsurface and eventually 
arrive at the selection of one or more suitable sites. However, some refinements 
of existing techniques will be beneficial in applying existing technology. 

(5) No single discipline covers the full range of investigative technology 
required to select and confirm a site. An integrated, multidisciplinary approach 
is essential in order to acquire the data and apply it to the evaluations required 
for the iterative processes of site investigation, safety analysis and repository 
design2. The techniques used at each site investigation stage will have to be 
varied to meet the particular conditions and host rock at the site under 
investigation. Earth-sciences expertise is required at all stages. 

(6) After extensive investigations have led to the selection of a site(s) it 
would be advantageous to perform investigations in a test excavation before 
excavations for the repository are started; it will still be desirable to proceed with 
further site investigations during the repository excavation and possibly during 
later stages. This process should permit verification of predictions derived from 
model studies during the earlier stages and should allow repository design 
modification to meet new findings. 

2 It is recommended, for effective international collaboration, that the results of all 
investigations be reported in SI units. 
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Appendix A 
SYNOPSIS OF NATIONAL ACTIVITIES ON INVESTIGATIONS FOR 

Host rock(s) „, , . State of research 
, t , Waste type(s) . . 

under study site selection 

Austria Crystalline rock Spent fuel Very early, Perweis 
(granite) and/or Bohemian Massif 
granodiorite vitrified waste 

Belgium Clay (boom clay) HLWa Evaluation of clay 
reprocessing at Mol site 
waste and 
a-waste 

Canada Crystalline rock Spent fuel Research studies of 
(granite); salt, and/or granitic rocks at 
limestone, shale reprocessing HLW Chalk River, Atikokam, 
as alternative Ontario and Pinawa 

(Whiteshell), Manitoba 

Czechoslovakia Shale and granite HLW and MLWb Office survey of 
available locations 

Federal 
Republic of 
Germany 

Salt (domes) HLW, ILWC and Site selected 
LLWd 

Oolitic limestone LLW, Site selection 
(iron ore decommissioning 
formation) wastes 

Finland Crystalline rocks Spent fuel None 
(granite, gneiss) and/or 

reprocessing HLW 

a HLW: High-level waste. 
b MLW: Medium-level waste. 
c ILW: Intermediate-level waste. 
^ LLW: Low-level waste. 
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DEEP GEOLOGICAL REPOSITORY SITES AS OF MAY 1980 

Surface 
exploration 
at site(s) 

Subsurface 
studies at 
site(s) 

Associated field 
studies elsewhere 

Target dates for 
demonstration 

Geophysical Shallow core General survey of All investigations 
studies drilling potential sites stopped as result of 

Nov. 1978 referendum 

Completed Under way In-situ testing in 
same unit; 
in-situ test 
planned at Mol 

Pilot repository at 
Mol-early 1990s 

Under way Under way Laboratory and 
field studies 
coordinated 
through White-
shell facility 

Site selection — 
mid-1980s; 
demonstration — 
mid-1990s; repository -
after 2000 

None None None Not known; decision 
on general policy in 
1980 or later 

Under way Under way At end in Asse 
salt mine 

No retrievability 
foreseen 

Expect Expect At the site Site selected on basis of 
completion completion (Konrad mine) overall site 
in 1980 in 1980 characteristics and not 

on basis of host rock 

None None Regional During or after 1990s 
evaluation of 
potential site and 
rock properties 
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Appendix A (cont . ) 

Host rock(s) 
under study 

Waste type(s) 
State of research 
site selection 

France Crystalline rock 
(granite); 
rock salt as 
alternative 

Vitrified HLW, 
«-bearing MLW 
and LLW 

— 

German 
Democratic 
Republic 

Salt ILW and LLW Selected 

India Granites and 
gneisses 

Vitrified HLW Tentative area, Kolar 
district of Karnataka 

Italy Clay and rock 
salt (emphasis on 
clay) 

Calcined— 
vitrified HLW 

Trisaia 

Japan Various rock 
types (granite, 
zeolite tuffs and 
others) 

Calcine d— 
vitrified HLW 

None 

Netherlands Rock salt 
(domal) 

HLW and/or 
non-HLW 

5 salt domes in N.E. 
selected; also salt domes 
in North Sea 

Poland Bedded rock salt Vitrified HLW 
and non-HLW 

Regional evaluation of 
rock-salt sites on Leba-
Gdansk region near 
Baltic Sea shore 
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Surface 
exploration 
at site(s) 

Subsurface 
studies at 
site(s) 

Associated field 
studies elsewhere 

Target dates for 
demonstration 

Geological and Deep drilling Modelling; Pilot repository 
geophysical under way sorption studies; (a-bearing wastes only) 
studies under materials for in 1985 
way buffer zones 

Under way Under way Collecting 
experience from 
operation 

Being planned Being planned Regional survey 
of potential sites 
in Andhra 
Pradesh and 
Karnataka 
under way 

Pilot repository — 
early 1990s; 
demonstration -
late 1990s 

Under way Under way Regional studies Pilot repository — 
(includes coring and test drilling mid-1980s; 
and in-situ tests) under way on 

Sicily salt beds 
reprocessing — 
late 1990s 

None None Regional assess-
ment of potential 
rock types 

Reprocessing — 
late 1980s; 
disposal - ? 

following completion 
of studies under way 

None None Deep borehole 
experiment in 
Asse salt mine 
in FRG 

None 

None None Laboratory 
thermal studies 
and conceptual 
repository designs 

After 2000 

6 3 



Appendix A (cont . ) 

Host rock(s) ,„ , „ ^ State of research 
, . , Waste type(s) 

under study site selection 

Spain Shale-clays, 
crystalline rock 
and rock salt 

HLW (non-HLW 
into abandoned 
uranium mines, 
Sierra Morena) 

None 

Sweden Gneiss, granite 
and other 
crystalline rock 

Spent fuel 
and/or vitrified 
HLW, ILW and 
LLW 

5 research sites 

Switzerland Crystalline rocks, 
clays and 
anhydrite 

Vitrified HLW, 
spent fuel, ILW 
and LLW 

Applied for 6 shallow 
drillings and 12 deep 
drillings in crystalline 
rocks 

United 
Kingdom 

Crystalline rocks, 
argillaceous rocks 
and evaporites 

HLW in glass 
blocks 

Several sites identified 
for research on 
geological barriers 

Union of 
Soviet 
Socialist 
Republics 
(see Ref. [10]) 

Rock salt, clay, 
tuff, crystalline 
rock (granite, 
basalt, 
porphyrite) 

Vitrified HLW Several sites identified 
for studies 
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Surface 
exploration 
at site(s) 

Subsurface 
studies at 
site(s) 

Associated field Target dates for 
studies elsewhere demonstration 

None None Regional evalu- Pilot repository late 
ation nation-wide 1980s 
on several rock 
types 

Detailed 18 drill holes to 1 subsurface Pilot repository late 
geology, 500-800 m research facility 1980s; repository -
hydrology, under way (Stripa mine); start construction 2010; 
hydrogeology, (includes coring in-situ migration first waste emplacement 
geophysics and and in-situ and grouting tests 2020 
shallow thermal tests) at Studsvik, 
migration; Finnjon and 
geochemistry; Forsmark 
C-l4 dating 

Under way None Investigation of Project that guarantees 
neotectonic safe disposal of all types 
situation; regional of waste by 1985 
studies in Alps 
and Jura areas 
for potential 
study sites 

Preliminary Heating effects; Most studies fall Minimum research 
studies under geological and within this period until 1990 
way at several hydrogeological category 
research sites studies on granites 

under way at 
2 research sites 

Geological and Under way Thermal modelling; — 

hydrogeological (heating effects properties of rocks; 
studies under deep drilling and repository design 
way geological studies) 
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Appendix A (cont . ) 

Host rock(s) 
under study 

Waste type(s) State of research 
site selection 

United States 
of America 

Salt (bedded and 
domal) 

Basalt 

Volcanic tuff 

Granitic rocks 

Argillaceous 
rocks 

Other 
(undefined) 

Unreprocessed 
spent fuel; 
reprocessed 
wastes 

Advanced 

Under way 

Under way 

Beginning 

Beginning 

Beginning 
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Surface 
exploration 
at site(s) 

Subsurface 
studies at 
site(s) 

Associated field Target dates for 
studies elsewhere demonstration 

Advanced 

Under way 

Under way 

None 

None 

Under way 

Beginning 

Beginning 

None 

None 

Under way 

Beginning 

Beginning 

Under way 

Beginning 

1997-2004 

2000-2006 

2000-2006 

2000-2006 

Undefined 

None None None Undefined 



Appendix B 
SUMMARY OF PRINCIPAL HYDROGEOLOGICAL 

Type of test Description 

1. FIELD TESTING 

1.1. Withdrawal Removal of water from wells 

1.1.1. Single well Pumping from single well; measurement of 
rate of withdrawal and drawdown 

1.1.2. Multiple wells Pumping from single well; measurement of 
discharge and drawdown from pumped well; 
measurement of drawdown in one or more 
radially spaced observation wells 

1.2. Injection Injection of a measured volume of water 
into a well 

1.2.1. Slug test Injection of measured volume of water into 
well and measurement of rate of recovery to 
pretest water level 

1.2.2. Single packer Injection of measured volume of water at 
predetermined pressure into well below the 
level of an emplaced packer; measurement of 
water flow and pressure changes 

1.2.3. Double packer Injection of measured volume of water of 
predetermined pressure into interval of well 
between packers; measurement of water flow 
and pressure changes 

1.2.4. Pulse test Injection of small volume of water into well 
interval isolated by double packers; measure-
ment of hydraulic pressure decay 

1.2.5. Tracer tests Injection of identifiable materials into single 
or multiple wells; may be employed in zones 
of a well isolated by packers; periodic sampling 
of adjacent wells to determine tracer 
concentrations 
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TESTING METHODS 

Duration Results obtained 

Minutes—hours Transmissivity 

Hours—weeks—months Transmissivity; storage coefficient (related 
to porosity (0)); identification of aquifer 
boundaries including aquitards and aquicludes 

Minutes—hours Transmissivity 

Minutes—hours Transmissivity; size of fracture apertures 

Minutes—hours Permeability; size of fracture apertures 

Minutes—hours Permeability; size of fracture apertures 

Hours-months Groundwater velocity fracture 
interconnectivity; aquifer anisotropy; 
hydraulic gradient direction; sorption 
characteristics of aquifer 
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Appendix B (cont.) 

Type of test Description 

1.3. Natural fluctuations 
of water levels 

Continuous recording of water levels 
in one or more observation wells 

2. LABORATORY TESTS 

2.1. Chemical composition Analyses of anion and cation components, 
total dissolved solids, pH, redox potential, etc. 

2.2. Age dating Measurement of 14C, 1 80/1 60, 2H, 1H, 3H, 4He 
components of groundwater samples 
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Duration Results obtained 

Days-months-years Evaluation of magnitude of natural water level 
fluctuations due to climatic, seismic earth and 
man-induced events 

Not applicable Chemical characterization of groundwater; 
evaluation of aquifer/water chemical 
compatibility ; evaluation of recharge system 

Not applicable Isotopic content provides information on 
residence time of water in aquifer, recharge 
and discharge rates from natural flow systems 

71 



Appendix C 
SUMMARY OF GEOPHYSICAL LOG APPLICATIONS 

FOR REPOSITORY SITE INVESTIGATIONS 

Required information on the properties 
of rocks, fluid, wells, or the 
groundwater system 

Lithology and stratigraphie correlation 
of aquifers and associated rocks 

Total porosity or bulk density 

Effective porosity or true resistivity 

Clay or shale content 

Permeability 

Secondary permeability — fractures, 
solution openings 

Specific yield of unconfined aquifers 

Grain size 

Location of water level or saturated 
zones 

Moisture content 

Infiltration 

Widely available logging techniques 
which might be used 

Electric, sonic or caliper logs made in 
open holes; nuclear logs made in 
open or cased holes 

Calibrated sonic logs in open holes; 
calibrated neutron or gamma-gamma 
logs in open or cased holes 

Calibrated log-normal resistivity logs 

Gamma logs 

No direct measurement by logging; 
may be related to porosity, 
injectivity, sonic amplitude 

Caliper, sonic or borehole televiewer 
or television logs 

Calibrated neutron logs 

Possible relation to formation factor 
derived from electric logs 

Electric, temperature or fluid conduc-
tivity in open hole or inside casing; 
neutron or gamma-gamma logs in 
open hole or outside casing 

Calibrated neutron logs 

Time-interval neutron logs under 
special circumstances or radioactive 
tracers 
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Required information on the properties 
of rocks, fluid, wells, or the 
groundwater system 

Widely available logging techniques 
which might be used 

Direction, velocity and path of 
groundwater flow 

Dispersion, dilution and movement of 
waste 

Source and movement of water 
in a well 

Chemical and physical characteristics 
of water, including salinity, 
temperature, density and viscosity 

Determining construction of existing 
wells, diameter and position of 
casing, perforations and screens 

Guide to screen setting 

Cementing 

Casing corrosion 

Single-well tracer techniques — point 
dilution and single-well pulse; 
multiwell tracer techniques 

Fluid conductivity and temperature 
logs; gamma logs for some radio-
active wastes; fluid sampler 

Injectivity profile; flowmeter or tracer 
logging during pumping or injection ; 
temperature logs 

Calibrated fluid conductivity and 
temperature in the well; neutron 
chloride logging outside casing; 
multi-electrode resistivity 

Gamma-gamma, caliper, collar and 
perforation locator, borehole 
television 

All logs providing data on the lithology, 
water-bearing characteristics, 
correlation and thickness of aquifers 

Caliper, temperature, gamma-gamma; 
acoustic for cement bond 

Under some conditions, caliper or 
collar locator 

Casing leaks and/or plugged screen Tracer and flowmeter 

(Data from Ref. [11] and Chapter El of Techniques of Water Resources Investigations, 
US Geological Survey.) 
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Appendix D 
FIELD GEOTECHNICAL TESTS 

Type Description 

1. SURFACE DISPLACEMENT TESTS 

1.1. Plate load One-dimensional application of specific 
loads to a known area; displacement due to 
load measured 

1.2. Radial pressure Two-dimensional application of specific 
loads to a known area; displacement due to 
load measured 

1.3. Flat-Jack Jack inserted in cut slot in rock surface; 
pressure applied to cancel displacement 
caused by slot 

1.4. Strain gauge Application of photoelastic electrical 
resistance to rock surface 

2. BOREHOLE DISPLACEMENT TESTS 

2.1. Overcoring methods 

2.1.1. Lehmann 3 strain gauges glued on the wall of a hole 

2.1.2. Hiltscher 
(Swedish State Power 
Board SWPO) 

Improved Lehmann's method 

2.1.3. CSIRO 
(Australian) 

As 2.1.1 (Lehmann), but gauges are put in 
a tube which is glued to a hole 

2.1.4. USBM (US Bureau of 
Mining) 

Measuring probe contains mechanical sensor; 
displacement of sensor is measured 

2.1.5. CESI (Cast epoxy solid 
inclusion) 

Epoxy is poured in a hole; measurement is 
based on strain gauges or photostatic 
properties of solidified epoxy 

2.2. Hydraulic fracturing Fracturing of the wall of a hole between 
packers with high-pressure water 

2.3. Goodman-Jack Two opposing curved plates are pressed 
against the walls of a hole and pressure-
displacement curve is produced 

2.4. CSM (Colorado School Cylindrical membrane is pressed against the 
of Mines) walls of a hole and pressure/volume curve 

is produced 



AND MEASUREMENTS 

Result 

One-dimensional modulus of elasticity 

Two-dimensional modulus of elasticity; elastic anisotropy 

Evaluation of one-dimensional in-situ stress 

Evaluation of one-dimensional in-situ stress 

Tri-axial stress state 

Tri-axial stress state in deep holes (about 400 metres) 

Tri-axial stress state 

Two-dimensional stress state 

Evaluation of stress state 

Evaluation of (one-to-three dimensional) stress state in deep holes 

Elastic modulus (not generally applicable to hard rock such as granite) 

Elastic modulus 



Appendix E 
PRINCIPAL LABORATORY 

Type of test Schematic diagram Properties measured 
Stress state 

(Pa) 

Uniaxial 
compression 

Unconfined compressive a¡ < 2 X 10s 

strength; stress/strain 
behaviour; elastic 
moduli; dilatancy; 
creep response 

Tension 
(a) Direct 
(b) Indirect 

r K 

V 

Tensile strength; 
stress/strain behaviour 
in tension; elastic 
moduli 

a, < 0.3 X 10s 

(a ) 

Biaxial Influence of inter-
mediate principal 
stress on fracture; 
elastic moduli 

< 4 X 10s 

c 2 < 4 X 1 0 s 

Triaxial 
Compression 
Extension 

Shear strength under 
superimposed hydro-
static pressure; stress/ 
strain behaviour; 
elastic moduli; 
dilatancy; pore 
pressure and 
temperature effects; 
creep; permeability 
under stress 

Routine 
a , < 1 X 10" 
(¡¡.(h < 0.7 X 10s 

p < 0.7 X 10s 

Experimental 
CT,<5 X104 

oua2 < 1 X 10" 
p < 1 X 104 

Polyaxial 
(true triaxial) 

Influence of inter- <V 

on fracture and/or 
yield; stress/strain 
behaviour; elastic 
moduli; temperature 
effects 

X104 

mediate principal stress o2 < 8 X 1 0 
ct3 < 8 X 10s 

Shear with 
normal loading 

Shear strength of 
intact rock; elastic 
moduli; peak and 
residual friction of 
joints and fractures; 
dilatation 

Routine 
oh < 0.5 X 10s 

r < 0.5 X 10s 
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GEOMECHANICAL TESTING METHODS 

Temperature 
(°C) 

Applications Limitations 

Routine 
2 0 - 2 5 
Experimental 
< 4 0 0 

Simple test for intact 
rock classification; results 
useful in development of 
a failure criterion 

Quantitatively of 
limited value since 
properties will differ 
under repository 
stress conditions 

Routine 
2 0 - 2 5 
Experimental 
< 4 0 0 

Assessment of localized 
tensile failure 

Disparity between 
tensile strengths 
determined by various 
methods; results invalid 
for jointed rock 

Routine Provides additional data 
20—25 in development of a 

failure criterion 

Infrequently used 
testing technique; 
difficult to eliminate 
platen effects 

Routine 
< 2 5 0 

Experimental 
< 1 0 0 0 

Primary test method for 
intact rock character-
ization; very-near-field 
waste/rock interaction 
studies; tests on large 
fractured specimens 
useful in predicting 
rock mass behaviour 

Main limitation of 
specimen size is 
common to all 
laboratory tests 

Routine 
2 0 - 2 5 
Experimental 
<600 

Provides additional data 
in the development of 
failure and yield criteria 

Very few laboratories 
have the sophisticated 
apparatus for this test; 
difficult to eliminate 
platen effects 

Routine Main use in characterizing 
20—25 the shearing behaviour 

of joints and fractures; 
relevant in repository 
stability analysis 

Main limitation of 
specimen size is 
common to all 
laboratory tests 
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GLOSSARY 

acceptable limit. Limit acceptable to the regulatory body. 

actinide. An element with atomic number from 89 to 103, inclusive. They are 
all radioactive. 

alpha-bearing waste. Waste containing one or more alpha-emitting radionuclides, 
usually actinides, in quantities above agreed limits. The limits are established 
by the national regulatory body. 

anhydrite. A mineral, anhydrous calcium sulphate, CaS04. 

aquifer, (i) A water-bearing formation below the surface of the Earth that can 
furnish an appreciable supply of water for a well or spring, 
(ii) Geological formation or porous soil through which water may percolate 
for long distances, yielding groundwater to springs and wells. 

arenaceous. Applied to rocks that have been derived from sand or contain sand; 
sandstones. 

argillaceous. Applied to all rocks and substances composed of clay or having a 
notable proportion of clay in their composition. 

backfill. The material used to refill the excavated portions of a repository or of 
a borehole after waste has been emplaced. 

barrier (natural or engineered). A feature which delays or prevents radionuclide 
migration from the waste and/or repository into its surroundings. An 
engineered barrier is a feature made by or altered by man; it may be part of 
the waste package and/or part of the repository. (See multibarrier.) 

basalt. A dense, generally fine-grained extrusive igneous rock in which calcium-
rich feldspar and iron/magnesium-rich silicate minerals dominate. 

biosphere. That portion of the Earth's environment inhabited by any living 
organisms. It comprises parts of the atmosphere, the hydrosphere {ocean, 
seas, inland waters and subterranean waters) and the lithosphere. The 
biosphere includes the human habitat or environment in the widest sense 
of these terms. (See human environment.) 

buffer zone. A controlled area surrounding a nuclear installation (e.g. a waste 
repository) established to ensure an adequate distance between the installation 
and places used by or accessible to the public. 

calcareous. Containing calcium carbonate. 

canister. A container (usually cylindrical) for solid radioactive waste. A canister 
affords physical containment; shielding is provided by a cask, but extra 
shielding may be required. 
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clay. Minerals that are essentially hydrous aluminium silicates or occasionally 
hydrous magnesium silicates, with sodium, calcium, potassium and magnesium 
cations. Also denotes a natural material with plastic properties which is 
essentially a composition of fine to very fine clay particles. Clays differ 
greatly mineralogically and chemically and consequently in their physical 
properties. Especially because of their large surface areas, most of them 
have good sorption characteristics. 

competent rock. A bed or stratum which, during folding, is able to lift not only 
its own weight but also that of overlying beds or strata without appreciable 
internal flow. 

confinement (or isolation) of waste. The segregation of radionuclides from the 
human environment and the restriction of their release into that environ-
ment in unacceptable quantities or concentrations. 

consequence analysis. A safety analysis that estimates potential individual and 
population radiation doses to humans, based on radionuclide releases and 
transport from a nuclear facility (e.g. a waste storage or disposal site) to the 
human environment as defined by hypothetical release and transport 
scenarios. 

containment. The retention of radioactive material in such a way that it is 
effectively prevented from becoming dispersed into the environment or only 
released at an acceptable rate. 

continental formation. A geological formation which occurs either beneath a 
present-day land mass and adjoining large islands or beneath the surrounding 
shallow sea. 

creep. The deformation of a material at a very slow rate due to external forces 
and/or its own mass. 

criteria. Principles or standards on which a decision or judgement can be based. 
They may be qualitative or quantitative. 

decay, radioactive. A spontaneous nuclear transformation in which particles or 
gamma radiation are emitted, or X-radiation is emitted following orbital 
electron capture, or the nucleus undergoes spontaneous fission. 

deep continental geological formations. Stable geological formations beneath the 
continental formations being at a depth sufficient to isolate them from bio-
logical species and phenomena. (See Continental formation.) 

diapir. A piercement through geological strata in which a mobile core, such as 
rock salt, has injected into the more brittle overlying rock, generally 
forming geological folds or anticlines. 
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dispersion. The summed effect of those processes of transport, diffusion and 
mixing which tend to distribute materials from wastes or effluents through 
an increasing volume of water or air. The ultimate effect appears as a 
dilution of the materials. 

disposal. The emplacement of waste materials in a repository, or at a given 
location, without the intention of retrieval. 

domal (or dome) salt. A local geological formation of salt in which the salt thickness 
is greater vertically than laterally. The top of the formation may bear 
resemblance to a dome or to a mushroom. 

emplacement. Placing the waste in its location for storage or disposal. 

engineered barrier, see barrier. 

evaporite. A sediment which is deposited from aqueous solution as a result of 
extensive or total evaporation of the solvent, e.g. rock-salt, anhydrite and 
gypsum. 

exogenous. Originating from without. 

extrusive. Applied to those igneous rocks derived from magmas or magmatic 
materials pushed up through the Earth or poured out or ejected at or near 
the Earth's surface. 

fault. A fracture or zone of rupture in a rock along which there has been measur-
able displacement of the rocks on either side relative to one another, 
parallel to the fracture. 

fission product. A nuclide produced either by fission or by the subsequent 
radioactive decay of a radioactive nuclide thus formed. 

formation factor. The electrical resistivity of a rock saturated with an electrolyte 
divided by the resistivity of the electrolyte. The ratio of resistivities is a 
function of pore tortuosity, pore apertures and number of pores which 
relate to the porosity and permeability of the rock. 

fuel cycle. All of the steps involved in supplying and using fuel materials for 
nuclear power reactors, including related waste management operations. 

gabbro. A plutonic coarse-grained dark intrusive igneous rock. 

general (or generic) analysis. A generalized analysis for a nuclear facility; for 
a waste repository it is for a type of host rock, as opposed to an analysis 
for a site-specific host rock. 

geochemistry. A science that deals with the chemical composition, the distri-
bution of elements and chemical changes in the crust of the Earth. 
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geohydrology. A science that deals with the properties, distribution and movement 
of water below the surface of the land (i.e. in the soil and underlying rocks). 

geological disposal, see underground disposal. 

geology. A science that deals with the study of the Earth as a whole, its origin, 
its structure, its composition and history, and the processes which have given 
rise to its present state. 

geomorphology. A science that deals with the description and interpretation of 
land forms. 

geophysics. A science that deals with all the relevant physical phenomena that 
have a bearing on the structure, physical conditions and evolutionary natural 
history of the Earth. It includes the behaviour of earthquakes and the shock 
waves they produce, the gravity field and rotation of the Earth, the 
magnetic fields of the Earth, the temperature gradients and heat flows within 
the Earth, etc., and the capability of earthen materials to transmit or reflect 
these phenomena. 

geotechnics. Dealing with the mechanical characteristics of rocks, e.g. stresses, 
strains and deformation of rocks under physical or thermal stresses. 

gneiss. A coarse-grained metamorphic rock in which bands rich in granular 
minerals alternate with bands in which schistose minerals predominate. 

granite. A coarse-grained intrusive igneous rock in which feldspars, quartz and 
micas are typically the dominant minerals. 

groundwater. Water which permeates the (rock) strata of the Earth, filling their 
pores and cavities. (It excludes water of hydration.) 

half-life, radioactive. For a single radioactive decay process, the time required 
for the activity to decrease to half its value by that process. (After a period 
equal to ten half-lives, the activity has decreased to about 0.1% of its 
original value.) 

high-level waste, (i) The highly radioactive liquid, containing mainly fission 
products, as well as some actinides, which is separated during chemical 
reprocessing of irradiated fuel (aqueous waste from the first solvent 
extraction cycle and those waste streams combined with it). 
(ii) Spent reactor fuel, if it is declared a waste. 
(iii) Any other waste with a radioactivity level comparable to (i) or (ii). 
(Note that this definition is not related to "high-level waste unsuitable for 
dumping in the ocean" as used in the London Dumping Convention.) 
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hole deviation survey. Determination of the deviation from a planned azimuth 
and dip of a bore-hole throughout its length by the use of instruments 
placed in the bore-hole. Such instruments commonly contain a magnetic 
or gyroscopic compass for determination of azimuth, and displacement of 
a ball in a graduated dish for recording dip (alternatively, a hydrofluoric 
acid etch tube can be used for single measurements). 

horizon. A horizontal plane on which an activity is taking place (e.g. a waste 
horizon is the horizontal plane of the repository in which waste is emplaced). 

host rock or host medium. A geological formation in which a repository is located. 

human environment. Those portions of the Earth that are inhabited by humans 
or are readily accessible to them. 

hydraulic conductivity. Ratio of flow velocity to driving force for viscous flow 
under saturated conditions of a specified liquid in a porous medium. 

hydraulic gradient. A profile showing the static level of water at all points on that 
profile. The slope is expressed by h/£, where h is the difference in elevation 
between any two points and 2 is the horizontal distance between them. 

hydrogeology. The study of the geological factors related to the properties, 
distribution and movement of water below the surface of the land (i.e. in the 
soil and underlying rocks). 

hydrology. The study of all waters in and upon the Earth. It includes under-
ground water, surface water and rainfall, and embraces the concept of the 
hydrological cycle. 

igneous rock. Rock formed by solidification of hot mobile material formed within 
the upper mantle of the Earth, termed magma. 

intermediate-level (or medium-level) waste. Waste of a lower activity level and 
heat output than high-level waste, but which still requires shielding during 
handling and transport. The term is used generally to refer to all wastes 
not defined as either high-level or low-level. (See alpha-bearing waste and 
long-lived waste for other possible limitations.) 

intrusive rock. A body of igneous rock which has forced itself into an existing 
rock formation. 

ion. An electrically charged atom or group of atoms. 

ion exchange. A usually reversible exchange of one ion with another, either in a 
liquid, or on a solid surface, or within a crystalline lattice. 

joint. A fracture in rock, generally transverse to bedding, along which no 
appreciable rock movement has occurred on either side. 
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limestone. A bedded sedimentary deposit consisting chiefly of CaC03; a general 
term for that class of rocks which contain at least 80% of the carbonates 
of calcium or magnesium. 

lithology. (i) The general characteristics of sediments, i.e. unconsolidated material 
forming sedimentary rocks. 
(ii) The physical and mineralogical characteristics of rocks present in a 
stratigraphie subdivision, based on macroscopic features. 

lithosphere. A broad, general term that refers to the upper rigid part of the 
Earth's crust. In a waste-management context it is used more loosely in 
describing storage and disposal practices which apply to the land as opposed 
to wastes discharged into the hydrosphere or atmosphere. The material 
composing upper parts of the lithosphere may be referred to as subsoil 
underlying a layer of soil as used in an agricultural sense. Occasionally the 
term 'soil' is found in reference to all forms of unconsolidated or semi-
consolidated earth materials. An identifiable unit or stratum of material 
may be termed a rock. 

long-lived waste. Waste that will not decay to an acceptable activity level in a 
period of time during which administrative controls can be expected to last. 
(See short-lived waste.) 

long-term. In waste management, refers to periods of time that exceed the 
time during which administrative controls can be expected to last. 

low-level waste. Waste that, because of its low radionuclide content, does not 
require shielding during normal handling and transport. (See alpha-bearing 
waste and long-lived waste for other possible limitations.) 

metamorphic rock. A rock that has formed in the solid state in response to 
pronounced changes of temperature, pressure and chemical environment 
that take place, in general, at depths below the shells of weathering and 
cementation. 

migmatite. A complex rock type formed by the injection of granitic material 
into rock that has undergone metamorphism. 

migration. The movement of materials through a rock medium or some other 
solid substance, e.g. radionuclide migration. 

model. In applied mathematics, an analytical or mathematical representation or 
quantification of a real system and the ways that phenomena occur within 
that system. Individual or subsystem models can be combined to give system 
models. Deterministic and probabilistic models are two types of mathematical 
models. 
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multibarrier. A system using two or more independent barriers to isolate the 
waste from the human environment. These can include the waste form, the 
container (canister), other engineered barriers and the emplacement 
medium and its environment. (See barrier.) 

near-field. Region of the repository consisting of rooms, pillars and corridors. 

nuclear safety. A general term pertaining to the protection of people and 
property from the deleterious effects of radioactive contamination, exposure 
to ionizing radiation and a criticality excursion. (In this context, the term 
"ionizing radiation" may or may not include X-radiation produced by an 
X-ray machine, depending upon national usage.) (Also known as radiological 
safety.) 

Oklo phenomenon. A naturally occurring nuclear chain reaction in an ore 
deposit having a high concentration of uranium; first evidence of such an 
occurrence was found at Oklo, Gabon. 

operation. All activities performed to achieve, in a safe manner, the purpose for 
which the facility was constructed, including maintenance, in-service 
inspection and other associated activities. 

package, waste, see waste package. 

permeability (of rock). The capacity of a porous or pervious rock for transmitting 
a fluid. 

petrography. Pertaining to the systematic description and classification of rocks. 

plasticity. The property of a material, e.g. rock salt, that enables it to undergo 
permanent deformation without appreciable volume change or elastic 
rebound, and without rupture. 

porosity. The ratio of the aggregate volume of interstices in a rock or soil to its 
total volume. 

post-sealing period. The period after a waste repository has been shut down and 
sealed. 

psammite. An arenaceous rock that has undergone metamorphism. 

quartzite. A metamorphosed rock, mainly composed of quartz, in which the 
constituent grains have been recrystallized and develop an interlocked 
mosaic texture with little or no trace of cementation. 

radioactive waste. Any material that contains or is contaminated with radio-
nuclides at concentrations or radioactivity levels greater than "exempt 
quantities" established by the competent authorities and for which no use 
is foreseen. 

89 



radioactivity. The property of certain nuclides of spontaneously emitting 
particles, or of emitting gamma or X-radiation following orbital electron 
capture, or of undergoing spontaneous fission. 

radiodecay heat. Heat generated by the absorption of radiation energy emitted 
by the decay of radionuclides. 

radionuclide migration. The movement of radionuclides through various media 
due to fluid flow and/or by diffusion. 

recharge. Infiltration of water into the subsurface to become part of the ground-
water in aquifers. 

regulatory authority (or regulatory body). An authority or system of authorities 
designated by the Government of a Member State as having the legal 
authority for conducting the licensing process, for issuing licences and 
thereby for regulating the siting, design, construction, commissioning, 
operation, shut-down, decommissioning and subsequent control of nuclear 
facilities (e.g. waste repositories) or specific aspects thereof. This authority 
could be a body (existing or to be established) in the field of nuclear-
related health and safety or mining safety or environmental protection, 
vested with such legal authority, or it could be the Government or a 
department of the Government, or it could be an international agency. 

repository. An underground facility in which waste may be emplaced for disposal. 
The repository system includes the repository and all its supporting facilities. 

rock. To the geologist any mass of mineral matter, whether consolidated or not, 
which forms part of the Earth's crust is a rock. Rocks may consist of only 
one mineral species, in which case they are called monomineralic, but they 
more usually consist of an aggregate of mineral species. 

rock salt. An evaporite mineral, sodium chloride (NaCl), i.e. common salt (also 
called halite). 

safety. Protection of persons and property from undue hazard (risk). 

safety analysis. The analysis and calculation of the hazards (risks) associated with 
the implementation of a proposed activity. 

safety assessment. A comparison of the results of safety analyses with acceptability 
criteria, their evaluation, and the resultant judgements made on the 
acceptability of the system assessed. 

sedimentary rock. A layered formation of rock fragments laid down under 
water or land and usually subsequently cemented. 

seismicity. Relating to vibrations of the Earth caused by earthquakes. 
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sensitivity analysis. An analysis of the variation of the solution of a problem 
with changes in the values of the variables involved. Two types of sensitivity 
analysis can be recognized. In simple parameter variation, the sensitivity 
of the solution is investigated for changes in one or more input parameters 
within a reasonable range about selected reference or mean values. In the 
perturbation analysis, the sensitivities of the solution with respect to changes 
in all input parameters can be obtained by applying differential and/or 
integral analysis. 

serpentinite. A dense, dark-coloured rock formed from the alteration/hydration 
of a rock composed mainly of serpentine, a magnesium/iron silicate. 

shaft. An access passage from the surface to the subsurface facilities for men 
and materials, ventilation, or nuclear waste. 

shale. A laminated densely packed argillaceous sediment in which the constituent 
clay mineral particles are oriented parallel to the bedding planes. 

shallow-ground disposal (e.g. shallow-ground burial). Disposal of radioactive 
waste, with or without engineered barriers, above or below the ground 
surface, where the final protective covering is of the order of a few 
metres thick. Some Member States consider this as a mode of storage rather 
than a mode of disposal. 

short-lived nuclide. For waste management purposes, a radioactive isotope with 
a half-life shorter than about 30 years, e.g. 137Cs,90Sr,85Kr and 3H. 

short-lived waste. Waste that will decay to a level which is considered to be 
insignificant from a radiological viewpoint, in a time period during which 
administrative controls can be expected to last. Such waste can be deter-
mined by radiological assessment of the storage or disposal system chosen. 
(See long-lived waste.) 

shut-down and sealing. Action taken, after disposal operations have ceased, to 
prepare an installation for abandonment or minimal surveillance. 

silicate minerals. The most abundant group of rock-forming minerals, which 
consists of Si and O combined with elements such as K, Na, Ca, Mg, Fe and 
Al. They are classifiable into six different groups based on their crystal 
structure. 

site. The area containing a nuclear installation (e.g. a waste repository) that is 
defined by a boundary and is under effective control of the implementing 
organization. 

siting. The process of selecting a suitable site for an installation, including 
appropriate assessment and definition of the related design bases. 
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soil or rock mechanics, see geotechnics. 

sorption. A broad term referring to reactions taking place within pores or on the 
surfaces of a solid. Its use avoids the problem of technical distinction between 
absorption and adsorption reactions. Absorption is generally used to refer to 
reactions taking place largely within the pores of solids, in which case the capacity 
of the solid to absorb is proportional to its volume: Adsorption refers to 
reactions taking place on solid surfaces, so that the capacity of a solid is 
proportional to its effective surface area. An example of the latter is 
ion exchange, whereby ions occupying charged sites on the surface of the 
solid are displaced by ions from solution. 

stratigraphie section. Usually vertical section through rock strata demonstrating 
the layers of different rock types deposited at different geological times. 

stratigraphy. That branch of geology which treats stratified rocks and considers 
their formation, character, composition, deposition, sequence in time, 
and correlation of different beds in the Earth's crust. 

stratum (or bed). A layer of a geological formation that consists of approximately 
the same kind of rock material. 

subsidence. Sinking or caving of the ground surface. 

surface water. Water which fails to penetrate into the subsoil and flows along the 
surface of the ground, eventually entering a surface drainage system. 

tectonic. Pertaining to the rock structure, i.e. the external forms resulting from 
the deformation of the Earth's crust during the periods of mountain 
formation. 

thermal loading. The quantity of heat-generating materials placed in a given area 
or volume; units are power per area or per volume, respectively. 

topography, (i) The configuration of (a portion of) the Earth's surface, including 
its relief and relative positions of its natural and man-made features, 
(ii) The practice of graphical representation of the same. 

transmissivity, hydraulic. Rate at which water is transmitted through a unit width 
of aquifer under a unit hydraulic gradient. It is expressed as the product 
of the hydraulic conductivity and the thickness of the saturated portion 
of the aquifer. 

transmutation. Nuclear conversion transforming one element into another, 
naturally or artificially, (i) as a result of bombardment with ionizing 
radiation or nuclear particles, or (ii) by radioactive decay if the original 
element is radioactive. 

transuranic (TRU) waste, see alpha-bearing waste. 
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transuranium nuclide. A nuclide having an atomic number greater than that of 
uranium (i.e. greater than 92). The principal transuranium radionuclides 
of concern in radioactive waste management are tabulated below with their 
half-lives and decay modes: 

Nuclide Half-life 
(years) 

Principal decay modes 

Neptunium-237 2 140 000 alpha 
Plutonium-238 86 alpha, spontaneous fission 
Plutonium-239 24 390 alpha, spontaneous fission 
Plutonium-240 6 580 alpha, spontaneous fission 
Plutonium-242 379 000 alpha 
Americium-241 458 alpha 
Americium-243 7 950 alpha 
Curium-245 9 300 alpha 
Curium-246 5 500 alpha, spontaneous fission 

tuff. One of a series of pyroclastic rocks, i.e. comprising fragmental volcanic 
material blown into the atmosphere by volcanic activity. 

underground disposal. Disposal of water at an appropriate depth below the 
ground surface. This ground surface could be natural or artificially built up. 

uplift. Rising up of the Earth's surface. 

very-near-field. Refers to the rock within one metre of a buried waste canister. 
(See near-field.) 

waste form. The physical and chemical form of the waste (e.g. liquid, in glass, 
in concrete, etc.) without its packaging. 

waste management. All activities, administrative and operational, that are 
involved in the handling, treatment, conditioning, transport, storage and 
disposal of waste. 

waste package. The waste form and any container(s), as prepared for handling, 
transport, storage and/or disposal. A container may be a permanent part 
of the waste package or it may be re-usable (e.g. shielding cask, shock 
absorbers, etc.) for any waste management step. The waste package 
may vary for the different steps in waste management. 

water table, (i) The upper surface of the groundwater. 
(ii) The upper surface of a zone of groundwater saturation. 
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well cuttings. Small fragments of rocks produced by the cutting or grinding 
action of a drill bit and returned to surface by the drilling fluid. 

zeolite. A generic term for a group of hydrated alumino-silicates of Na, Ca, Ba, 
Sr and K, characterized by their easy and reversible loss of water of 
hydration. Many are also characterized by a significant capacity for ion 
exchange. 
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The following conversion table is provided for the convenience of readers 

F A C T O R S F O R C O N V E R T I N G S O M E O F T H E M O R E C O M M O N U N I T S 
T O I N T E R N A T I O N A L S Y S T E M O F U N I T S ( S I ) E Q U I V A L E N T S 

NOTES: 
(1 ) Si base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K), candela (cd) and mole (mol). 
(2) • indicates SI derived units and those accepted for use wi th SI; 

^ indicates additional units accepted for use wi th SI for a l imited time. 
I For further information see the current edition of The International System of Units (SI), published in English by HMSO, 
London, and National Bureau of Standards, Washington, DC, and International Standards ISO-WOO and the 
several parts of ISO-31, published by ISO, Geneva. ] 

(3) The correct symbol for the unit in column 1 is given in column 2. 
(4) indicates conversion factors given exactly; other factors are given rounded, mostly to 4 significant figures: 

= indicates a defini t ion of an SI derived unit : [ ] in columns 3+4 enclose factors given for the sake of completeness. 

Column 1 Column 2 Column 3 Column 4 

Multiply data given in: by: to obtain data in: 

Radiation units 

^ becquere l 1 B q (has d imens ions o f s 1 ) 
d is in tegra t ions per second (= dis/s) 1 s " = 1.00 X 10° B q * 

> cu r ie 1 Ci = 3 . 7 0 X 1 0 ' ° B q * 
> roentgen 1 R = 2 .58 X 10~" C / k g ] * 

• gray 1 G y = 1 .00 X 10° J / k g ] * 
> rad 1 rad = 1 .00 X 10~2 G y * 
• sievert (radiation protection only) 1 Sv = 1 .00 X 10° J / k g ] * 

rem (radiation protection only) 1 rem = 1 .00 X 1 0 " 2 J / k g ] * 

Mass 

• u n i f i e d a t o m i c mass u n i t ( A o f t he mass o f 1 2C) 1 u = 1 .660 57 X 10 2 7 kg, a p p r o x 

• t o n n e (= m e t r i c t on ) 1 t = 1 .00 X 103 k g ] * 
p o u n d mass (avo i rdupo is ) 1 I b m = 4 . 5 3 6 X 1 0 " ! kg 
ounce mass (avo i rdupo is ) 1 o z m = 2 . 8 3 5 X 101 

g 
t o n ( long) (= 2 2 4 0 Ibm) 1 t o n = 1 .016 X 103 

kg 
t o n (shor t ) (= 2 0 0 0 I b m l 1 sho r t t o n = 9 . 0 7 2 X 102 kg 

Length 

s ta tu te mi le 1 m i le = 1 .609 X 10° k m 
naut ica l m i l e ( i n te rna t i ona l ) 1 n m i le = 1 .852 X 10° k m * 
ya rd 1 y d = 9 . 1 4 4 X 1 0 " ' m * 
f o o t 1 f t = 3 . 0 4 8 X 1 0 " ' m * 
inch 1 in = 2 . 54 X 10 ' m m * 
m i l (= 1 0 " 3 in) 1 m i l = 2 .54 X 10~2 m m * 

Area 

> hectare 1 ha 1 .00 X 10" m 2 ] * 

> barn ieffective cross-section, nuclear physics) 1 b 1.00 X 10~2 8 m 2 ] * 

square m i le , (s ta tu te m i l e ) 2 1 m i l e 2 = 2 . 5 9 0 X 10° k m 2 

acre 1 acre = 4 . 0 4 7 X 1 0 * m 2 

square y a r d 1 y d 2 = 8 . 361 X 1 0 " ' m 2 

square f o o t 1 f t 2 = 9 . 2 9 0 X 10~2 

square inch 1 in 2 
= 6 . 4 5 2 X 10 2 m m 2 

Volume 

• l i t r e 1 I or 1 I t r I = 1 .00 X 10~3 m 3 ] * 

cub ic y a r d 1 y d 3 = 7 . 646 X 1 0 " ' m 3 

cub ic f o o t 1 f t 3 = 2 . 8 3 2 X 10~2 m 3 

cub ic inch 1 in 3 = 1 .639 X 10" m m 3 

ga l lon ( imper ia l ) 1 gal ( U K ) = 4 . 5 4 6 X 10~3 m 3 

ga l lon (US l i qu i d ) 1 gal (US) = 3 . 7 8 5 X 10~3 m 3 

This table has been prepared by E. R.A. Beck for use by the Division of Publications of the IAEA. While every effort has 
been made to ensure accuracy, the Agency cannot be held responsible for errors arising f rom the use of this table. 



C o l u m n 1 

Multiply data given in: 
C o l u m n 2 C o l u m n 3 

by: 
C o l u m n 4 

to obtain data in: 

Velocity, acceleration 

foo t per second (= fps) 
foo t per minute 

mile per hour (= mph) 

• knot l international) 
free fal l , standard, g 
f oo t per second squared 

Density, volumetric rate 

pound mass per cubic inch 
pound mass per cubic foo t 
cubic feet per second 
cubic feet per minute 

Force • 

• newton 
dyne 
ki logram force (= k i lopond (kp)) 
poundal 
pound force (avoirdupois) 
ounce force (avoirdupois) 

Pressure, stress 

• pascal 
• atmosphere3, standard 
• bar 

centimetres of mercury (0°C) 
dyne per square centimetre 
feet o f water (4°C) 
inches of mercury (0°C) 
inches of water (4°C) 
ki logram force per square centimetre 
pound force per square foo t 
pound force per square inch (= psi) ^ 
torr (0°C) (= mmHg) 

Energy, work, quantity of heat 

• joule ( = W s) 
• electronvolt 

Brit ish thermal un i t ( Internat ional Table) 
calorie (thermochemical) 
calorie ( Internat ional Table) 
erg 

foot -pound force 
k i lowat t -hour 
k i lo ton explosive yield (PNE) ( = 10 ' 2 g-cal) 

1 f t /s = 3.048 X 10" ' m/s * 
1 f t )m in = 5.08 X 10"3 m/s * 

Í4.470 X 10"' m/s 
1 mi le/h 

(1.609 X 10° km /h 
1 knot = 1.852 X 10° km/h * 

= 9.807 X 10° m/s2 

1 f t /s2 = 3.048 X 10" ' m/s2 * 

1 lbm/ in3 = 2.768 X 10" kg/m3 

1 l bm/ f t 3 = 1.602 X 10' kg/m3 

1 f t 3 / s = 2.832 X 10"2 m 3 /s 
1 f t 3 / m i n = 4.719 X 10"4 m3 /s 

1 N [ = 1.00 X 10° m kg S " 2 ] 4 

1 d y n = 1.00 X 10"5 N * 
1 kgf = 9.807 X 10° N 
1 pdl = 1.383 X 10" ' N 
1 Ibf = 4.448 X 10° N 
1 ozf = 2.780 X 10" ' JM 

1 Pa [ = 1.00 X 10° N/m 2 * 
1 atm = 1.013 25 X 10s Pa * 
1 bar = 1.00 X 105 Pa * 
1 cmHg = 1.333 X 103 Pa 
1 dyn /cm 2 = 1.00 X 10" ' Pa * 
1 f t H 2 0 = 2.989 X 103 Pa 
1 inHg = 3.386 X 103 Pa 
1 i n H 2 0 = 2.491 X 102 sPa 
1 kgf /cm 2 = 9.807 X 104 Pa 
1 I b f / f t 2 = 4.788 X 10' Pa 
1 Ib f / in 2 = 6.895 X 103 Pa 
1 torr = 1.333 X 102 Pa 

1 J [ = 1.00 X 10° N m ] * 
1 eV [= 1.602 19 X 10 " ' 9 J, approx.] 
1 Btu = 1.055 X 103 J 
1 cal = 4.184 X 10° J * 

1 cal i t = 4.187 X 10° J 
1 erg = 1.00 X 10 " ' J * 

1 f t - I b f = 1.356 X 10° J 
1 k W h = 3.60 X 106 J * 

1 kt y ie ld =< 4.2 X 10'2 J 

atm (g) (= atü) : atmospheres gauge 
atm abs (= ata): atmospheres absolute 

b Ib f / in 2 (g) (=psig) : gauge pressure; 
lb f / in 2 abs (=psia) : absolute pressure. 



Column 1 Column 2 Column 3 Column 4 
Multiply data given in: by: to obtain data in: 

Power, radiant flux 

• watt 1 W [ s 1.00 X 10° J/s] 

Brit ish thermal un i t ( Internat ional Table) per second 1 Btu/s = 1.055 X 103 w 
calorie ( Internat ional Table) per second 1 ca l | j / s = 4.187 X 10° w 
foot -pound force/second 1 f t l b f / s = 1.356 X 10° w 
horsepower (electric) 1 hp = 7.46 X 102 w 
horsepower (metric) ( = ps) 1 ps = 7.355 X 102 w 
horsepower (550 f t - Ibf/s) 1 hp = 7.457 X 102 w 

Temperature 

• kelvin 
• degrees Celsius, t 

where T is the thermodynamic temperature in kelvin 
and T 0 is defined as 273.15 K 

degree Fahrenheit 
degree Rankine 
temperature di f ference0 

_ K 

t = T - T 0 

t . F - 32 
T o d X I - I gives 

* 

t {in degrees Celsius) * 
T fin kelvin) * 
AT (= At ) * 

Thermal conductivity c 

1 B t u i n / ( f t 2 - s ° F ) (International Tablé Btu) = 5.192 X 102 w m " ' •K " ' 
1 B t u / ( f t s ° F ) (International Table Btu) = 6.231 X 103 w m " ' •K " ' 
1 c a l r r / ( c m - s ° C ) = 4.187 X 102 w - m" 1 •K" 1 

Miscellaneous quantities 

l i tre per mole per centimetre ( 1 M / c m = ) 1 Itr mol 
Imolar extinction coefficient or molar absorption coefficient) 
G-value, t radi t ional ly quoted per 100 eV 

of energy absorbed 
Iradiation yield of a chemical substance) 
mass per un i t area 
(absorber thickness and mean mass range) 

1.00 X 10" ' m 2 / m o l 

1 X 10~2 eV" 1 = 

1 g/cm2 [= 

6.24 

1.00 

X 1 0 " 

X 10' kg/m2 

e A temperature interval or a Celsius temperature dif ference can be expressed in degrees Celsius as wel l as 
in kelvins. 
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